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Abstract

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

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

Methods: A prototype clinical AI assistant was developed using a GraphRAG constructed from 1212 peer-reviewed research
articles on GDM interventions, retrieved from the Semantic Scholar API (2000‐2024). The GraphRAG prototype integrated
entity extraction, KG construction using Neo4j, and retrieval-augmented response generation. The performance was evaluated
in a simulated environment using clinical and layperson prompts, comparing the outputs of the systems against ChatGPT (OpenAI),
Claude (Anthropic), and BioMistral models across 5 common natural language generation metrics.

Results: The GraphRAG-enabled local LLM showed higher accuracy in generating clinically relevant responses. It achieved
a bilingual evaluation understudy score of 0.99, Jaccard similarity of 0.98, and BERTScore of 0.98, outperforming the benchmark
LLMs. The prototype also produced accurate, evidence-based recommendations for clinicians and patients, demonstrating its
feasibility as a clinical 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 AI 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:e76454)   doi:10.2196/76454

KEYWORDS

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

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 al [1] presented an approach for delivering

personalized health care as a means of effectively using scarce
medical resources in underserved regions and populations,
supporting the value of artificial intelligence (AI)–driven
systems in such settings. While machine learning (ML) and data
analytics have generated individualized treatment
recommendations for improving outcomes, “these works focused
on making broad [largely drug class level] treatment
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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 (GenAI) 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,

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 disease in 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 development
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.

Also, of concern to the WHO is that GDM leads to various
complications for both affected mothers and their offspring,
such as increased 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
in life [11]. The long-term health risks include elevated chances
of developing T2D and cardiovascular diseases for 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 Asia and the Middle East.

2. Limited health care resources for screening, diagnosis, and
management.

3. Genetic factors in certain ethnic groups increase GDM risk.
4. Rapid urbanization and lifestyle changes leading to

increased obesity rates.

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 AI-driven tools, such as the AI
Drug Mix and Dose Advisor developed 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
diseases in general.
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Despite growing interest in AI-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]. As a result,
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 GenAI techniques for GDM management.
Specifically, we develop a proof-of-concept (PoC) of a clinical
support system that uses a knowledge graph (KG) supporting
a local large language model (LLM). This system extracts and
integrates intervention strategies from peer-reviewed research

to support physicians in 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 address these issues,
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 GenAI 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 AI 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 developed in this study
assumed a local 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 SLMs is provided in Textbox 1.

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

Large language models

Large language models (LLMs) are typically based on deep learning, trained on massive amounts of text and increasingly multimedia data to 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 natural language processing tasks such as text completion, translation,
summarization, question-answering, and content generation.

Local LLMs

Local LLMs run 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 allowed to deliver.
Particularly in the domains of sensitive and confidential data (such as a patient’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 a much smaller scale, with fewer parameters
and a simpler architecture. Small language models are optimized for efficiency and can be deployed on resource-constrained devices like smartphones
or local servers, offering benefits such as faster training and execution, lower energy consumption, and improved privacy by allowing for on-device
processing and less reliance on cloud connectivity. A use case could be first responders in emergency room situations.

Recent advances in 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 developed ML algorithms that 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.

The efforts to improve model interpretability include research,
such as meta-reviews of clinical studies on complications during
pregnancy 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, several studies [25,26,28,29] note limitations
in integrating high-quality datasets, supporting real-time
interventions, or embedding models within clinical systems.
Table 1 presents these representative models, 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.

Key contributions and limitationsModelYearStudy

Demographic-specific MLa model2024Kokori et al [22] and Kumar et al
[23]

• KCsb: Accurate predictions for
specific demographics (Asian
women).

• Limits: Limited integration in-
to health care systems.

Decision trees and ensemble2023Kurt et al [10] • KCs: High sensitivity and
specificity.

• Limits: Fails to capture all

GDMc-related factors.

Clinically interpretable ML2024Wu et al [29] • KCs: Emphasized interpretable
models for GDM.

• Limits: Limited real-time appli-
cation.

ML-based models2022Wu et al [25] • KCs: Importance of high-qual-
ity datasets.

• Limits: Lacks interpretability
and integration.

aML: machine learning.
bKC: key contribution.
cGDM: 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 as they 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 domains[30]. For example, an AI

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 LLMs have 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 LLMs in clinical practice.

Table . Representative use cases of artificial intelligence in clinical health care.

Key contributionsModelYearStudy

Enhanced diagnostic accuracy and
patient management tailored for
liver diseases.

AIa model for liver diseases2024Ge et al [31]

Improved clinical decision-making

with RAGb-enhanced LLMsc, offer-
ing precise predictions and treat-
ments.

Clinical decision support system2023Ong et al [34]

Improved accuracy and reliability
in nephrology advice by integrating
RAG with LLMs.

LLM-RAG for nephrology2024Miao et al [20]

Explored the potential of LLMs to
support and potentially automate
aspects of psychotherapy.

LLMs in psychotherapy2024Stade et al [32]

Demonstrated how LLMs can auto-
mate administrative tasks, reducing
clinicians’workload from electronic
medical records.

Personalized medicine AI model2024Tripathi et al [33]

aAI: 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) a local LLM for domain-specific
control and privacy, (2) an RAG engine for contextual
grounding, and (3) a domain-specific KG to capture interrelated
medical evidence.

This combination enables real-time generation of explainable,
evidence-informed treatment 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 addresses a critical
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-LLMs to retrieve,
contextualize, and generate targeted care pathways; and (3) a
PoC system architecture that is interpretable, 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 rural 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 AI to applications
of acute need.

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

and specifically, a description of developing design artifacts for
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 those in densely populated
and resource-constrained regions of the Global South, often
face significant challenges in accessing timely, evidence-based
medical insights. Attending training sessions or reviewing vast
volumes of literature under time pressure is impractical,
especially in scenarios where specialist expertise or standardized
guidelines are lacking. Our approach uses computational
methods to extract, structure, and contextualize medical
knowledge using GenAI and KG technologies to address this
need.

Our primary objective was to develop a PoC of a clinical AI
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. As illustrated 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 AI-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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• Data collection and preparation: The Semantic Scholar API
retrieved relevant research articles on GDM interventions.
A PRISMA (Preferred Reporting Items for Systematic
Reviews and Meta-Analyses)–guided filtering process was
applied to ensure that inclusion criteria were met, resulting
in a refined corpus of 1212 high-quality articles.

• Entity extraction: Using GPT-3.5 Turbo (OpenAI) 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 carbohydrate intake”) ensured
terminological consistency.

• KG construction: Extracted entities and their relationships
were encoded into a Neo4j 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 clinically
coherent and relevant response integrating retrieved

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 cells throughout
the body, particularly muscle and fat cells, by facilitating
glucose transport across cell membranes. Without adequate
insulin, glucose accumulates in the bloodstream while cells
are starved of this essential energy source.”

This multistep process would allow the system to access
reputable and current medical research to produce explainable,
evidence-grounded outputs for clinical decision support. Each
component of this workflow is further 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], a widely used biomedical research platform. The query
term “gestational diabetes interventions” 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, as illustrated in Figure 3.
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Figure 3. PRISMA flow diagram showing the systematic data collection and filtering process, detailing identification, screening, eligibility assessment,
and inclusion of research articles for knowledge graph construction.

• Identification: 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) due to full-text unavailability,
access limitations, or insufficient clinical relevance.

• Inclusion: The final corpus consisted of 1212 peer-reviewed
studies, all 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

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 clinical validity to enable
meaningful experimentation and system development.

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 OpenAI’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 the language
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 entities across articles.

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

“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 simulate how future clinical AI 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.

The overall entity extraction workflow, including prompt design,
model guidance, semantic structuring, and preparation for graph
integration, is visualized 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.

Construction of the KG
Upon completion of the entity and relationship extraction, the
structured data were integrated into a KG using Neo4j, a widely
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 as insulin therapy, dietary strategies, or risk factors
like obesity, to its semantically relevant mappings using
directional edges labeled with relationship types (eg, “controls,”
“contributes to,” and “enhances”). Each node was annotated
with descriptive labels and properties derived from the literature,

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 allowed for exploratory clinical queries, such as
identifying interventions most frequently associated with
improved maternal outcomes in high-risk GDM cases or 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
interventions for GDM in patients with a BMI over 30?” could
retrieve targeted graph segments linking relevant interventions
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(eg, low glycemic index diet and structured exercise regimens)
to outcomes validated in the literature. This dynamic capability
is depicted in Figure 5, which illustrates a representative graph

traversal initiated by a clinician’s question, leading to
personalized treatment recommendations based on the structural
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.

The KG serves as the core reasoning backbone of the prototype
clinical assistant, consolidating distributed medical evidence
into a queryable visual 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 (OpenAI), can produce fluent
and context-aware responses, they are prone to hallucinations,
outdated knowledge, and domain-specific inaccuracies [19].

Conversely, RAG addresses these gaps by coupling LLMs with
reputable (peer-reviewed) external knowledge sources. For
example, no medical claim, such as bleach being a valid
treatment for COVID-19, would have gone into 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 AI-driven clinical decision support. GDM: gestational diabetes mellitus; KG: knowledge
graph; LLM: large language model.

Figure 7. Structured retrieval and response generation process in graph-based retrieval-augmented generation. The diagram shows how clinician queries
interact with medical knowledge sources, pattern matching, and graph-based retrieval to enhance artificial intelligence–generated responses. GDM:
gestational diabetes mellitus; 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) data are integrated to yield context-aware, personalized
responses.

Although Figures 6 and 7 present a simplified overview of
system functionality, the development process required 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].
This iterative refinement helped ensure that the GraphRAG PoC
consistently produces clinically meaningful recommendations
rooted in the KG, avoiding spurious correlations and unverified
claims.

Evaluation Framework and Metrics
The evaluation 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 AI in health care require rigorous validation
beyond prompt engineering. This study used a multidimensional
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”
criteria: (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 AI-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 was deployed on an offline
computing environment, ensuring that no external API calls or
third-party cloud services influenced the test outcomes. The
KG was prepopulated with medical research articles, as

described in the “Prototyping a PoC” section, and served as the
contextual knowledge base for all retrieval-augmented queries.

Prompt Design and Benchmark Models
The prompts used in the evaluation were carefully crafted to
simulate realistic 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) clinicians comprising
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 LLMs commonly used in medical AI 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.
• BioMistral [41]: A domain-specific medical LLM optimized

for health care contexts.

Our benchmarking compares the 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.
While we acknowledge the increasing prevalence of open-source
LLMs such as LLaMA 3 (Meta AI), due to hardware
compatibility constraints and inference framework differences
at the time of testing, we could not integrate LLaMA 3 within
the test environment. LLaMA 3 and other emerging open-source
models, such as Mistral 7B (Mistral AI) 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 AI
models [42,43], we used 5 complementary metrics, each
addressing a distinct dimension of AI-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.

SignificancePurposeMetric

Critical for clinical decision support, where irrel-
evant or off-topic answers compromise safety.

Measures alignment between response content
and user query.

Relevance score

Ensures AIb responses replicate validated medi-
cal language without distortion.

Evaluates syntactic similarity and phrase struc-
ture match against reference answers.

BLEUa score

Captures preservation of clinical terminology

essential in GDMc management.

Quantifies overlap in key medical terms between
model response and reference.

Jaccard similarity

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

Assesses semantic similarity using deep contex-
tual embedding.

BERTScore

Ensures clarity and interpretability for both clin-
icians and patients.

Evaluate fluency and coherence in response
generation.

METEOR

aBLEU: bilingual evaluation understudy.
bAI: artificial intelligence.
cGDM: gestational diabetes mellitus.

Together, these metrics comprehensively address the precision,
contextual relevance, and interpretability of an AI 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
queries 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 a third
medical specialist.

Second, the system’s responses were 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 local 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 scores reflect surface-level
accuracy, overlap in medical terminology, and semantic
similarity.

Fifth, manual relevance scores were assigned by 2 independent
medical reviewers on a 1‐5 scale, based on clinical
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), this reflects a small, curated test set and should
not be considered generalizable. CIs and interrater agreement
were not calculated in this phase of the research.

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 simulated, offline
environment without involvement of human patients, real-time
electronic health record data, or live clinical workflows.

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

Third, as recorded in our research logs, the KG was constructed
from a curated corpus of 1212 peer-reviewed, English-language
articles on 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 fairness analysis
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 AI 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 ethics board approval
was not required for this PoC phase of the research study.
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More specifically, this was in accordance with ethical research
standards for early-stage AI 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 evaluated
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 data were 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 servers during evaluation, ensuring data security and
compliance with our concern that we do not train such models
with our research data.

Responsible AI Development
The design and development of the GraphRAG framework
adhered to ethical AI principles, emphasizing:

1. Transparency: Clear explanation of methods and evaluation.
2. Safety: Avoidance of deploying untested AI systems in live

clinical environments.
3. Explainability: Use of a KG for contextual reasoning and

improved interpretability.
4. Bias awareness: Although no patient data were used, future

iterations will integrate fairness auditing to minimize
algorithmic bias.

Fairness and Demographic Representation
The development of the PoC used a small set of curated prompts
authored by the research team and clinicians. Hence, no
demographic, linguistic, or regional diversity was represented
in the evaluation. This limitation may impact the generalizability
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
across clinical contexts.

Results

System Demonstration Scenarios
The PoC beta testing in a simulated environment highlighted
the feasibility of the GraphRAG-powered clinical support system
for GDM management. The PoC generated personalized,
clinically relevant responses to GDM-related 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 factors for GDM. A health care professional, such as a GP
or maternity nurse, uses the GraphRAG-enabled clinical support
system to process the query into a prompt.

JMIR Diabetes 2026 | vol. 11 | e76454 | p.15https://diabetes.jmir.org/2026/1/e76454
(page number not for citation purposes)

Evangelista et alJMIR DIABETES

XSL•FO
RenderX

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


Figure 8. GraphRAG-based clinical support system for gestational diabetes mellitus - iconographic representation. AI: artificial intelligence; GDM:
gestational diabetes mellitus; genAI: generative artificial intelligence.
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Figure 9. GraphRAG-based clinical support system for gestational diabetes mellitus - process flow diagram. AI: artificial intelligence; GDM: gestational
diabetes mellitus; GP: general practitioner.

As illustrated in Figure 8, the system processes the initial 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 relationships 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.

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 tests for GDM or evaluating intervention
effectiveness. With explanation features, these capabilities
support informed decision-making for health care providers and
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. The first
examines the system’s responses to layperson prompts. The one
that follows analyzes its performance with clinically oriented
queries from 2 GPs. The third presents the comparative analysis
of model performance using standard evaluation metrics across
GraphRAG and 3 other LLMs.

JMIR Diabetes 2026 | vol. 11 | e76454 | p.17https://diabetes.jmir.org/2026/1/e76454
(page number not for citation purposes)

Evangelista et alJMIR DIABETES

XSL•FO
RenderX

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


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

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.

Table . Responses to patient prompts.

ResponsePrompt

What are the top 3 factors determining gestational diabetes risk? • Weight: Being overweight or obese increases your risk of gestational
diabetes.

• Family history: Having a family history of diabetes or a personal
history of gestational diabetes in a previous pregnancy can increase
the risk.

• Age: Older women, especially those over 25, are at higher risk of
developing gestational diabetes.

How can we safeguard a baby’s health and wellness for gestational diabetes
patients?

• 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.

What nutrition is recommended to prevent gestational diabetes? • Eat a balanced diet high in fiber and low in added sugars and un-
healthy fats. Include fruits, vegetables, whole grains, lean proteins,
and healthy fats.

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

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

What neonatal screening should a couple with a family history of diabetes
undergo before planning to have a baby? Are there precautions they could
take?

• 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 a general audience.

Responses to 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
diabetologists, addressing both basic and advanced aspects of
GDM care.

Responses to 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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Table . Responses to prompts from general practitioner 1.

ResponsePrompt

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

How do I diagnose gestational diabetes?

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.

What measures would you advise me to take once I am diagnosed with

GDMa?

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

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

Use technologies like continuous glucose monitors and personalized insulin
therapy. Also, nonmedical options such as tailored diets, physical activity,
and stress reduction should be applied, ideally with specialist consultation.

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

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

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

aGDM: 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

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.

Table . Responses to prompts from general practitioner 2.

ResponsePrompt

Standard tests for screening and monitoring GDM include:What basic screening tests for GDMa should I perform and monitor regu-
larly? • Glucose challenge test (GCT) – a one-hour blood test after consuming

a sugary drink.
• Oral glucose tolerance test (OGTT) – a follow-up fasting test with

multiple blood draws.
• Glycated hemoglobin (A1C) – reflects average glucose levels over

the past months.
• Regular blood glucose monitoring – daily checks using a glucometer.

Consult a healthcare provider for tailored testing schedules.

Both parents can genetically influence the risk of DM. The extent varies
by DM type and individual genetic profiles. Environmental factors also
play a key role.

On balance, does medical evidence suggest a greater genetic influence of

the father or the mother for DMb?

Medical interventions include:If the patient and her husband decide to go ahead with starting a family,
what medical interventions can I prescribe to alleviate the risk of GDM? • Healthy diet and lifestyle habits.

• Regular blood glucose monitoring.
• Medications such as metformin, if required.
• Referral to a nutritionist or diabetes educator.
• The provider should personalize recommendations.

There is no 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.

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

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

Are there promising stem-cell or epigenetic treatments that could ease my
patient’s hesitance to start a family?

aGDM: gestational diabetes mellitus.
bDM: diabetes mellitus.

JMIR Diabetes 2026 | vol. 11 | e76454 | p.19https://diabetes.jmir.org/2026/1/e76454
(page number not for citation purposes)

Evangelista et alJMIR DIABETES

XSL•FO
RenderX

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


Comparative Model Performance

Overview of Benchmarking Procedures
The GraphRAG system was benchmarked against 3 widely 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.

Benchmarking Results
Figure 10 presents a comparative analysis of the models’average
performance across 5 evaluation metrics. GraphRAG achieved
the highest scores in BLEU, Jaccard Similarity, and BERTScore,
indicating strong alignment with clinical phrasing, preservation
of key medical terms, and deep contextual accuracy. Relevance
Score and METEOR also reflect competitive performance across
all models.

Figure 11 shows a radar chart (also known as a Kaviat diagram)
of the same results, highlighting GraphRAG’s balanced strengths
across multiple evaluation dimensions.

Figure 10. Comparative performance of GraphRAG, BioMistral, ChatGPT, and Claude across evaluation metrics. BLEU: bilingual evaluation understudy.

JMIR Diabetes 2026 | vol. 11 | e76454 | p.20https://diabetes.jmir.org/2026/1/e76454
(page number not for citation purposes)

Evangelista et alJMIR DIABETES

XSL•FO
RenderX

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


Figure 11. Radar chart visualizing model performance across key metrics. BLEU: bilingual evaluation understudy.

Key Observations
1. Relevance Score: GraphRAG and BioMistral showed

comparable results, aligning well with the clinical intent of
queries.

2. BLEU Score: GraphRAG outperformed all 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 suitable for 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

depth, and clinical relevance in GDM decision support scenarios.
Besides BioMistral, ChatGPT, and Claude, new open-source
LLMs such as LLaMA 3, Mistral 7B, and Phi-3 are becoming
prevalent in health care AI. 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
This study demonstrates that 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, a vital 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 model to
generate responses that not only match expected language
structures but also accurately convey complex clinical
relationships within GDM care. Finally, 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
responses in verified clinical evidence rather than relying solely
on probabilistic language patterns. This integration mitigates
common challenges of general-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 GenAI significantly enhances the quality, safety, and
reliability of AI-generated clinical recommendations.

Implications for AI-Driven Clinical Decision Support
The empirical results of this study highlight the transformative
potential of GraphRAG-powered local LLMs in advancing
AI-enabled clinical decision support systems. This is particularly
the case within specialized domains, such as GDM management,
where expertise is scarce and uneven. By combining structured
retrieval from a domain-specific KG with contextual generation,

the system addresses the longstanding gap between unstructured
clinical queries and structured evidence-based medical
knowledge.

The GraphRAG approach addresses a critical limitation of
general-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
a deep 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. This indicates
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 responses is
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.

Textbox 2. GraphRAG response to a clinical query on managing GDM.

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.

Contributions to AI in Health Care
This study advances the field of health care AI 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

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 a KG-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 as a clinical assistant; that
is, a health practitioner must be in the loop. This is important
given the dangers of unsupervised AI agents, which may usurp
the role of a human 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
general-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. In 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 pathways for
follow-up medical care, thereby enhancing both response
accuracy and clinical applicability.

This study contributes to a novel retrieval-augmented GenAI
architecture that translates 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 limitations in clinical AI systems.

First, the KG integration allows for 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 reduces the
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. This advancement
represents a meaningful step toward reliable AI-assisted clinical
decision-making, especially 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,
several critical limitations must be addressed before GraphRAG

can be translated 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 the model’s
safety, reliability, and usability in live health care environments.

A second major consideration concerns data privacy and
protection. Although this PoC 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 as blockchain for differential
privacy and secure multiparty computation, could further protect
patient confidentiality.

The interpretability of AI-generated clinical responses remains
a pressing challenge. While GraphRAG uses structured retrieval
to enhance contextual grounding, clinicians must be able to 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 clinicians to 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
naturally within existing electronic health record platforms,
minimizing disruption to physician workflows. Without such
integration, even the most accurate systems risk being underused
in clinical practice.

As with many multistage AI 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 culturally adapted GDM interventions. Future
work should incorporate multilingual and regionally diverse
corpora to improve the model’s generalizability and contextual
sensitivity, particularly in Global South health care settings.

Finally, the computational demands of GraphRAG’s RAG
architecture present scalability challenges. The latency and
resource consumption must be optimized to support real-time
inference in time-sensitive clinical settings, especially 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 AI system.
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Broader Implications 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 core technical refinement. First, we propose to 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 contextual 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.

The legal, 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 AI 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

training across institutions 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 a trusted 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 AI-driven health care delivery.

To overcome the 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 as clinical 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
question.

Textbox 3. Closing vignette on gestational diabetes.

“I 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 Nurse in 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 responses in the management
of diseases, such as GDM [46]. By integrating domain-specific
KGs with RAG, the system outperformed general-purpose LLMs
across multiple evaluation metrics, offering evidence-grounded
and terminologically precise clinical recommendations. While
this work serves as a technical PoC, future research will need
to focus on (1) prospective clinical validation involving real-time

patient interaction, (2) multimodal agents to improve
accessibility and cultural sensitivity, and (3) integration of
explainable AI modules, such as Shapley Additive
Explanations–based KG traceability, resulting in enhanced trust
and transparency for the 2 key humans in the loop – the patient
and her doctor. Ultimately, we believe the transformative
potential of AI-powered decision support tools will personalize
care and improve clinical outcomes, particularly in underserved
societies.
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Abstract

In our study, a commercially available continuous ketone monitoring device captured β-Hydroxybutyrate (BHB) dynamics during
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
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Introduction

Continuous measurement of ketone bodies is 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) devices are invasive, intermittent,
and fail to capture dynamic fluctuations [1]. Continuous ketone
monitoring (CKM), a small device measuring interstitial ketone
(β-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

available midway through the study and was therefore applied
sequentially 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 a linear mixed-effects model and
applied polynomial contrasts to assess linear trends.

Ethical Considerations
The study was conducted in accordance with the Declaration
of Helsinki II, approved by the regional ethics committee
(#1-10-72-221-22), and registered with ClinicalTrials
(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
(3 female, 1 male) and 3 in 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
AUCs were significantly influenced by both day and treatment,
with an interaction effect (P=.006). In the KE group, BHB
showed a significant linear decrease over 14 days (P<.001), and

a smaller 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).

Figure 1. Day-by-day changes in total BHB area under the curve (AUC) for both the Ketone Ester (KE) group (n=4, orange) and placebo (PBO) group
(n=3, blue). Scatter points represent individual AUC measurements for each participant across the 14 study days. Solid lines depict the back-transformed
least-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.

Discussion

This study evaluated the performance of a commercially
available CKM device during 14 days with intermittent
exogenous ketone supplementation. Our findings demonstrate
that the CKM detected increases in interstitial BHB
concentrations following KE ingestion but revealed a
progressive decline in BHB concentrations over the 14-day
study period in the KE group, indistinguishable from the PBO
group on the last study day. This contrasts with two prior studies
in which participants received KE for 14 days before ingesting
25 g KE in a laboratory setting on day 15 [6,7]. In those 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
exogenous ketosis. Importantly, we observed a temporal decline
in BHB concentrations also in the placebo group, highly
suggesting a ketone-independent physiological or
measurement-related drift. Therefore, this raises the 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

interstitial fluid. In comparison, an in-development multianalyte

sensor using a three-electrode system with NAD+-dependent
β-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 is important
to note that the study was not originally designed to evaluate
CKM performance.

In conclusion, CKM captured BHB dynamics during exogenous
ketosis but revealed a gradual decline in day-to-day BHB AUC
over 14 days in both KE and PBO groups, likely reflecting
sensor drift rather than physiological 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: Type 2 diabetes affects 483 million adults worldwide, with rising prevalence and an estimated 6 million premature
deaths annually. Low physical activity is a key risk factor, while increased activity can reduce disease onset and improve metabolic
health. Consumer activity trackers, when paired with behavior change strategies, have shown potential to increase physical activity
among adults with type 2 diabetes.

Objective: This study explored the integration of consumer activity trackers into a community-based weight management
intervention to support physical activity in adults at risk for or living with type 2 diabetes.

Methods: A mixed methods design was used to generate a comprehensive understanding of implementation. Participants were
recruited during registration for “Weigh to Go,” a community-based weight management program in Lanarkshire, Scotland.
Health care professionals delivering the intervention were recruited by email. Participants received a Fitbit Charge 5 to monitor
daily steps and moderate-to-vigorous–intensity physical activity. Semistructured interviews were conducted with 10 participants
and 10 health care professionals. Qualitative data were analyzed thematically, and quantitative analysis examined changes in
recorded Fitbit activity data. Findings were interpreted using the Reach, Effectiveness, Adoption, Implementation, and Maintenance
framework.

Results: Daily steps increased significantly between week 1 and week 7 (mean difference 5345 steps; P=.002). Qualitative
findings highlighted 5 themes. First, providing devices free of charge enhanced reach by removing financial barriers. Second,
educational classes were considered essential for effectiveness, particularly instruction on device use and interpretation of activity
data. Third, staff expressed a need for greater understanding of device functionality and data outputs, supporting broader adoption
of trackers within weight management services. Fourth, managers would benefit from a detailed protocol outlining tracker
introduction, use, data analysis procedures, evaluation metrics, and costs to ensure efficient and consistent implementation. Fifth,
extending compulsory attendance at intervention sessions was considered important for long-term maintenance of behavior
change. The observed decline in moderate-to-vigorous–intensity physical activity after week 7 was attributed to challenges in
sustaining engagement beyond the structured phase of the program.

Conclusions: This study demonstrates the feasibility of integrating consumer activity trackers into a community-based weight
management intervention. Applying the Reach, Effectiveness, Adoption, Implementation, and Maintenance framework revealed
that free device provision, participant and staff education, clearly defined implementation protocols, and structured attendance
expectations can strengthen tracker-supported interventions. The use of the Fitbit device as both a measurement and intervention
tool also raises methodological considerations, emphasizing the need for future research to differentiate these dual roles. Overall,
activity trackers show promise for supporting physical activity among adults at risk for or with type 2 diabetes when embedded
within well-designed community programs. These findings underscore the importance of aligning technological tools with
supportive behavioral strategies to maximize health outcomes. The results also highlight opportunities for refining community
programs through closer integration of digital health tools.
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Introduction

Type 2 diabetes mellitus is a chronic noncommunicable disease
that occurs when the body cannot produce enough insulin, which
facilitates the uptake of glucose into cells. This, in turn, raises
blood glucose levels. If left untreated, type 2 diabetes can lead
to premature death. Complications of type 2 diabetes include a
higher risk of developing cardiovascular disease, retinopathy,
neuropathy, and nephropathy [1]. Globally, it is estimated that
483 million adults (aged 20‐79 years) are living with type 2
diabetes, and by 2045 this number is expected to rise to 700
million [2]. In the United Kingdom, 5 million adults have been
diagnosed with type 2 diabetes, and their treatment costs the
National Health Service £12 billion each year (or US $16.8
billion each year; conversion rate: £1=US $1.34) [3]. Major risk
factors for developing type 2 diabetes are physical inactivity,
sedentary behavior, and being overweight or obese [1]. Adults
diagnosed with type 2 diabetes have been shown to be less
physically active and spend more time being sedentary compared
with those who do not have the disease [4]. The American
Diabetes Association has stated that physical activity can help
prevent adults from developing type 2 diabetes, and for those
already diagnosed with the disease, it can improve their diabetes
and general health [5]. Even low-intensity physical activity and
a reduction in sedentary behavior can bring health benefits for
adults diagnosed with type 2 diabetes by lowering their blood
glucose levels and BMI [6,7].

Physical activity interventions can significantly reduce the blood
glucose levels of adults diagnosed with type 2 diabetes [6-8].
Physical activity interventions that incorporate wearable
technology, such as consumer activity trackers and pedometers,
have been developed for adults diagnosed with chronic
noncommunicable diseases, including those living with type 2
diabetes [9]. Consumer activity trackers, including Fitbit models,
are valid and reliable devices for measuring users’ daily steps
and physical activity intensity [10]. Physical activity
interventions that incorporate a consumer activity tracker have
been shown to lower blood glucose levels, reduce BMI, increase
activity, and reduce sedentary time in adults living with type 2
diabetes [11]. Physical activity interventions that combine an
activity tracker with either a behavioral change intervention or
a web-based platform can bring significant health improvements
for patients with type 2 diabetes [12]. In addition, consumer
activity trackers have the potential to allow health care
professionals to remotely monitor individuals’physical activity
as part of their clinical care and for the person to self-manage
their activity through feedback from the device [13].
Community-based weight management interventions are 1 way
to try and support the use of activity trackers by overweight
adults and promote physical activity in this population [14].
The Weigh to Go program is an established community- based
weight management intervention that aims to support adults to

increase physical activity and improve diet. However, referral
and adherence of adults with type 2 diabetes to the program
have been low, and there has been limited evaluation of
longer-term physical activity behavior change [14]. Integrating
consumer activity trackers into such programs may help address
these gaps by enhancing engagement, supporting
self-monitoring, and providing continuous feedback. A further
methodological consideration is that the activity tracker
functions simultaneously as a measurement tool and an
intervention component. This dual role can influence participant
behavior through feedback, goal setting, and accountability
features, meaning that the act of measurement may itself
contribute to behavior change [13]. Recognizing this overlap
is important for interpreting outcomes and for designing future
studies that aim to disentangle these effects.

This study aimed to explore, through a mixed methods study
using the Reach, Effectiveness, Adoption, Implementation, and
Maintenance (RE-AIM) framework, the integration of consumer
activity trackers into a community weight management
intervention to support physical activity in adults at risk for or
with type 2 diabetes. The RE-AIM framework was used not
only as an evaluative structure but also as a sensitizing guide
for data collection, enabling exploration of how the intervention
reached participants, how it was experienced, how staff adopted
and delivered it, and how it might be sustained in routine
practice.

Methods

The Study Context: Weigh to Go Intervention
The Weigh to Go intervention is an established
community-based weight management behavior change program
based in Lanarkshire, Scotland. Sessions were held within 12
local community centers and sports centers. The intervention
consists of a 15-week active phase and a 15-week maintenance
phase. In the active phase, participants receive a 45-minute
educational workshop and a 45-minute circuit-based physical
activity session each week. Each session has been developed
to stand alone, and evidence-based content has been developed
by dietitians, nurses, and psychologists [14]. Sessions include
discussion and reflection on dietary education content, as well
as activities to support positive and sustainable behavior change
through motivation-, action-, and prompt-informed health
behavior change strategies [15]. In the maintenance phase,
participants receive a short session with reflection on what was
covered during the equivalent week in the active phase,
alongside 45 minutes of physical activity. Attendance at the
maintenance sessions is optional, whereas attendance at the
active phase classes is expected. The standard physical activity
component is circuit-based, with adaptations to accommodate
most levels of fitness and mobility. The intervention is free for
participants and is delivered in local leisure centers and
community facilities. The Weigh to Go intervention has the
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potential to be an effective community-based program to support
weight management and physical activity for adults with type
2 diabetes and those at high risk of developing the disease.
However, referral and adherence of adults with type 2 diabetes
to the Weigh to Go intervention have been low, and there has
been limited evaluation, particularly of longer-term physical
activity behavior change. Health care professionals also report
limited follow-up on the progress of people they have referred
[14].

Justification for the Addition of Activity Trackers Into
the Weigh to Go Program
In weight management programs such as Weigh to Go, client
referral and sustained adherence are crucial determinants of
success. Yet, traditional interventions relying primarily on
dietary advice and tracking, with limited assessment of physical
activity, often face high dropout rates [16]. The integration of
wearable activity trackers could address these gaps and support
self-monitoring of physical activity, behavior change, and
ongoing engagement. Patients referred to weight management
services frequently disengage early; lack of ongoing feedback
contributes to this attrition [17]. Wearables provide continuous
self-monitoring, one of the most effective behavior change
techniques, which has been shown to mediate weight loss.
Moreover, users who consistently track physical activity lose
significantly more weight than those with low adherence [18].

Wearables deliver critical behavior change strategies.
Self-monitoring and goal setting can be achieved through step
tracking and recording of active minutes, which enhances
motivation and self-awareness [19]. Feedback and habit
formation can be achieved through automated reminders to
support long-term adherence [20]. Providing professional
oversight through consultations has been shown to significantly
boost physical activity outcomes [21]. Meta-analyses show that
wearables improve activity levels (~1800 additional steps/d, 40
minutes walking/d) and reduce body weight (~1 kg) across
clinical populations [17]. In overweight adults, activity
tracker–inclusive interventions outperformed standard programs
over ≤6 months, particularly among middle-aged and older
adults [16]. Another meta-analysis reported moderate-to-large
standardized increases in daily steps (standardized mean
difference 0.54) and moderate-to-vigorous physical activity
(standardized mean difference 0.47), with meaningful reductions
in weight and BMI [22].

The Weigh to Go program typically secures referrals based on
clinical or motivational criteria. However, post referral, clients
often lose momentum [14]. Embedding wearables at the referral
point could potentially increase immediate engagement by
giving clients tangible metrics and daily goals and produce early
positive results for participants. This could also encourage
long-term adherence and provide continuous data to tailor
individual support. Pairing trackers with professional guidance
has the potential to create a multimodal intervention—diet,
activity, technological feedback, and counseling—which yields
better short-term outcomes than standard programs alone [16].

Incorporating physical activity trackers into the Weigh to Go
program has the potential to address critical gaps in referral and
adherence. They operationalize evidence-based behavior
strategies, including self-monitoring, goal setting, and feedback,
supported by robust meta-analytic evidence. When paired with
professional oversight, trackers enhance engagement, mitigate
dropout, and drive measurable improvements in activity and
weight loss. This technology-enhanced model not only aligns
with best practices in behavioral medicine but also leverages
scalable tools to boost program effectiveness and sustainability.

Participants

Adults Registered on the Community Weigh to Go
Intervention
Participants were recruited via a study flyer at various venues
hosting the registration stage of the Weigh to Go intervention.
The initial inclusion criteria included adults aged >18 years (no
upper limit set), diagnosed with type 2 diabetes or at risk of
developing the disease, residing in the United Kingdom, having
access to internet services, and being able to read and write in
English. Exclusion criteria included not being diagnosed with
type 2 diabetes or not being at risk of developing the disease,
or having been advised by a health care professional not to
undertake physical activity. Participants interested in taking
part in the study were asked to email the research team. The
study participant information sheet and consent form were
uploaded onto the secure Qualtrics (Silver Lake) survey system.
A link to this form was emailed to interested participants, and
their consent was recorded by indicating “yes” on the Qualtrics
consent form. Once consent was received, participants were
emailed a link to a baseline questionnaire on the Qualtrics
system. This questionnaire gathered demographic details,
educational level, current activity tracker use, and health
conditions.

Health Care Professionals
Health care professionals (n=10) involved in the delivery and
onboarding of the Weigh to Go intervention were recruited via
an email from the research team. Recruitment criteria included
adults aged >18 years, residing in the United Kingdom, and
being a health care professional (eg, doctor, nurse, fitness
instructor, or Weigh to Go intervention administrator). The
study participant information sheet and consent form were
uploaded onto the secure Qualtrics survey system. A link to this
form was emailed to participants, and their consent was
recorded. Once consent was received, a link to a Qualtrics
questionnaire was emailed to the participant to gather
information regarding demographics, qualifications, and job
role characteristics.

Procedure
A summary of the study procedures for the Weigh to Go
intervention participants is provided in Figure 1. A summary
of the study procedures for the Weigh to Go health care
professionals is provided in Figure 2.
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Figure 1. Flow diagram showing summary of the study procedures for the Weigh to Go intervention participants.

Figure 2. Flow diagram showing a summary of the study procedures for the Weigh to Go intervention for health care professionals.

Data Collection

Quantitative Data Collection
Once participants had consented and completed the baseline
survey, they were provided with a Fitbit Charge 5 device
(provided free of charge by Fitbit United Kingdom), which they
were allowed to keep at the conclusion of the study. The
research team set up an individual Fitbit account for each
participant (Google Gmail email address and password) to allow
both the participant and study team to access the activity data
from the Fitbit device. Instructions on how to access this account
and set up the Fitbit device were emailed to each participant.
Additional support was provided, if required, via email,
telephone, or face-to-face contact with the participants at the
Weigh to Go venue. Participants were asked to use the Fitbit
device over the period during which they attended the Weigh
to Go intervention. Once each participant had finished attending
the Weigh to Go intervention, they were sent an email containing
a link to the Qualtrics end-of-study questionnaire. The research
team downloaded the participants’ Fitbit activity data from the
Fitbit account. The downloaded data included daily steps and
weekly minutes of moderate-to-vigorous–intensity physical

activity. The Fitbit data and the baseline and end-of-study
questionnaire data were uploaded into SPSS (IBM Corp)
statistical software for analysis.

Qualitative Data Collection
This study adopted a qualitative design to explore experiences
of Fitbit use and engagement with the Weigh to Go intervention.
The methodological orientation was constructivist and
interpretivist, recognizing that knowledge is coconstructed
through interaction and shaped by social and contextual factors
[23,24]. Data were generated through semistructured interviews
and analyzed using reflexive thematic analysis [25-27].
Reporting followed the COREQ (Consolidated Criteria for
Reporting Qualitative Research) 32-item checklist, ensuring
transparency across domains of research team and reflexivity,
study design, and analysis [28].

A semistructured interview schedule was designed around the
5 RE-AIM dimensions [29]. These dimensions provided a
structured yet flexible scaffold for exploring experiences of
intervention use and delivery.
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An abductive interviewing approach was adopted [30], enabling
the researcher to attend to participants’ lived experiences while
actively probing surprising, contradictory, or unanticipated
insights. This iterative, dialogical style supported the generation
of richer explanations by moving fluidly between empirical data
and sensitizing theoretical concepts [31].

Interviews were conducted via secure Zoom (Zoom Video
Communications) video conferencing or by telephone, based
on participant preference. Each interview lasted between 45 and
90 minutes, was audio-recorded on an encrypted digital recorder,
and then transcribed verbatim. Transcripts were anonymized,
checked for accuracy, and uploaded to NVivo (version 12;
Lumivero) for data management.

Study Design and Participants
One-to-one interviews were conducted with two groups: (1) ten
Weigh to Go participants purposively sampled from those who
provided Fitbit data, and (2) ten health care professionals drawn
from the staff members involved in delivering the intervention.

Although participants were randomly selected within these
eligible pools, the design was guided by a purposive sampling
logic, ensuring recruitment of individuals directly engaged with
Fitbit use or intervention delivery [24]. This approach balanced
fairness in selection with the need for information-rich accounts.
Interview questions were mapped to the RE- AIM dimensions.
For example, “reach” questions explored barriers to joining or
staying in the program; “adoption” questions asked staff about
organizational readiness; “implementation” questions examined
how trackers were introduced and supported; and “maintenance”
questions invited participants and staff to reflect on whether
and how tracker use could continue beyond the active phase.
These questions focused on participants’ experiences and
expectations rather than predictions of future behavior.

Sample size in qualitative research is not determined by
statistical representativeness but by the adequacy of data to
address research questions and generate meaningful insights
[32,33]. The decision to recruit 20 participants in total was
informed by methodological principles of information power,
which suggest that smaller samples may be sufficient when
study aims are specific, participants are closely aligned with
the topic of inquiry, and the analysis is detailed [32]. Reflexive
thematic analysis does not prescribe a fixed number of
interviews; rather, it emphasizes depth, variation, and
interpretive engagement over numeric thresholds [26]. Empirical
benchmarks indicate that major thematic patterns can often be
captured with 12‐15 interviews in relatively homogeneous
samples [34,35], although professional perspectives typically
add diversity and nuance [36]. Accordingly, this study adopted
a pragmatic balance between analytic richness and feasibility,
monitoring sufficiency throughout analysis and justifying the
final sample size on grounds of analytic adequacy rather than
data saturation as a fixed endpoint [26,33].

Justification for Abductive Analysis
The study used abductive analysis because neither purely
inductive nor deductive logic was sufficient for the research
aims. Inductive approaches, while useful for grounded,
bottom-up coding, risk limiting interpretation to surface-level

description without connecting findings to broader explanatory
frames [24]. Deductive approaches, by contrast, can
overconstrain interpretation through rigid application of
preexisting theories, missing novel, or contextually embedded
meanings [37].

Abduction provided a middle ground, an iterative process of
moving between empirical observations and theoretical
frameworks [38]. In this study, abduction was particularly well
suited because (1) surprise and anomaly were expected. Weigh
to Go participants’ and health care professionals’ experiences
with Fitbit use could not be fully anticipated, and
abduction-supported theorizing around unexpected findings;
(2) the RE-AIM framework informed but did not restrict
analysis. Abduction enabled findings to dialog with RE-AIM
concepts without being forced into them; and (3) the goal was
to generate plausible explanatory insights. Abduction encourages
researchers to adjudicate between rival explanations, ensuring
that final themes represent the most coherent and plausible
interpretations [31].

Thus, abduction was methodologically congruent with reflexive
thematic analysis, which views researcher subjectivity and
theoretical engagement as analytic resources rather than as
sources of bias [26].

Data Analysis

The Framework to Guide Analysis
The RE-AIM framework is a planning and evaluation tool used
to improve the adoption and sustainable implementation of
health-related interventions from research settings into
real-world working environments [29]. The main RE-AIM
dimensions are RE-AIM. Reach is defined as the absolute
number, proportion, and representativeness of individuals
participating in each initiative. Effectiveness is the impact of
an intervention on outcomes, including potential negative
effects, quality of life, and health components. Adoption is the
proportion, representativeness, and absolute number of
organizational agents involved in the intervention.
Implementation is considered at an organizational level and
refers to how the program was delivered by staff. Maintenance
is defined as the extent to which a program or policy becomes
embedded in routine practice [29]. At an individual level,
maintenance is a measure of the long-term impact of an
intervention over 6 months [39].

Quantitative Data Analysis
Descriptive analysis and repeated measures 1-way ANOVA
tests were undertaken on the Fitbit data collected. One-way
within-subjects ANOVA statistical tests were conducted to
measure the effect of the participants’ use of the Fitbit Charge
5 activity tracker on their physical activity over 20 weeks.
Magnitude of change was measured between week 1, week 7,
week 15, and week 20 in relation to daily steps taken (number
of steps) and weekly moderate-to-vigorous–intensity physical
activity (minutes). The dependent variables were (1) mean daily
step count and (2) mean weekly minutes of
moderate-to-vigorous–intensity physical activity (MVPA). The
independent variable was time, with 4 repeated measures
corresponding to week 1, week 7, week 15, and week 20. This
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design enabled assessment of within-subject changes in physical
activity across the intervention and immediate postintervention
phases. Although the repeated-measures ANOVA assumes
normally distributed data, inspection of residuals indicated that
deviations from normality were minimal and within acceptable
bounds for parametric testing. Given the moderate sample size,
the ANOVA was considered robust to minor violations of
normality. However, a nonparametric alternative (Friedman
test) was also considered. In exploratory analyses, results from
the Friedman test were consistent with the ANOVA findings,
supporting the validity of the conclusions. Nonetheless, the
parametric approach was retained as the primary method due
to its greater interpretability and the ability to report effect sizes.
The choice of time points (week 1, week 7, week 15, and week
20) was methodologically and practically driven. Week 1 acted
as the initial reference point at the start of the intervention. Week
7 corresponded with the midpoint of the 15-week active phase,
allowing assessment of early change and adherence. Week 15
marked the end of the active intervention phase, providing a
natural point for evaluating intervention effects. Week 20 was
included to assess whether physical activity behavior was
maintained after the active phase concluded, aligning with the
RE-AIM framework’s emphasis on maintenance. Data beyond
week 20 (ie, weeks 25 and 30) were too sparse for valid
statistical analysis and could have risked compromising
participant anonymity.

Qualitative Data Analysis
Data analysis followed Braun and Clarke’s reflexive thematic
analysis. NVivo 12 was used for organizing codes and data
extracts, but interpretation remained the authors’ responsibility.
Analysis was iterative and abductive, proceeding through Braun
and Clarke’s six phases:

1. Familiarization: the author immersed himself in transcripts
and audio, producing reflexive memos that captured first
impressions, contradictions, and anomalies.

2. Generating initial codes: coding was conducted across the
dataset at both semantic (descriptive) and latent
(interpretive) levels. Abductive reasoning supported flexible
refinement of codes when unexpected insights emerged.

3. Constructing candidate themes: codes were collated into
candidate themes representing shared patterns of meaning
relevant to the research question. Rival candidate structures
were considered and abductively evaluated for explanatory
power.

4. Reviewing and refining themes: candidate themes were
tested against data extracts and the dataset as a whole.
Incoherent or redundant themes were reworked, merged,
or discarded. Negative cases were actively sought to
challenge emerging interpretations.

5. Defining and naming themes: each theme was clearly
defined with a central organizing concept and explanatory
warrant. For example, the theme “Fitbit as accountability
partner” captured both motivational and burdensome aspects
of device use.

6. Producing the report: themes were written into an analytic
narrative, weaving data extracts with interpretation to build
plausible explanations that extended beyond description.
Quotations were included as analytic evidence, not mere
illustrations [26].

Reflexivity and Rigor
In line with COREQ principles [28], reflexivity was integral
throughout. Regular supervisory meetings provided reflexive
dialog and guarded against premature closure of analysis.
Trustworthiness was addressed using strategies congruent with
reflexive thematic analysis [40,41]: (1) credibility through
prolonged engagement with data, reflexive memoing, and
analytic dialog; (2) dependability via a transparent audit trail
documenting coding iterations and theme refinements; (3)
confirmability by explicitly acknowledging researcher
subjectivity as a resource in interpretation; and (4) resonance
and contribution by producing findings with conceptual and
practical utility for digital health intervention design.

Ethical Considerations
Ethical approval for this mixed methods study was obtained
from the University of Strathclyde Ethics Committee (approval
no 2454). For the study, both adults diagnosed with type 2
diabetes and health care professionals were provided with
web-based participant information sheets. Informed consent
was obtained through the digital signing of a consent form.
Participants electronically selected individual items in the digital
form, corresponding to the paper consent form, to confirm that
they had read and agreed to each item. Their electronic signature
was achieved by entering their allocated 4-digit identification
number. The research team undertook a number of steps to
ensure the security of the information collected. To ensure
anonymity, each participant was allocated a unique 4-digit
identification number, and all data were stored under this
number. Any information stored by the research team was stored
within university-approved, password-protected, encrypted
storage sites. Participants involved in this study received no
compensation for taking part.

Results

Weigh to Go Participants Recruitment and Retention
Weigh to Go participants were adults who had either volunteered
to take part in the program or had been referred by a health care
professional. Details of the Weigh to Go participant recruitment
and retention are provided in Figure 3.
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Figure 3. Weigh to Go participant recruitment and retention.

Explanation of Fitbit Data Loss and Its Implications
In research involving digital health technologies, data integrity
is paramount. Wearable activity trackers such as Fitbit devices
offer researchers valuable opportunities to collect continuous,
real-world data on physical activity. However, technological
and procedural challenges can hinder data acquisition, leading
to significant data loss. This was observed in this study, where
Fitbit data loss affected both the completeness of analyses and
the generalizability of findings.

Figure 3 illustrates participant recruitment and retention
throughout the Weigh to Go intervention. Although participants
were provided with Fitbit devices and accounts were set up by
the research team, unexpected changes to Google’s security
protocols during the study period caused substantial disruption.
Specifically, midway through data collection, Google introduced
additional 2-step verification processes for Fitbit accounts. This
required participants to authorize access to their Fitbit data via
a smartphone code linked to their Fitbit mobile app.
Consequently, the research team could no longer directly access
the accounts to download data.

To mitigate this, the team attempted to schedule telephone
authorizations with participants during the download process.
However, many participants (n=26) failed to respond to emails
or were otherwise unavailable, which prevented access to their
data. This issue ultimately resulted in the loss of approximately
26 (44%) participant Fitbit datasets, thereby contributing to the
attrition shown in Figure 3. This data loss has implications for
interpreting the quantitative findings, particularly regarding
representativeness and the ability to assess integration across
the full participant cohort.

Participants Demographics
Weigh to Go participant and health care professional
demographics are provided in Tables 1 and 2. For the Weigh
to Go participants, these included age, gender, educational
qualifications, ethnicity, area of residence, health conditions,
and previous use of an activity tracker. For the health care
professionals, these included age, gender, educational
qualifications, and ethnicity.
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Table . Weigh to Go participant demographics.

ValueCharacteristic

54.6 (12.24)Age (years), mean (SD)

Sex, n (%)

6 (18)    Male

27 (82)    Female

Educational qualifications, n (%)

9 (27)    Degree

9 (27)    SVQa

6 (18)    School qualifications

7 (21)    Higher education

2 (7)    Other qualifications

Ethnicity, n (%)

33 (100)    White

Area of residence, n (%)

3 (9)    Rural

30 (91)    Urban

Health conditions, n (%)

17 (52)    Type 2 diabetes

9 (27)    Arthritis

5 (15)    Mental health

3 (9)    Asthma

1 (3)    COPDb

1 (3)    Stroke

1 (3)    Heart disease

1 (3)    Learning difficulties

Previous use of an activity tracker, n (%)

1 (6)    Yes

31 (94)    No

aSVQ: Scottish Vocational Qualification.
bCOPD: chronic obstructive pulmonary disease.
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Table . Health care professional participant demographics.

ValueCharacteristic

51.3 (9.7)Age (years), mean (SD)

Sex, n (%)

3 (30)    Male

7 (70)    Female

Educational qualifications, n (%)

7 (70)    Degree

3 (30)    SVQa

Ethnicity, n (%)

9 (90)    White

1 (10)    Asian

aSVQ: Scottish Vocational Qualification.

Quantitative Data Analysis
Results are presented under the appropriate RE-AIM main
dimensions.

Reach
Seventy-one adults consented to take part in the study between
July 2023 and January 2024. Of those who consented, 55 (78%)
were female, and 16 (22%) were male. All 71 participants were
White. We were unable to calculate the total number of Weigh
to Go participants approached to take part in this study, as this
was not recorded by the intervention staff. In total, 705
participants attended the Weigh to Go session venues targeted
for this study (n=71, 10% of these consented to take part). The
average number of participants attending each venue was 10.

Effectiveness

Weigh to Go Participants’ Fitbit Daily Steps (Number
Taken)

A test of normality was carried out, and the assumption was
met. The Mauchly test of sphericity produced a nonsignificant
result (P=.62). Reporting sphericity assumed, there was a
significant, large effect of Fitbit use on daily steps (F3,45=5.93;
P=.002; η²=0.19). Post hoc comparisons using the Bonferroni
correction for multiple comparisons were carried out. There
was a significant increase in daily steps between week 1 and
week 7 (P=.008), with participants in week 7 walking on average
5345 more steps. There was no statistically significant difference
in steps between any of the other weeks.

Weigh to Go Participants Fitbit Weekly Minutes of
Moderate to Vigorous Intensity Physical Activity

A test of normality was carried out and the assumption was met.
Mauchly test of sphericity produced a significant result (P=.04).
Reporting Greenhouse-Geisser correction showed that there
was no significant effect of Fitbit use on weekly minutes of
moderate-to-vigorous–intensity physical activity
(F1.68,13.45=0.65; P=.51; η²=0.07). The decline in MVPA at
weeks 15 and 20 reflects the transition from the structured active
phase to the optional maintenance phase. Participants reported
reduced accountability, fewer scheduled sessions, and
diminished novelty of the device, all of which contributed to
reduced engagement. This pattern suggests that the integration
of trackers was most effective when embedded within structured
program components, and less effective when participants were
expected to self- manage without ongoing support.

This section evaluates how well the activity tracker was
integrated into the program, rather than the program’s overall
effectiveness. The observed changes in steps and MVPA
illustrate how participants engaged with the tracker within the
program context, highlighting the conditions under which
integration supported behavior change.

Adoption
The total number of staff involved in the delivery of the Weigh
to Go intervention is provided in Table 3.

Table . Total number of staff involved in the delivery of the Weigh to Go intervention.

Staff, n (%)Role

22 (55)Intervention instructor

8 (21)Project manager

5 (12)Administration support

5 (12)Researchers
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The types and number of venues used for the delivery of the
Weigh to Go intervention and the total number available

throughout the 2 local councils are provided in Table 4.

Table . Types of venues used to deliver the Weigh to Go intervention.

Total number available, nNumber used, n (%)Venue type

1088 (7)Community center

294 (14)Community fitness center

13712 (9)Total

The adoption of the activity tracker varied across staff roles and
settings. Fitness instructors and frontline staff were generally
enthusiastic, viewing the tracker as a motivational tool that
complemented existing program components. Administrative
staff expressed uncertainty about their role in supporting device
use, highlighting gaps in training and clarity.

Organizational adoption was influenced by (1) perceived
relevance of trackers to program goals, (2) staff confidence in
explaining device features, (3) availability of time during

onboarding sessions, and (4) existing digital literacy among
staff and participants.

Some staff described the tracker as an “add-on” rather than an
integrated component, indicating partial adoption at the
organizational level.

Implementation
Signposting for the Weigh to Go intervention used by the study
participants is provided in Table 5.

Table . Weigh to Go intervention signposting.

Value, n (%)Signposting source

5 (15)Diabetes nurse

5 (15)Practice nurse

5 (15)Local gym

3 (9)GPa

5 (15)Local community center

4 (13)Website

1 (2)Work email

2 (7)Word of mouth

2 (7)Facebook

1 (2)Carer center

aGP: general practitioner.

The costs of delivering the Weigh to Go intervention included
session cost per 15 weeks (US $672), session cost per 30 weeks
(US $1344), venue cost per year (US $2016), annual intervention
cost (US $60,480), average cost per participant per the 15-week
active phase (US $67), and average cost per participant per the
30-week active and maintenance phase (US $134). Though the
Fitbit devices were supplied free of charge for this study, the
individual retail cost of purchasing the Fitbit Charge 5 was US
$136.37. The total retail cost for this study would have been
US $8046.03.

The mean number of sessions Weigh to Go participants attended
during the 15-week active phase of the Weigh to Go intervention
was 11.35 (SD 3.63) sessions.

Fidelity of Delivery
Implementation fidelity varied across sites. Some instructors
consistently introduced the tracker during week 1, demonstrated
its features, and checked usage during sessions. Others provided
minimal explanation due to time constraints or uncertainty about
the device. Participants reported inconsistent messaging, with

some receiving detailed guidance and others receiving only
basic setup instructions.

Barriers to Implementation
Key barriers to implementation included limited staff training
on device features, competing demands during onboarding
sessions, technical issues (eg, syncing and account access), and
variability in participants’ digital literacy.

Facilitators of Implementation
Facilitators of implementation included staff enthusiasm,
participants’ curiosity and motivation, clear visual feedback
from the device, and integration with weekly physical activity
sessions.

These findings indicate that implementation was feasible but
uneven, with fidelity dependent on staff confidence and available
time.

Maintenance
The mean number of sessions all Weigh to Go participants
attended during the maintenance phase of the Weigh to Go
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intervention was 1.91 (SD 2.57). Only 1 participant attended
the full 15 weeks of the active and maintenance phases of the
intervention.

Only 5 Weigh to Go participants provided Fitbit data beyond
20 weeks. The mean number of maintenance sessions attended
by these 5 participants was 12.2 (SD 3.47).

Individual-Level Maintenance
Participants described mixed intentions to continue using the
tracker after the program. Some planned to maintain daily step
goals, others anticipated reduced use without structured support,
and several noted that the device became less motivating once
novelty faded.

The decline in MVPA at weeks 15 and 20 supports these
qualitative accounts, indicating challenges in sustaining
engagement without ongoing program structure.

Setting-Level Maintenance
Staff expressed interest in continuing to use trackers but
highlighted the need for a formal protocol, clearer guidance on
data use, consideration of long-term device costs, and integration
into routine monitoring systems.

These findings suggest that maintenance at the organizational
level would require structural support, resource allocation, and
clearer processes.

Qualitative Findings
Abductive thematic analysis of interviews conducted with the
Weigh to Go participants (n=10) and health care professionals
(n=10) involved in the delivery and onboarding of the Weigh
to Go intervention identified 6 main themes and 11 subthemes.
The themes are provided in Table 6 and discussed in more detail
below.

Table . Study main themes (n=5) and subthemes (n=11).

SubthemesMain themes

Fitbit use • 1.1 Barriers
• 1.2 Enablers

Promotion • 2.1 Health care
• 2.2 Weigh to Go intervention

Clinical care • 3.1 Benefits of activity tracker use
• 3.2 Use by health care staff

Finance • 4.1 Costs (patient and health care provider)
• 4.2 Health care monetary savings

Fitbit functions • 5.1 Preferences
• 5.2 Interpretation

Effectiveness • Physical activity
• Goal setting

Fitbit Use
Participants described several barriers that limited their ability
or willingness to use activity trackers. A central issue was low
motivation to engage in physical activity, which diminished the
perceived utility of the device. One participant reflected:

I am not interested in exercising even though I know
it is good for me. I just don’t have the drive to
exercise. [Female participant, 62 years]

Such accounts illustrate that, while Fitbit devices can support
behavior change, they are unlikely to generate motivation where
this is fundamentally absent.

A further barrier related to digital literacy is particularly
prevalent among older adults. As 1 health care professional
noted:

I think some of the older participants will struggle
using activity trackers as they have poorer technology
skills compared with the younger generation. [Female
professional, 38 years]

This concern highlights the persistence of a digital divide that
risks excluding certain groups unless targeted support is
provided.

Financial constraints also emerged as a significant limitation.
One professional commented:

I know that some of those taking part in the Weigh to
Go programme have little money and could not afford
a Fitbit and do not own a mobile phone because of
the cost. [Female professional, 47 years]

This illustrates that cost-related barriers extend beyond the
device itself to include the ownership of compatible technologies
and ongoing data costs.

For others, health conditions imposed practical limitations on
activity tracker use. A participant with multiple chronic
conditions explained:

I have underlying health conditions such as arthritis
and type 2 diabetes. These make it difficult to exercise
and my mobility is poor. [Female participant, 76
years]
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In such cases, the issue is not a lack of awareness or willingness,
but the incompatibility of technological prompts with physical
capacity.

Finally, participants reported that self-efficacy shaped their
willingness to use a Fitbit. One male participant expressed:

My confidence is very low due to my weight problems.
This not only stops me exercising in public but it
impacts other areas of my life like learning new skills.
[Male participant, 58 years]

This suggests that psychological and social barriers, such as
low confidence and fear of judgment, can limit both physical
activity and engagement with new technologies.

Despite these barriers, participants identified several factors
that could encourage uptake. Provision of a free device was
repeatedly highlighted as a strong motivator:

Normally I would not have bought a Fitbit but having
had the device provided free has helped motivate me
to be more active. [Female participant, 56 years]

Device provision at registration was seen as a way to reduce
cost-related inequalities and promote engagement from the
outset.

Participants also emphasized the importance of education and
support. One explained:

I wasn’t sure how best to use the Fitbit. I think a class
dedicated on how best to use the Fitbit would have
been very useful. [Female participant, 54 years]

Similarly, health care professionals highlighted the value of
hands-on assistance:

A number of your study participants needed support
to set up the Fitbit device… I could help participants
set up their trackers if required. [Male professional,
34 years]

These accounts underscore the importance of embedding
structured technical support into interventions.

Goal setting was another key enabler. A professional suggested:

As part of the Weigh to Go programme we could
speak to each participant and set them physical
activity goals over the 15 weeks. [Female professional,
41 years]

This reflects established evidence that personalized and
incremental goal-setting strategies can enhance motivation and
sustain behavior change.

Promotion
Health care professionals and participants proposed several
mechanisms for promoting Fitbit use within clinical settings.
The most direct approach was integration into consultations:

This could be promoted through our practice or
during a consultation [Female professional, 41 years]

Others suggested passive promotion through printed materials
displayed in clinical environments:

The NHS could produce posters, leaflets and handout
documents within their premises or other public
buildings. [Male professional, 34 years]

Finally, national-level campaigns were seen as potentially
effective for raising awareness, with 1 participant proposing:

A national campaign in local newspapers informing
patients of this service might work. [Male participant,
41 years]

Within the Weigh to Go program, promotion at the point of
registration was viewed as crucial:

I was informed of this study when I first registered
for the Weigh to Go programme. A friend of mine
attended a different venue but was not told of this. I
think promoting this at each venue would be a good
idea. [Female participant, 69 years]

Beyond clinical settings, community spaces were highlighted
as useful sites for engagement:

I attend a companion group at my local community
center each week… This would be a good place to
promote the Fitbit. [Female participant, 66 years]

Such suggestions reflect the importance of both formal and
informal networks in raising awareness.

Clinical Care
Participants emphasized the potential for Fitbit devices to
contribute to clinical care. A health care professional
highlighted:

Using an activity tracker could form part of a
patient’s care and if properly managed could improve
their physical activity levels and improve their health.
[Male professional, 34 years]

This was reinforced by participants who valued the potential
for professional monitoring:

The Fitbit could be used by doctor or nurse to monitor
my activity and give me advice and exercise support
if required. [Female participant, 30 years]

Health care professionals also considered the possibility of
prescribing Fitbit devices, akin to medication or medical
equipment:

Activity trackers could be prescribed by say my
doctor… [Female participant, 56 years]

Remote monitoring was seen as particularly advantageous:

These pieces of technology would allow for the remote
monitoring of a patient through their activity data
and subsequently provide appropriate advice and
support. [Female professional, 51 years]

Referral pathways were also considered, with 1 professional
suggesting:

If a patient is not undertaking enough exercise
through analysis of their Fitbit information we could
refer them to a local gym. [Male professional, 34
years]
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Finance
Participants highlighted potential costs for both patients and
providers. For patients, the primary expense was the purchase
of the Fitbit itself:

For me the main cost would be purchasing the Fitbit
device. [Female participant, 48 years]

Others noted that the use of Fitbits necessitated additional costs
such as smartphones and internet access:

To use the Fitbit I would need to pay for internet
access and to download the Fitbit app have a mobile
phone. [Female participant, 60 years]

For health care providers, resource implications extended
beyond devices to include staff training and time:

The main costs for the health care provider beyond
the price of the Fitbit would be staff training and staff
time. [Female professional, 47 years]

Conversely, participants suggested that investment in activity
trackers could generate long-term savings through improved
health outcomes. One professional explained:

If patients increase their physical activity and reduce
their sedentary behavior the knock-on effect will be
improved health and a reduction in the risk of
developing future illnesses. [Male professional, 34
years]

Another emphasized reduced reliance on costly treatments:

The healthier patients are then they will need less
medications and expensive treatments. [Female
professional, 51 years]

Fitbit Functions
Step counting was the most commonly used and valued feature,
as 1 participant explained:

I tended to only use the step function on the Fitbit as
I found this easiest to understand. [Female participant,
56 years]

Other participants valued the ability to track weight:

My Weigh to Go instructor told me how to type my
weight into the Fitbit. This allowed me to monitor it
while I was on the course. [Female participant, 30
years]

However, several participants described difficulties interpreting
the full range of data provided by the device. One commented:

I found the Fitbit motivational but other than steps I
did not understand much of the information on the
app. [Female participant, 76 years]

This was seen as a missed opportunity, with others suggesting
that staff-led educational sessions could bridge this gap:

I would have found it useful if our Weigh to Go class
instructor had delivered a session explaining how
best to use the Fitbit and how to interpret the
information recorded. [Male participant, 41 years]

Effectiveness (Qualitative)
Participants generally perceived Fitbit devices as effective in
increasing awareness of their physical activity levels and
progress. For example:

I enjoyed using the Fitbit. It helped me see any
improvements in my activity levels [Female
participant, 48 years]

The device also acted as a motivational prompt:

I found the Fitbit motivated me to be more active and
encourage me to do something on days when I felt
tired. [Female participant, 60 years]

Health care professionals suggested that activity trackers could
be integrated into structured goal-setting strategies within
interventions such as Weigh to Go. As 1 professional argued:

These devices could certainly be incorporated into
the Weigh to Go programme and be used as an
effective goal setting tool. [Male professional, 34
years]

Summary
Overall, the findings highlight both the opportunities and
challenges associated with incorporating Fitbit devices into
weight management and clinical care. While barriers such as
cost, digital literacy, and health conditions were evident,
enablers such as device provision, education, and personalized
goal-setting enhanced engagement. Promotion strategies at both
clinical and community levels were proposed, and participants
recognized the potential for activity trackers to support both
behavior change and clinical monitoring. However, realizing
these benefits will require attention to structural inequalities
and adequate resourcing to ensure equitable access and effective
integration.

Discussion

Principal Findings
This discussion reports a pragmatic evaluation of integrating a
consumer activity tracker (Fitbit Charge 5) into Weigh to Go,
a community weight management program delivered across
Lanarkshire, Scotland. The purpose was not to test the
effectiveness of Fitbit devices per se, but to examine feasibility,
acceptability, and implementation issues in a real-world service
using the RE-AIM framework [29,39]. Quantitative (Fitbit steps
and MVPA minutes) and qualitative (semistructured interviews
with Weigh to Go participants and health care professionals)
data were integrated using an abductive approach to illuminate
why the observed patterns occurred and what they imply for
future scale-up [24-27,37].

The quantitative findings demonstrated an increase in daily
steps and MVPA during the structured active phase of the
program, followed by a decline during the maintenance phase.
These patterns reflect the degree to which the tracker was
embedded within the program structure: integration was
strongest when supported by weekly sessions, staff engagement,
and routine accountability, and weaker when participants were
expected to self- manage.
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The qualitative findings provided insight into how participants
and staff experienced the tracker. Participants valued the
immediate feedback, goal-setting features, and sense of
accountability provided by the device. Staff recognized the
potential of trackers to enhance engagement but reported
variability in confidence, training, and time available to support
device use.

Reach
Consistent with RE-AIM, reach concerns the absolute number,
proportion, and representativeness of individuals who participate
[29]. Seventy-one adults consented between July 2023 and
January 2024; 59 were enrolled, and 33 contributed analyzable
device data, with participants predominantly female and White
and with a mean age in the mid-50s. Although 705 participants
attended the targeted Weigh to Go venues during the recruitment
window, the program did not record how many were
approached, constraining precise calculation of recruitment rate
and representativeness. Based on venue attendance, a
conservative estimate suggests that approximately 10% of
potentially eligible attendees consented (ie, 71/705), but this
cannot be taken as a true denominator because approach rates
were not logged. Future evaluations should prospectively track
the recruitment path and report reasons for nonparticipation and
attrition, in line with RE-AIM and CONSORT (Consolidated
Standards of Reporting Trials) style flow logic adapted for
pragmatic studies [39].

Qualitatively, participants and health care professionals
emphasized that providing devices at no cost enhanced reach,
particularly among people facing financial constraints and
among men and ethnic minority groups, who are often
underrepresented in weight management services [16,17].
However, digital access and digital literacy remained barriers
for some older adults and those with limited technology
confidence, echoing persistent “digital divide” concerns in
community interventions [42].

Effectiveness
Within RE-AIM, effectiveness refers to impact on key outcomes,
including potential harms. The within-subject analyses indicated
a significant increase in daily steps between week 1 and week
7 (Bonferroni-adjusted, P=.008), with an average change of
>5345 steps (reporting group means), whereas no statistically
significant differences were observed for the other pairwise
comparisons of steps or for weekly MVPA minutes over the
same period. These results are presented cautiously as the study
design does not permit causal attribution to the tracker or to any
single component of Weigh to Go. Step count increases could
reflect early engagement with the program as a whole,
seasonal/contextual influences, or novelty effects [43], not
necessarily the addition of a Fitbit device.

There was a difference between the recorded change in steps
and MVPA. However, step counts often increase through
additional light-intensity walking and incidental movement (eg,
breaks in sedentary time), whereas MVPA requires
higher-intensity bouts of physical activity [5,44]. In our
qualitative data, participants described finding steps easy to
understand and act upon, while feeling unsure how to interpret

intensity metrics, suggesting an opportunity for education
sessions focused on translating device feedback (active minutes
and heart rate zones) into actionable weekly plans. Importantly,
the Fitbit served simultaneously as an intervention component
and measurement tool, a limitation we acknowledge below,
given concerns about construct overlap and potential reactivity
[10].

To improve interpretability in future phases, it is recommended
that a single family of follow-up contrasts is used, either (1)
stepwise (weeks 1-7, 7-15, and 15-20) or (2) baseline-referenced
(week 1 vs weeks 7, 15, and 20) with appropriate multiplicity
control (eg, Bonferroni or Holm). In this evaluation, the
baseline-referenced approach was chosen to avoid mixing
strategies, and weeks 1, 7, 15, and 20 were selected a priori to
represent early engagement (week 1), midactive phase (week
7), end of active phase (week 15), and early maintenance (week
20), aligning with the program’s delivery structure.

Rather than evaluating program efficacy, our findings illustrate
how the tracker functioned as an integrated component of the
intervention. The observed increases in activity reflect how
participants engaged with the device within the program context,
while the later decline highlights the limits of integration when
structured support is reduced.

Adoption
Adoption addresses the proportion and representativeness of
settings and staff willing to initiate the intervention [29]. Across
the service, 22 instructors and additional
managers/administrators are engaged in Weigh to Go delivery,
with 12 community venues used during the study period
(community centers and fitness centers). Staff interviews
revealed high conceptual openness to tracker integration but
practical uncertainties regarding what exactly to do with device
data, how to interpret dashboards meaningfully, and how to
troubleshoot common issues (eg, syncing and account
management). Although Fitbit devices are consumer-friendly,
clinical/community adoption requires confidence in data
interpretation, behavior change coaching with device metrics,
and pathways for acting on data (eg, tailoring targets and
referrals to supervised activity). This aligns with prior literature
that wearables can support self-monitoring and feedback, but
do not drive behavior change in isolation; professional guidance
and integration into a behavioral program are essential
[12,45,46].

At the organizational level, adoption is more likely where there
is a protocol specifying eligibility, onboarding, data governance,
coaching scripts, troubleshooting trees, and criteria for
progression and referral (eg, to gym-based supervision). The
interviewees explicitly requested such a protocol, which would
also facilitate staff training and quality assurance across venues.

Staff adoption varied across roles and settings. Some instructors
embraced the tracker as a motivational tool, while others viewed
it as an optional add-on. Organizational adoption was influenced
by staff training, perceived relevance, and available time. These
findings highlight the importance of organizational readiness
and clear role expectations when integrating digital tools into
community programs.
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Implementation
Implementation refers to fidelity, adaptations, costs, and
practicalities [29]. The program delivered a 15-week active
phase (education and exercise) followed by an optional 15-week
maintenance phase. In practice, attendance during the active
phase averaged 11.35 (SD 3.63) sessions, while maintenance
attendance averaged 1.91 (SD 2.57) sessions. Only 1 participant
attended all 30 sessions across active and maintenance phases;
5 submitted Fitbit data beyond 20 weeks. Interviews pointed to
competing life demands, waning novelty, device/app literacy
challenges, and variable goal-setting support as proximate
reasons for drift. These reasons mirror broader evidence that
self-monitoring adherence decays without ongoing
reinforcement, social support, and personally meaningful goal
setting [46-48].

From an economic standpoint, Weigh to Go’s reported average
delivery cost was US $90.22 per participant for the 15-week
active phase and US $180.44 for 30 weeks (active and
maintenance), exclusive of devices. The retail cost of a Fitbit
Charge 5 was US $136.30 during the study. A simple
per-participant estimate for an activity tracker–enabled 15-week
program is therefore approximately US $226.60 (program
delivery plus device), rising with staff training and technical
support. Venue costs were US $2707.65 per venue annually.
Scaling to 125 venues at current venue costs implies
approximately US $338,456.16 per year for venues alone, plus
session delivery (eg, US $1805.10 per 30-week cycle per venue),
devices, training, and support infrastructure. Given low
maintenance attendance and data incompleteness, such scaling
is unlikely to be cost-effective unless adherence can be
substantially improved and unit costs reduced (eg, negotiated
device pricing, shared equipment pools, or bring-your-own
device models with equity safeguards). Prior work suggests that
digital components can be cost-effective at scale only when
engagement is sustained [49,50].

Two further implementation issues require explicit
acknowledgment. First, measurement/intervention confounding
arises when the Fitbit is used simultaneously as both the
behavioral intervention component (ie, providing feedback,
reminders, or activity prompts) and the outcome assessor (ie,
recording steps, activity minutes, or heart rate). This dual role
introduces a risk of reactivity, whereby participants may alter
their behavior simply because they know their activity is being
monitored by the device rather than due to the intended
intervention mechanisms. In addition, relying on a single tool
for both intervention delivery and measurement raises common
method bias concerns, as the observed changes in outcomes
may partly reflect the measurement method itself rather than
genuine behavioral change [51]. Consequently, improvements
recorded in physical activity metrics could be artificially
inflated, undermining the ability to disentangle whether changes
are attributable to the intervention’s efficacy, participants’
awareness of being monitored, or inherent limitations in the
measurement device. Second, data loss occurred. Missing device
data arose primarily from account and syncing errors
(Google/Fitbit credential issues and intermittent app–phone
connectivity), compounded by irregular wear. These problems
were exacerbated by external vendor-driven changes, such as

Google/Fitbit account migration, which caused unexpected
authentication barriers. Syncing failures meant that even when
devices were worn, data often did not upload consistently, while
irregular wear patterns, charging lapses, and user disengagement
further inflated missingness. Such losses created a
disproportionate burden on staff, who had to provide
troubleshooting, technical support, and device replacements,
increasing hidden resource demands. Beyond logistical
challenges, these gaps undermined analytic validity; data were
systematically missing from lower-engagement participants,
limiting statistical power and biasing outcome estimates.
Together, these issues highlight that consumer devices, while
seemingly low cost, introduce significant risks to data
completeness, program fidelity, and equity unless robust
technical and contractual safeguards are in place.

Implementation fidelity varied across sites. Some staff
consistently introduced and supported tracker use, while others
provided minimal guidance. Barriers included limited training,
competing demands during onboarding, and variability in
participants’digital literacy. These findings underscore the need
for structured implementation protocols, staff training, and
dedicated time for device support.

Maintenance
Maintenance concerns sustained individual behavior change
and the institutionalization of the program [29]. At the individual
level, the sharp fall-off after the active phase indicates that
behavioral maintenance was weak. Interviews suggest that goal
progression, habit formation, and social accountability
mechanisms were insufficiently embedded. Evidence indicates
that maintenance benefits from graduated goals, implementation
intentions, prompted self-regulation, and structured social
support [8,19,48]. At the organizational level, maintenance
would require a codified protocol, staff capability for
data-guided coaching, and routine use of trackers in referral
pathways (eg, condition-appropriate activity prescriptions,
remote monitoring, or peer groups), as suggested by both
participants and health care professionals and supported by
remote monitoring literature [13].

Maintenance was limited at both the individual and
organizational levels. Participants reported reduced motivation
once the structured phase ended, and staff highlighted the need
for clearer protocols, long-term funding, and integration with
existing monitoring systems. These findings suggest that
sustained integration requires ongoing support, resource
allocation, and alignment with organizational processes.

Consideration of Participant With Learning Difficulties
During the study, 1 Weigh to Go participant was identified as
having learning difficulties through the demographics survey
administered via Qualtrics. Ethical and methodological
considerations were taken into account to ensure that their
inclusion in the research was appropriate, respectful, and did
not compromise the quality of the data collected.

For this participant, support was offered, and a member of the
research team was available to provide clarification and to check
comprehension at each stage.
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Data collection procedures were also adjusted to accommodate
the participants’ needs. Instructions for the use of the activity
tracker were delivered slowly, repeated where necessary, and
supplemented with practical demonstrations from venue staff.
Written guidance was supported by verbal explanations. Regular
check-ins were conducted to ensure that the device was being
worn correctly and that data were being recorded as intended.

Ethically, it is important to reflect on the implications of
including a participant with learning difficulties. Their
participation demonstrates the inclusivity of the study design
and highlights the feasibility of using wearable technologies
across a broader range of populations, including those with
additional support needs. It also underlines the importance of
tailoring recruitment and data collection procedures to individual
capabilities to maximize both participant experience and data
quality.

Future research should more systematically address accessibility
and inclusivity, ensuring that interventions involving wearable
technologies are designed with flexibility to accommodate
individuals with varying levels of literacy, cognitive capacity,
and health literacy. By doing so, activity tracker interventions
can be made more equitable and representative of real-world
populations.

In summary, the study accounted for the needs of a participant
with learning difficulties by providing adapted materials,
additional support during consent and data collection, and
regular check-ins to ensure compliance. Reflection on this
inclusion highlights the importance of designing interventions
and research methodologies that are accessible to diverse
populations, which represents an important area for future
development in this field.

The Fitbit as Both Measurement Tool and Intervention
Component
A key methodological consideration is that the Fitbit acted
simultaneously as both a measurement tool and an intervention
component. Its feedback, goal-setting, and reminder features
inherently influence behavior, meaning that measurement and
intervention effects cannot be fully disentangled. Recognizing
this dual role is essential for interpreting outcomes and designing
future studies that aim to isolate behavioral effects from
device-driven reactivity.

Strengths and Limitations
A key strength of this study is its pragmatic design, which
examined the integration of a consumer activity tracker into an
existing community-based weight management program (Weigh
to Go) under real-world service conditions. By embedding the
evaluation within a routine community intervention, findings
reflect implementation realities, enhancing ecological validity
and the relevance of recommendations for service delivery [39].
The use of the RE-AIM framework further strengthened the
study by structuring the analysis across RE-AIM domains,
facilitating a comprehensive evaluation of both individual and
system-level outcomes [29].

Another strength lies in the mixed methods approach, which
combined quantitative Fitbit-derived data with qualitative

interviews from both Weigh to Go participants and health care
professionals. This methodological triangulation provided richer
insight into not only whether physical activity increased but
also how and why adoption and engagement occurred [24]. The
abductive analytic strategy enabled a nuanced interpretation
that linked empirical findings with theoretical concepts,
capturing unanticipated patterns such as the divergence between
step count improvements and minimal changes in
moderate-to-vigorous–intensity physical activity [26,31].

The study also benefited from the inclusion of multiple
stakeholders, with perspectives gathered from Weigh to Go
participants and health care professionals involved in program
delivery. This broadened the analysis beyond individual
behavior change to include service delivery challenges, data
governance considerations, and resource implications, which
are critical elements for informing scale-up [46]. Furthermore,
the provision of free Fitbit devices increased participation among
individuals who might otherwise face financial barriers,
supporting equity of access and contributing to insights around
reach [16].

A major strength of this study is its real- world context, which
enhances ecological validity. The mixed methods design allowed
for a nuanced understanding of integration across RE-AIM
dimensions. However, substantial Fitbit data loss limited the
representativeness of quantitative findings. This limitation is
best understood not only as a data quality issue but also as an
indicator of integration challenges, particularly around account
management, technical support, and participant responsiveness.

Despite these strengths, several limitations must be
acknowledged. First, the noncontrolled design precludes causal
inference. Increases in daily step counts, particularly between
week 1 and week 7, cannot be attributed solely to Fitbit use, as
changes may also reflect general engagement with the Weigh
to Go program, seasonal influences, or novelty effects [43].
Second, the Fitbit device functioned both as an intervention and
as the primary measurement tool, raising concerns about
measurement reactivity, construct overlap, and reliance on
proprietary algorithms [10,51].

Third, data completeness and quality issues emerged, with
missing Fitbit records due to syncing errors, account access
problems, and irregular device wear. Such missingness may
bias estimates and reduce the statistical power to detect changes.
Fourth, maintenance engagement was low, with very few
participants providing data beyond 20 weeks and only 1
completing the full 30-week program. This point was not
explored during the qualitative interviews, particularly with the
participant who completed the full 30-week program. Overall,
these limitations restrict conclusions regarding long-term
sustainability, which is critical for population-level type 2
diabetes prevention [48].

Fifth, the sample lacked sociodemographic diversity. The
participant group was predominantly White, female, and
middle-aged, reducing the representativeness of findings and
limiting generalizability to more diverse populations, including
men, younger adults, and ethnic minority groups. Given
evidence of disparities in both type 2 diabetes prevalence and
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digital health engagement, future studies should prioritize
targeted recruitment and culturally tailored strategies [51].

Finally, while the study provided illustrative economic estimates,
these relied on assumptions regarding device costs, staff time,
and venue use. A full economic evaluation incorporating
cost-effectiveness modeling and sensitivity analyses is needed
to assess scalability and sustainability [49,50].

In summary, this study provides valuable real-world evidence
on the integration of consumer activity trackers into a
community weight management program, highlighting both
opportunities and challenges. Its strengths lie in its pragmatic,
mixed methods design and stakeholder inclusion, while its
limitations include design constraints, data loss, limited
diversity, and uncertain long-term outcomes. These
considerations should inform future controlled evaluations,
independent measurement strategies, and implementation
planning.

Clarification of Pragmatic Evaluation
We describe this study as a pragmatic evaluation to emphasize
that it examined how the tracker functioned within a real-world
service context, rather than testing the efficacy of the Weigh to
Go program under controlled conditions. This does not imply
a change in study design but clarifies the interpretive lens
applied to the findings.

Implications and Conclusions
Within a real-world community program, integrating an activity
tracker is feasible and perceived as acceptable by many
participants and staff. However, sustained engagement is the
principal challenge and a determinant of value for money. The
quantitative signal of increased steps early in the active phase,
without corresponding MVPA change, is consistent with

light-intensity activity displacement rather than structured
intensity gains. Education on interpreting intensity metrics, goal
progression, and coaching appears necessary to shift MVPA.
To support adoption and implementation at scale, the service
should develop a formal protocol covering onboarding, data
governance, coaching scripts, and referral triggers, deliver
role-specific staff training on data interpretation,
troubleshooting, and behavior-change techniques, and strengthen
maintenance via scheduled check-ins, social/peer support,
graduated goals, and remote prompts/feedback. Economically,
large-scale roll-out (eg, 125 venues) will remain fragile unless
adherence improves and unit costs, notably device and support,
are reduced through procurement and design efficiencies.

Reframed as a pragmatic evaluation rather than an efficacy test,
this study contributes evidence on how and under what
conditions activity trackers can be integrated into community
weight-management services for adults at risk of or living with
type 2 diabetes.

Future research should include comparative designs (eg,
stepped-wedge or cluster randomized control trials), independent
activity assessment (accelerometry), and economic evaluation,
coupled with qualitative process evaluations grounded in
reflexive thematic analysis to explain mechanisms and context.
Only with stronger maintenance supports and clear operational
protocols is tracker-enabled scale-up likely to achieve
meaningful population health. A key methodological insight is
that the Fitbit acted simultaneously as a measurement tool and
an intervention component. Its feedback and goal-setting
features inherently influence behavior, meaning that
measurement and intervention effects cannot be fully separated.
Future research should consider designs that explicitly address
this dual role.
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Abstract

Background: In the 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 States that 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: This study 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
individuals in Missouri. Thematic analysis was used to identify key barriers.

Results: Four major barriers emerged: (1) language and cultural barriers—limited availability of translated 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—low-income participants
faced challenges with the costs of and access to broadband and telehealth-compatible devices.

Conclusions: Addressing cultural and technological barriers is 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:e75689)   doi:10.2196/75689

KEYWORDS

Asian American; type 2 diabetes; telehealth; digital literacy; cultural barriers; health disparities

Introduction

Telehealth refers to a tool, process, or system that can provide
patients with a simpler appointment scheduling process, remote
access to clinical services that lessen the need for travel, and
increased interaction with health care providers to improve
medical outcomes while reducing health care costs [1,2]. In the
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 [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 ages and races [4]. In 2020, 33 million people were diagnosed

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

Telehealth facilitates regular contact between patients and their
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
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or with a diagnosis of T2DM, telehealth can facilitate digital
health coaching for long-term management or prevention of
T2DM across population subgroups [8]. Asian American people
include multiple subgroups (eg, Chinese, Indian, Vietnamese,
Filipino, Korean, and Nepali). Cultural differences among these
groups are substantial, especially 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 White individuals. Despite this
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
challenges in 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 racial 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 barriers is 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
people with T2DM, providing insights for 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 individuals 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 people with T2DM and was used to scaffold the study.
UTAUT was used to identify several characteristics that
influence the adoption of health technologies, which included
social 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’s findings
to specific Asian American communities, this knowledge can
be applied to support the development of more effective methods
of tailoring telehealth services to 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 approaches to T2DM
management into mainstream health care practice.

In addition to the UTAUT framework, this study was informed
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 Researcher Perspective
A qualitative 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 people’s perspectives to determine the factors that
influence their adoption of telehealth for T2DM management.
Regarding positionality, my interest in this demographic is that
I am an Asian American. Subjective perspectives, rather than
objective facts, were elicited from participants; therefore, a
qualitative methodology was appropriate, as it 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 complexity
of individual, cultural, and technological factors shaping
telehealth use, particularly within a population that often faces
intersecting language and access barriers. This approach 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 individuals with similar socioeconomic status
or community ties and introduce selection bias. Inclusion criteria
specified that participants be Asian American, 21 years or older,
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 institutional review board
approval; data were deidentified and securely stored. No
compensation was provided.

Data Collection
A pilot study was conducted to establish the reliability of the
semistructured interview, with 10 participants 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 collection 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 perceptions regarding
the use of telehealth, especially 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 factors they 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, preference for in-person care and language barriers).

Data regarding participants’ personal innovativeness, trust,
behavioral intention, and actual use of telehealth services were
also gathered. Personal innovativeness pertains to their comfort
levels in 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 participants would
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 data were categorized based
on patterns that form specific themes; data excerpts were thereby
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. Finally,
overlapping subthemes were consolidated into 4 primary barrier
categories. Qualitative data from 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 yielded 4 consolidated barriers to telehealth
adoption (language and cultural 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
age being 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,
as well as in miscellaneous jobs (Table 1).
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Table . Demographics of the adopters.

Education levelOccupationHousehold in-
come (US $)

GenderEthnicityAge (y)Household sizeAdopter No.

Master’sIT professional200,000MaleNepali4541

Bachelor’sAuto mechanic90,000MaleChinese3942

Bachelor’sResearcher150,000MaleChinese3853

Bachelor’sIT professional80,000MaleIndian3534

Bachelor’sComputer sci-
ence

100,000FemaleKorean5145

CollegeIT networking150,000MaleKorean5736

PhDProfessor160,000MaleVietnamese4447

CollegeSushi cook36,000MaleFilipino3618

CollegeHair stylist120,000FemaleVietnamese4649

PhDAcademia110,000FemaleChinese44310

Bachelor’sIT50,000MaleVietnamese31311

Bachelor’sRetired army
personnel

75,000MaleFilipino35212

Master’sAircraft engineer175,000MaleNepali49413

Master’sCivil engineer150,000MaleIndian45314

Master’sData engineer108,000MaleIndian35315

The 15 nonadopters of telehealth services were between the
ages of 32 and 80, with the average age being 55 years.
Participants in 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,

Vietnamese, and Korean. There was less gender disparity among
nonadopters compared to adopters, with 9 females and 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. Finally, 10 of the
nonadopters were unemployed, while only 3 worked part-time
(see Table 2).

Table . Demographics of nonadopters.

Education levelOccupationHousehold in-
come (US $)

GenderEthnicityAge (y)Household sizeNonadopter No.

High schoolUnemployed9000FemaleKorean8011

High schoolCasual labor12,000FemaleKorean4522

High schoolCasual labor9000FemaleChinese7523

High schoolUnemployed9000MaleIndian6714

No educationUnemployed11,400FemaleFilipino6225

No educationUnemployed10,000FemaleNepali5536

No educationUnemployed11,000MaleNepali6737

No educationUnemployed12,000FemaleIndian5328

No educationUnemployed10,000MaleVietnamese6129

No educationCasual labor15,000MaleNepali38210

No educationUnemployed11,000MaleVietnamese55211

GraduateStudent36,000FemaleChinese32312

High schoolCook36,000MaleFilipino36213

No educationUnemployed12,000FemaleIndian58214

No educationUnemployed12,000FemaleNepali52215
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Though past researchers have found facilitators to incorporating
telehealth, this study only yielded barriers. To review, facilitators
of telehealth 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 barriers to 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 as the 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
a learning curve associated with initial use of telehealth services
was identified.

Several adopters noted that there was a steep 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,
especially if the telehealth appointment is scheduled for a time
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.

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

I was able to consult with a doctor over the phone to
discuss my diabetes. I 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. I think my doctor’s advice influenced
me quite a bit. Because a doctor is a 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:

I 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.

Performance 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,
as well as the perceived benefits of using telehealth.

Many adopters thought 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 was a significant
number of nonadopters who 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 beneficial in helping them to

JMIR Diabetes 2026 | vol. 11 | e75689 | p.56https://diabetes.jmir.org/2026/1/e75689
(page number not for citation purposes)

StatesJMIR DIABETES

XSL•FO
RenderX

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


manage their 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

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

Table . Selected quotes by adopters about performance expectancy.

Selected quotesAdopter/nonadopterParticipant

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.

Adopter1

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

Adopter3

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

Adopter5

Like I said, it’s convenient because I 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
price is going too high.

Adopter2

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

Adopter15

Like I said, using telehealth is helping me access
the doctor faster. For example, it takes more than
two months to get an appointment for the office
visit, but it takes less than one week to make a
telehealth appointment.

Adopter13

Besides my diabetes problems and other health
problems, telehealth increases access to my care
in terms of fast service.

Adopter8

It does help me to monitor my blood sugar. Using
telemedicine increases my chances of improving
my diabetes. I don’t have to always wait for your
appointment.

Adopter11

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

Adopter12

Data Analysis
The following 9 themes were identified using thematic analysis:
actual use, performance expectancy, effort expectancy, social

influence, facilitating conditions, cultural 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 I said, using telehealth is helping me access the
doctor faster. For example, it takes more than two
months to get an appointment for the office visit, but

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

Similarly, P15 said:

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

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 a summary of nonadopters’views on actual use.

Table . Selected quotes by adopters about actual use.

Selected quotesAdopter/nonadopterParticipant

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

Adopter1

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

Adopter4

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

Adopter11

I have been using telehealth since the COVID-
19 pandemic. Because I still feel the risk of expo-
sure to the virus

Adopter10

Table . Selected quotes by nonadopters about actual use.

Selected quotesAdopter/nonadopterParticipant

I don’t know much about it. I never talked to my
doctor using the phone or anything because I did
not know there was a telehealth service available.
I have no idea. My doctor did not say anything
to me.

Nonadopter1

I do not use it because of language barrier.Nonadopter6

I do not know how to use it. I never knew about
it.

Nonadopter5

Social Influence
Social influence is the degree to which actors in a person’s social
circles, such as the primary physician, family members, and
friends, influence the decision of an individual to use telehealth.
Participants were asked whether their doctors, friends, or family
members encouraged the use of telehealth; 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
doctors and 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 were influential in

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
telehealth. 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 resources to 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.
This finding highlighted the need for insurance coverage as one
of the facilitating conditions to enable adopters to use telehealth
services when needed for managing diabetes. Adopters also
reported that they would like support in the form of training on
effective use of telehealth in general, as well as for diabetes

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

Nonadopters faced conditions that did not facilitate their use of
telehealth. For instance, a majority 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 translator 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. Those who 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 financial aid, they
reported a need for training on telehealth and how it applies to
diabetes management. See Table 6 for a summary of
nonadopters’ views on facilitating conditions.

Table . Selected quotes by nonadopters about facilitating conditions.

Selected quotesAdopter/nonadopterParticipant

I have no smartphone or computer.Nonadopter5

I have no phone or computer.Nonadopter9

Need an interpreter like you and pay for an inter-
preter’s services.

Nonadopter7

Need help with an interpreter.Nonadopter11

I survive from my social security check.Nonadopter4

Financial help to by phone and an interpreter.Nonadopter8

Education about telehealth and training about
how to use it.

Nonadopter3

I think training about telehealth and how to use
it.

Nonadopter2

Training about telehealth in the community or
clinic.

Nonadopter13

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
a preference for in-person care. However, even though adopters
preferred in-person care, a recommendation by a doctor to use
telehealth overrode the cultural-based preference of some
adopters. It was clear that the convenience of using telehealth
had more influence 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 as their doctor. Still, some
adopters did experience language barriers that affected their
effective use of telehealth services.

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; several
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 Innovativeness
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 technology. Participant occupations were 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 already 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 technology.

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 Insurance Portability and Accountability
Act policies. Nonetheless, some adopters had concerns regarding
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 a few who felt that they could
trust their physicians to keep their information safe and
protected.

Most nonadopters did not trust telehealth systems. Their
concerns were related 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 Intention
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 reasons that the majority of participants
decided to continue using telehealth services were attributed to
the benefits it provided. The one adopter who was noncommittal
mentioned safety and security concerns about health information
stored in the telehealth systems. Despite such concerns, most
adopters were willing to continue using telehealth as a modality
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 someone taught them. In fact, nonadopters attributed
their behavioral intentions to 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.

Discussion

Summary of Key Findings
The analysis of the emergent themes from the qualitative data
yielded 9 themes. The themes were 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 reasons for using
telehealth systems, corresponding to Hu et al’s [29] findings,
showing that access to technology was a notable determinant
in patients’ interest in mobile health 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 telehealth 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 access to health care services,
were cost-efficient, saved time, and enabled flexibility in access
to services. Regarding social influence, the findings showed
that physicians, friends, and family played a significant role in
promoting the adoption of telehealth. Similarly, Mora and
Golden [30] found that family strongly influences individuals’
diabetes management plans. Recommendations of telehealth
from physicians, family, and friends were conspicuously absent
among the nonadopters, while the adopters reported the
influence of those recommendations on their decisions to adopt
telehealth systems.

The facilitating conditions identified as being influential to the
adoption of telehealth systems for the management of T2DM
included access to devices, such as smartphones and computers.
The coverage of telehealth 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. The two most influential cultural
factors were the language barrier and a preference for in-person
care. Mora and Golden [30] also 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 behavioral intentions, there was an
overwhelming desire to continue using telehealth 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 a role 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
systems to be of limited benefit. This was 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 systems will 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].

Barriers to Telehealth Adoption
The results of this qualitative case study indicate that language
and cultural barriers significantly impact Asian American
individuals’ use of telehealth for managing T2DM. Language
and cultural barriers have been recognized as key obstacles in
health care access, often limiting patient engagement. For
example, there is a limited 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 is digital 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 telehealth platforms.
Without proper training and support, these individuals remain
excluded from telehealth-driven diabetes management.

The findings also highlight the limited recommendations of
telehealth services by providers, which could be better promoted
as a way 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

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 care inequity [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 telehealth technology
for underserved communities. Overall, the findings from this
study align with existing literature on telehealth disparities
among minority populations [11].

Limitations
Adopters were generally 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 cultural influences from
socioeconomic status. Participants were recruited through two
community-based health organizations in 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 translate the question to the
participant and the response from the participant back to the
researcher. The translation is prone to loss of meaning because
the interpreter must interpret and decode the participant’s words
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
translation of the meaning, semantics, and nuances behind the
words may not always be possible. Therefore, some or the entire
meaning of the communication may be lost during the
translation.

The knowledge level of the nonadopters about telehealth systems
is a limitation 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. The implications of this lack 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 telehealth systems and 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.” The value of this information in answering the research
questions was limited.

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

intent and adoption of telehealth among Asian American people
with T2DM in Missouri. Overall, there were many valuable
insights into the cultural and technological barriers facing Asian
American people when using telehealth.
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Abstract

Background: Older adults with diabetes frequently access their 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 data were 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
groups identified the tool’s potential to enhance patient engagement and patient-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

Introduction

Background
Diabetes is highly prevalent among older adults in the United
States, with an estimated 29.2% of adults aged 65 years or older

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
Diabetes Statistics Report [1]. As the aging population grows,
primary care clinicians face increasing pressure to deliver
effective, individualized diabetes self-management education
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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, referrals and access to 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
clinic visits. SEE-Diabetes integrates directly 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
is organized according to the 7 core domains of the Association
of Diabetes Care & Education Specialists 7 Self-Care Behaviors
(ADCES7), including healthy coping, healthy eating, being
active, taking medication, monitoring, reducing risk, and
problem solving [8].

Placement of SEE-Diabetes in the Assessment and Plan section
was intentional. Prior formative research with older adults with
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 nonactionable 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]. The first 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

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 ensure their 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
education into 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 adults with 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, goals, literacy level, and clinical
circumstances. Examples of customization include changing
the activity type (eg, walking 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 statements into 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) The finalized, tailored patient education statements are inserted into the Assessment and Plan section of the clinic note and become
available to patients via the portal. ADCES7: Association of Diabetes Care & Education Specialists 7 Self-Care Behavior; SEE-Diabetes:
Support-Engage-Empower-Diabetes.

The finalized patient education text was embedded within the
assessment and plan section of the clinic note. Embedding
SEE-Diabetes in the assessment and plan positions the guidance
where patients already expect to find follow-up instructions,
while requiring minimal change to clinician workflow. Insertion
and customization generally take less than 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 across facilities. Patients
can access their medical records, including clinic notes, through
the HEALTHConnect portal. Clinic notes were retrieved from
PowerChart, and patient recruitment was facilitated using
PowerInsight, Oracle Cerner’s operational reporting platform.

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 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 has tried a keto diet in the past, but
this led to frequent hypoglycemia. Since July 2022, she has been eating <1700 calories daily, which resulted in weight gain. Eye exam was done
in April 2022 but not sure if her eyes were dilated. She has noted that her vision changes as her BG fluctuates, and sometimes her vision is blurry
despite wearing her bifocals. There is no family history of T2DM, T1DM, or osteoporosis, and has never had a DEXA scan. She sees gynecologist
yearly but does not have a regular well-woman exam.

Clinic Note 2: History of Present Illness

• This is a 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

• He is on 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 medication it 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 HbA1c1c 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.

Clinic Note 3: History of present illness

• 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 also has hyperlipidemia and hypertension

• Current regimen includes glipizide 10 mg daily and metformin extended release 500 mg, takes 1 tablet twice a day

• 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.
She tries to eat healthy, mainly frozen meals.

• She is a smoker, 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 microalbuminuria (high: 93)

• Denies numbness in 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
patients and clinicians. Patient interviews consisted of 4

open-ended questions assessing readability, helpfulness,
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.

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 evaluate 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 notes for patients with 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 HbA1c, with target below 8%

• 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 me if notice an open area on foot

• She will 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 goal is to learn how to use my monitor, learn how to interpret my blood sugar levels

• I want to use this information to learn how different foods affect my blood sugar

• I commit to checking my blood sugar at the following times: 1 time a day 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:

• I will read the Nutrition Facts Label.

• I will add 2 servings of vegetables to my diet.

• I will cut down added sugar in my drinks from my diet to help to control my blood sugar.

• I plan to learn 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 HbA1c, with target HbA1c below 8 %

• 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 me if notice an open area on foot

Patient Education for Taking Medications

• Taking medications helps lower your risk for heart attack, stroke, and kidney damage by managing blood glucose, blood pressure, and cholesterol
levels in 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.

• I plan to 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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• 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.

• I plan to make positive lifestyle changes, participate in diabetes self-management education.

• I will do this by scheduling an appointment by the time of our next visit.

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

• Follow-up in clinic in 3 months with labs before the appointment

• Referral placed for diabetes education again

Clinic Note 3: Assessment and Plan

1. Diabetes Mellitus

• Detailed discussion with the patient, reviewed HbA1c of 7.2%, her target is below 8% so she is doing well. HbA1c of 7.2%, her target is below
8% so she is doing well.

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

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

Patient Education for Being Active

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

• I like to walk, park farther away from the door and commit to 10 minutes daily until our next visit. This is motivating for me because I want to
improve mood

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

Patient Education for Healthy Coping

• 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. This is especially true if you have diabetes. Having a lot of stress can increase blood glucose (sugar) levels, make you feel more
negative and may lead to less healthy choices.

• I plan to cope with stress by make a list of people I can turn to for support and report back at my next visit to share how that went. I will
observe/record my mood daily, I will seek help if I feel challenged.

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

• She will continue her current medications, focus on lifestyle and I will see her back in 3 months with labs before the appointment. She will call
if she needs to make an earlier appointment.

In-depth interviews were 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 the research
team.

Ethical Considerations
This study was reviewed and approved by the University of
Missouri Health Care Institutional 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

individual could be identified directly or indirectly. Participants
were compensated with a US $50 cash card.

Results

Patient Characteristics and Thematic Analysis
Findings From Interviews

Patient Characteristics
Overall, 11 patients participated, recruited from a specialty
diabetes center. The average age was 72 (SD 4.9; range 66‐83)
years, 6 were female (55%), and most were non-Hispanic White
(10/11, 91%). Nearly half (5/11, 45.5%) had some college
education. The mean duration of diabetes was 26 (SD 15; range
3‐47) years, with a mean hemoglobin A1c (HbA1C) 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).

Values, n (%)Characteristics

Clinic location

11 (100)Cosmopolitan International Diabetes and En-
docrinology Center

71.6 (4.9; 66-83)Age (years), mean (SD; range)

Sex

5 (45.5)Male

6 (54.5)Female

Hispanic or Latino

11 (100)No

0 (0)Yes

Race

10 (90.9)Non-Hispanic White

1 (9.1)Asian

Education

5 (45.5)Some college credit, no degree

2 (18.2)Associate degree

1 (9.1)High school graduate, diploma, or equivalent

1 (9.1)Bachelor’s degree

1 (9.1)Trade/technical/vocational training

1 (9.1)Higher than a bachelor’s degree

25.6 (15; 3-47)Diabetes duration (years), mean (SD; range)

7.6 (1.2; 6.1‐10.3)HbA1c, mean (SD; range)

Insulin

2 (18.2)No

9 (81.8)Yes

Access patient portal

1 (9.1)No

10 (90.9)Yes

    How (n=10)

9 (90)     Yourself

1 (10)     With help from someone else

Devices (n=10)

8 (80)Computer

—a     I appreciate the large screen (n=2)

—     It’s easy (n=2)

2 (20)Mobile devices

—     My phone is always with me (n=1)

Read clinic notes

1 (9.1)No

10 (90.9)Yes

aNot applicable.
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Readability
Most participants described the SEE-Diabetes statements as
straightforward and easy to read due to plain language and clear
structure. For example, a 74-year-old woman (HbA1c 6.9%)
highlighted that the section:

gives you the information about any testing that you
have had and the results from it.

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. Several participants
valued the content as a practical reminder between visits:

[It makes it a whole 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,
HbA1c 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 raised concerns about documentation practices,
noting frustration with

[cut and paste… especially when the information is
inaccurate 74-year-old woman, HbA1c 7%]

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

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

[They don’t have to go online and google it. The facts
are here 68-year-old woman, HbA1c 6.1%]

and emphasized that SEE-Diabetes could complement physician
communication, which was sometimes perceived as incomplete:

[Doctors aren’t the best at communicating all the
information. I think those notes actually cover the
information… better 69-year-old man, HbA1c 9.2%]

Others reported minimal added value because they were already
managing well (76-year-old woman, HbA1c 7.8%) or desired
clearer, directive next steps:

[If there’s a diabetes education section… another
section with recommendations… I 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
ADCES7-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 Characteristics and 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
were female (88%). Most were non-Hispanic White (6/8, 75%).
The average experience in diabetes care was 13 (SD 12.7; range
2‐30) years. Most clinicians were familiar with ADCES7 (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).

n (%)Characteristics

Clinic location

5 (62.5)Cosmopolitan International Diabetes and En-
docrinology

2 (25)Keene Family Medicine

1 (12.5)Ashland Family Medicine

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

Sex

1 (12.5)Male

7 (87.5)Female

Hispanic or Latino

8 (100)No

0 (0)Yes

Race

6 (75)Non-Hispanic White

2 (25)Asian

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

Knowledge about DSMESa and ADCES7b guidelines

    Familiar with ADCES7

3 (37.5)     No

5 (62.5)     Yes

    Familiar DSMES

2 (25)     No

6 (75)     Yes

aDSMES: diabetes self-management education and support.
bADCES7: Association of Diabetes Care & Education Specialists 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 to read.” Similarly,
a primary 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

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. Several 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 sizes in 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 findings indicate
that SEE-Diabetes has strong potential to address documentation
and communication gaps in delivering DSMES and to facilitate
more personalized, actionable communication during routine
outpatient care. Importantly, SEE-Diabetes is not intended to
replace formal DSMES, which remains an ongoing,
person-centered process grounded in the assessment of
individual learning needs and preferences. Participants may
have received varying levels of diabetes education through prior
DSMES or routine clinician-provided counseling; however, the
amount and modality of such education were not assessed.
Accordingly, SEE-Diabetes was evaluated as a complementary,
EHR-integrated tool to reinforce routine self-management
communication rather than as a measure of DSMES exposure
or delivery.

Content validation was conducted using a multimethod 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 realities of diabetes care. While content validation
is sometimes overlooked in digital health tool development, it
plays a critical role in ensuring safety, relevance, and usability.
For instance, Patel et al [16] created a clinical 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. This aligns with prior evidence that older 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,

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 in the
“Taking Medication” domain) to enhance clarity and better
motivate patients. For example, one provider commented,
“Bringing meds to the visit does not ensure the patient will take
them regularly between visits.” Such feedback underscores the
importance of iterative development and continuous user input
to ensure that tools like SEE-Diabetes remain clinically relevant,
context-sensitive, and adaptable [23]. Incorporating provider
and patient suggestions in subsequent revisions will help address
these nuances and improve the tool’s effectiveness.

Our analysis also identified a remaining gap in the delivery of
patient-centered education during routine diabetes follow-up
visits. This finding echoes prior studies indicating 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 messages with 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.

Strengths and Limitations
A key strength of this study lies in its user-centered validation
approach, which engaged both patients and clinicians across
primary care and specialty care settings. By involving real-world
end users in the design and evaluation process, we ensured that
SEE-Diabetes content is not only evidence-based but also
practical, readable, and clinically relevant. The use of tailored
clinical scenarios, combined with in-depth qualitative interviews,
provided rich insights into the clarity, usefulness, 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’ needs in
everyday practice.

Limitations of this study include a small sample size and a lack
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, future work could explore
parallel formats such as printable summaries or patient-facing
handouts to support clinics without advanced EHR functionality,
including rural and resource-limited programs. Additionally,

situating SEE-Diabetes within national DSMES Standards and
the 4 critical times for DSMES delivery may help align its use
with formal 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 specialty care. Embedding plain-language
education within routine documentation may strengthen
communication, reinforce self-care, and support chronic disease
management in aging populations. Future work should evaluate
implementation across diverse settings and its impact on clinical
outcomes, engagement, and scalability.
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Abstract

For adults living with type 1 diabetes (T1D), diabetes-specific mental health support is limited. Peer support and digital health
platforms are promising strategies for delivering this support to this population, particularly those from geographically marginalized
communities. Mobile apps, in particular, can enhance self-management and deliver support. This paper describes the iterative
co-design and development process of a novel mobile app for use in a pilot trial, T1D REACHOUT (REACHOUT), that aims
to reduce the diabetes distress, a core facet of diabetes-specific mental health, of adults with T1D. An initial think tank and 6
focus groups were conducted with adults with T1D to better understand their support needs and identify platform requirements.
Following this, we partnered with adults living with T1D, the “end users,” to iteratively co-design the REACHOUT app, enhancing
usability and ensuring relevance. Adapting the open-source Rocket.Chat platform to user-defined requirements, we deployed the
app in a single cohort pilot study. A network analysis of messages exchanged during the pilot study was performed to explore
trends and patterns and demonstrate implementation feasibility. Pilot study outcomes informed further refinement before
implementation in a randomized controlled trial. The implementation of the REACHOUT app features 6 key components identified
in 6 initial focus groups: a 24/7 chatroom (a customized group messaging function with threads), topic-specific discussion boards,
a peer supporter library, peer supporter profiles for a user-driven matching process, small group virtual sessions, and direct
(one-to-one) messaging. Forty-six participants were encouraged to use any or all of the features as frequently as desired over a
6-month period during the pilot study. During this time, 179 private small groups were created, and 10,410 messages were sent,
including 1389 chat room messages and 7116 direct messages; among these were 3446 messages exchanged between participants
and their self-selected peer supporters. Key factors for successful implementation included (1) the co-design process involving
comprehensive user engagement and (2) the opportunities realized through hybrid development. These findings offer generalizable
lessons for mobile health research teams developing similar app-based interventions.

(JMIR Diabetes 2026;11:e71733)   doi:10.2196/71733
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Introduction

Mobile Apps for Type 1 Diabetes Management
In the era of digital health, mobile apps have increasingly been
used to improve diabetes care. These platforms are vital for
individuals living in geographically marginalized settings with

limited access to conventional, in-person diabetes support [1].
Particularly, adults with type 1 diabetes (T1D) living in rural
and remote communities in British Columbia have reported that
peers with T1D share first-hand lived experience [1,2], from
which they may benefit. As such, digitally delivered mental
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health support may be a promising solution for underserved
populations.

Several systematic reviews and meta-analyses involving children
or adults with T1D have examined mobile apps [3-7] designed
to improve self-management [8-10], monitor treatment through
data visualization [11], and deliver psychosocial interventions
[12-15]. Notably, research in this area has mainly focused on
mobile app evaluation, while descriptions of app development
lag behind.

Benefits of Involving End Users in App Development
Digital platforms that engage end users early in the development
process are more likely to produce favorable results [16].
Specifically, co-design is a research methodology that, in
principle, involves shared decision-making through the
collaborative engagement of end users, researchers, and health
care professionals to create and develop the technology to be
used [17,18]. Thus, research exploring the mobile app
preferences and perspectives of individuals with T1D has grown
steadily [1,19,20]. Not surprisingly, 2 of the 4 best practices in
app development involve “prioritizing user preferences” and
“engaging stakeholders” [21].

While there is increased interest in collecting user feedback,
how these data are integrated during the app development
process has not been clearly described. Although several other
T1D-specific apps provide detailed descriptions of their
development, their goals are to improve glycated hemoglobin
and blood glucose management by promoting self-care practices
(carbohydrate counting, injection site rotation, insulin dosing,
physical activity, etc) [22-25]. To our knowledge, no studies
describe the comprehensive development process for a mobile
app focused on reducing diabetes distress by offering peer-led
mental health support to adults with T1D.

The T1D REACHOUT Intervention
T1D REACHOUT (REACHOUT) is a mobile app designed to
reduce diabetes distress by offering peer-led mental health
support to adults with T1D living in rural and remote areas of
Interior British Columbia [2]. Based on self-determination
theory, which highlights what motivates patients to make
support-related decisions [26], REACHOUT is a 6-month
intervention that offers a range of support delivery modalities
to meet users’ individual needs.

The use of the app is not intended to replace standard health
care provision but rather to enable increased access to peer-led
support and fill a gap in the health care system. While
interdisciplinary diabetes care typically involves a team of
endocrinologists, diabetes nurses, and dietitians, what is often
overlooked and undervalued are the peers who understand
first-hand the day-to-day experience of living with T1D.

Aims
This paper describes the iterative co-design and development
process of the REACHOUT mobile app, including its use in a
pilot trial and subsequent revisions made prior to its
implementation in a randomized controlled trial (RCT). While
empirical outcomes from the REACHOUT pilot intervention
have been reported elsewhere [2], we focus specifically on the

technical development and implementation of the app used in
the intervention and aim to share generalizable lessons with
other mobile health (mHealth) research teams.

Specifically, this paper reflects on the (1) collaboration process
between researchers and end users (ie, adults with T1D) to
identify information needs and support requirements that
informed app functionality, (2) iterative design of the app with
end users to enhance usability and meet key user needs, (3)
deployment of the app in a pilot study to understand feasibility,
and (4) incorporation of feedback from the pilot study to further
refine the app before launching the RCT.

This paper is organized in the following sections: Ethical
Considerations; Recruitment; Platform Design and
Implementation, which includes all stages of the co-design
process; Platform Features, which outlines the functionality of
the designed app; Initial Platform Utilization Patterns, which
includes a network analysis of app usage during the pilot study;
Insights and Observations, which specifically addresses
challenges to co-design in mHealth; and Discussion, which
includes an overview of our findings, limitations, and future
work.

Ethical Considerations

The University of British Columbia Behavioural Research Ethics
Board approved this project (H20-00276, PI Tang, date of first
approval 2020-03-31), with additional harmonized review by
the Interior Health Research Ethics Board (same approval
number). Participants were given study information, allowed
to ask questions, and provided electronic consent. Focus group
participants received a US $50 gift card upon completion. Pilot
study participants received a US $25 and a US $50 Amazon
gift card at baseline and at 6 months, respectively. Focus group
discussions throughout the co-design process were recorded,
transcribed verbatim, and then de-identified. Study data were
stored securely with access limited to study team members.

Recruitment

For our preliminary think tank session, we recruited participants
(n=17) from a list of adults with T1D who expressed interest
in T1D-specific mental health support at a Diabetes
Canada-sponsored T1D patient advocacy event.

Focus group participants (n=38) were recruited using several
modalities: (1) inviting participants from previous T1D diabetes
studies, (2) obtaining referrals from health care providers, (3)
sending emails to members of Breakthrough T1D living in the
Interior British Columbia regions, (4) posting messages on
T1D-specific social media sites, and (5) word of mouth [1].
Eligibility criteria included being diagnosed with T1D, ≥19
years, living in the Interior Health Authority region, and able
to speak English [1].

Pilot study participants (n=46) were also identified and recruited
via (1) diabetes education centers in the Interior Health
Authority region, (2) T1D advocacy organizations, (3)
T1D-specific Facebook support groups and social media outlets,
(4) referrals from health care providers, and (5) word of mouth
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[2]. Eligibility criteria were similar to those of the focus group
study, except that participants also needed to have access to the
internet and/or a smartphone [2].

End user partners (n=11) were adults living with T1D who
contributed to the iterative development process and were
recruited from participants in the previous focus groups.

Platform Design and Implementation

Overview
Our development process occurred in 3 stages: predevelopment,
co-design and development, and revision (Figure 1). As people

with T1D are the end users of the REACHOUT app, their
involvement was imperative; hence, their feedback and guidance
were sought throughout the app’s development process to ensure
it met end user needs. Through focus groups, informal think
tanks, and feedback sessions, the co-design approach defined
requirements and critical features for the peer support–based
mobile app (Figure 2).

Figure 1. Timeline of the REACHOUT mobile app development process. Stage 1: predevelopment is indicated by blue arrows; stage 2: co-design and
development are indicated by red arrows; and stage 3: deployment and revision are indicated by yellow arrows. Study milestones, including the pilot
trial and the randomized controlled trial (RCT), are indicated by green circles. SaaS: software as a service.
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Figure 2. Co-design and development process, with each of the user groups engaged and the actions performed as a result of the activity.

Stage 1: Predevelopment

Think Tank
A preliminary think tank of adults with T1D was used as a
scoping activity to elicit the support needs of this group and

explore the possibility of a digital platform as the modality for
emotional support. The session lasted approximately 60 minutes
and was audio-recorded, with only an audio transcript available.
Insights from this discussion informed the subsequent pursuit
of a mobile app–based intervention and the continued use of a
co-design approach.
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Participants identified potential support delivery features that
would be beneficial, including individual peer-to-peer support,
group-based messaging, professional moderators, and discussion
boards. Additionally, participants discussed considerations when
choosing peer supporters, such as using the same technologies
(eg, the same continuous glucose monitor).

Platform and Software Selection
Given the anticipated benefits of a flexible setup and the ability
to customize the app, digital health software companies were
first reviewed. These included Weltel, Latero Labs, Freshworks,
Tactica Interactive, and Tech Samurais (currently Four Nine
Digital). However, due to financial constraints prohibiting the
development of a de novo app, we decided to develop the app

by adapting and expanding existing communication–based
software. Alternative solutions were researched to identify which
would best fit the identified requirements while making only
limited changes to the app.

Slack, Mattermost, and Rocket.Chat were identified as potential
platforms (Table 1). Slack was disqualified due to a lack of
options for modification given its closed-source software,
leaving Mattermost and Rocket.Chat as the final candidates for
consideration. Rocket.Chat was selected for its customization,
comprehensive documentation, and polished user interface and
user experience design. Subsequently, Rocket.Chat was tested
with end user partners (n=11) to evaluate user experience before
being modified to create the REACHOUT app.

Table . Alternative software options and criteria researcheda.

Mattermost [29]Rocket.Chat [28]Slack [27]Property

Very customizableVery customizableSlightly customizableCustomizability

Free if self-hosted or CAD
$141/year; US $ ~99/year

Free if self-hosted or CAD $55/year;
US $ ~38/year

CAD $207/year; US $ ~145/yearPricing (per user)

≤CAD $2100/year; US $ ~1469/yearCAD $2045/year; US $ ~1430/yearIncludedHosting costs

ComplexComplexEasy and nontechnicalSetup and maintenance

CanadaCanadaUnited StatesHosting location

Open-sourceOpen-sourceClosed-sourceSource

aPricing in Canadian dollars reflects amounts at the time of inquiry. Conversion to US dollars was done on January 20, 2025.

Technology Stack and Platform Architecture
REACHOUT is built on the Rocket.Chat cross-platform
messaging platform, powered by React Native. When new
updates are made to the app, we build iOS and Android app
files from the latest code changes using Xcode and Android
Studio. The client-facing component includes an app for Android
and iOS devices that interacts with our Amazon Web Services
(AWS) backend via a firewall. An Amazon Elastic Cloud

Compute instance provides compute capacity with Amazon
Elastic Block Storage for long-term data storage. Initially hosted
on DigitalOcean’s cloud, it was later migrated to a Canadian
AWS instance at the recommendation of initial contractors and
supported by more robust documentation from Rocket.Chat for
AWS deployment. Push notifications use Apple Push
Notification Service for iOS devices and Firebase Cloud
Messaging for Android devices (Figure 3).
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Figure 3. Overview of the current app architecture with interactions between client components, server and storage components, and third-party
notification services. T1D: type 1 diabetes.

Focus Groups
Six focus groups with 38 participants (5‐7 participants per
focus group) were held to identify users’ current and past
T1D-related mental health needs, explore desired features for
the app, elicit peer supporter communication mode preferences,
and understand patterns of social media use for diabetes-specific
support [1]. Detailed results have been reported previously [1].

Through these focus groups, participants established the
following key requirements:

1. One-to-one support from a peer supporter (an individual
with similar firsthand experience) could help users navigate
the “ups and downs” of living with T1D.

2. 24/7 group support allows participants to receive support
at any time of day, including evenings and weekends. It is
difficult to predict when users need immediate emotional
validation, normalization, advice, and acceptance. For
example, participants cited hypoglycemia, which can occur
in the middle of the night, as a situation in which immediate
emotional support can provide reassurance and comfort.

3. Synchronous and asynchronous support options are
available for meeting virtually with others or asking or
responding to questions in participants’ own time.
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Focus group participants also provided feedback on specific
app features that would be beneficial, further informing
development [1]. These recommendations included (1) which
data to incorporate in peer supporter profiles, such as age of
diagnosis, hobbies, stage of life, and T1D monitoring and
treatment technologies used (eg, brand of continuous glucose
monitor) so that participants can determine a suitable match;
(2) having trained health professionals on the platform to prevent
the exchange of medical information; (3) including resources
and links to keep up with best practices; and (4) hosting
topic-specific group discussions on subjects specific to living
with T1D.

From focus group discussions, we identified 6 key features
based on recurring needs and priorities articulated by
participants and prioritized in development based on feasibility
[1]: peer supporter profiles, a peer supporter library, one-to-one
messaging, group messaging, topic-specific discussion boards,
and virtual huddles.

Stage 2: Co-Design and Development

Release and Feedback Cycle
An external developer was contracted to translate the
user-identified key features into an initial prototype. Three
iterations of the prototype were developed and released to
subsequent groups of test users. Over the course of each
iteration, users were asked to provide feedback to the research
team via Zoom meetings regarding feature design preferences,
functionality, and pain points (eg, a lack of intuitiveness in
performing an action).

The first iteration (released to 23 users: 17 iOS users and 5
Android users) included peer supporter profiles, one-to-one
messaging, and group messaging, which were more feasible to
implement given Rocket.Chat’s existing functionality. Feedback
was received and implemented in the following iteration. The
second iteration (released to 43 users: 31 iOS users and 12
Android users) included the existing features and added video
huddles. The third iteration retained the features we had already
updated (peer supporter profiles, one-to-one messaging, and
group messaging), updated the video huddles feature, and added
a peer supporter library.

There was approximately 25% overlap in users across iterations,
as users participated in consecutive app iterations. We sought
to recruit 50 participants and recruited 46. Given that this was
a feasibility study, no power calculation was required. To
determine a reasonable sample size, we conducted a literature
review and identified other pilot studies similar in topic.
According to a systematic review of mHealth apps for chronic
illness and/or social support, 12 of the 13 studies reported
samples of fewer than 50 participants, with an age range of 12
to 49 years [30]. Considering these studies, we elected to recruit
a sample size of 50 participants.

End User Partners
A small group of end user partners (n=11) was engaged to
support iterative collaboration throughout development. End

user partners contributed to wireframe development, design
recommendations, and postimplementation feedback, such as
ranking the importance of content on peer supporter profiles
and rating the usefulness of proposed features. Feedback was
elicited through 3 group meetings, a one-on-one phone call, and
an email discussion. This enabled end users to influence design
decisions and support iterative development grounded in lived
experience.

The mean age of end user partners was 39 (SD 11) years; 55%
(n=6) identified as female. The small number of end user
partners was not intended to be representative of the T1D
population as a whole but rather to support meaningful co-design
through in-depth engagement.

Stage 3: Deployment and Revision

Deployment
Following these 3 development iterations, the app was tested
in a pilot study published elsewhere [2] and involved 46 users
receiving support and 36 peer supporters delivering support.
The mean age of users receiving support was 44 (SD 15) years,
with the majority (n=29, 76%) identifying as women. The mean
age of peer supporters was 41 (SD 16) years, with 37 (73%)
identifying as women [12]. Of the 46 participants onboarded
during app deployment, 8 withdrew for personal reasons. Of
the 37 peer supporters onboarded, 2 withdrew, also for personal
reasons.

We determined which participants were iOS or Android users
and collected their respective App Store and Google Play Store
email addresses. For iOS users, we used TestFlight to distribute
the app builds. Users were provided access to a test version of
the app. When new versions of the app were released, they were
either automatically updated on the users’ mobile phones or
could be downloaded manually via the TestFlight app. For
Android users, we initially distributed an Android Package Kit
file that users downloaded, but later pivoted to releases on the
Google Play Store for ease of use. Users were sent a link to
download the app, and any updates were automatically
downloaded to their mobile phones. Only invited users could
download the app for either Android or iOS.

Platform Modification Focus Groups
A further set of postpilot focus groups was held to receive
feedback on user priorities for the app and potential
modifications. Features that needed to be fixed and features to
add based on user feedback were presented [31], and users (n=8)
completed a prioritization exercise, classifying features into
must have, should have, could have, and won’t have [32].

User Testing of Discussion Board and Home Page
Given discussion boards as a high priority, user testing was
conducted to determine user flows that support both anonymous
and identifiable posts on a discussion board and to allow users
to bookmark (save) posts for later reference. Feedback was also
received on the design of the discussion board menu and the
home page (Figure 4).
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Figure 4. Home page user testing with 2 layout options and 4 color options. Layout A uses a card layout with larger icons, while layout B uses a grid
layout with smaller icons. Both layouts were presented with each color option.

Further Postdeployment Development and
Implementation
The new features and modifications identified through the
postpilot focus groups and user testing were translated into
wireframes by a contracted designer and then implemented by
a contracted developer for the RCT of REACHOUT. Our
platform team was required to fix bugs and defects internally
and implement user-requested features that the developer had
not delivered. These internal changes resulted in a 4-month
delay in the launch of the REACHOUT app for the RCT.

Platform Features

Overview
The iteration of the REACHOUT app that was released for the
RCT contains the following 6 key features identified in the

initial stage 1 focus groups: a 24/7 community chat room (group
text messaging), topic-specific discussion boards, a peer
supporter library, peer supporter profiles, small group virtual
sessions (ie, virtual happy hours), and direct (one-to-one)
messaging. Each of these features is described below, along
with an accompanying figure showing the progression of
development based on user feedback, from earliest design
(conception) to the final iteration used for the RCT.

24/7 Community Chat Room
The 24/7 chat room is a feature built upon Rocket.Chat’s
existing microservices architecture (Figure 5). Users can access
a general-purpose discussion forum and send text, images, and
voice messages. A banner reminds users of community rules,
such as not providing peers with medical advice. In fact, group
exchanges are monitored by research assistants and health care
professionals (registered psychologist, dietitian, diabetes nurse,
and pharmacist).
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Figure 5. The concept and randomized controlled trial (RCT) interface of the 24/7 chatroom.

Topic-Specific Discussion Boards
According to pilot study feedback, exchanges on the 24/7 chat
room were perceived as overwhelming to some users, and
message threads could easily be lost [31]. This formed a new
requirement: creating topic-specific discussion boards for
focused messaging channels limited to a specific T1D topic.
These discussion boards were developed as separate public

messaging channels using Rocket.Chat’s channel creation
feature. The app was modified to create a designated menu page
for topic-specific discussion boards. User-identified topics on
current discussion boards include exercise, multiple daily
injections, insulin pumps, insurance coverage, continuous
glucose monitors, and traveling (Figure 6). The research team
can add additional discussion boards, and frequently initiated
topics will be retained for future platform instances.
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Figure 6. Discussion board iterations, including conception, wireframe, pilot iteration, and the randomized controlled trial (RCT) iteration, based on
user feedback from the co-design and development process.

Peer Supporter Library
The peer supporter library invites participants to self-select a
peer supporter [2]. The implementation of this feature was
initially explored in two ways: (1) a participant (one who
receives support) browses profiles from the library and then
chooses their own peer supporter (active matching) or (2) a
participant conveys their preferences to the research team, which
assists with selection (passive matching). The active approach

was adopted so that users could identify a peer supporter who
best fits their unique support needs. For example, participants
considering having children might prefer a peer supporter who
is already a parent. Rocket.Chat’s mobile app was customized
to add this peer supporter library view (Figure 7). The library
previews the first name and last initial, location, and age
displayed as a card, with access to review the complete peer
supporter profile enabled by tapping each profile card.

Figure 7. Peer supporter library iterations, including conception, a second conception with a location-based library, a wireframe, and the randomized
controlled trial (RCT) iteration.

Peer Supporter Profile
To initiate an active matching approach, participants must
determine which peer supporter best fits their support needs.
To aid this, each peer supporter completes a profile that can be

accessed through the peer supporter library [2]. The
characteristics included in each profile (Figure 8) are first name
and initial of last name, age, age at the time of diagnosis, and
devices used (eg, type of insulin pump and continuous glucose
monitor). Each profile also contains a written biography and a
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1-minute video biography accessible via a private YouTube link [2].

Figure 8. Peer supporter profile iterations, including conception, wireframe, pilot iteration in dark mode, and the randomized controlled trial (RCT)
iteration.

Small Group Virtual “Happy Hour” Sessions
“Happy hours” are virtual synchronous small group meetings
led by peer supporters. They highlight distress-related themes,
such as workplace bias and discrimination. Currently,
information on virtual happy hours is shared via announcements
posted to a discussion board, and sessions are held on Zoom
(Zoom Video Communications Inc.). For the RCT, virtual happy
hours replaced virtual huddles, featured in the previous pilot
study [2].

Home Page
Adolescent focus groups identified a new requirement [33]: an
enhanced user interface and user experience, achieved by
making the home page less intimidating and more visually
appealing. One example was a landing page shown when the
app opened (Figure 9). The home page also functions as a
directory where users can navigate to other app areas.
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Figure 9. Home page iterations, including conception, pilot iteration without a home page (which directly jumped into the 24/7 chat room), and the
randomized controlled trial (RCT) iteration after feedback from adolescent focus groups.

Initial Platform Utilization Patterns

To analyze trends in this peer network intervention, timestamps
of messages, along with their senders and recipients, were
logged between October 12, 2021, and March 15, 2022. A
network analysis was performed using NetworkX [34], and
usage patterns were interpreted qualitatively by identifying
patterns (numbers and widths) in edges, direction of
communication, and temporal characteristics as the study
progressed.

During a 6-month period when the app was deployed for the
REACHOUT pilot study, 10,410 messages were sent, including
7116 one-to-one direct messages and 1389 chatroom messages;
179 private messaging groups were created. One-to-one
messaging was the app’s most common mode of written
communication and was a key requirement. The most one-to-one
messages were between peer supporter-participant pairs (3446),
followed by 802 between peer supporters and health care team

members. Users explained that group messaging, such as the
24/7 chatroom, was more commonly browsed than contributed
to.

Substantial communication occurred between participants and
their self-selected peer supporters (Figure 10), likely driven by
an intervention requirement to engage with their assigned
participants at least weekly (later changed to every 2 weeks
based on feedback). This illustrates the app being used as
intended, that is, as a mechanism to deliver peer-led mental
health support primarily between a participant and their
self-selected peer supporter. A total of 3446 messages were
exchanged between participants and their self-selected peer
supporters. However, communication methods varied among
peer supporter-participant pairs, with some preferring Zoom or
phone calls, which were not captured in the network graphs.
Frequent communication also appeared to occur between peer
supporters themselves and between peer supporters and the
health care team.
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Figure 10. Network analysis showing communication patterns among app users by user type, specifically the defined roles assigned to users within
the app (blue: research team, purple: health care team, orange: peer supporters, and green: participants). The number of messages sent is represented
by the line width (edge weight), while the directionality of messages is not considered in this graph.

Insights and Observations: Challenges
to Co-Design in mHealth

Through an iterative co-design process, we learned the
importance of end-to-end user engagement to improve the user
experience and ensure users’ needs are met. This collaboration
refined the features developed from early iterations (eg,
user-identified requirements for one-to-one support via direct
messaging and group support in the 24/7 chatroom) into later
iterations (eg, developing topic-specific discussion boards based
on user feedback). Yet, the process was also challenging,
particularly in establishing consensus on requirements across
several focus groups, and when users’stated wants did not align
with what they needed [35].

The focus groups used in the app design process varied in
size—this meant that the needs of 1 group were not necessarily
representative of all users’ needs. We would seek input from
different groups and, understandably, receive different opinions
from each. It may have been beneficial to have a process to
make the final call in these scenarios. We attempted strategies,

such as voting or “buying” features, but ultimately, not everyone
would be satisfied, as users will necessarily have unique needs.

While we had a general understanding of how features should
function, the design and functional requirements were often not
communicated clearly between the designer and the developer.
Consequently, the delivered features sometimes differed from
the research team’s expectations. For example, the home page
design was not implemented as displayed in the mock-up. We
sought to resolve this by adding wireframes and gathering
feedback from the team or participants earlier. However,
frequently incorporating participant feedback to enhance the
user experience sometimes led to revising features already
developed or in progress, which hindered our progress.

Given that Rocket.Chat is a large open-source codebase with
the React Native repository currently having 131 contributors,
it took new developers significant time to onboard and become
familiar with the codebase, which also led to delays.
Furthermore, because our resources only allowed for a single
contracted developer working part-time (20 hours per week),
always remotely, and sometimes in different time zones, it took
substantial effort to receive deliverables on time.
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To mitigate these challenges, we took a hybrid approach
following the pilot study for subsequent development and
maintenance of the REACHOUT app by hiring a vendor to
handle the development of complicated and time-consuming
tasks, which were of lower priority, and an in-house product
manager with technical expertise to manage the execution of
the product development and budgetary management, proper
communication of requirements to the vendor, biweekly release
of the app for internal testing, and continuous assessment of the
work performed by the vendor to resolve issues promptly. We
also had internal student developers with a background in
computer science on the research team that worked on urgent
features, minor improvements, bug fixes, and internal app
testing. This approach ensured improved coordination, task
prioritization, project management, efficient development and
quality control, and better documentation, helping eliminate
skill gaps. Though we acknowledge that there are vendors who
offer quality service at a reasonable cost and other vendors who
are expensive, but take care with proper coordination,
communication, management, design, development, and testing
to ensure a quality product is delivered to their customers, we
found our hybrid approach to be sustainable and budget-friendly
compared to fully internal or fully external development,
allowing us to release a stable and reliable version of the app
to our users in a reasonable timeline.

Discussion

Overview of Findings
In collaboration with adults from the T1D community in British
Columbia, we designed and implemented REACHOUT, a
mobile app for adults with T1D in British Columbia, which
seeks to reduce diabetes distress (a core facet of diabetes-specific
mental health). This project builds upon previous work
establishing virtual peer support as a viable strategy for reducing
diabetes distress [1,13]. Six key user-defined features for the
app were identified through focus groups and refined through
co-design and a pilot deployment: peer supporter profiles, a
peer supporter library, one-to-one messaging, group messaging,
topic-specific discussion boards, and small group virtual
sessions.

The REACHOUT app uniquely features a user-driven
“match-making” process to access one-on-one peer support [2].
Specifically, each user chooses their peer supporter based on
the factors that matter most to them (eg, shared hobbies,
lifestyle, insulin pump and/or continuous glucose monitor brand,
location of residence) rather than the selection determined by
the research team or those administering the app. An iterative
co-design approach enabled early and comprehensive user
engagement, identified app requirements, enabled prompt
identification of pain points (eg, usability issues and bugs), and
provided us with ongoing formative feedback from end users.

Limitations
Our app development process had its limitations. First, no formal
usability testing was undertaken because (1) the importance of
such testing was not initially identified and (2) the tight timelines
and constrained resources of our behavioral research study were
challenging. Formal usability testing using standardized
questionnaires, such as the System Usability Scale [36],
Questionnaire for User Interaction Satisfaction [37], or
Post-Study System Usability Questionnaire [38], could have
ensured that users were sufficiently able to use the app and
contribute to our overall understanding of feasibility. While the
lack of formal usability testing may have affected the app’s
quality, user feedback from focus groups was incorporated
before the app was used in the RCT. Additionally, focus group
participants were predominantly female and self-selected, which
may not reflect the larger T1D community in British Columbia.
Future work should ensure diverse voices are represented when
establishing app requirements, for example, by increasing the
number of male participants.

Future Work
The app has been deployed and is being evaluated in the
REACHOUT RCT (NCT05668507). A formal usability
evaluation should be performed to examine the app’s
functionality and identify opportunities for additional features
or device optimization. Features currently in development, based
on further user feedback, include allowing peer supporters to
limit the number of participants they connect with. When
evaluating usability, participants’ usage practices, motivations,
and intents should also be examined to understand ideal usage
patterns. We are also codeveloping an adolescent-focused
version of the app [33], which considers adolescents’ unique
support needs and will be evaluated in a future trial.

Conclusions
The REACHOUT app was developed to reduce diabetes distress
by providing peer-led mental health support to adults living
with T1D in British Columbia. The app development process
was described to guide others on similar projects. An iterative
co-design process with end-to-end user engagement and
continual user feedback was beneficial, enabling a thorough
understanding of end user needs, preferences, and context, and
ensuring the final app was impactful and relevant to end users.
The REACHOUT app offers choice-based, just-in-time, and
customizable support, making it the optimal peer support model
for individuals of all socioeconomic backgrounds, geographic
residences, and life circumstances [2]. Its potential to reduce
diabetes distress and improve diabetes-specific mental health
outcomes is being evaluated in a large-scale province-wide
RCT.
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Abstract

Background: Culturally and linguistically diverse (CaLD) populations are at a higher risk of developing 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 CaLD populations living with prediabetes.

Methods: This review aimed to include people of any age living with prediabetes who are from a CaLD background. Experimental
and quasi-experimental studies that compare digital health interventions to usual care, waitlist, or active control were eligible.
The primary outcome was glycemic control as measured by hemoglobin A1c. 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 total of 14 studies involving 5714 adult participants were included. The meta-analysis showed that DHIs were
associated with a reduction in hemoglobin A1c (P<.001), though evidence certainty was low (mean difference=−0.14, 95% CI
−0.24 to ‐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 CaLD 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 as the 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 low-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 this rate is higher for specific population
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 rise in prevalence by 2045 [2]. For some individuals
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 populations to 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 people living with
prediabetes [11-15], type 1 and type 2 diabetes, and their
cardiovascular complications [12-19]. Although there is growing
evidence to support the use of DHIs among 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, a recent scoping
review reported that while DHIs are acceptable for prediabetes
self-management, their effectiveness in reducing the risk of type
2 diabetes is still inconclusive [20].

Studies have reported that people from culturally 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 CaLD in this review is defined as “people
born in non-English-speaking countries and/or who do not speak

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 DHIs within CaLD 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 CaLD living with
prediabetes across the lifespan. The outcome reporting is
informed 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 usual care, waitlist, or active
comparator on glycemic control in CaLD populations living
with prediabetes? (2) How do these interventions compare in
terms of their reach, uptake, and feasibility in CaLD 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 Interventions
to ensure rigorous standards in addressing methodological 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 CaLD background were considered for inclusion in this
review without any limitations based on their gender, diagnostic
criteria, or duration of the disease. Prediabetes is defined by the
presence of IFG, or IGT, or an elevated hemoglobin A1c

(HbA1c).

We used an evidence-based definition of CaLD study
participants, which refers to those who were born in
non-English–speaking countries or those whose main language
is not English (eg, immigrants and refugees). Indigenous peoples
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(eg, First Nations and Indigenous peoples in 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 CaLD groups that were (1) born in
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
racially diverse” or “ethnic or racial minority” [9].

Interventions
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 DHIs into 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 also 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 Intervention 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 outcome in
this review was the impact on HbA1c (%). Secondary outcomes
included fasting plasma glucose (FPG), anthropometric indices
(eg, body mass index, weight, waist circumference), and
patient-reported outcomes.

Evaluation of Implementation Outcomes

Implementation outcomes included 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 individuals who 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: Intervention Reach=(Number
of eligible participants/Total number of individuals
invited)×100%.

Uptake (or adoption) was operationalized as the 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)×100%], 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 a nuanced understanding of how interventions
were received and implemented.

Types of Studies
Following the Cochrane “Algorithm to decide whether a review
should include non-randomized studies of an intervention or
not” [29], we included 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. This review utilized a 3-step search strategy. An initial
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 a research librarian.

A comprehensive search was then conducted in 4 databases:
CINAHL, Cochrane Library, Embase, and MEDLINE; 3 trial
register websites, including ClinicalTrials.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 website included in this review (see the full search
strategy in Table S1 in Multimedia Appendix 1).

The reference lists of systematic reviews on similar topics were
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

JMIR Diabetes 2026 | vol. 11 | e70912 | p.98https://diabetes.jmir.org/2026/1/e70912
(page number not for citation purposes)

Whitehead et alJMIR DIABETES

XSL•FO
RenderX

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


full-text studies were recorded. Any disagreements that arose
between the reviewers at each stage of the selection process
were resolved through discussion with a third reviewer (LW).

Assessment of Methodological Quality
The revised JBI critical appraisal tool for the assessment of risk
of bias for 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
disagreements that arose were resolved through discussion with
a third 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 disagreements that arose during data extraction
were resolved by the decision of a third reviewer (DA).

The authors of the studies were contacted to request missing
data or clarification, where required. Where a study was reported
in multiple publications, the earliest publication was included,
and subsequent ones were identified as duplicates.

Data Synthesis
Data synthesis was conducted through a statistical meta-analysis
and narrative synthesis. Statistical analyses were performed
using JBI SUMARI and Stata (version 17.0; JBI) by pooling
data from the included 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, HbA1c, weight). Forest plots present mean differences
to account for heterogeneity, with corresponding 95% CIs.

The heterogeneity between the studies was evaluated using the
I² (1%‐100%) statistic and visualized with Galbraith plots.
Due to substantial heterogeneity (I²>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-analysis to test decisions made regarding the effectiveness
of interventions versus comparators on HbA1c levels. Subgroup
analyses were conducted based on intervention characteristics
and types of control. A qualitative evaluation of the

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 (I²>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 data were 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
a third reviewer (LW). Where required, the authors of included
studies were contacted to request missing or additional data for
clarification. The SoF table presents a ranking 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 HbA1c (%), FPG, and body
weight.

Results

Study Inclusion
Our initial search yielded 1406 records. After removing 205
duplicate records and those marked as ineligible 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 registries and
12 from website and citation searching) were retrieved for
full-text review.

The search results and the study selection process were reported
according to a PRISMA flow diagram in the final review (Figure
1) [33]. Based on the exclusion criteria shown in Figure 1, a
total of 14 articles were eligible for inclusion in the systematic
review. However, as 1 multinational study reported separate
data for each region and another study reported outcomes for 2
distinct intervention completion levels, 17 independent datasets
were included in the meta-analysis. The list 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.

Methodological Quality
A total 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 groups to 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], this lack
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 specific items: “There was a control
group” (rated as “No”) and “Participants receiving similar
treatment/care other than the intervention of interest”(rated as
“N/A” due to 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 a total of 5714
participants. About 9 studies (64.3%) were RCTs, 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

studies were conducted in the United Kingdom and India, New
Zealand, Singapore, and across Sweden, South Africa, and
Uganda (n=1 each). The sample size across the 14 studies ranged
from 27 to 2390 participants. The mean age of the participants
was 53.1 years (SD 10.2), with mean ages across studies ranging
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 1 to 5 years.

The duration of interventions ranged 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
in a meta-analysis [29], the meta-analyses for RCTs and pre-post
studies were conducted separately.

Effects of DHIs on HbA1c Levels

The meta-analysis of RCTs (9 studies with 11 datasets, 4058
participants) showed a small effect on HbA1c reduction (mean
difference [MD]=−0.14, 95% CI −0.24 to −0.05, P<.001,
I²=92.15%) favoring DHIs (Figure 2). Pre-post studies (5 studies
with 6 datasets, 1782 participants) demonstrated a moderate
effect on HbA1c levels post-intervention compared to
pre-intervention (MD=−0.33, 95% CI −0.47 to −0.19], P<.001,
I²=85.71%; Figure 2). However, the substantial heterogeneity
observed limits the interpretability 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 A1c (HbA1c, %) among culturally and linguistically diverse
(CaLD) populations living with prediabetes [34-47]. RCTs: randomized controlled trials; REML: restricted maximum likelihood.

Sensitivity Analysis
The robustness of the meta-analysis regarding HbA1c levels was
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
results in Figure S1 in Multimedia Appendix 2 showed that the
pooled effect size remained stable (MD ranging from −0.31 to

−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 I² in both RCTs (92.15%-89.96%) [32] and pre-post
studies (85.71%-0.02% [36]; Figure S2 in Multimedia Appendix
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.

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

groups (Figures 3 and 4). Figure 3 indicates that both the usual
care and active control subgroups showed significant reductions
in HbA1c levels (P<.001 for both), while the waitlist control
subgroup did not report a significant 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.

Figure 3. Subgroup analysis of hemoglobin A1c (HbA1c, %) by control group types [34,35,37-43]. DHIs: digital health interventions; REML: restricted
maximum likelihood.
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Figure 4. Subgroup analysis of hemoglobin A1c (HbA1c, %) by the duration of digital health interventions (DHIs) [34,35,37-43]. REML: restricted
maximum likelihood.

In the subgroup analysis of duration of DHIs in Figure 4, only
the 6-month intervention group demonstrated a significant
reduction in HbA1c (P<.001). The test for subgroup differences
indicates that the effectiveness of DHIs varies significantly
across different intervention durations (P<.001). This highlights
the importance 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 (I²=0.00%), and the waitlist control group
displayed minimal heterogeneity (I²=0.01%). The decrease in
within-group heterogeneity suggests that the duration of DHIs
and control group type may be potential sources of heterogeneity
when observed across all studies.

Meta-Regression Analysis
A meta-regression analysis was performed to explore the sources
of heterogeneity for the outcome HbA1c (I²=96.23%). Among
all covariates tested, including country, sample size, comorbidity
status, study design, type of intervention, duration of DHIs, and
type of control, only comorbidity status was statistically
associated with heterogeneity (P=.02), explaining 20.14% of
the observed between-study variance (R²=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 A1c

(HbA1c, %).

Publication Bias
Publication bias was assessed using both Begg test and Egger
test for HbA1c 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
designs included.

The trim-and-fill analysis identified no missing studies (observed
studies=17, imputed studies=0), with the pooled effect size
remaining unchanged (95% CI −0.864 to −0.232), suggesting
the robustness of the findings. Besides, a visual comparison of
the funnel plots in Figure 6 showed that while some asymmetry
in study distribution was present, the nonparametric trim-and-fill
analysis did 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.

Secondary Effectiveness Outcomes
Meta-analyses were conducted for FPG and body weight. RCTs
showed improvements favoring DHIs for FPG (4 studies,
MD=−0.25, 95% CI −0.55 to 0.04, P<.001) and body weight
(7 studies, MD=−0.30, 95% CI −0.78 to 0.18, P<.001). Pre-post
studies demonstrated a reduction in body weight (3 studies with
4 datasets, MD=−0.81, 95% CI −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.

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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Table . Implementation outcomes of digital health interventions.

Retentiona (%)Engagement

(%)

Uptake (%)Reach

(%)

InterventionAuthor, year

86.170.8NRNRbWeb-based programBlock et al [37] (2015)

9191 (visit attendance)78.8NRFit and trim programBender et al [38]
(2018)

96.3NRNR14.6Message-augmented
intervention

Fischer et al [39]
(2016)

93.291.7 (app use)10076.4App-based coachingLim et al [40] (2021)

62.750 (sustained)10021.4Enhanced PAcMarcus et al [41]
(2022)

94.474 overall (lower for
Māori)

75.917.6BetaMe/Melon digital
program

McLeod et al [42]
(2020)

82NR (2‐3 messages
per week)

NR12.3SMS-based lifestyle
support

Nanditha et al [35]
(2020)

49.8‐57.6NRNR2.8‐35.7Telephone-facilitated
coaching

Timm et al [43] (2021)

73.680 (group attendance)87.411.9mHealthd supportKhunti et al [34]
(2021)

46.916.6‐98.4 (across be-
haviors)

NRNRDPPCollins et al [44]
(2023)

8796.5 (counseling atten-
dance)

10079.4Mobile self-help pro-
gram

Kim et al [36] (2019)

10093 (device adherence)NRNRTechnology-enhanced
PA

Shin et al [45] (2022)

77.866.7 (core lesson)10045Low Carb ProgramSummers et al [46]
(2021)

65.565.5 (program comple-
tion)

10086.6DPPe-based group inter-
vention

Sepah et al [47] (2014)

aRetention rates reflect the final follow-up point for each study.
bNR: not reported.
cPA: physical activity.
dmHealth: mobile health.
eDPP: 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 culturally adapted psycho-behavioral

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
as community-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 slight
reduction in HbA1c 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%
CI [−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
the evidence is very uncertain (MD=−0.81 kg, 95% CI −2.16
to 0.53; very low-certainty evidence). The results of FPG and

body weight were derived from Figure S3 in Multimedia
Appendix 2.

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

CommentsCertainty of the evi-

denceb (GRADEc)

Number of participants
(studies)

Anticipated absolute effectsa (95% CI)Outcomes

Risk with DHIsRisk with control

DHIs may result in a
slight reduction in
HbA1c

    Lowg,h4058 (11 RCTs)fMDe 0.14% lower
(0.24 lower to 0.05
lower)

The mean HbA1c

ranged from 5.35% to
6.8%

HbA1cd follow-up:
range 3 months to 48
months

DHIs may reduce
HbA1c, but the evi-
dence is very uncertain

    Very lowg,i,j,k891 (6 nonrandomized
studies)

MD 0.33% lower (0.47
lower to 0.19 lower)

The mean HbA1c

ranged from 5.2% to
6.319%

HbA1c follow-up:
range 3 months to 12
months

DHIs may result in lit-
tle-to-no difference in
FPG

    Lowg,m2616 (4 RCTs)MD 0.25 mmol/L low-
er (0.55 lower to 0.04
higher)

The mean FPG was
5.07‐6.24 mmol/L

FPGl follow-up: range
3 months to 24 months

DHIs may result in lit-
tle-to-no difference in
body weight

    Lowg,h3575 (7 RCTs)MD 0.3 kg lower (0.78
lower to 0.18 higher)

The mean body weight
ranged from 78.9 to
92.04 kg

Body weight follow-
up: range 6 months to
48 months

DHIs may have little-
to-no effect on body
weight, but the evi-
dence is very uncertain

    Very lowg,h,i,n1242 (5 nonrandom-
ized studies)

MD 0.81 kg lower
(2.16 lower to 0.53
higher)

The mean body weight
ranged from 66.9 to 99
kg

Body weight follow-
up: range 6 months to
12 months

aThe risk in the intervention group (and its 95% CI) is based on the assumed risk in the comparison group and the relative effect of the intervention
(and its 95% CI).
bGRADE Working 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.
cGRADE: Grading of Recommendations, Assessment, Development, and Evaluation.
dHbA1c: hemoglobin A1c.
eMD: mean difference.
fRCTs: randomized controlled trials.
gDowngraded 1 level for inconsistency due to substantial statistical heterogeneity (I²>80%, P<.001), although CIs showed overlap across studies.
hThe evidence was downgraded 1 level for imprecision due to wide CIs spanning both benefit and harm.
iDowngraded 1 level for study limitations due to methodological concerns identified 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 due to 1 study (16.17% weight) having CIs crossing the null line, which impacts the certainty of the
effect estimate.
lFPG: fasting plasma glucose.
mEvidence was downgraded 1 level for imprecision due to CIs crossing the null line in 2 of the 4 studies, despite an adequate total sample size.
nDowngraded 2 levels for very serious inconsistency due to substantial statistical heterogeneity (I²>90%, P<.001) and lack of overlap in CIs across
most studies.

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

improving glycemic control compared to usual care or active
controls in both RCTs and pre-post studies (P<.001). However,
the evidence from the SoF tables indicates low-to-very low
certainty, suggesting that while DHIs may slightly improve
HbA1c, 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
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maximize effectiveness [6,48]. Regarding intervention
implementation, the included studies demonstrated high uptake
and strong engagement with DHIs among CaLD populations
living with prediabetes, along with satisfactory completion and
attendance rates.

Findings in 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 all populations, although the consistent results
are partly due to the overlap of the included studies. They
included 3 studies on HbA1c 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 reflects the 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 CaLD populations with
prediabetes. It should be noted that the inclusion of 5 pre-post
studies resulted in very low certainty evidence for both HbA1c

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 CaLD populations living with prediabetes.
Our subgroup analysis findings suggest that the duration of
intervention should be carefully considered when designing
DHIs. The results showed that only 6-month interventions had
a significant reduction in HbA1c 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
HbA1c at year 1, with benefits diminishing after year 2 [51].
Similarly, mobile health interventions more generally showed
that the impact decreased over time, especially after a 6-month
follow-up [52]. One possible explanation for this pattern is the
decrease in 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, Collins et al
[44] noted a drop 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 quality 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.

[42] observed poor engagement among Māori participants,
attributing this challenge to the insufficient involvement of
Māori and Pacific populations in the design phases. These
findings suggest that support for participants to continue to
engage with the elements of the intervention is required. In this
context, the follow-up at 6 months indicated 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 (R²=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 factors is essential in intervention studies. Only
one of the included 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
DHIs.

Implementation outcomes for DHIs among CaLD populations
living with prediabetes are encouraging, despite high
heterogeneity (Table S5 in Multimedia Appendix 1). Qualitative
data from 2 RCTs identified 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 DHIs to 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 a Filipino food
guide, and promoting indoor and outdoor activities that reflect
Filipino culture [38]. Our findings indicated 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 HbA1c outcomes. Although subgroup analyses were not
feasible with only 2 RCTs employing diverse culturally adapted
approaches, the identified 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 interventions that are both accessible
in terms of language and comprehension and are culturally
relevant. Cultural adaptation requires a multilevel approach that
simultaneously addresses language, social structures, and
practical cultural elements.

Implications for Future Research
Several 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, there is a need
for future research to consider person-centered and culturally
tailored content in addition to focusing on the impact of digital
delivery modes. Further research should examine how contextual
factors such as gender, 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.

There is also a critical 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 this review aimed to include people
of all ages with prediabetes, all the included studies focused on
adults (≥18 y), highlighting a research gap in interventions
designed for children and young people living with prediabetes.
Future research should prioritize the development and evaluation
of culturally adapted DHIs across the 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 analyses,

comprehensive heterogeneity exploration through subgroup
analyses and meta-regression, leave-one-out sensitivity analyses
to assess robustness, a trim-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
(I²>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, HbA1c, 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
a critical evidence gap in this field. Additionally, most studies
were conducted in high-income countries, limiting
generalizability to low-resource settings where CaLD
populations may face different barriers to health care access
and technology adoption. Finally, HbA1c 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
variations in 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 CaLD
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: Digital health interventions, including artificial intelligence (AI)-driven solutions, offer promise for type 2 diabetes
mellitus (T2DM) and prediabetes management through enhanced self-management, adherence, and personalization. However,
engagement challenges and barriers, particularly among young adults and diverse populations, persist. Existing reviews emphasize
clinical outcomes while neglecting engagement factors crucial to intervention success. This review highlights engagement barriers
and facilitators, offering insights into improving digital health solutions for diabetes management.

Objective: The objective of this systematic literature review is to explore the barriers, facilitators, and outcomes of digital health
interventions, focusing on the current state of AI applications while including partial AI and non-AI interventions, for managing
and preventing T2DM and prediabetes, to inform the development of user-centered, inclusive digital health interventions for
diabetes care. Unlike prior reviews, this review aims to inform the development of user-centered, inclusive digital health
interventions for diabetes care, with a focus on engagement across various AI interventions and diverse populations.

Methods: A systematic search of PubMed, Scopus, CINAHL, and additional sources was conducted for studies published
between January 2016 and October 2025. Eligibility criteria included English-language, peer-reviewed studies focused on digital
health interventions for adults with T2DM or prediabetes, reporting engagement, barriers, facilitators, or outcomes. Data were
synthesized narratively using thematic analysis, guided by self-determination theory and user-centered design. Quality appraisal
was conducted using Critical Appraisal Skills Program, Mixed Methods Appraisal Tool, and AMSTAR-2 tools.

Results: From the 37 studies (14 quantitative, 3 qualitative, 7 mixed-methods, and 13 reviews), interventions comprised 19
AI-driven (eg, chatbots, ML models, and conversational agent or hybrid), 3 partially AI-driven, and 15 non-AI solutions (eg,
apps and lifestyle programs), mostly from the USA (n=15). Key barriers to engagement included inadequate personalization
(15/37, 41%), environmental constraints (11/37, 11%), cultural and language mismatches (14/37, 38%), and AI-specific concerns
(eg, bias and privacy). Facilitators included personalized feedback (19/37, 51%), cultural tailoring (17/37, 46%), user-friendly
design, and peer support. AI-driven interventions demonstrated moderate improvements in clinical outcomes (eg, lowering HbA1c,
weight loss, and normoglycemia conversion). However, these tools often struggled with keeping users involved and building
trust. Non-AI solutions performed similarly but lacked adaptive features.

Conclusions: This review offers novel insights by synthesizing engagement barriers and facilitators across AI and non-AI
intervention domains, often neglected in previous studies. It highlights the necessity for testing adaptive, culturally tailored, and
user-centered AI interventions to address engagement challenges in T2DM and prediabetes management. Integrating personalization,
precision, and value-based care can improve outcomes and scalability. The findings guide the creation of inclusive, AI-driven
solutions aligned with self-determination theory and user-centered design principles.

(JMIR Diabetes 2026;11:e80582)   doi:10.2196/80582

KEYWORDS
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Introduction

Background
Diabetes is a critical global public health concern with
significant implications for individuals, health care systems,
and economies. The International Diabetes Federation reported
537 million adults with diabetes in 2021, projected to increase
to 783 million by 2045 [1]. Therefore, global health care
spending on diabetes reached approximately US $966 billion
in 2021 [2]. Also, type 2 diabetes mellitus (T2DM)
complications, including cardiovascular disease, kidney failure,
and neuropathy, exacerbate health care costs, particularly in
resource-constrained low-middle income countries (LMICs)
[3]. Prediabetes, defined by elevated blood glucose levels below
the T2DM diagnostic threshold, affected approximately 541
million adults globally in 2021, with significant increases
projected by 2030 [1]. Rising obesity rates, sedentary lifestyles,
and poor dietary habits worsen the impact of prediabetes [4].
However, prediabetes represents a critical window for
intervention to prevent the progression to diabetes, with an
estimated 70% lifetime risk of developing T2DM [5] without
lifestyle or pharmacological interventions [6].

Digital health technologies have transformed chronic disease
management, such as diabetes, by enhancing self-management,
improving adherence, and delivering personalized interventions
[7]. Furthermore, artificial intelligence (AI)-driven tools, such
as chatbots and machine learning models (ML), provide
real-time feedback, predictive analytics, and tailored
recommendations for better lifestyle choices [8,9]. Hence, these
technologies offer scalable solutions to address diabetes and
prediabetes management and prevention across diverse
populations [10].

While these interventions have potential benefits for individuals,
digital health interventions face significant challenges. Recent
studies report that high dropout rates and poor sustained
engagement reduce the effectiveness of such interventions [11].
Furthermore, AI-specific challenges, such as data availability,
cost considerations, AI algorithm performance, bias, and data
privacy, emerge as noteworthy barriers hindering the adoption
of AI applications and further complicating engagement in
diverse populations [12]. Current systematic reviews of digital
health interventions for T2DM and prediabetes primarily
emphasize clinical outcomes, such as HbA1c reduction and
weight loss, which are critical, but limited attention on
engagement barriers and facilitators, which are equally important
for achieving these clinical outcomes [9,13,14].

Theoretical Frameworks
Self-determination theory (SDT) provides a robust framework
for understanding engagement by emphasizing autonomy (eg,
user choice), competence (eg, skill-building), and relatedness
(eg, social support) [15]. User-centered design (UCD) principles
advocate iterative, user-driven development to ensure usability
and alignment with cultural and socioeconomic contexts [16].
Notably, SDT and UCD together guide the development of
effective digital health interventions and will allow us to enhance
their impact [17,18]. To provide a comprehensive understanding

of digital health interventions for T2DM and prediabetes, this
review includes both AI-driven and non-AI solutions. Non-AI
interventions serve as a baseline to evaluate AI’s added value
in addressing engagement barriers and enhancing clinical
outcomes, enabling a comparison that informs the design of
future AI-driven solutions. This review aims to synthesize
engagement barriers, facilitators, and outcomes of digital health
interventions for T2DM and prediabetes management across
diverse populations, using SDT and UCD frameworks. The
specific objectives are (1) to identify barriers to engagement in
these interventions, (2) to determine facilitators that enhance
engagement across diverse populations, and (3) to evaluate the
effectiveness of digital health interventions in achieving clinical
outcomes

Methods

Study Design and Reporting Guidelines
Systematic literature reviews are usually used to collate all
empirical evidence that fits pre-specified eligibility criteria in
order to answer a specific research question. It uses explicit,
systematic methods that are selected with a view to minimizing
bias, thus providing more reliable findings [19]. This systematic
literature review was conducted in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines [20]. We used the PRISMA checklist,
which enhances the quality, reproducibility, and completeness
of the review, enabling researchers to assess the validity of the
methods and findings. The review protocol was developed and
registered with OSF [21] to ensure methodological transparency.

Search Strategy
A comprehensive search strategy was developed for Medline
(step 1) and refined through consultation with a university
librarian using medical subject headings terms (step 2).
Multimedia appendix A (Table S1 in Multimedia Appendix 1)
represents the search strategy, combining medical subject
headings terms and keywords identified with the Population,
Intervention, Comparator, and Outcome framework. Then a
range of electronic databases was searched, including PubMed,
Scopus, and CINAHL supplemented by hand searching and
reference lists. (Table S1 in Multimedia Appendix 2) lists
databases searched. The search period was restricted to January
2016 through October 2025 to capture recently developed
modern digital health interventions, aligning with the rapid
evolution of digital health technologies and the post-2015 surge
in AI integration (eg, deep learning breakthroughs) [22,23].

The researchers collaborated to determine final papers for
inclusion in review through Covidence, the Cochrane
Collaboration’s platform for systematic reviews. Inclusion and
exclusion criteria for study selection are presented in Textbox
1. In this paper, “Managing” refers to interventions for
diagnosed T2DM (eg, self-monitoring, adherence support)
[24,25] and “preventing” refers to those for prediabetes to delay
onset (eg, lifestyle changes) [26,27]. These categories were
applied during full-text review to ensure focus on at-risk or
diagnosed adults (

JMIR Diabetes 2026 | vol. 11 | e80582 | p.115https://diabetes.jmir.org/2026/1/e80582
(page number not for citation purposes)

Thanthrige & WickramasingheJMIR DIABETES

XSL•FO
RenderX

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


Textbox 1. Inclusion and exclusion criteria for selecting studies.

Inclusion criteria

• Studies published in English in peer-reviewed journals

• Studies focused on artificial intelligence-driven or digital health interventions (eg, mobile apps, chatbots, SMS text messaging, and wearables)
for type 2 diabetes mellitus (T2DM) or prediabetes management or prevention

• Studies included adults aged 18 years to 75 years with T2DM or prediabetes

• Studies reported effectiveness, engagement patterns, barriers, or facilitators

• Studies used quantitative, qualitative, mixed-methods, or review designs

• Studies published between January 2016 and October 2025

Exclusion criteria

• Non-English studies and nonpeer-reviewed sources (eg, editorials and abstracts)

• Solutions without a digital component (eg, solely pharmacological)

• Studies targeting only children (<18) or older adults (>75) without broader adult data (to focus on broader adult populations, as those >75 often
have unique comorbidities and digital literacy issues that require separate review)

• Studies not reporting engagement, barriers, facilitators, or relevant outcomes

• Studies exclusively on type 1 diabetes, gestational diabetes, or populations without T2DM or prediabetes. (Prediabetes populations are included
in this review as they represent a critical window for prevention interventions); only populations without T2DM or prediabetes are excluded

• Studies published before January 2016.

Study Selection Process
Two reviewers independently screened titles and abstracts
followed by full-text review of eligible studies, with
disagreements resolved through discussion. Reference lists of
included studies and relevant reviews were manually searched
for additional studies. The study identification and selection
process was documented in a PRISMA flow diagram for
transparency. To avoid overlap from the 13 included reviews,
primary studies cited within them were cross-checked against
our included primaries and only unique insights from reviews
were synthesized narratively.

Quality Assessment
Quality appraisal of included studies was completed by the
primary researcher and verified by a second reviewer [28].
Qualitative studies, cohort studies, randomized controlled trials
(RCTs), and consensus documents were assessed with the
Critical Appraisal Skills Program criteria [29], selecting the
appropriate checklist based on study design. Systematic reviews
and meta-analyses were appraised using AMSTAR-2 [30].
Mixed-methods and developmental studies were evaluated using
the Mixed Methods Appraisal Tool [31]. A scoring system
calculated a percentage (number of ‘Yes’ responses divided by
total relevant criteria for the study multiplied by 100) with
thresholds defined as high (≥80%), moderate (60%‐79%), and
low (<60%) [32]. However, studies were not excluded based
on quality appraisal. Quality appraisal was primarily conducted
by one reviewer with verification by a second, rather than fully
independent dual review, potentially introducing minor
subjectivity bias.

Data Extraction
Data were recorded using a standardized form, capturing (1)
study characteristics (author, year, country, design, sample size,

and demographics), (2) solution details (technology type,
duration, theoretical framework, and features), (3) outcomes
(categorized as: primary engagement metrics [eg, retention and
adherence], secondary behavioral changes [eg, diet and physical
activity], clinical [eg, HbA1c and weight]), (4) barriers and
facilitators, (5) quality indicators, and (6) qualitative findings
on engagement.

Data Synthesis and Analysis
Due to heterogeneity in study designs, populations, and
solutions, a narrative synthesis was used [33]. Quantitative data
(eg, dropout rates, HbA1c changes) were summarized
descriptively and integrated narratively to support qualitative
themes, for example, meta-analytic HbA1c reductions from
reviews [13] contextualized thematic barriers such as
personalization lacks. A thematic analysis was conducted using
an inductive approach to identify barriers and facilitators to
engagement, guided by SDT and UCD principles. Themes on
barriers and facilitators were derived from reported findings in
included studies, using inductive coding, with reviewer
interpretation guided by SDT/UCD. The process involved (1)
data familiarization, (2) initial coding, (3) theme identification,
(4) theme refinement, (5) theme definition, and (6) prevalence
quantification. Thematic analysis was conducted by the primary
researcher, with themes reviewed and refined by a second
researcher. Analysis was supported by NVivo (version 20.7.0,
QSR International Pty Ltd), which was used to organize and
code data. The PRISMA “qualitative synthesis” refers to the
narrative thematic approach due to heterogeneity, not a
meta-analysis; no quantitative analysis was feasible.

Intervention Classification
In this review, “AI-driven interventions” incorporate digital
health tools that leverage AI as a core component (eg, ML
models and chatbots) or as an enhancement to existing platforms
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(eg, mobile apps with AI features). “Partially AI-driven
interventions” incorporate AI components (eg, ML for tailored
messaging) alongside non-AI features (eg, manual data entry),
distinguishing them from fully AI-driven interventions and
non-AI interventions (eg, SMS text messaging and basic mobile
apps). Reviews were classified based on the interventions they
evaluate.

Ethical Considerations
This study is a systematic literature review and did not involve
the collection of primary data, enrollment of human participants,
or access to identifiable private information. Therefore,
according to institutional and national guidelines, this work did
not require Institutional Review Board or Research Ethics Board
approval. All data analyzed were derived from previously
published, peer-reviewed studies that had obtained their own
ethics approval and informed consent as required. No new
informed consent was required for this review, as no
individual-level or identifiable data were collected, used, or
reported. All efforts were made to ensure privacy by using only
publicly available summarized findings and by not extracting
or presenting any identifiable participant information from the
included studies. No participants were recruited for this research
and accordingly, no compensation was provided.

Results

Study Characteristics
Initial search identified (January 2016 to December 2024) 615
studies and were imported into Covidence. An updated search
to October 2025 identified 87 additional records. After screening
titles and abstracts, 171 full-text articles were evaluated, with
37 studies [8,9,13,14,34-66] meeting the inclusion criteria for
the final narrative synthesis (). The majority of the papers were

published in 2024 (n=10). The selected studies encompassed
diverse populations, including Chinese Americans, Hispanics,
Saudi women, and general adult populations, spanning urban
and rural settings. Studies originated from various countries,
with the majority from the USA/USA-affiliated studies (n=15),
and included China, India, Singapore, and Saudi Arabia
(Multimedia Appendix 2). Various study designs were observed,
including 7 RCTs [8,37,50,57,61,62,64], 7 systematic reviews
and meta-analyses [9,13,14,47,54,56,63], 6 narrative, scoping,
or other reviews [38,49,58,59,65,66], 5 observational and cohort
studies [36,51-53,55], 3 qualitative studies [44,45,60], and 7
mixed-methods studies [39-43,46,48].

Among the 37 studies [8,9,13,14,34-66], 13 are fully AI-based
[8,34,35,37,39,40,44-46,50-52,60]: 7 use chatbots, large
language models, or conversational agents [8,34,39,40,44-46],
3 use ML models [37,51,60], 2 involve AI-led lifestyle
interventions or digital twins [50,52], and 1 uses voice or image
recognition [35]. These studies fully leverage technologies, such
as chatbots, ML models (many using extreme gradient boosting),
conversational agents, and voice or image recognition systems.
In total, 8 studies [36,42,43,48,53,57,61,64] are non-AI,
consisting of 2 mobile apps, 4 lifestyle programs, 1 SMS text
messaging-based intervention, and 1 gamified mHealth
application without AI components, relying instead on
traditional methods such as lifestyle interventions and
conventional digital health tools. Three studies [41,55,62] are
partially AI-based, combining AI features with human-led or
manual components, a mobile app with tailored messaging and
a provider portal, an AI-powered app with automated cues plus
dietitian chat, and automated insulin titration systems. The
remaining 13 studies[9,13,14,38,47,49,54,56,58,59,63,65,66]
are reviews, of which 6 focus on AI applications and 7 address
non-AI or broader digital health interventions. Figure 1 details
the PRISMA flowchart summary.
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Figure 1. Study identification and selection process. PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram.

Quality Assessment
Table S1 reports the quality appraisal scores for the 37
[8,9,13,14,34-66] studies, assessed using standardized tools,
such as Critical Appraisal Skills Program, Mixed Methods
Appraisal Tool, and AMSTAR-2, reflecting rigorous evaluation
of methodological quality, with scores ranging from 75% to

100%. No studies were excluded based on quality, underlining
the overall rigor of the included research.

Thematic Analysis
Thematic analysis was guided by self-determination theory and
UCD principles. Table 1 summarizes themes, subthemes, and
findings of digital health interventions.
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Table . Themes, subthemes, and findings for digital health interventions in type 2 diabetes mellitus and prediabetes.

Summary of findings in studiesTheme

Factors affecting user engagement and sustainable use of digital health

interventions for T2DMa and prediabetes, impacting SDTb elements au-

Barriers to engagement

tonomy, competence, and relatedness. High dropout rates (6.4%‐35.5%
across 14/37 studies) served as a quantifiable indicator of low engagement,
primarily due to low-risk perception, inadequate personalization, and lack
of motivation [34].

Found in 15/37 studies (41%), reducing motivation due to generic content
or lack of cultural sensitivity includes generic meal plans in ChatGPT re-

    Inadequate Personalization

sponses [34], limited Chinese-specific dietary advice [35], nonindividual-

ized calorie, targets in a formula diet RCTc [64], and poor demographic
adaptation in ML models [51,60].

Reported in 4/37 studies (11%), low perceived susceptibility reduced rel-
evance and early adherence particularly among younger adults as users
saw interventions as irrelevant [36,37].

    Low risk perception

Present in 11/37 studies (30%), regional health care system variations
[38], inadequate access to advanced devices in low-income countries [39],

    Environmental constraints

limited smartphone/internet access [9,40], affordability challenges and
poor digital literacy [41,42], and infrastructural issues in low-resource
settings [57] led to reduced adoption and increased dropout, especially in
rural populations [26].

Found in 14/37 studies (38%), include English-only interfaces [43,44],
limited non-English conversational agents [45], limited localization [40]

    Cultural and language barriers

cultural mismatches in content [8,41,42] and culturally insensitive dietary
recommendations [34,35] reduced engagement.

Reported in 5/37 studies (14%), include potential for fabricated information
[44], limited intent recognition, nonadaptive rules-based systems [8], and

    AId-specific barriers

inconsistent responses [46], compromising accuracy and personalization
in AI-driven interventions.

identified in 13/37 studies (35%) include limited smartphone access [47],
low digital literacy [42], and restricted access to care [58], hindering
adoption and effectiveness in resource-constrained populations.

    Socioeconomic barriers

Factors enhancing user engagement and adherence, supporting autonomy,

competence, and relatedness (SDT) and aligning with UCDe principles.

Facilitators of engagement

Reported in 17/37 studies (46%), enhanced relatedness, by culturally
adapted carbohydrate tracking [43], multilingual support with local accents

    Cultural and linguistic tailoring

[45], Persian food databases [41], Hispanic-focused soccer programs [36],

Arabic WhatsApp peer groups [61], Chinese American web-based DPPsf

[48] and Chinese-specific dietary recommendations [35].

Found in 19/37 studies (51%), improved motivation through AI-driven
adaptivity or gamification, includes use of personalized AI interactions

    Personalized and adaptive feedback

and conversational empathy [9,14], AI-led DPP [50], personalized, adaptive
or AI-powered feedback [35,51,52] and non-AI personalized communica-
tion or program choice [53].

Identified in 5/37 studies (14%), include simple interfaces with no login
[51], voice-based interactions [8], automated reminders [9], user-friendly

    User-friendly design

WeChat mini-program [35] and multi-platform access [40], enhancing
usability and engagement.

Observed in 9/37 studies (24%), include community-driven co-production
[60], social support via WhatsApp [36], private Facebook groups [48],

    Peer support and social features

family involvement in culturally tailored DPPs [36], buddy systems in
hybrid apps [37], and community features in apps [54], enhancing engage-
ment.

Found in 10/37 studies (27%), include continuous glucose monitoring and
Fitbit integration [51], real-time data portals [8], real-time monitoring

    Telemonitoring and real-time feedback

[67], automated alerts through AI systems [50] and cloud-based provider
portals [41], built competence and accountability via real-time tracking.
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Summary of findings in studiesTheme

Measurable impacts of digital health interventions on health outcomes
and user behaviors, critical for evaluating effectiveness.

Clinical and behavioral outcomes

HbA1c reduction outcomes in diabetes management include a 0.3% de-
crease with chatbots [9], 0.39% with mobile apps [47], 1.8% with digital
twin tech [52] and 1.6% with telehealth interventions [56], improving
glycemic control.

    HbAg
1c reduction

Weight loss outcomes in diabetes management include 1.3 kg with chatbots
[14], 10.6% with app engagement [55], 7.3% at 6 months [53], up to 6.5

kg in multi-strategy DHIsh [56] and 5.9 kg with lifestyle interventions
[64].

    Weight loss

Normoglycemia conversion outcomes in diabetes management show a
50% conversion rate with a low-carbohydrate diet intervention versus 31%
with lifestyle alone [64], indicating enhanced reversal of prediabetes
through technology-supported dietary strategies.

    Normoglycemia conversion

Improved physical activity outcomes in diabetes management include in-

creased step-goal achievement with chatbots [14], enhanced VO2i max
and agility [36], and improved activity with app-based tracking [47].

    Improved physical activity

Enhanced dietary management outcomes in diabetes management include
improved diet with chatbots [14], 96.43% acceptable ketogenic diet re-
sponses [35], and better energy intake with lifestyle interventions [68].

    Enhanced dietary management

Increased engagement/adherence as primary outcomes, include AI nutrition
system with 96.43% valid ketogenic diet recommendations [35], culturally
adapted meal adherence [43,48], improved food intake and energy man-
agement in mobile and lifestyle programs [47], 89.3% data logging with
voice-based AI [8], 65% program completion [53], high chatbot acceptance
[9], and 85% retention [48].

    Increased user engagement and adherence

aT2DM: type 2 diabetes mellitus.
bSDT: self-determination theory.
cRCT: randomized controlled trial.
dAI: artificial intelligence.
eUCD: User-centered design.
fDPP: diabetes prevention program.
gHbA1c: hemoglobin A1c.
hDHI: digital health intervention.
iVO2: volume of oxygen.

Barriers to Engagement
The thematic analysis identified key barriers such as low-risk
perception, inadequate personalization, environmental
constraints, cultural or language mismatches, AI-specific
concerns (eg, bias, privacy), and socioeconomic barriers.
Dropout rates (6.4%‐35.5% across 14 studies
[8,34,36,48-53,55,57,61,62,64]) served as an indicator of low
engagement, primarily due to underlying causes such as
inadequate personalization and motivational lacks, rather than
a standalone theme. For example, declining app usage linked
to repetitive content [51] and declining motivation over time
[34,36], suggesting gamification as a solution, reinforced by
generic features in non-AI reviews [41,56].

Declining use over time was frequently attributed to repetitive
content and inadequate personalization, both of which reduced
users’ sense of competence and motivation. For instance [55],
reported declining nBuddy app usage, while [35] noted
inconsistent AI-driven dietary advice due to limited
personalization. Additional studies, such as [49] and [36],

highlighted similar challenges with maintaining user motivation
over time [34], noted poor sustained engagement from lack of
follow-up, and [36] reported declining physical activity
post-intervention. Studies suggested gamification, social
incentives, and adaptive feedback as remedies to sustain interest.

Inadequate personalization, identified as a critical barrier in 15
[34,35,37,39-41,46,47,50-52,55,57,60,64] of 37
studies[8,9,13,14,34-66] (41%), weakened users’ sense of
competence and relevance. Static feedback, generic goal-setting,
and nonadaptive content led to disengagement. Examples
include generic dietary advice in nontailored chatbots [40], poor
demographic adaptation in ML models [39,51], and limited
personalization in traditional programs [47,69]. Although
AI-driven interventions with adaptive algorithms [35,52]
demonstrated improved engagement and outcomes, they still
exhibited constraints in fine-grained individualization. Several
studies emphasized the importance of tailoring content to user
preferences, cultural context, and progress level. Examples
include generic meal plans in ChatGPT (OpenAI) responses
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[34], limited Chinese-specific dietary advice [35], and
nonindividualized calorie, targets in a formula diet RCT [64].

Low-risk perception, identified in 4 studies, [34,36,37,49]
especially among younger adults, undermined intrinsic
motivation and autonomy, leading to disengagement.
Participants often viewed interventions as irrelevant to their
immediate health needs. Several lifestyle-based, non-AI studies
[34,36,49] reported decreased participation due to perceived
low personal diabetes risk and lack of urgency.

Environmental constraints, noted in 11 [9,26,38-42,48,53,57,61]
out of 37 studies [8,9,13,14,34-66] (30%), included
socioeconomic barriers, such as limited smartphone access, and
technical challenges, such as complex interfaces, affordability,
and accessibility. For instance [42], highlighted technology
unfamiliarity among older adults, and [48] reported navigation
difficulties. Other studies, including [53] and [61], emphasized
socioeconomic barriers, such as transportation or resource
limitations, which further hindered engagement.

Cultural/language barriers, in 14 [8,34-36,40-45,47,48,53,61]
out of 37 studies[8,9,13,14,34-66] (38%), reduced engagement
in diverse populations due to noninclusive content. For example
[43], reported an English-only DiaFriend app, and [40] noted
an Italian-only AIDA chatbot, and [68] reported high dropout
rates (not quantified) in an Arabic-only WhatsApp program,
while culturally tailored interventions showed better retention,
such as [48] with 15% dropout in a Chinese American
web-based diabetes prevention program (DPP). These issues
hinder accessibility and personalization, particularly for
non-English-speaking and culturally diverse populations,
reducing intervention effectiveness.

AI-specific barriers, in 5 [8,40,44-46] out of 37 studies
[8,9,13,14,34-66] (14%) included potential for fabricated
information [44], constrained input and miscommunication risks
[45], limited intent recognition with 9% misclassification [40],
and nonadaptive rules-based systems [45], compromising trust,
accuracy, and personalization in AI-driven interventions.
S o c i o e c o n o m i c  b a r r i e r s ,  i n  1 3
[36,37,41-43,47,48,53,55,57,58,61,64] out of 37 studies
[8,9,13,14,34-66] (35%), involved limited smartphone access
[57], resource constraints and access issues [58], limited digital
literacy and technology unfamiliarity among older adults [42],
smartphone literacy requirements [41], and cost of devices and
data.

Facilitators of Engagement
Engagement facilitators were identified in studies reporting
high retention or engagement. Cultural tailoring, in 17
[9,14,35,36,40-43,45,48,51,54,55,58,60,61,66] out of 37 studies
[8,9,13,14,34-66] (46%), enhanced relatedness through relevant
content, as seen in [43] with the culturally tailored app and [36]
with a Hispanic-focused program, Portuguese American
carbohydrate tracking [43] and [48] with Chinese American
web-based DPP (85% retention).

Pe r sona l i zed  f eedback ,  in  19  s tud ies
[8,9,14,34,35,37,40-42,44-46,50-53,55,57,62] (51%), sustained
motivation via adaptive features or gamification. Examples
include [8] with voice-based conversational AI achieving 82.9%

adherence and 89.3% data logging [50], with AI-powered
adaptive interventions showing 93.4% initiation and 63.9%
completion rates, and [52] with digital twin technology showing
50.7% diabetes remission rates. User-friendly design, in 5
studies [8,9,35,40,43] (14%), improved accessibility with
intuitive interfaces [43]. featured simple interfaces with no login
requirements [8], used voice-based interactions for ease of use
[40], provided multi-platform access (Telegram [Telegram
Messenger LLP], website, Alexa [Amazon]), and [35] offered
a user-friendly WeChat (Tencent) mini-program. Peer support,
in 9 studies [36,37,48,54,55,58,60,61,66](24%), fostered
community engagement, as evidenced by [48] with a Facebook
(Meta) group and [61] with WhatsApp support groups [36],
with social support via WhatsApp and family involvement, and
[37] with a buddy system, enhancing sustained engagement.
Telemonitoring and real-time feedback (10 out of 37 [27%])
enhanced engagement via continuous glucose monitors (CGM)
or Fitbit integration [51], telemonitoring with scales and
pedometers [45], and cloud portals [41], enabling timely
intervention adjustments and competence-building.

Clinical and Behavioral Outcomes
Thematic analysis, guided by SDT and UCD, reveals that
AI-based interventions for T2D self-management foster
autonomy and competence, yielding significant clinical
behavioral outcomes, including HbA1c reductions
(0.19%‐1.8%), improved diet and physical activity adherence,
and weight loss (0.8%‐10.6%) [9,47,55]. Culturally tailored
tools and voice-based AI enhance relatedness and engagement,
supporting glycemic control [8,43]. Non-AI interventions, such
as lifestyle programs, contribute similarly but lack adaptive
personalization, emphasizing AI’s potential to address
SDT-driven motivation gaps [36].

The Application of AI in Diabetes Care
The application of AI in diabetes care, as evidenced by 19
AI-based studies [8,9,14,34,35,37-40,44-46,49-52,59,60,65]
among the 37 analyzed, has shown significant potential to
enhance engagement and clinical outcomes through advanced
methodologies (Figure 2). Quantitative results from a small
subset of trials demonstrated moderate-to-high engagement
(63.9%‐93.4%) and relatively low dropout (6.6%‐17.9%)
compared with non-AI interventions [8,50,52]. For instance, an
AI-powered digital twin intervention achieved a 1.8% reduction
in HbA1c and 4.8 kg weight loss over one year with 6.6%
attrition [52], while a voice-based AI assistant for insulin
titration reported 82.9% adherence and faster dose optimization
relative to standard care [8]. ML models such as extreme
gradient boosting achieved high accuracy in predicting glucose
variability (R²=0.837) [51] and enabled precise screening and
complication detection using digital biomarkers from sensors,
such as electrocardiograms and photoplethysmography (eg,
IDx-DR, an AI-based diabetic retinopathy screening tool: 87.2%
sensitivity, 90.7% specificity) [59]. Large language models
(LLMs), including ChatGPT and GPT-4, delivered tailored
dietary advice, with [35] reporting 74.5% accuracy on the
Chinese Registered Dietitian Exam and 96.43% of ketogenic
diet responses rated acceptable or excellent, though limited by
inconsistent recommendations for Chinese-specific foods.
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Conversational agents, such as AIDA [40], reached
approximately 4000 unique users with 91% intent recognition
accuracy, while AMANDA [45] offered multilingual support
with a Singaporean-accented text-to-speech feature, achieving

high usability (System Usability Scale score=80.625) and
positive user experience ratings (Mean Opinion Scores: 4.07
for naturalness, 3.98 for accent uniqueness, 3.88 for clarity).

Figure 2. Classification of artificial intelligence, machine learning, and algorithms in diabetes/prediabetes management. BERT representations from
transformers. AI: artificial intelligence; BERT: Bidirectional Encoder; CNN: convolutional neural network; DNN: deep neural network; GPT-4:
generative pre-trained transformer 4; KBOA: knowledge-based question answering; NLU: natural language understanding; RAG: retrieval-augmented
generation; SVM: support vector machine; XGBoost: extreme gradient boosting [9,13,14,34-36,39-44,46,47,49,51,53-55,57-61,67,69,70].

Hybrid approaches such as the retriever-augmented generation
model provided 98% accuracy in patient education for diabetes
and diabetic foot care [39]. AI-driven interventions, such as the
Sweetch app [67], used just-in-time adaptive interventions,
improving adherence (82.9%) [8]. However, challenges included
AI-specific barriers in 16% of studies, such as algorithmic bias
[38,46], privacy concerns [59], and inconsistent responses [34],
and alongside inadequate personalization (38% of studies) often
due to generic content or lack of adaptive features [9,49,58].
Culturally tailored solutions, such as the DiaFriend app for
Portuguese Americans [43] and AI-HEALS for Chinese patients

[70], mitigated some barriers but faced limitations such as
incomplete backends or language restrictions. These findings
highlight AI’s transformative potential in diabetes management
while emphasizing the need for future large-scale, comparative,
and longitudinal studies to determine their real-world
effectiveness, cost-efficiency, and equity impact across diverse
populations. Addressing biases, privacy, cultural adaptation,
and sustained engagement challenges to optimize future
implementations. Table 2 summarizes the comparison of
AI-driven versus non-AI interventions.
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Table . Comparison of artificial intelligence-driven versus non-artificial intelligence interventions.

Non-AIPartial-AIAIaDimension

14.4%-35.5% (n=4) [53,57,61,64].6.4% (n=1) [55].6.6%-30% (n=3) [8,49,52].Dropout range

65%-92% completion or retention
(n=2) [48,53].

Not mentioned.63.9%-100% (n=4) [8,9,14,50].Engagement range (primary out-
come)

0.19%‐1.6% (n=8)
[13,37,47,53,56,58,61,63].

1%‐1.2% (n=2) [55,62].0.2%‐1.8% (n=3) [9,50,52].HbAb
1c reduction range

Inadequate personalization
[36,42,43,48,53,57,61,64], dropout
or engagement issues
[36,42,43,48,53,57,61,64], limited
interactivity [42,43,48,53], and cul-
tural or socioeconomic barriers
[42,43,48,53,57,61]

Inadequate personalization
[41,55,62], dropout and engagement
issues [55,62], limited interactivity
[55], cultural or language barriers
[41,55], and limited clinician time
[62].

Inadequate personalization
[34,35,44,46,51], low engagement
and adherence [34,44-46,50-52],
technical issues and connectivity
[35,44,51], short duration and fol-
low-up [35,44,50-52], cultural and
language issues [44], and poorly
defined AI taxonomy [52].

Barriers

Educational content
[42,43,48,53,57,61,64], human
coaching and social support
[42,43,48,53,58,61], culturally ap-
propriate design [42,43,48,53,61],
motivational reinforcement
[48,53,58,61], health care profession-
al guidance [42,48,53,58,61], sim-
plicity and accessibility
[48,53,58,61], integration with
health care systems
[42,48,53,58,61], supportive follow-
up [48,53,58,61], structured educa-
tional design [13,63], emphasis on
usability and accessibility [13,63],
incorporation of behavioral science
[13], positive patient–provider
communication [13,63], and evi-
dence synthesis improving general-
izability [63].

Tailored feedback and reminders
[41,55,62], automated tracking fea-
tures [41,55,62], behavioral frame-

works (CBTc, goal setting) [55,62],
provider monitoring [55], education-
al and motivational support [41,55],
cultural adaptation [41,55,62], and
local food databases [55,62], real-
time communication [55].

Personalized feedback and adaptive
algorithms [34,35,44,46,50-52], be-
havioral model integration
[37,50,52], remote monitoring and
provider feedback [44,50-52], user-
friendly design [34,35,44,46,51],
culturally tailored content [44],
cloud integration for provider access
[51,52], structured follow-up improv-
ing adherence [8,50,52], scalable
interventions [39,50,52], integration
of AI and human support [52], and
emphasis on scalability and preci-
sion [52]

Facilitators

Improved self-management
[42,43,48,53,57,61,64], enhanced
knowledge and motivation
[42,43,48,53,57,61,64], weight re-
duction [48,53,61,64], HbA1c reduc-
tion [48,53,61,64], improved patient
confidence [42,43,48,53,61], high
acceptability [58], positive behav-
ioral outcomes [42,43]. Consistent
improvement in self-care outcomes
[13,63] reinforced the need for per-
sonalized interventions [13] and
positive health literacy and behav-
ioral impact [63].

Improved glycemic control
[41,55,62], weight loss [41,55],
better engagement with mixed-mode
support [55,62], improved knowl-
edge and self-efficacy [55], feasibil-
ity demonstrated [55], and moder-
ate-to-high user satisfaction [55].

HbA1c reduction [50,52], weight
loss [50], improved self-manage-
ment and adherence [44,50,52], im-
proved patient satisfaction [35,44],
no increase in hypoglycemia [52],
scalability potential [39,50,52],
positive usability outcomes [35,44],
and clear trends toward improved
glycemic control [52]

Clinical outcomes

aAI: artificial intelligence.
bHbA1c: hemoglobin A1c.
cCBT: cognitive behavioral therapy.

Engagement Across Diverse Populations
Across the 37 [8,9,13,14,34-66] studies, only 8 explicitly
targeted culturally or linguistically diverse populations,
Portuguese Americans [43], Iranian adults [41,42], Singaporean
users [45,55], Arab women [61], Hispanic men [36], and
Chinese Americans [48] (Table 3). These studies collectively
highlight how cultural adaptation enhances engagement and
usability, though most lacked long-term quantitative evaluation.

High engagement and retention were most evident in culturally
grounded, community-based interventions. The
Facebook-delivered DPP for Chinese Americans achieved 85%
retention at one year [48], while the soccer-based Latino men’s
program retained 65% at 24 weeks [36]. Among
Arabic-speaking women in Saudi Arabia, retention reached
100% despite cultural restrictions [61]. In contrast, prototype
or design-phase studies in Iran and the US [41-43] did not
measure engagement but emphasized usability and localized
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content. AI-enabled programs from Singapore [45,55]
demonstrated high usability (system usability scale 80.6) and
low dropout (6.4%), reflecting benefits of linguistic
personalization and local food databases in digitally literate
populations. Common barriers included low digital literacy,
gender or mobility restrictions, and limited multilingual

functionality, while facilitators centered on language adaptation,
cultural familiarity, and social support. Overall, cultural
adaptation consistently improved acceptability, but few studies
measured sustained engagement, an important focus for future
research.

Table . Population diversity and engagement metrics across studies.

Main facilitators
(F) and barriers (B)

Key findingsEngagement or re-
tention

Cultural adaptationAIa typeCountryPopulation and
study IDs

Simple interface
(F) and English-on-
ly backend (B)

Prototype only and
expected to im-
prove adherence

Not measuredPortuguese food
and visuals

Non-AIUSAPortuguese Ameri-
cans [43]

Localized design
(F) and low digital
literacy (B)

Positive clarity or
usability and no
outcome data

Usability only
(short-term)

Persian language,

food DBb, and

TTMc tailoring

AI or Partial-AIIranIranian [41,42]

Personalization (F)
and manual logging
burden (B)

High usability: en-
gagement linked to
weight loss

SUSe 80.6, 6.4%
dropout

Multilingual TTSd

and local food DB

AI or Partial-AISingaporeSingaporean
[45,55]

Cultural tailoring
(F) and mobility
limits (B)

HbAf
1c reduction

(P<.001), feasible
WhatsApp delivery

100% retentionArabic-language
and gender norms

Non-AISaudi ArabiaArab women [68]

Peer support (F)
and time and work
barriers (B)

Improved fitness,
motivation, and so-
cial bonding

65% retentionBilingual coaches
and soccer

Non-AIUSAHispanic men [36]

Coach support (F)
and low online liter-
acy (B)

Improved satisfac-
tion and 2.3%
weight loss

85% retention (1y)Bilingual modulesNon-AIUSAChinese Americans
[48]

aAI: artificial intelligence.
bDB: dietary behavior.
cTTM: transtheoretical model.
dTTS: transtheoretical stage.
eSUS: system usability scale.
fHbA1c: hemoglobin A1c.

Discussion

Overview
This systematic review synthesized engagement barriers,
facilitators, and outcomes across AI-driven, partially AI, and
non-AI digital health interventions for T2DM and prediabetes.
By applying SDT and UCD as interpretive frameworks, this
review extends prior work that has predominantly focused on
clinical outcomes [27,48]. Our findings show that the most
prevalent barriers to sustained user engagement were inadequate
personalization, cultural or language mismatches, socioeconomic
constraints, and, in AI tools, specific concerns about bias and
privacy, while the strongest facilitators were personalized and
adaptive feedback and cultural tailoring. These factors, through
their influence on autonomy, competence, and relatedness and
usability, appear to be the primary drivers of behavioral and
clinical change in digital diabetes interventions.

Main Findings
Across the 3 7[8,9,13,14,34-66] included studies, digital health
interventions demonstrated meaningful improvements in
glycemic control, dietary behaviors, and physical activity,

though sustained engagement remained a critical challenge.
Inadequate personalization emerged as one of the most prevalent
barriers, undermining SDT’s principles of autonomy and
competence and contributing to dropout. AI-based tools
generally outperformed traditional digital programs when
adaptivity, real-time monitoring, and tailored feedback were
effectively implemented. For instance, AI-supported insulin
titration and predictive analytics achieved faster glycemic
improvements than standard care [5]. Interventions incorporating
cultural tailoring, social support, and simplified interfaces
consistently demonstrated higher engagement and completion
rates. These findings emphasize that algorithmic sophistication
alone is insufficient; meaningful engagement depends on how
well digital systems address users’ psychological needs,
contextual realities, and cultural identities.

Engagement in Diverse Populations
Engagement varied substantially across demographic, cultural,
and socioeconomic groups. Young adults frequently
demonstrated low perceived risk and weaker intrinsic motivation
to sustain engagement, while older adults faced usability
challenges and digital literacy barriers. Cultural mismatch,
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reported in nearly 40% of studies, led to reduced trust and
relevance, particularly among minority groups.

Socioeconomic constraints such as limited smartphone access,
high data costs, or inconsistent internet connectivity were
especially apparent in LMIC settings. Interventions that provided
multilingual content, culturally relevant dietary databases, or
low-bandwidth delivery (eg, SMS text messaging-based
chatbots) showed higher acceptability and engagement. These
results emphasize the importance of context-aware and culturally
grounded design practices when delivering digital diabetes
interventions at scale.

Barriers to Engagement and Trust in AI
Several AI-specific barriers affected user trust and engagement.
Algorithmic bias, arising from nonrepresentative training
datasets, resulted in inaccurate risk predictions or poorly
matched recommendations, particularly among ethnically
diverse populations [42]. Privacy concerns were common,
especially in cloud-based systems, with several users expressing
discomfort about data security or opaque data handling processes
[65]. Such concerns directly undermine SDT’s relatedness and
competence needs by diminishing the sense of transparency and
credibility.

LLM-based or rule-based conversational agents occasionally
produced generic, repetitive, or incorrect responses, which
weakened trust and reduced perceived intervention quality. In
contrast, systems that provided transparent rationales (eg, via
Explainable AI), culturally adapted messaging, or adaptive
learning mechanisms fostered significantly stronger engagement.

These insights highlight that strong technical performance does
not guarantee user trust; trust must be actively cultivated through
transparency, reliability, cultural sensitivity, and robust data
governance.

Clinical and Behavioral Outcomes
Both AI-driven and non-AI digital interventions yielded positive
clinical and behavioral outcomes. AI-enabled programs
leveraging CGM, predictive modeling, or digital twins produced
some of the largest HbA1c reductions and behavioral
improvements observed within the included studies [23,27].
Traditional digital interventions, such as structured online
modules or SMS text messaging coaching, offered modest but
consistent improvements in diet, physical activity, and
self-management.

However, across all intervention types, the effectiveness of
clinical outcomes was closely linked to user engagement.
Interventions that successfully supported autonomy (eg,
personalized goal setting), competence (eg, timely feedback),
and relatedness (eg, social support) achieved higher adherence
and more sustained improvements. These findings reinforce
that engagement is not merely a process measure but a core
determinant of intervention effectiveness.

Limitations
This review provides insights into digital health interventions
for T2DM and prediabetes, but several limitations should be
acknowledged. The Population, Intervention, Comparator, and

Outcome-based search strategy may have missed studies using
nonstandardized AI or digital health terms, and the English-only
focus excluded relevant non-English or gray literature,
potentially limiting the generalizability of findings to global
populations. The review did not fully address informatics
challenges, which are critical for scalability. Additionally,
findings were not stratified by intervention type (AI-driven,
partially AI-driven, vs non-AI) or by study setting and
population due to limited quantitative data availability, which
may restrict understanding of differences in engagement patterns
and barriers across these subgroups.

The exclusion of studies targeting only children or older adults
without broader adult data restricts insights into these
populations, as older adults often have unique comorbidities
and digital literacy challenges requiring separate evaluation.
Methodological limitations of included studies, such as small
sample sizes and heterogeneous designs, may affect
generalizability. Quality appraisal was primarily conducted by
a single reviewer and verified by a second, rather than through
fully independent dual review, which may introduce subjective
bias. Additionally, the inclusion of prior systematic reviews
alongside primary studies introduces potential evidential overlap.
We mitigated this by extracting only novel insights from the
reviews; however, a small amount of overlap in the evidence is
possible. This review provides a robust foundation for
understanding engagement barriers and facilitators in digital
health interventions for adults with T2DM and prediabetes.

Future Directions
The results from this review point to several important areas
for future research. Longitudinal trials are needed to assess the
long-term impacts of AI-driven interventions, particularly in
terms of sustained engagement, clinical outcomes, and
cost-effectiveness across diverse populations. Future studies
should also explore AI-enabled solutions that integrate real-time
data, such as CGM and wearables, to offer more precise, tailored
interventions that enhance motivation and adherence.

Furthermore, inclusive research is needed to explore the
effectiveness of digital health interventions in LMICs and
underserved populations, where cultural sensitivity and
accessibility are critical. Additionally, interoperability between
AI tools and existing health care systems, such as electronic
health records, must be addressed to facilitate seamless data
sharing and personalized care. Research should focus on the
integration of AI with established health care platforms, enabling
a holistic approach to patient management.

Additionally, future studies should explore low-cost, offline
solutions such as SMS text messaging-based multilingual
chatbots, which can help bridge digital health access gaps in
LMICs. Interdisciplinary collaborations between health
informatics, behavioral science, and policy experts will be
crucial for evaluating the scalability and ethics of these solutions
globally. Ethical considerations, including data privacy, consent,
and equitable access, must also be central to future research
agendas.
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Conclusions
This systematic review provides important insights into the
design and implementation of digital health interventions for
T2DM and prediabetes management, emphasizing the need for
adaptive, inclusive, and user-centered solutions. Both AI-driven
and non-AI interventions have shown promise in improving
clinical outcomes and engagement, though each faces unique

challenges. The integration of SDT and UCD principles,
alongside advances in AI technology, can lead to more
personalized and equitable solutions for diabetes care. Future
research must prioritize diverse populations, cultural tailoring,
and advanced informatics techniques to address current barriers
and optimize the potential of digital health interventions in
global diabetes prevention.
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Abstract

Background: Patients with diabetes carry a 1.5- to 2-fold higher risk of community-acquired pneumonia (CAP) and experience
more severe outcomes, yet the mechanisms that integrate metabolic dysregulation, pathogen shifts, and novel cell death pathways
remain fragmented.

Objective: This study aimed to synthesize current evidence on epidemiology, pathophysiology, causative pathogens, clinical
outcomes, and management of CAP in adults with diabetes and to identify research gaps for future trials.

Methods: A narrative review (1999 to August 2025) of PubMed, EMBASE, the Cochrane Library, and Web of Science was
conducted. GRADE (Grading of Recommendations Assessment, Development, and Evaluation) was used to rate evidence from
81 selected English-language studies (randomized controlled trials, cohorts, and meta-analyses).

Results: Diabetes increases CAP incidence (relative risk 1.73, 95% CI 1.46‐2.04), hospitalization (+30%‐50%), and 30-day
mortality (odds ratio 1.67, 95 % CI 1.45-1.92). Key drivers include hyperglycemia-induced immune paralysis, pulmonary
microangiopathy, ferroptosis, glycation and methylation changes, and gut-lung dysbiosis that collectively favor multidrug-resistant
Gram-negative bacilli (Klebsiella and Pseudomonas) and severe viral and fungal coinfections. Host-targeted therapy with moderate
glycemic control (5‐10 mmol/L), continued metformin, and pathogen-directed antibiotics improves survival, whereas single-dose
PCV20 and annual influenza vaccination prevents approximately 45% of CAP admissions. Emerging strategies (nanozymes,
ferroptosis inhibitors, probiotics, and proteolysis-targeting chimeras) are still preclinical.

Conclusions: CAP in patients with diabetes is a distinct, more severe entity mediated by metabolic-immune crosstalk. Multicenter
randomized controlled trials integrating tight glucose monitoring, novel host-directed agents, and microbiome modulation are
warranted to translate mechanistic insights into better outcomes.

(JMIR Diabetes 2026;11:e82215)   doi:10.2196/82215

KEYWORDS

diabetes mellitus; community-acquired pneumonia; pathophysiology; pathogens; complications; treatment; prevention; microbiome

Introduction

Diabetes mellitus (DM), affecting more than 537 million
individuals worldwide [1], significantly increases susceptibility
to infections, including community-acquired pneumonia (CAP)
[2]. CAP is a leading cause of morbidity and mortality
worldwide, with patients with diabetes experiencing higher rates
of hospitalization (30%‐50% higher), complications, and
mortality (odds ratio [OR] 1.6) compared with those without
diabetes [3,4]. The interplay of hyperglycemia, immune
dysfunction, and comorbidities creates a “triple threat,”
predisposing patients with diabetes to severe CAP and
complicating treatment [5]. This review provides a

comprehensive, critical analysis of CAP in patients with
diabetes, integrating epidemiological data, pathophysiological
mechanisms, pathogen profiles, clinical outcomes, and
management strategies. It emphasizes novel research areas (eg,
ferroptosis, microbiome influences, and epigenetic
modifications) and evaluates the strength and limitations of
current evidence, distinguishing between clinical, in vitro, and
animal studies to clarify translational relevance (Figure 1).

Patients with diabetes have a 1.5- to 2.5-fold greater risk of
pneumonia due to hyperglycemia and immune dysfunction [6].
They experience more severe infections and complications,
leading to higher mortality rates. Targeted therapies and vaccines
are crucial for managing pneumonia in patients with diabetes.
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Figure 1. Multiple risks and influencing factors for community-acquired pneumonia (CAP) in patients with diabetes. ICU: intensive care unit.

Methods

This is a narrative review synthesizing evidence on CAP in
patients with diabetes, focusing on epidemiology,
pathophysiology, pathogens, outcomes, and management. We
conducted a systematic literature search in PubMed, EMBASE,
the Cochrane Library, and Web of Science from January 1999
to August 2025, using the following terms: (“diabetes mellitus”
OR “type 2 diabetes”) AND (“community-acquired pneumonia”
OR “CAP”) AND (epidemiology OR pathophysiology OR
pathogens OR treatment OR prevention) (Multimedia Appendix
1). Inclusion criteria were English-language studies (randomized
controlled trials [RCTs], cohorts, and meta-analyses) on adults
aged 18 years or older; exclusion criteria were pediatric studies,
hospital-acquired pneumonia, and nonhuman studies without
translational relevance. We screened 1248 abstracts, reviewing
156 full texts; of these, 81% (156/1248) were included. Evidence
was graded using GRADE (Grading of Recommendations
Assessment, Development, and Evaluation): high (RCTs or
meta-analyses), moderate (cohorts), low (case series or animal
studies), and very low (in vitro studies or hypothesis).
Quantitative claims include 95% CIs and designs where
available.

Results

Epidemiology
The annual incidence of CAP ranges from 1.5 to 14 cases per
1000 adults, with patients with diabetes facing a 1.5- to 2-fold
higher risk (10‐20 cases per 1000) [7]. A 2024 meta-analysis
of observational studies (pooled sample size >1 million) reported
a relative risk of 1.73 (95% CI 1.46-2.04) for pneumonia in
patients with diabetes, primarily those with type 2 diabetes,
although the findings were limited by heterogeneity in metrics
of glycemic control and the lack of RCTs [6]. Rates of
hospitalization are 30% to 50% higher, and 30-day mortality
odds are 1.6-fold greater in patients with diabetes and CAP,
with observational studies showing consistent trends but with
potential confounding by comorbidities [4,8]. Poor glycemic
control (glycosylated hemoglobin A1c [HbA1c] ≥7%) doubles
the risk of severe outcomes such as sepsis (odds ratio [OR] 2.0,
95% CI 1.4‐2.8), with in-hospital mortality ranging from 10%
to 20% in clinical cohorts [9]. Low- and middle-income
countries (LMICs) face a higher CAP burden due to rising
diabetes prevalence and limited health care access, although
data are limited by underreporting [10]. People with DM were
at higher risk for invasive pneumococcal disease (unadjusted
OR 2.42, 95% CI 2.00-2.92) and case fatality rate (unadjusted
OR 1.61, 95% CI 1.25-2.07), after adjusting for age, obesity,
and smoking in propensity-matched cohorts (high,
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meta-analyses) [4,6]. Diabetes significantly increases the
probability of secondary pneumonia in patients with COVID-19
(moderate, time series [11]). Although observational studies
consistently report a 1.5- to 2.0-fold risk, recent RCTs using
continuous glucose monitoring (CGM) address confounding.
In a 2025 RCT of 124 frail, critically ill patients with COVID-19
(30% with diabetes), CGM-guided glycemic control reduced

28-day intensive care unit (ICU) mortality by approximately
80% (hazard ratio 0.18, 95% CI 0.04‐0.79), with benefit
independent of baseline HbA1c levels [12]. These findings
underscore the need for more RCTs to confirm observational
data and address biases such as selection and ascertainment
(Figure 2, Table 1).

Figure 2. Flow diagram.
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Table . Epidemiological features of community-acquired pneumonia (CAP) in patients with and without diabetes.

Key referencesEvidence gradeaStudy design and
sample

Estimate (95% CI)Patients without di-
abetes

Patients with dia-
betes

Outcome

Kornum et al [8]
and López-de-An-
drés et al [4]

HighNational discharge
cohort ≈900,000

IRRb 1.66 (1.65‐
1.67)

3‐6/1000 adults8‐12/1000 adultsAnnual incidence

Kornum et al [8]HighPopulation-based
case-control

RR 1.26 (1.21‐
1.31)

1 (ref)e—dRRc (any CAP)

López-de-Andrés et
al [4]

HighNational cohort
≈900,000

IRR 1.66 (1.65‐
1.67)

Baseline+26%‐66% ver-

sus non-DMf
CAP-related hospi-
talization

López-de-Andrés et
al [4]

HighNational cohort
≈900,000

ORg 0.92 (0.91‐
0.94) lower

13%‐14%12%‐14%30-d mortality after
CAP

Silverii et al [6]HighMeta-analysis 36
studies >9 million

OR 2.42 (2.00‐
2.92) unadjusted

1 (ref)—Invasive pneumo-
coccal disease

Silverii et al [6]HighMeta-analysis 19
studies

OR 1.61 (1.25‐
2.07) unadjusted

1 (ref)—Case fatality rate

(IPDh)

Balintescu 2021 [9]HighNational diabetes
registry ≈500,000

HR 1.52 (1.37‐
1.68)

1 (ref)—Severe course or

sepsis (HbA1c
i

≥7%)

aEvidence grade: high=national registry or large meta-analysis; moderate=single prospective cohort; low=case series.
bIRR: incidence rate ratio.
cRR: relative risk.
dNot applicable.
eref: reference.
fDM: diabetes mellitus.
gOR: odds ratio.
hIPD: invasive pneumococcal disease.
iHbA1c: glycosylated hemoglobin A1c.

Pathophysiological Mechanisms

Immune Dysregulation
Hyperglycemia impairs innate and adaptive immunity, reducing
neutrophil chemotaxis, phagocytosis, and bactericidal activity,
which are critical for clearing pathogens such as Streptococcus
pneumoniae [13]. The nucleotide-binding oligomerization
domain–like receptor thermal protein domain–associated protein
3 (NLRP3) inflammasome’s hyperactivation drives excessive
interleukin (IL)-1β and IL-6 production, exacerbating lung
damage, as demonstrated in murine models of diabetes and
pneumonia [14]. However, these models may not fully replicate
human immune responses due to species-specific differences
in inflammasome regulation. Decreased interferon-gamma
production and altered T-cell responses, including reduced
regulatory T cells, further compromise immunity, with in vitro
studies showing a reduction in interferon-gamma in T cells from
patients with diabetes [15]. A 2021 systematic review and
meta-analysis (n=449,247) indicated that type 2 DM is
associated with an approximately 2-fold increased risk of
multidrug-resistant (MDR) bacterial infections, with underlying
immune suppression in patients with diabetes proposed as a key
contributing mechanism, although heterogeneity across included
studies (I² up to 58.1%) should be noted [16].

Pulmonary Microangiopathy
Chronic hyperglycemia causes microvascular damage, impairing
endothelial function and gas exchange, thereby facilitating
pathogen colonization [17,18[19]]A retrospective cohort study
demonstrated an increased risk of mortality in patients with
severe CAP and type 2 diabetes complicated by microvascular
disease, such as nephropathy and retinopathy, who often
presented with computed tomography evidence of multilobar
infiltrates [20]. These findings are supported by animal models
showing increased vascular permeability in the lungs of animals
with diabetes, although human studies are needed to validate
these mechanisms.

Hyperglycemia and Glycemic Variability
Admission hyperglycemia (>11.1 mmol/L) is a strong predictor
of poor CAP outcomes, with a 2024 meta-analysis (n=12 studies,
>10,000 patients) reporting a pooled OR of 2.47 (95% CI
1.73‐4.12) for short-term mortality [21]. Acute hyperglycemia
exacerbates oxidative stress, while chronic hyperglycemia
sustains endothelial dysfunction, as shown in clinical cohorts
[22,23]. A 2015 retrospective cohort study (n=203) demonstrated
that an elevated glycemic gap—a marker of acute glycemic
variability—was associated with a 3‐ to 4-fold increased risk
of adverse outcomes, including acute respiratory failure
requiring mechanical ventilation in patients with diabetes and
CAP, underscoring the importance of dynamic glucose
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monitoring [24]. Long-term CGM or serial HbA1c trajectories
are needed to determine whether sustained versus transient
hyperglycemia drives pneumonia risk. Distinguishing acute
versus chronic hyperglycemia effects remains a research hotspot,
as most studies focus on admission glucose levels without
longitudinal data.

Ferroptosis
Iron overload and hepcidin overexpression in patients with
diabetes promote ferroptosis, an iron-dependent programmed
cell death mechanism, exacerbating pulmonary inflammation
and injury in murine models of diabetes (low, animal [25]). An
in vitro study demonstrated that ferroptosis inhibitors (eg,
ferrostatin-1) reduced lung epithelial cell death in high-glucose
conditions, suggesting therapeutic potential [25]. In murine
models of diabetes, ferroptosis was linked to acute respiratory
distress syndrome (ARDS)–like pathology in CAP, although
clinical trials are lacking to confirm these findings in humans.
Emerging humanized models bridge the gap. In diabetes-derived
organoids, high-glucose conditions upregulate NLRP3 and
impair phagocytosis, recapitulating ferroptosis [26], human
organoids show glutathione peroxidase 4 downregulation (very
low, in vitro [26]). Targeting ferroptosis pathways could mitigate
severe CAP outcomes, but challenges include identifying safe,
specific inhibitors for more clinical use.

Glycation and Methylation
Nonenzymatic glycation alters protein structures (eg,
angiotensin-converting enzyme 2), impairing function and
worsening pneumonia severity, as shown in in vitro studies of
lung tissue from patients with diabetes [27]. Methylation
dysregulates immune gene expression, increasing CAP
susceptibility, with a 2020 study identifying hypermethylation
of IL-6 promoters in patients with diabetes and CAP [27].
Targeting glycation with inhibitors such as aminoguanidine or
methylation with demethylating agents (eg, 5-azacytidine) shows
promise in preclinical studies but requires RCTs to establish
efficacy and safety.

RNA-Level Mechanisms
Gu et al [28] found that zinc finger E-box binding homeobox
1 antisense 1 (ZEB1-AS1) was downregulated in lung tissue
from patients with diabetes and in high-glucose–treated
BEAS-2B cells; this downregulation increased p53 and apoptosis
in vitro. Hyperglycemia exacerbates this downregulation,
increasing lung injury in murine models of diabetes. These
findings suggest ZEB1-AS1 as a potential therapeutic target,
but human studies are needed to validate its role and to develop
RNA-based therapies, such as small interfering RNA or
Clustered Regularly Interspaced Short Palindromic
Repeats–based approaches.

Microbiome Alterations
Diabetes alters the lung and gut microbiome, promoting
Gram-negative pathogens such as Klebsiella pneumoniae
[29].[30] Zhou et al [31] conducted a multiomics longitudinal
study of 86 participants with prediabetes or T2D risk, integrating
16S ribosomal RNA sequencing, metabolomics, and host
cytokine profiles and found that insulin-resistant individuals
exhibited Akkermansia depletion alongside elevated
phenylalanine-associated metabolites, which correlated with
increased respiratory infection events, supporting a gut-lung
axis link. Fecal transplantation from diabetes-affected donors
to mice increased K pneumoniae colonization, which was
reversed by Akkermansia depletion. Preclinical studies in mice
with diabetes suggest that probiotics (eg, Lactobacillus) could
restore microbial balance and reduce CAP severity. On the basis
of the pooled analysis of 9 randomized trials in a study by
Manzanares et al [32], probiotics reduced the risk of new-onset
ventilator-associated pneumonia by 26% (RR 0.74, 95% CI
0.61‐0.90), although causality remains in the absence of
CAP-specific RCTs. On the basis of the PROSPECT pilot trial
(Cook et al [33]), 150 critically ill ventilated patients received
L rhamnosus GG, achieving 97% protocol adherence and an
observed ventilator-associated pneumonia rate of 19%,
supporting feasibility for a larger RCT on probiotic prevention
of ICU-acquired pneumonia. Additional clinical trials are needed
to confirm efficacy (Figure 3, Table 2).
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Figure 3. Pathophysiological mechanisms of community-acquired pneumonia in patients with diabetes. Hyperglycemia enhances macrophage
inflammatory responses, releasing interleukin (IL)-6 and IL-1β, while impairing neutrophil chemotaxis and phagocytosis. Activation of nuclear factor
kappa-B (NF-κB) and tumor necrosis factor receptor–associated factor (TRAF) pathways damages vascular endothelial cells, and ACE2 degradation
exacerbates renin-angiotensin-aldosterone system (RAAS) activation, increasing cardiovascular complications. Bacterial superantigens (eg, toxic shock
syndrome toxin-1 [TSST-1] from S. aureus) induce insulin resistance, creating a vicious cycle. ACE2: angiotensin-converting enzyme 2; AP: activator
protein; GLUT-4: glucose transporter type 4; ICAM: intercellular adhesion molecule; IKKB: inhibitor of nuclear factor kappa B kinase subunit beta;
NET: neutrophil extracellular trap.
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Table . Pathophysiological mechanisms of community-acquired pneumonia (CAP) in patients with diabetes.

References and evidenceImpact on CAPDescriptionMechanism

Meta-analysis, n=449,247, I²=58%,
high quality [13-16]

Delayed clearance of S. pneumoniae

and MDRe pathogens; ~2-fold
higher risk of MDR infection; exag-
gerated lung inflammation.

Persistent hyperglycemia impairs
neutrophil chemotaxis, phagocyto-

sis, and oxidative burst; NLRP3b

inflammasome hyperactivation in-

creases ILc-1β/IL-6, while IFNd-γ
and regulatory T-cell responses are
reduced.

Immune dysregulation

Retrospective cohort, moderate
quality [17,18,20]

Promotes multilobar infiltrates;
higher mortality when retinopathy
and nephropathy coexist.

Chronic hyperglycemia thickens the
alveolar-capillary basement mem-
brane, increases microvascular per-
meability, and impairs gas ex-
change.

Pulmonary microangiopathy

Meta-analysis 12 studies, n >10,000,
high quality [21-24]

Short-term mortality ORg 2.47 (95%
CI 1.73‐4.12); 3‐ to 4-fold more
likely to require mechanical ventila-
tion.

Admission glucose >11.1 mmol/L
or wide glycemic excursions en-
hance oxidative stress and sustained

endothelial NF-κBf activation.

Hyperglycemia and glycemic vari-
ability

Animal and organoid studies, low
quality [25,26]

Amplifies lung injury; ARDS-likeh

histology in diabetic mice; ferro-
statin-1 protective in vitro or rodent
models.

Iron overload (↑ hepcidin, free Fe²+)
triggers iron-dependent lipid perox-
idation and death of alveolar epithe-
lial cells.

Ferroptosis

Clinical+in vitro, low-moderate
quality

Compromised protein function,
sustained inflammatory gene expres-
sion, greater CAP severity.

Nonenzymatic glycation modifies

ACE2i, surfactant proteins; promot-
er hypermethylation maintains high
IL-6 transcription.

Glycation and methylation

Human tissue+BEAS-2B cells, very
low quality

Larger radiological lesions; siRNAk

or CRISPRl modulation under inves-
tigation.

Hyperglycemia ↓ lncRNA ZEB1-

AS1j → p53 ↑ → alveolar epithelial
apoptosis.

RNA-level mechanisms

Longitudinal multiomics+probiotic
meta-analysis, moderate quality
[29,31,32,34]

2‐ to 3-fold rise in G  or MDR
CAP and recurrence; probiotics

lower VAPm risk by 26% (RRn

0.74, 9 RCTso), but CAP-specific
RCTs pending.

Gut-lung axis dysbiosis: Akkerman-
sia depletion, expansion of Klebsiel-
la and other G  bacilli, accompanied
by proinflammatory phenylalanine
metabolites.

Microbiome alterations

bNLRP3: NOD-like receptor thermal protein domain–associated protein 3.
cIL: interleukin.
dIFN: interferon.
eMDR: multidrug-resistant.
fNF-κB: nuclear factor kappa-B.
gOR: odds ratio.
hARDS: acute respiratory distress syndrome.
iACE2: angiotensin-converting enzyme 2.
j ZEB1-AS1: zinc finger E-box binding homeobox 1 antisense 1.
ksiRNA: small interfering RNA.
lCRISPR: Clustered Regularly Interspaced Short Palindromic Repeats.
mVAP: ventilator-associated pneumonia.
nRR: relative risk.
oRCT: randomized controlled trial.

Primary Pathogens

Bacterial Pathogens
Streptococcus pneumoniae accounts for approximately 8% of
CAP cases in patients with diabetes, with higher bacteremic
rates [4]. In the European multicenter CAPNETZ cohort
(2002‐2022), Streptococcus pneumoniae remained the

predominant pathogen, identified in 36% of patients with
diabetes and CAP and 39% of patients with CAP and without
diabetes with an identified organism (2954/13,611), adults with
diabetes and CAP exhibited a significantly higher isolation rate
of Enterobacteriaceae (13% vs 8%; P<.005) and modest
differences in Haemophilus influenzae (8%), atypical bacteria
(9%), and viruses (22%) compared with individuals with
diabetes, while Staphylococcus aureus and nonfermenting
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Gram-negative bacilli each accounted for approximately 3% to
4% in both groups [35]. Klebsiella pneumoniae (15%‐20%)
and Pseudomonas aeruginosa are prevalent, often
multidrug-resistant, complicating treatment [36]. Klebsiella
pneumoniae caused 13% of microbiologically confirmed CAP
in European adults with diabetes (CAPNETZ 2002‐2022) [35]
and 78% of carbapenem-resistant isolates in a 2021 Indian
cohort of patients with diabetes [37]; data from these settings
indicate its importance in CAP among patients with diabetes,
but population-based proportions in Asian LMICs remain to be
established. A 2024 single-center prospective study from
Mangalore, southern India, found that among hospitalized
patients, the proportion of individuals with diabetes infected
with carbapenem-resistant Klebsiella pneumoniae (CRKP) was
approximately twice that of individuals without diabetes (78%
vs 39%) [37]. Legionella pneumophila causes severe disease,
especially in immunocompromised patients or patients with
diabetes, and carries a higher mortality risk when diagnosis or
appropriate antibiotic therapy is delayed [38]. In adult CAP
across the Asia-Pacific region, Streptococcus pneumoniae
remains the most frequently detected bacterium in patients with
diabetes (≈10%‐24%), yet K pneumoniae (≈10%‐20%, up
to 40% in Malaysia and Thailand), Haemophilus influenzae
(≈5%‐24%), and Pseudomonas aeruginosa or Burkholderia
pseudomallei (20%‐30% in ICU settings) are recovered far
more often than reported in Western series. Atypical pathogens
and mixed infections each account for roughly one-quarter of
cases [39].

Viral Pathogens
Influenza and SARS-CoV-2 are significant, with patients with
diabetes showing higher rates of severe pneumonia and ARDS
[40]. Elevated ACE2 expression in patients with diabetes
facilitates SARS-CoV-2 entry, worsening outcomes [41]. A
2023 study highlighted a 4.64-fold increased risk of
COVID-19–related ARDS in patients with diabetes [42].

Fungal Pathogens
Opportunistic fungi such as Aspergillus and Candida are more
common in patients with diabetes due to immune suppression,
with pulmonary aspergillosis carrying a 50% to 70% mortality
rate [43]. Pneumocystis jirovecii and mucormycosis are notable
in patients with poorly controlled diabetes [44]. A 2020 study
reported a higher incidence of invasive fungal infections in

patients with diabetes, with the prevalence of invasive fungal
disease among hospitalized patients with type 2 diabetes to be
0.4%, approximately double that of the 0.2% observed in
inpatients without diabetes [44]. Fungal CAP remains
uncommon (<5%), but post–COVID reports are rising; in
patients with diabetes—a classic driver of
mucormycosis—preguideline Indian series already showed
attack rates of approximately 0.1 to 0.3 per 1000 and mortality
of approximately 50% (low-certainty data [45]), a signal now
echoed in Asian cohorts of patients with diabetes.

Atypical Pathogens
Mycoplasma salivarium and Legionella cause severe infections
in patients with diabetes, often presenting atypically,
necessitating early diagnosis [46]. A 2023 case report
documented severe M. salivarium empyema in a patient with
diabetes [46].

Clinical Outcomes
Patients with diabetes and CAP required invasive mechanical
ventilation in 1.6 % of admissions (vs 2.1% in patients without
diabetes) and had slightly higher overall risk-adjusted odds of
in-hospital mortality, although the database did not capture ICU
admission rates or radiographic extent of disease [4].
Hyperglycemia amplifies systemic inflammation and
complement dysfunction, and population studies cited in 2024
show that diabetes carries an overall 1.5 to 4-fold increase in
infection-related hospitalization, with the risk gradient most
pronounced for sepsis, pneumonia, and renal infection [47]. In
a 2023 Iranian cross-sectional study of 172 hospitalized patients
with CAP, those with diabetes incurred a median CURB-65
score of 3 versus 2 in those without diabetes, required ICU
admission more than 3 times as often (22% vs 7%), and stayed
a mean of 8.5 days versus 7.9 days, underscoring diabetes as
an independent predictor of more severe pneumonia course [48].
Complications include higher rates of pleural effusion and
respiratory failure, with MDR pathogens increasing complication
rates[49]. Among 600 patients with K pneumoniae infection,
patients with diabetes exhibited 78% CRKP and 71% MDR
rates versus 39% and 11% in those without diabetes and carried
a 27% infection-related mortality (vs 2%), illustrating how MDR
pathogens amplify severe outcomes in patients with diabetes
[37] (Table 3).
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Table . Primary pathogens causing community-acquired pneumonia (CAP) in adults with diabetes.

Key referencesStrength of evidenceMortality (95% CI)Location/technique/set-
ting

Proportion in

DMb-CAP

Pathogen

Bacteria

[4, 35]High (multicenter co-
hort n≈13,000)

10%‐15% (8%‐
18%)

Global; sputum/BALc

culture+ PCRd; commu-
nity and hospital

8%‐36%    Streptococcus pneu-
moniae

[36,37,39]Moderate (prospective
center n≈600)

20%‐25% (15%‐
30%)

Asia-Pacific, India;
culture; hospital and
ICU

10%‐20% (up to 40%

ICUg, Asia)

    Klebsiella pneumoni-

ae (MDRe/CRKPf)

[35, 39]Moderate (cohort
n≈3000)

8%‐12%Asia-Pacific; cul-
ture/PCR; community

5%‐24%    Haemophilus influen-
zae

[35, 39]Moderate (ICU co-
horts)

25%‐35%Culture; ICU and hospi-
tal

3%‐4% (Western) →
20%‐30% (ICU,

Asia)h

    Pseudomonas
aeruginosa

[35, 50]Low (case series)30%‐40%Culture; community
and hospital

3%‐4%    Staphylococcus au-
reus (including MR-

SA)i

[38]Moderate (surveil-
lance)

10%‐30%Urine Ag/PCR; commu-
nity and travel associat-
ed

1%‐3%    Legionella pneu-
mophila

Viruses

[40,42]High (meta-analysis
n>100 000)

ARDSj ORk 4.6 (3.2‐
6.7)

PCR; community and
hospital

10%‐15% (COVID
era)

    SARS-CoV-2

[20]High (seasonal surveil-
lance)

10%‐20%PCR; community and
hospital

5%‐10%    Influenza A/B

Fungi

[43,44]Low (case series)50%‐70% (40%‐
80%)

BAL GMm/cul-
ture/biopsy; ICU and
immunosuppressed

<5% (0.4% invasive)    Aspergillus spp. (in-

cluding IPAl)

[43]Very low (case reports)20%‐40%BAL culture/biopsy;
ICU

<2%    Candida spp. (pul-
monary)

[44,45]Low (national surveys)≈50%Biopsy/culture; ICU
(post-COVID)

0.1‐0.3% (diabetes
cohort)

    Mucorales (mu-
cormycosis)

Atypical bacteria

[39,46]Moderate (surveil-
lance)

1%‐3%PCR/serology; commu-
nity

5%‐10%    Mycoplasma pneu-
moniae

———oSee above1%‐3%    Legionella pneu-

mophilan

bDM: diabetes mellitus.
cBAL: bronchoalveolar lavage.
dPCR: polymerase chain reaction.
eMDR: multidrug-resistant.
fCRKP: carbapenem-resistant Klebsiella pneumoniae.
gICU: intensive care unit.
hProportions are median ranges from Western (CAPNETZ) and Asia-Pacific cohorts unless specified.
iMRSA: methicillin-resistant Staphylococcus aureus.
jARDS: acute respiratory distress syndrome.
kOR: odds ratio.
lIPA: invasive pulmonary aspergillosis.
mGM: galactomannan.
nListed once under “bacteria”; totals may overlap in mixed infections.
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oNot applicable.

Treatment Strategies

Pathogen-Targeted Therapy

Bacterial Pneumonia

Given the high prevalence of MDR pathogens in patients with
diabetes and CAP, such as CRKP and methicillin-resistant
Staphylococcus aureus, targeted therapy is critical. For severe
CAP, antibiotics such as vancomycin or linezolid (for
methicillin-resistant Staphylococcus aureus) and polymyxins
or tigecycline (for CRKP) are recommended based on
susceptibility testing [36]. A 2024 study reported a higher
incidence of CRKP in adults with diabetes and CAP,
emphasizing the need for rapid diagnostics and tailored therapy
[37]. Nanozymes, such as BiPt@HMVs, show promise in
combating multidrug-resistant bacteria, with a 2023 study
demonstrating approximately 3-log bacterial clearance and
significant alleviation of lung inflammation in a mouse model
of MDR pneumonia [51]. Empiric therapy with β-lactam (eg,
ceftriaxone) plus a macrolide (eg, azithromycin) remains
appropriate for nonsevere cases, but culture-guided de-escalation
is essential to minimize resistance [52]. The 2023
ERS/ESICM/ESCMID/ALAT guidelines identify diabetes as
a risk factor for drug-resistant pathogens in severe CAP and
suggest integrating local epidemiology and prior colonization
history to guide empirical antibiotic choices, including coverage
for resistant Gram-negative bacteria such as Enterobacterales
[53]. Bacterial: Empiric β-lactam (ceftriaxone)+macrolide
(azithromycin) for nonsevere CAP (high, guidelines); add
vancomycin for MDR risk in DM (eg, prior hospitalization;
moderate [52]).

Viral Pneumonia

Early identification of viral pathogens, such as influenza or
SARS-CoV-2, is crucial for effective management. Rapid
molecular diagnostics (eg, polymerase chain reaction) enable
the timely initiation of antivirals such as oseltamivir for
influenza or remdesivir for COVID-19 [54]. A 2023 study
reported a reduction in COVID-19 pneumonia severity with
remdesivir in patients with diabetes [55]. Antiviral resistance,
particularly to oseltamivir in influenza, is a growing concern;
combination therapies (eg, oseltamivir with baloxavir) or novel
agents such as programmed death-ligand 1 inhibitors may
mitigate resistance risks [56]. A 2021 study highlighted the
importance of early antiviral therapy within 48 hours of
symptom onset to reduce complications in patients with diabetes
[54]. As recommended by the CDC, prompt initiation of
oseltamivir for influenza or remdesivir for COVID-19 is strongly
advised in diabetic patients with viral pneumonia [54].

Fungal Pneumonia

Fluconazole for Candida and voriconazole for Aspergillus are
standard medications, with DectiSomes enhancing targeted
delivery [57]. DectiSomes, a novel liposomal delivery system
targeting fungal glycans, significantly enhance antifungal drug
efficacy. In murine models of pulmonary aspergillosis,
DectiSomes achieved a 12- to 42-fold reduction in fungal burden
compared to untargeted liposomal amphotericin B.

Host-Targeted Therapy

Glycemic Control
Maintaining blood glucose within a flexible range of 5 to 10
mmol/L is recommended to reduce mortality (OR 0.62) while
minimizing the risk of hypoglycemia, which is a concern with
stricter targets (4‐8 mmol/L) in clinical practice [21]. Insulin
protocols with frequent monitoring (eg, every 2‐4 h) help
stabilize glycemic variability, particularly in critically ill patients
[22]. A 2022 study confirmed that moderate glycemic control
(5‐10 mmol/L) reduced ICU admission by 25% in patients
with diabetes and CAP without significant hypoglycemic events
[58]. Targets include 140 to 180 mg/dL (7.8‐10.0 mmol/L) in
critically ill CAP (high, 2025 ADA [59]); distinctions include
admission hyperglycemia with an OR of 2.47 for mortality (95%
CI 1.9‐3.2; high, meta-analysis [21]); HbA1c ≥7% associated
with a doubling of sepsis risk (low [9]); and glycemic variability
(CV>36%) associated with a 2.5-fold increase in the need for
ventilation (moderate RCT [60v])—severity-adjusted length of
stay was reduced by 1.7 days with glycemic control (moderate
RCT, n=200 [48]).

Metformin
Metformin continuation was linked to 14% lower 30-day
mortality in patients with diabetes and CAP (HR 0.86, 95% CI
0.78‐0.95; moderate certainty, 2023 US Veterans cohort,
n≈15,000 [61]). While these data are encouraging, confirmation
in broader, nonveteran RCTs is still required.

Discussion

Adjunctive Therapies
Low-dose corticosteroids (eg, methylprednisolone 0.5 mg/kg/d)
reduce the need for ventilation but require careful glycemic
monitoring to prevent hyperglycemia [62]. Metformin
continuation is linked to lower mortality. A 2023 study found
that metformin reduced 30-day mortality by 14% in patients
with diabetes and CAP [61].

Comorbidity Management
Optimizing heart failure and renal function reduces adverse
events. Renal-dose antibiotic adjustments are critical [4]. A
2021 study reported a reduction in complications with optimized
comorbidity management [63].

Management in LMICs
In LMICs, where DM prevalence is rising fastest, an estimated
537 million adults had DM in 2021, of whom 80.6% lived in
LMICs [1]; scarce resources magnify the CAP burden [10].
Diagnostics favor rapid antigen or polymerase chain reaction
over culture (World Health Organization, low resource,
moderate quality [64]); screening for DM should be performed
with point-of-care fasting plasma glucose or HbA1c instead of
laboratory oral glucose tolerance testing (World Health
Organization, low resource, moderate quality [64]). Empirical
therapy administers amoxicillin-clavulanate for nonsevere CAP
(with adjustment for local resistance; Pan American Health
Organization, high quality [64]) and deescalates using
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biomarkers such as C-reactive protein. For vaccination, roll out
and expand PCV20 immunization campaigns (45% efficacy
against pneumococcal pneumonia [65]); for glucose
management, use sliding-scale insulin targeting 5 to 10 mmol/L
[59]. Multidisciplinary teams reduce complications by 20%
(2023 consensus, low quality [64]).

Preventive Measures
Pneumococcal (PPSV23) and influenza vaccinations reduce
CAP hospitalization by 30% in patients with diabetes, although
efficacy may be reduced due to immune dysregulation [66]. A
2023 study demonstrated a 45.6% (95% CI 21.8%‐62.5%)
efficacy of PCV13 against vaccine-type pneumococcal CAP in
adults aged 65 years or older [65]. Regular glycemic control
and lifestyle interventions (eg, nutrition and exercise) bolster
immunity [67]. According to the 2024 Advisory Committee on
Immunization Practices 2024 recommendations [68],
pneumococcal vaccination with a single dose of PCV20 and
PCV21 is recommended for adults aged 50 years or older with
DM (high, guidelines; efficacy 45%‐60% vs vaccine-type
CAP [65]); and adults aged 50 years or older with diabetes
should receive timely pneumococcal vaccine to reduce the
increased risk of CAP and invasive pneumococcal disease (high,
guidelines [66]). A single dose of PCV20 completes
pneumococcal vaccination—with no additional PPSV23
required—while annual influenza immunization remains
essential for adults aged 50 years or older with diabetes (high
evidence [66]). After 2 CoronaVac doses, people with
well-controlled type 2 diabetes produced only slightly lower
SARS-CoV-2 antibody levels than healthy workers (58 vs 72
BAU/mL, P=.74), but those who also had dyslipidemia had a
much weaker response (50 vs 342 BAU/mL, P<.001) [69].

Future Research Directions

Autophagy Regulation
Autophagy-inducing compounds reduce SARS-CoV-2
propagation [70]. A 2021 study reported that autophagy inducers
reduced SARS-CoV-2 viral load by up to 90%, depending on
the compound and conditions [70]. However, no clinical data
are available in patients with diabetes and CAP (very low,
preclinical [51,70,71]).

Proteolysis-Targeting Chimeras
CYPA-ProTACs target host cofactors, enhancing antiviral
effects [72]. A 2021 study showed that PROTAC derivatives
of indomethacin exhibited up to a 5-fold improvement in
antiviral potency against SARS-CoV-2 compared to the parent
compound [72]. No clinical data are available in patients with
diabetes and CAP (very low, preclinical [51,70,71]).

Nanoparticle Delivery
Phage-like nanocarriers improve antibiotic efficacy [73]. A
2024 study demonstrated that T7 phages armed with silver
nanoparticles significantly reduced Escherichia coli biofilm
biomass and bacterial viability, outperforming either phages or
nanoparticles alone [73]. No clinical data are available in
patients with diabetes and CAP (very low, preclinical
[51,70,71]).

Microbiome Impact
Alterations in the gut and lung microbiome influence CAP
susceptibility and severity in patients with diabetes [29]. A 2025
study suggested that microbiome modulation could reduce CAP
recurrence [34]. Future research should explore probiotics and
prebiotics as adjunctive therapies.

Vaccination Strategies
Evaluating the efficacy of adjuvanted or combination vaccines
in patients with diabetes could enhance immunization outcomes
[69]. A 2023 study reports that receiving CoronaVac is still
beneficial for patients with diabetes, although their measured
anti–receptor-binding titers were numerically (but not
significantly) lower than those of health care workers [69].

Novel Therapies
Targeting ferroptosis, glycation, methylation, and lncRNA
ZEB1-AS1 offers potential therapeutic avenues in patients with
diabetes [25,27,28]. Integrating traditional Chinese medicine
with conventional treatments shows promise [74]. A 2020 study
reported that integrated Chinese medicine was associated with
significantly higher rates of clinical symptom resolution (fever:
80.3% vs 53.1%, fatigue: 77.6% vs 53.8%, cough: 66.1% vs
42.9%, and sputum production: 85.3% vs 46.2%; P<.05 or
P<.01) and a 13% relative reduction in hospitalization (10.98%
vs 24.39%) compared with usual care alone [74].

Limitations and Future Directions
This review has several limitations. First, most epidemiological
data are observational and prone to confounding; RCTs are
needed to confirm causality. Second, mechanisms such as
ferroptosis and NLRP3 activation rely on animal models, with
limited human validation despite emerging organoid data [26].
Third, acute versus chronic hyperglycemia effects remain
unclear, although CGM-guided RCTs are addressing this gap
[60]. Fourth, microbiome dysbiosis lacks causal evidence;
multiomics and probiotic RCTs are required [31,33]. Fifth,
novel therapies (eg, ferroptosis inhibitors and aminoguanidine)
show preclinical promise but have not been evaluated in RCTs
involving adults with diabetes and CAP [75,76]; these novel
agents remain very-low-certainty preclinical candidates [71]
and demand RCTs. With approximately 80% of CAP caused
by bacterial pathogens [35], therapeutic efforts must rebalance
toward these nonviral pathogens. Future research should
prioritize multicenter RCTs integrating CGM, probiotics, and
host-targeted agents to translate mechanisms into clinical
benefit.

Conclusions
Patients with diabetes face heightened CAP risks due to immune
dysregulation, hyperglycemia, and microbial shifts, leading to
severe disease, complications, and mortality. Early antibiotics
targeting special pathogens, rapid antiviral therapy, and
moderate glycemic control (5‐10 mmol/L) are critical.
Multidisciplinary care and novel therapies targeting metabolic
and immune pathways are essential to improve outcomes.
Continued research into microbiome influences, epigenetic
mechanisms, and innovative treatments will address emerging
challenges in this vulnerable population.
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Abstract

Clinics continue to adopt care models shaped by the algorithmic analysis of continuous glucose monitoring (CGM) data, such as
remote patient monitoring for type 1 diabetes. No clinic-facing quantitative framework currently exists to track the impact of
such algorithm-directed care on patient outcomes and clinical workload. We used CGM data from the Teamwork, Targets,
Technology, and Tight Control (4T) Study (Pilot n=135 and Study 1 n=133), in which algorithms enable precision, whole-population
care by directing clinician attention to patients with deteriorating glucose management. Youth meeting criteria for clinical review
are then contacted by Certified Diabetes Care and Education Specialists. Through iterative data analysis and meetings with a
variety of stakeholders, we identified metrics for reviewing and revising clinical workloads, glucose management, and timeliness
of care. For each metric, we developed an interactive dashboard to provide clinical and administrative leaders with an overview
of the program. The metrics to track clinical workload were the total number of youths (1) in the program, (2) in each study, and
(3) cared for by each clinician. The metrics to track glucose management were the number of youths meeting each criterion for
review, including (4) total, (5) for each clinician, and (6) for each study. The metric to track timeliness of care was (7) the number
of days since meeting criteria for clinical review. When presented at regular program leadership meetings, the metrics facilitated
data-driven decision-making about clinical and operational components of the program. In this paper, we describe the process of
developing and operationalizing this reproducible, clinician-facing key performance indicator tool to monitor an algorithm-enabled
remote patient monitoring program. As the role of algorithms grows in directing clinical effort and prioritizing patients for care,
this framework may help clinics track clinical workload, patient outcomes, and the timeliness of care.

Trial Registration: Clinicaltrials.gov NCT03968055; https://clinicaltrials.gov/study/NCT03968055 and Clinicaltrials.gov
NCT04336969; https://clinicaltrials.gov/study/NCT04336969

(JMIR Diabetes 2026;11:e72676)   doi:10.2196/72676
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Introduction

Remote patient monitoring (RPM) programs for type 1 diabetes
(T1D) care often use data provided by continuous glucose
monitoring (CGM) systems [1,2]. RPM for T1D is shown to
improve hemoglobin A1c (HbA1c), quality of life, and glucose
metrics in a variety of health care settings [3-5]. Numerous
centers report the use of RPM for T1D care, and many include
some level of algorithmic support in identifying patients for

prioritization and clinical review or contact [6-10]. The growing
use of CGM drives the demand for algorithms to manage data
and inform care delivery, increasing the complexity of clinic
operations [11,12]. Methods have been proposed for the
retrospective analysis of the potential impact of changes to an
algorithm that supports patient care, but there are few
prospective approaches to monitoring the impact of
algorithm-directed care [13].
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Numerous studies report the use of an algorithm to inform
patient care [6,10]. At the University of California, Davis, a
single-center pilot study evaluated RPM for patients with newly
diagnosed pediatric T1D [6]. The principal investigator reviewed
each patient’s glucose data daily using the electronic health
record (EHR) and Tidepool Data Platform (Tidepool Project).
Monitoring began at hospital discharge and continued until the
patient’s first outpatient clinic appointment. Patients were
contacted as needed to adjust insulin doses based on their data.
A statewide study in South Carolina provided RPM to
underserved populations [10]. Research staff regularly reviewed
patients’ glucose data and alerted the appropriate clinic if
glucose values were abnormal. Research staff also generated
regular reports identifying patients who either failed to transmit
their glucose data or had high HbA1c values. These reports were
sent to appropriate local clinical teams, who were encouraged,
but not required, to adjust patient treatment based on the data.

These, and other RPM programs, share common features that
drive care provider workload, patient outcomes, and the cadence
with which care providers engage with patients. Those measures
are examples of key performance indicators (KPIs). KPIs track
and can drive an organization’s progress toward strategic goals
[14]. The potential of KPIs to monitor these aspects of care has
been examined, but not in the context of RPM [14]. We sought
to extend earlier findings and principles of the use of KPIs in
health care to the setting of RPM.

In the Teamwork, Targets, Technology, and Tight Control (4T)
Study 1 cohort, the mean HbA1c was 6.58% at 12 months after
diagnosis [9]. The Stanford 4T Study whole-population RPM
tool, Timely Interventions for Diabetes Excellence (TIDE;
Stanford researchers), uses CGM data to prioritize patients with
T1D for personalized review and contact by a Certified Diabetes
Care and Education Specialist (CDCES), a health care
professional who educates and supports people with diabetes
to improve health and reduce the risk of complications [15].
The TIDE algorithm informs glucose management, how patients
are treated, and the regularity with which patients receive
CDCES messages. The 4T Study developed a protocol within
which CDCESs have safely and effectively adjusted insulin
doses and increased patient engagement [16]. Within the 4T
Study, CDCESs review patient data via the TIDE dashboard.
They then interpret the algorithm-directed prioritization and
patient data to recommend insulin dose adjustment and contact
the patient via the EHR [16]. The 4T Study and the use of TIDE
have been associated with significant, equitable improvements
in glycemic outcomes, as well as reduced CDCES workload
and burden [2,9,12,17].

To our knowledge, no clinician-facing quantitative framework
is available to track how algorithm-directed care impacts clinical
workload, patient glucose management, and timeliness of care.
Such quantitative frameworks may be helpful for clinics that
remotely access patient data, provide RPM-based care, and use
algorithms to direct care delivery by, for example, identifying
or prioritizing patients requiring care. This work aims to describe
the process of developing and implementing KPIs and
corresponding metrics to help clinicians, researchers, and

administrators monitor clinical workload, patient outcomes, and
timeliness of care.

Methods

The 4T Study
This work was conducted within the 4T Study. The 4T Study
aims to improve care for newly diagnosed youth with T1D in
Stanford’s Pediatric Endocrinology clinics. A summary of the
4T program is provided below, and details of the program have
been published [9].

The 4T Study includes the 4T Pilot Study and 4T Study 1, as
well as long-term follow-ups for each study. The long-term
follow-up programs assess the ongoing impact of the 4T Pilot
and Study 1 over an extended period. The 4T Pilot Study
(n=135) enrolled participants from July 2018 to June 2020
[7,18]. 4T Pilot participants diagnosed before March 2019 were
offered CGM, but RPM was not yet available. Those diagnosed
between March 2019 and January 2020 were offered
non–algorithm-enabled RPM (eg, Dexcom Clarity), which
provided individual T1D insights rather than population-wide
overviews such as TIDE. Pilot participants diagnosed during
and after January 2020 were enrolled in the algorithm-enabled
care platform for RPM. Participants diagnosed before January
2020 could transition to algorithm-enabled care when it
launched. 4T Study 1 (n=133) enrolled participants from June
2020 to March 2022 and focused on initiating CGM use within
the first 30 days after T1D diagnosis.

Step 1: Identify an Appropriate Algorithm-Enabled
Care Model
The quantitative RPM framework presented here is designed
to support an algorithm-enabled care model. The 4T Study uses
TIDE to support asynchronous review of CGM data for enrolled
participants. All 4T participants had the choice to opt into TIDE
when it launched.

Participants uploaded their CGM data via a personal smart
device or study-provided iPod Touch (Apple Inc) to Dexcom
Clarity. TIDE automatically pulled CGM data from the 4T
Study’s Dexcom Clarity clinic account using a Python script,
analyzed the data, and displayed results in an interactive data
visualization dashboard created in Tableau (Salesforce). Guided
by CGM clinical consensus metrics, the TIDE algorithm ranked
participants based on the urgency of data review and contact
by a CDCES [2,19,20].

Each week, the TIDE platform tracked whether participants met
the following clinical categories: spending less than 65% of
CGM time in range (TIR; 70‐180 mg/dL), more than 4% time
below range (TBR) level 1 (<70 mg/dL), more than 1% TBR
level 2 (<55 mg/dL), a drop in TIR of more than 15% points
from the previous week, more than 50% missing CGM data, or
meeting clinical targets [20]. Meeting targets refers to all
participants who do not meet any of the other criteria (ie, they
have >65% TIR, <4% TBR level 1, <1% TBR level 2, <15%
point drop in TIR, and <50% missing CGM data). These clinical
categories are based on clinical consensus guidelines [20]. Some
metrics were updated between the Pilot Study and Study 1; for
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example, the TIR target was changed from 70% to 65%,
changing the criteria flagged.

The CDCES team members used TIDE to view a list of
participants, ranked by their clinical risk likelihood as defined
by the CGM metrics listed above. CDCES team members then
took appropriate follow-up steps if needed, such as sending
secure messages with care recommendations to participants
through the EHR. In both the 4T Pilot and Study 1, participant
data were initially reviewed weekly for the first year after T1D
diagnosis and monthly thereafter [9,12]. After the conclusion
of each study, participants had the option to participate in an
ongoing long-term follow-up program with monthly data
reviews conducted by a CDCES.

Step 2: Choose Key Performance Indicators
A metric is a quantitative measure of an aspect of a care process
or the patient population. A KPI combines metrics into a
high-level measure or visualization that reflects strategic goals
and provides insights into the overall success and performance
of an organization [14]. Commonly reported KPIs for health
care organizations include patient waiting time, patient health
status, patient quality of life, patient safety, and clinical
efficiency [14].

Potential KPIs were eligible for inclusion if they aligned with
the aims of the 4T Study and could be operationalized using
patient CGM data within the existing 4T and TIDE
infrastructure.

Using the above evidence-based list of recommended KPIs,
inclusion criteria, and input from 4T clinicians, we selected
clinical workload, glucose management, and timeliness of care
for inclusion in the KPI framework.

We did not include safety or quality-of-life KPIs, as these are
the focus of dedicated retrospective analyses (rather than
ongoing KPIs). The 4T Study improved HbA1c, TIR, and
patient-reported outcomes (PROs) with minimal TBR (<70
mg/dL) as published [7,9,17,21,22]. The algorithm does not
recommend any specific insulin dose adjustment (that is done
by the CDCES team) but rather alerts the CDCES that the CGM
glucose data require attention.

Step 3: Propose Initial Metrics for Each Key
Performance Indicator
In 2022, the engineering team began developing a standardized
approach to monitor the clinical workload, patient glucose
management, and timeliness of care associated with the use of
TIDE. Numerous ad hoc metrics were developed and measured
based on the experiences of the 4T Study team, CDCES team,
and administrative team [2].

The metrics were calculated from data continuously pulled from
servers on each participant’s data completeness, the study cohort
they were enrolled in, the most recent week they were shown
in the TIDE dashboard, their CGM data, and the CDCES
responsible for reviewing their data.

Step 4: Develop Visualizations for Each Metric
We developed an instantiation of the quantitative framework
with clinic-specific metrics deployed in an interactive dashboard

engineered to streamline the monitoring and visualization of
the entire program. All visualizations developed in Tableau
were double-checked with manual calculations. We note that
participants were enrolled in and departed from the 4T Study
continuously; thus, the number of participants shown at any
time in the visualizations is less than the total study population.

Step 5: Iterate and Obtain Feedback

Feedback Sessions
At regular TIDE meetings, engineers presented the KPI
framework and requested feedback. These meetings evaluated
the perceived utility of this framework by collecting qualitative
insights into the team’s firsthand experiences, perceptions, and
suggestions regarding the framework’s implementation and
impact. The meetings represented a diverse range of
perspectives, currently including 5 CDCESs, 4 physicians, 4
engineers, 4 biostatisticians, 3 clinical research coordinators,
as well as a staff scientist, exercise physiologist, postdoctoral
fellow, and psychologist. All team members were encouraged
to provide feedback.

Based on the feedback, inappropriate metrics were discarded,
new metrics were suggested, visualizations were selected,
chosen metrics and visualizations were refined, and actions
were taken based on insights from the framework. Feedback
was implemented when the team reached a consensus on a
metric, visualization, or decision.

There were 10 TIDE meetings where engineers received
feedback on the KPI framework. These semistructured meetings
each lasted approximately 15 minutes and were conducted via
Zoom (Zoom Video Communications). Questions followed a
standardized interview guide (Section 1 in Multimedia Appendix
1) and focused on metric interpretability, usefulness, workflow
fit, and decision-making impact. The engineering team took
detailed notes (excluding any protected patient information)
and sent the notes back to meeting participants for confirmation.
We synthesized and grouped feedback by metric and
visualization, noting discussion points, decisions, action items,
and new ideas.

Based on the TIDE meetings, 2 smaller, more specific groups
were directly interviewed to expand on and ensure feedback.
These as-needed interviews lasted 30 minutes to an hour and
were conducted via Zoom. Questions followed the same
interview guide as the TIDE meetings (Section 1 in Multimedia
Appendix 1), but more emphasis was placed on the specific
team’s or individual’s expertise.

Select Metrics and Visualizations
Metrics and visualizations were discarded based on consensus
from TIDE meetings. Metrics and visualizations were retained
if (1) high and low values were readily understood by physicians
and CDCESs, (2) they supported at least one clinical or
operational decision, (3) they could be automatically computed
using existing data and workflows, and (4) they provided unique
information not given by any other retained metric. Metrics and
visualizations were discarded if they failed one or more criteria.
The clinical team assessed interpretability and actionability,
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and the engineering team evaluated feasibility. Everyone could
comment on redundancy.

Throughout our process, 6 metric categories were discarded
(Table 1). The first category of discarded metrics included
measures of the number of CDCES messages and contacts
through the EHR, which included metrics such as overall
message count, contact count, TIR by message count, CGM
time worn by message count, patients contacted versus suggested

for contact, and patient response rate to clinician messages.
These message and contact-related metrics were discarded due
to a mismatch with our current workflow. CDCES messages
are written and received within the EHR (Epic), while the KPI
dashboard collects data from the TIDE dashboard. TIDE does
not integrate or connect with the EHR. Additionally, CDCESs
may not be able to act on insights from these metrics (ie, sending
more messages or following up more) because of their limited
time and availability.

Table . Excluded metrics and why they were excluded.

Reasons for exclusionMetric

Number of CDCESa electronic health record messages and contacts per
participant

• Does not integrate with current workflow
• May not drive decisions due to limited clinician time

Diabetes duration stratified by clinical categories and TIRb • Does not drive clinical decisions

Average glucose stratified by CDCES and study (or population of interest) • Does not provide any additional insights or drive additional decisions

Patient and family satisfaction ratings over time • Does not integrate with current workflow
• 4T Study has already retrospectively investigated this

Patient safety: number of adverse events by CDCES and study (or popula-
tion of interest)

• 4T Study has already retrospectively investigated this

Clinical workload: CDCES time spent on RPM • Does not integrate with current workflow

aCDCES: Certified Diabetes Care and Education Specialist.
bTIR: time in range.

Second were measures of how diabetes duration may impact
the clinical categories and CGM metrics, as well as the average
diabetes duration for each of the CDCES’s patients. These were
ultimately excluded since they would not drive day-to-day
clinical or operational decisions and would be more appropriate
for investigation in retrospective analyses.

Third were measures of participants’ average glucose. These
were excluded since TIR is highly correlated and considered a
more comprehensive measure [20,23].

Fourth, we did not include patient and family satisfaction metrics
in the current KPI framework due to the lack of workflow
integration. Currently, PROs are collected using REDCap
(Research Electronic Data Capture)-based surveys, while the
KPI dashboard uses information from the TIDE dashboard.
Additionally, several 4T papers have already demonstrated
positive PROs [8,22,24,25].

Fifth, we did not include safety measures because previous
publications have shown that the 4T Study is associated with
lower HbA1c values, improved TIR, minimal TBR, and no
unexpected serious adverse events [7,9,17,18].

Finally, we did not include an objective measure of CDCES
time in the TIDE dashboard. Prior self-reported data from
CDCES indicate approximately 15 minutes per complete patient
review and an approximately 60% drop in time per patient per
week with TIDE use (from 3.2 to 1.3 minutes) [2,26]. However,
because TIDE’s host platform (Tableau) lacks session-duration
logging, and CDCESs juggle other tasks, objective timing does
not yet fit into the workflow. In the interim, the number of
patients cared for by each CDCES is a useful proxy of workload.

We may supplement the current proxy with CDCES time spent
in the Epic EHR. Epic Signal logs task-specific activity (eg,
chart review and patient messages), and these data can feed into
the KPI dashboard via an application programming interface.

Refine Chosen Metrics and Visualizations
The next stage was an analytical approach to refine the chosen
metrics based on an analysis of the data generated and the
structured TIDE meetings with the research and clinical staff.
In meetings, the stated goals of the process were to establish a
more robust and comprehensive set of metrics for monitoring
clinical workload, patient glucose management, and timeliness
of care in the presence of algorithm-directed care. Interview
questions and additional details are provided in Section 1 in
Multimedia Appendix 1.

The above process of developing, evaluating, and soliciting
feedback (steps 2‐5) was used iteratively to develop and refine
KPIs and metrics based on these KPIs.

To monitor clinical workload in the 4T Study, the following
metrics were identified: (1) the number of youths in the 4T
program, (2) in each study, and (3) cared for by each CDCES.
For tracking participant glucose management, the metrics
include the number of youths meeting each criterion for clinical
review, both (4) overall and for each (5) CDCES and (6) study.
Initially, the metric for tracking the timeliness of care was the
number of days since each participant’s last day meeting criteria
for clinical review. This was later revised to (7) include only
participants who have not been seen for more than 20 days and
rank in the top 25% of patients with the longest time since
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meeting criteria. The detailed definitions of each metric are
provided in Section 2 in Multimedia Appendix 1.

To visualize each included metric related to clinical workload,
we used different colors to represent the number of patients
requiring review, meeting targets, and missing >50% CGM
data. For each of those 3 criteria, this was reported as the number
of distinct patient IDs.

In the visualization of metrics related to patient outcomes, we
used different colors to represent the number of patients in each
clinical category. The clinical categories are less than 65% TIR,
more than 4% TBR level 1, more than 1% TBR level 2, a drop
of more than 15 percentage points in TIR, and less than 50%
CGM wear time. For each clinical category, this is defined as
the number of distinct patient IDs of participants flagged.

For the visualization of the metric related to timeliness of care,
we displayed participant information only if more than 20 days

had passed since the participant was last shown in the TIDE
dashboard, and the participant was in the highest quartile for
delayed care. The threshold of 20 days was selected based on
a retrospective analysis of historical TIDE data, which revealed
that the 75th percentile of time between participant appearances
in the TIDE dashboard was 20 days.

For all metrics and visualizations presented, gaps or valleys in
the data occur when, primarily due to the cadence of reviews,
fewer CDCESs used TIDE during that period.

Step 6: Use the Metrics to Drive Decisions
Feedback from all care team members highlighted 7 metrics as
essential for monitoring clinical workload, patient glucose
management, and timeliness of care (Table 2). Each metric is
associated with a KPI displayed in an interactive figure with
various filters and categorizations (Table 2).

Table . Included metrics, the corresponding key performance indicators, and the decisions the metrics drive.

Decisions the metric drivesCorresponding KPIaMetric

Clinical workloadNumber of participants in the RPMb program • Modifying recruitment efforts or stringency
of the criteria for participant review

Clinical workloadNumber of participants reviewed by each CD-

CESc in the program

• Redistributing participants between the
CDCESs

Clinical workloadNumber of participants in the RPM program for
each study (or population of interest)

• Modifying recruitment efforts

Patient glucose managementNumber of participants in the RPM program per
clinical category

• Hosting a session for CDCESs to teach their
patients how to prevent low and high blood

sugars or improve CGMd connectivity

Patient glucose managementNumber of participants in the RPM program per
clinical category and reviewing CDCES

• Evaluating the effectiveness of a CDCES’s
new initiative

Patient glucose managementNumber of participants in the RPM program per
clinical category and study (or population of in-
terest)

• Identifying health disparities
• Changing the review frequency of a specific

participant population

Timeliness of careNumber of days since participants’ most recent
date of being displayed in the RPM program

• Contacting a participant that has not been
flagged for review recently

aKPI: key performance indicator.
bRPM: remote patient monitoring.
cCDCES: Certified Diabetes Care and Education Specialist.
dCGM: continuous glucose monitoring.

At regular TIDE team meetings with clinical and administrative
4T team members, the dashboard was presented, and the metrics
were discussed to facilitate an overview of the program. The
KPIs were developed and used in parallel with the
algorithm-enabled clinical care model and any related clinical
studies. While the clinic provides patient care using the
algorithm, the KPIs are based on the data gathered, are reviewed
at a cadence set by the clinic, and may be used to adjust the care
model or workflows (Figure 1). For key insights informed by
each metric, refer to Section 3 in Multimedia Appendix 1.

Figure 1 shows how clinical care processes and the KPI
framework interact. As noted in Step 1, the RPM algorithm
ranks patients based on how urgently they need care. A CDCES
then reviews patient CGM data and messages them to provide
recommendations and education. As discussed in Step 3, the
KPI dashboard pulls information from the RPM algorithm. The
KPI framework’s metrics and associated visualizations help
inform clinical and operational decisions and actions that modify
the clinical care process.
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Figure 1. Care model and framework. CDCES: Certified Diabetes Care and Education Specialist; CGM: continuous glucose monitoring; KPI: key
performance indicator; MD: medical doctor; RN: registered nurse.

Ethical Considerations
The study was approved by Stanford’s Institutional Review
Board (ClinicalTrials.gov: NCT03968055 and NCT04336969;
IRB Protocol 52812). Patients and families who consented were
enrolled in the 4T Study. Those who did not consent received
standard clinical care, which allowed early CGM initiation but
did not include RPM. Participants aged 18 years or older or
legal guardians of minors provided informed consent, while
youth aged 7 years or older provided assent prior to study
initiation. Participants in the 4T Study were between the ages
of 6 months and 21 years and started on CGM (Dexcom G6;
Dexcom Inc) within the first month of T1D diagnosis. Youth
and families were not reimbursed for their participation in TIDE,
but they could receive compensation for completing PRO
surveys, doing home HbA1c fingerstick tests, participating in

focus groups, and participating in the 4T exercise substudy. 4T
participants also received a small monetary gift (US $10) for
their birthdays as a thank you for their continued participation.

Results

Participants
Of the 268 participants in the 4T Pilot and Study 1, a total of
222 were eligible for RPM and were included in the KPI
framework (Table 3). All 4T Study 1 participants (n=133) were
enrolled in TIDE and included in the KPI framework. In the
Pilot Study, participants diagnosed between July 2018 and
February 2019 (n=46) were not enrolled in TIDE or included
in the KPI framework, and the other 89 were included [7]. The
4T Pilot Study and 4T Study 1 enrolled 92% and 84%,
respectively, of all newly diagnosed patients seen in our clinic.
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Table . Participant demographics for the 4T Pilot and 4T Study 1.

4T Study 14T PilotCharacteristics

2020-20222018-2020Study length

133 (49.6)135 (50.4)Participants, n (%)

133 (100)89 (65.9)Participants on TIDEa, n (%)

11 (6-14)10 (7-13)Age (years), median (IQR)

Gender, n (%)

59 (44.4)64 (47.4)    Women

74 (55.6)71 (52.6)    Men

Self-identified race and ethnicity, n (%)

52 (39.1)53 (39.3)    Non-Hispanic White

1 (0.8)0 (0)    Non-Hispanic Black

49 (36.8)29 (21.5)    Hispanic

11 (8.3)19 (14.1)    Asian or Pacific Islander

0 (0)0 (0)    American Indian or Alaska Native

17 (12.8)19 (14.1)    Other

3 (2.3)15 (11.1)    Not stated

Insurance type, n (%)

83 (62.4)104 (77.0)    Private

47 (35.3)31 (23.0)    Public

2 (1.5)0 (0)    Both

1 (0.8)0 (0)    No insurance

Primary language, n (%)

112 (84.2)117 (86.7)    English

21 (15.8)18 (13.3)    Non-English

aTIDE: Timely Interventions for Diabetes Excellence.

Unlike in traditional care models, there is no fixed number of
participant counts. Participant counts change with glucose
management, patients enrolling into the program, and patients
transferring to other clinics, as well as the variable availability
of the care providers, a format that has become more common
in microrandomized trials [27]. Rigorous mathematical modeling
to understand this is underway [28]. In visualizations for metrics
1-6, the gray area represents the duration of the 4T Pilot, and
the white area represents the ongoing duration of the 4T Pilot
long-term follow-up program.

Metrics and Visualizations for Clinical Workload
The first metric was the total number of participants shown in
the TIDE dashboard. By monitoring the number of participants

shown in TIDE, this metric allowed for the tracking of
population statistics over time. The visualization of the metric
selected by the CDCES team included the total number of
participants in the program over time, segmented by those who
did and did not require review (Figure 2). Based on this metric
and visualization, the 4T Study team could investigate
recruitment efforts or participant withdrawal rates if the metric
was unexpectedly low or high. This metric was also used to
understand the stringency of the criteria for participant review
if the number of participants being reviewed was too high or
too low.
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Figure 2. Weekly participant counts in the Timely Interventions for Diabetes Excellence dashboard, categorized by participants requiring review (blue),
meeting targets (green), and with more than 50% missing data (red). TIDE: Timely Interventions for Diabetes Excellence.

The second metric was the number of participants shown in
TIDE, categorized by each CDCES in the program. CDCES
names are numbered to protect anonymity. This metric revealed
significant differences in the number of participants assigned
to each CDCES, as well as stability in the number of participants
reviewed by each CDCES over time (Figure 3). Differences in
the number of patients assigned to each CDCES can be

attributed to the level of their patients’ complexity, their
patients’ primary languages, and each CDCES’s time available
to review participant data. This metric allowed for the
monitoring of CDCES workload and identifying which CDCES
team members may experience heavier participant workloads
and require additional support, enabling workload balancing.
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Figure 3. Weekly participant counts per Certified Diabetes Care and Education Specialist in the Timely Interventions for Diabetes Excellence dashboard,
categorized by participants requiring review (blue), meeting targets (green), and with more than 50% missing data (red). The dashed lines mark the
transitions of participants between CDCES team members. CDCES: Certified Diabetes Care and Education Specialist; TIDE: Timely Interventions for
Diabetes Excellence.

The third metric was the weekly number of participants shown
in TIDE per study. This metric may help clinics with several
studies view the number of participants in the RPM program
for each study (Figure 4). Alternatively, this metric may be used
for tracking the number of patients within various populations,

such as the number of patients who are within 1 year of T1D
diagnosis, at high risk for hypoglycemia, pregnant, non-English
speaking, recently hospitalized, diagnosed with certain medical
conditions or with certain family histories, using specific tools
to manage their health, or pediatric versus adult patients.
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Figure 4. Weekly participant counts per study in the Timely Interventions for Diabetes Excellence dashboard, categorized by participants requiring
review (blue), meeting targets (green), and with more than 50% missing data (red). TIDE: Timely Interventions for Diabetes Excellence.

Metrics and Visualizations for Patient Outcomes
The fourth metric was the number of participants shown in
TIDE per clinical category. This metric identified the level of
variability in glucose management over time (Figure 5). This
metric may help monitor participants’ data and identify areas

of improvement or concern, allowing CDCES team members
to adjust care plans and interventions. For example, an increase
in the number of participants missing glucose data may prompt
CDCES team members to educate patients on how to improve
connectivity with their CGM and how to upload glucose data.

JMIR Diabetes 2026 | vol. 11 | e72676 | p.156https://diabetes.jmir.org/2026/1/e72676
(page number not for citation purposes)

Kurtzig et alJMIR DIABETES

XSL•FO
RenderX

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


Figure 5. Weekly participant counts per clinical category in the Timely Interventions for Diabetes Excellence dashboard, categorized by participants
requiring review (blue), meeting targets (green), and with more than 50% missing data (red). TIDE: Timely Interventions for Diabetes Excellence; TIR:
time in range.

The fifth metric was the number of participants shown in TIDE
per clinical category and reviewing CDCES. This metric
identified the similarities and differences in glucose management
for the participants reviewed by each CDCES (Figure 6). In our
clinic, the metric revealed that all CDCES team members had

similar proportions of participants in each clinical category
(Figure 6). This metric can track how well each CDCES’s
participants were meeting clinical consensus guidelines for
CGM targets.
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Figure 6. Weekly participant counts per Certified Diabetes Care and Education Specialist in the Timely Interventions for Diabetes Excellence dashboard,
categorized by participants meeting targets (blue), spending more than 1% of continuous glucose monitoring readings below 55 mg/dL (orange), spending
more than 4% continuous glucose monitoring readings below 70 mg/dL (green), spending less than 65% of continuous glucose monitoring time in range
(70‐180 mg/dL; red), experiencing more than 15% point drop in time in range (purple), and missing more than 50% continuous glucose monitoring
data (brown). CDCES: Certified Diabetes Care and Education Specialist; TIDE: Timely Interventions for Diabetes Excellence; TIR: time in range.

The sixth metric showed the weekly participant counts per study
and clinical category. This metric may allow clinics to compare
glucose management across studies or populations. This metric
allowed the 4T team to identify variation in the numbers of
participants in different studies and how often the groups were
reviewed by CDCES team members (Figure 7). This provided

insight into how well participants in different studies met clinical
consensus glycemic targets. This metric facilitated easy
comparison of health differences between different groups,
study protocols (ie, Pilot vs Study 1), and clinical contact
frequency (ie, weekly vs monthly contact).
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Figure 7. Weekly participant counts per study in the Timely Interventions for Diabetes Excellence dashboard, categorized by participants meeting
targets (blue), spending more than 1% of continuous glucose monitoring readings below 55 mg/dL (orange), spending more than 4% continuous glucose
monitoring readings below 70 mg/dL (green), spending less than 65% of continuous glucose monitoring time in range (70‐180 mg/dL; red), experiencing
more than 15% point drop in time in range (purple), and missing more than 50% continuous glucose monitoring data (brown). CGM: continuous glucose
monitoring; TIDE: Timely Interventions for Diabetes Excellence; TIR: time in range.

Metric and Visualization for Timeliness of Clinical
Reviews
The seventh metric was originally the number of days since
each participant’s most recent date of being displayed in TIDE.
The patients shown were sorted from least to most recent display
in TIDE and presented along with each participant’s patient ID,
the CDCES that reviewed their data, and the study they were
enrolled in. After review of this metric at a 4T leadership
meeting, several alternative metrics and visualizations were
proposed. The chosen visualization was a table comprising
participants who had not been shown for more than 20 days and
ranked in the top 25% of patients with the longest time since
being shown. These restrictions focused on the patients most
likely to benefit from review and limited the number of patients
to be reviewed by the CDCES team. In addition to showcasing
the days since their last appearance in TIDE, the table included
each participant’s patient ID, the CDCES responsible for them,
and the study they were enrolled in. If a participant had not been
flagged in the RPM program in the last 20 days, this figure
allowed the CDCES team to message or schedule a visit with
participants, making sure no participants were inadvertently
ignored. Similarly, this metric allowed clinical research
coordinators to remove certain participants from studies that
they were no longer enrolled in. For example, based on this
metric, research coordinators checked if the participants who
had not been shown in the TIDE dashboard for more than 50
days were still enrolled.

Feedback From the Care Team
The engineering team developed and implemented 7 operational
metrics mapped to 3 KPI domains and embedded them in a
dashboard used in regular leadership meetings. Administrative,
clinical, and research feedback indicated the framework helped
monitor clinical workload, patient outcomes, and timeliness of
care.

Discussion

Principal Findings
We developed a quantitative framework for monitoring clinical
workload, patient glucose management, and timeliness of care
for a whole-population T1D care model in which an algorithm
analyzes CGM data to help direct care providers to patients with
CGM metrics not meeting targets. Through a multiyear process
of data analysis, data visualization, and feedback from different
team members, we identified metrics that informed oversight
and decision-making for the algorithm-enabled care model. This
framework may be helpful for other pediatric T1D clinics
seeking to optimize their RPM-based care strategies around
algorithms that help direct clinician efforts. This framework
enables clinics to transition from fixed-interval models to
data-driven, responsive care models. Although this work focuses
on RPM in a pediatric T1D population, the concepts may
translate to adult T1D populations and other chronic health
conditions in which algorithms support and guide clinical care
[29-31].
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The current framework complements, rather than duplicates or
substitutes, the way clinical trials report measures of workload,
efficiency, and PROs and family-reported outcomes. It
complements those measures by aggregating them at the clinic
and population level for standardized review on an ongoing
basis. For example, in the 4T Study, explicit measures of
efficiency measured as per-patient time have been reported in
studies describing years of work, while the current KPIs are
reviewed on a regular basis [2,32].

The metrics developed yielded valuable insights into the RPM
program and may provide insights into health disparities. First,
our glucose management metrics—the fourth, fifth, and sixth
metrics—reinforce the safety of our RPM platform and the
larger 4T Study. As shown in Figure 5, flags related to time
below range were minimal, while a significantly larger share
resulted from patients meeting all glycemic targets. This aligns
with our published findings, which demonstrate improved HbA1c

and TIR, minimal TBR, and positive PROs [9,17,22,33].

Second, despite efforts to evenly distribute CDCES workloads,
the number of individuals meeting criteria for review varied
during certain review periods, which may have resulted in less
time dedicated to those individuals. This finding prompted the
care team to consider redistributing subsequent enrollees. Third,
the number of participants shown in TIDE per clinical category
and reviewing CDCES (the fifth metric) may be used as a
starting point to compare the performance of CDCES team
members. Meaningful comparisons will require significant
additional controls and considerations, such as patient
complexity, engagement, and level of access to health care.
Fourth, this tool has the potential to identify positive outliers
(CDCES team members whose patients achieve clinical targets)
or to monitor the results of pilot interventions deployed by a
subset of the CDCESs.

Finally, this metric may be used as a tool to investigate health
disparities and the impact of patient-provider identity
congruence on the relationship between CDCESs and their
participants. By stratifying metrics by study group and individual
CDCES, we can identify disparities in care delivery and patient
outcomes. Previous work in the 4T Pilot Study has already
reported similar improvement in HbA1c for Hispanic and
non-Hispanic youth, as well as for publicly and privately insured
youth, but it may be valuable to continually monitor these
comparisons (and possibly patient primary language) as part of
the KPI framework [34]. The algorithmic prioritization of
patients may also limit clinician bias and subjective
decision-making, as well as prioritize high-risk patients who
may otherwise be overlooked. In the future, we may investigate
the disparity in usage of diabetes technologies, incongruence
in clinician and patient perceptions of diabetes technologies, as
well as how interest in and feasibility of diabetes technology
programs for patients with public insurance change over time.

The ability to track clinical categories can help inform decisions
related to clinical efficiency and care delivery. Guided by
insights from the fifth metric, CDCES team members could
stage interventions to improve glucose management or CGM
wear time, compare our clinic’s TIR to other clinics, or observe
how seasonal variations impact TIR.

The proposed framework is the first quantitative approach, of
which we are aware, to monitor a CGM-based RPM program’s
outcomes, process metrics, and workloads. Developing metrics
that drive decision-making is critical, particularly in an era
where algorithms can significantly influence patient care and
clinical workload. In our clinic, the review of these
algorithm-enabled KPIs is becoming standard practice, integral
to monitoring and adjusting a care model in which algorithms
reduce clinical workload.

Recommendations to Implement KPIs and Metrics at
a Clinic
KPI frameworks may be helpful for clinics that remotely access
patient data, provide RPM-based care, and use algorithms to
direct care delivery. Although our work focuses on RPM in a
pediatric T1D population, these concepts may translate to an
adult population, as well as other chronic health populations in
which algorithms support clinical care. Using KPIs to monitor
and adjust aspects of a care model may be particularly important
for long-term interventions and large clinics or hospital systems
[17].

To implement a KPI framework, the clinic or hospital might
begin developing metrics by collaborating across multiple
departments, potentially including internet technology
specialists, data scientists, clinical research coordinators,
clinicians, engineers, and quality improvement specialists.
Clinics or hospitals may protect the time of or hire dedicated
staff to implement the KPI framework and help with data
analysis and visualization. We recommend that the internet
technology team explore several platforms to host a dashboard
for visualizing their metrics. Since large clinics may face
scalability or data integration issues, it could be beneficial to
partner with technology vendors or research collaborators. In a
collaborative effort between Stanford’s 4T team and Tidepool
(a diabetes technology non-profit), a new clinic-agnostic,
turnkey solution called Tidepool-TIDE was made available to
any clinic in the United States [35]. This may help simplify the
KPI framework implementation process for other clinics and
hospitals.

Future Directions
Because of the success of our KPI framework, more metrics
will be added in the future. We plan to add metrics related to
CDCES time in TIDE, CDCES messaging activity,
patient-clinician contact counts, PROs, and physical activity.
These metrics have been researched as part of retrospective
analyses, but it may be helpful to monitor them continuously
as part of the KPI dashboard [2,7-9,18,22,24-26,36]. The above
metrics have not yet been incorporated into the KPI framework
because they are not integrated with the current workflow. We
hope that the KPI framework supports the transition toward
additional automation, such as using large language models to
allow the platform to send some types of messages directly to
the family [35,37]. The TIDE team continues to explore avenues
for integration.

Limitations
We acknowledge that the 4T Pilot and Study 1 populations are
not representative of all other pediatric diabetes clinics, but were
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representative of the population diagnosed at our clinic [9,38].
This bias may limit the generalizability of our findings. Our
study had high rates of early CGM adoption due to the design
of the 4T intervention. Future implementation studies should
include more representative samples outside of the context of
broader research studies to validate the applicability of our
framework across a wider range of clinical contexts. We also
note that our study population is pediatric T1D, an autoimmune
condition, in contrast to type 2 diabetes. T1D has the highest
prevalence among non-Hispanic Whites, while type 2 diabetes
has the highest prevalence among Native Americans and other
non-White populations [39,40].

Although TIDE and the 4T Study have clearly improved patient
outcomes and efficiency, we need to identify patients for whom

repeated outreach is ineffective [2,8,9,17,21,22,25,26,32]. In
future work, we will consider incorporating criteria to flag
individuals who are repeatedly prioritized for review but are
unreachable or do not seem to benefit from this prioritization.
These patients may be switched from TIDE to a more traditional
care model of quarterly reviews at clinic visits.

Conclusion
Data from CGMs, insulin pumps, and automated insulin delivery
systems play a growing role in the management of T1D. To
best use the data, clinics increasingly turn to trusted, transparent,
and user-friendly algorithms to translate patient data into insights
that inform patient care. As the role of algorithms grows, the
proposed framework may offer clinics a quantitative approach
to monitor and potentially adjust the care delivery model.
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T1D: type 1 diabetes
TBR: time below range
TIDE: Timely Interventions for Diabetes Excellence
TIR: time in range
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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 in a hospital 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 a time in range (TIR) of 70 to 180 mg/dL, and closed-loop safety was assessed using the glycemia
risk index (GRI), a single indicator that represents the risk of hypoglycemia or hyperglycemia and ranges from 0 (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) years and 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 a mean 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 increase in TIR and €2011 per point of reduction in GRI, indicating that the HC closed-loop initiation
was dominated by the CIRDIA. The CIRDIA was less costly than HC in 8600 (86%) out of 10,000 simulations in 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 is warranted. From a policy perspective, the resources saved could be at least partly reallocated to support out-of-hospital
closed-loop initiation centers.

(JMIR Diabetes 2026;11:e86690)   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 in its action. It
represents a major public health challenge because of its
increasing prevalence, its impact on patients’ quality of life,
and the substantial economic burden on health care systems [1].
As of 2024, 588.8 million adults (aged 20‐79) worldwide were
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 external 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 care for their initiation and follow-up remains limited [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]. This low rate is 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 access to
CL among persons with T1D. The CIRDIA is a multisite CL
initiation center regrouping highly trained diabetologists, mostly
in private practice. The CIRDIA—like hospital-based CL
initiation centers—is based on the guidelines of the
French-Speaking Diabetes Society (SFD) [4]. However, as this
is a new concept of care in France, its cost-effectiveness had to
be evaluated and compared to usual hospital-based care.

Study Objectives
Evidence on the cost-effectiveness of alternative organizational
models of 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,

could represent a cost-effective alternative 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 health care intervention with a measure of its clinical
effectiveness.

Accordingly, the evaluation 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 all analyses relied 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 those initiated 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, as it is the
rule in France. Registered nurses specialized in diabetes care
and working for home health care providers are usually
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 Considerations
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
usual care. All data were fully anonymized before analysis in
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 data for 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
care model that performs CL initiation most often during a long
(about 1 h) office visit or occasionally during a day
hospitalization (DH) outside of university hospitals. Its activity
complies with the position statement issued by the SFD and the
French National Health Authority (HAS) [17]. The main
objective of the CIRDIA is to expand access to care for people
living with T1D while reducing the burden on HC. Furthermore,
initiating CL systems in the out-of-hospital sector is considered
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 care is considered
the reference strategy. The out-of-hospital sector initiation
remains underdeveloped and must demonstrate its 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
3 teleconsultations and 3 follow-up visits, coupled with 3 months
of telemonitoring for patients initiated after January 1, 2024. In
both settings, CGM data were available for the diabetologist
(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, due to incomplete data on comorbidities
and complications in 1 of the 2 study arms (HC), adverse events
could not be included in the analysis. Instead, effectiveness was
assessed by improvement in the time in range (TIR) 70‐180
mg/dL, while safety was assessed through a reduction in the
glycemia risk 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, although hemoglobin A1c is frequently

used as an efficacy outcome in similar studies, it is no longer
systematically measured during routine consultations [19].

Cost Inputs
We conducted the economic evaluation from a health care payer
perspective, including all direct medical and nonmedical
expenses reimbursed by the French National Health Insurance,
expressed in euros for the year 2024. Costs were 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 components were identified and calculated in line
with the HAS and SFD recommendations [20,21].

Outpatient procedures and consultations were valued according
to the prices from the General Classification of Professional
Acts and 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 Health 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
terms of incremental cost-effectiveness ratios (ICERs) and were
calculated as the ratio of incremental costs to incremental health
outcomes between the 2 groups. Specifically, ICERs were
expressed as the 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 ICERs 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
As this study was based on real-world observational data rather
than modeled parameters, some uncertainty may still arise from
the data, potentially leading to biased estimates. According to
the International Society for Pharmacoeconomics and 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 analyses were 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 a 2-tailed
Student t test, and for non-normally distributed variables, the
Wilcoxon signed-rank test was used. The threshold for statistical
significance was set at P<.05.

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 groups are shown in Table
1. The mean age of patients initiated 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 BMI was

27.5 (SD 4.9) and 27.2 (SD 5.2) kg/m2, 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 patients included in the study by group (CIRDIAa vs HCb).

P value (t test/Wilcoxon test)HC (n=73)CIRDIA (n=128)Parameters

.7127.2 (5.2)27.5 (4.9)BMI (kg/m2), mean (SD)

.5579.8 (15.3)78.5 (14.8)Weight (kg), mean (SD)

.048171 (9.3)169 (7.9)Height (cm), mean (SD)

Gender, n (%)

.9535 (48)62 (48)    Men

—c38 (52)66 (52)    Women

Age class (y), n (%)

—7 (11)13 (10.2)    <25

—27 (37)60 (46.9)    25-45

—31 (42.5)46 (35.9)    45-65

—7 (9.6)9 (7)    >65

Age (y), mean (SD)

<.00145 (15)34 (15)    At pump initiation

.1546 (15)43 (14)    At closed-loop initiation

Pump model, n (%)

—67 (92)99 (77)    Medtronic 780G (with Guardian
4 sensor)

—6 (8)17 (9)    “Control IQ” (Tandem Slim 2X
pump, Dexcom G6 sensor)

——12 (13)    “CamAPS” (Ypsopump, Dexcom
G6 sensor)

Baseline glucose control, mean (SD)

<.001e65.9 (15.1)52.9 (16)TIRd (%)

<.001e37.8 (19.8)56.4 (21)GRIf

aCIRDIA: Inter-Regional Center for Automated Insulin in Diabetes.
bHC: hospital center.
cNot applicable.
dTIR: time in range 70-180 mg/dL.
eWilcoxon test values.
fGRI: glycemia risk index.
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Efficacy and Safety Outcomes Figure 1 illustrates the changes in the ambulatory 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: time in range.
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Figure 2 presents GRI grids showing glycemic risk zones over
the same period (zone A: minimal hypo- or hyperglycemia risk;
zone E: maximal hypo- or hyperglycemia risk). At baseline,
79% (101/128) of the patients from the CIRDIA group were in
the intermediate risk (zone C) or high-risk zones (zones D and

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

Figure 2. Glycemia risk 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.

Table 2 summarizes the 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 points in 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

significant difference between groups was observed at 12
months (P=.60). The GRI decreased in both groups, by 26.3
points in the CIRDIA group, from 56.4 (21) to 30.1 (14.1), and
by 7.5 points in the HC arm, from 37.8 (19.8) to 30.3 (13). No
significant difference between groups was observed at 12
months (P=.91).
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Table . Glycemic outcomes at baseline (M0) and 12 months (M12) after closed-loop initiation for the total population and according to age class at

inclusiona.

P valueHCc (n=73), mean (SD)CIRDIAb (n=128), mean
(SD)

Parameters

M0d

    TIRe

<.00165.9 (15.1)52.9 (16)        Total

        Age class (y)

.0167.8 (14.7)50.4 (11.4)            <25

<.00164.7 (16.7)48.4 (15.6)            25-45

.0265.8 (14)57.6 (16.3)            45-65

.3068.9 (14.2)62.9 (14.2)            ≥65

    GRIf

<.00137.8 (19.8)56.4 (21)        Total

        Age class (y)

.00735.3 (17.9)59.6 (16.9)            <25

<.00140.2 (22.1)63 (20.7)            25-45

.00236.6 (17.7)50.2 (20.1)            45-65

.7036.7 (24.3)39.3 (16.6)            ≥65

M12g

    TIR

.6071.9 (10.5)72.7 (11.6)        Total

        Age class (y)

.2077.9 (11.8)70 (11.8)            <25

.2072 (7.9)69.1 (11.7)            25-45

.0972.2 (10.8)76.7 (10.6)            45-65

.0363.6 (14)79 (6.2)            ≥65

    GRI

.9130.3 (13)30.1 (14.1)        Total

        Age class (y)

.1023.5 (15.1)33.6 (14.5)            <25

.1229.7 (10.7)34.4 (13.9)            25-45

.1330.2 (13)25.3 (13.1)            45-65

.0140.9 (15.3)21.2 (7.4)            ≥65

aValues were compared using the Wilcoxon rank sum test.
bCIRDIA: Inter-Regional Center for Automated Insulin in Diabetes.
cHC: hospital center.
dM0: closed-loop initiation.
eTIR: time in range 70‐180 mg/dL.
fGRI: glycemia risk index.
gM12: 12 months after closed-loop initiation.

Subgroup analyses revealed no statistically significant
differences between the CIRDIA and HC at M12, except among
patients older than 65 years, for whom CIRDIA participants

had higher TIR and lower GRI values (P=.03 and P=.01,
respectively).
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Costs Outcomes
We combined all cost items by type of procedure, year, and data

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.

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. In the HC group, the total 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 S1 in
Multimedia Appendix 1.

Incremental Cost-Effectiveness Ratio
The base-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 is dominated by the CIRDIA.
The detailed results are presented in Table 3.
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Table . Base-case cost-effectiveness and cost-safety results.

HCbCIRDIAaParameters

8814.328373.12Costs per patient (€c)

N/Ad−441.20Incremental costs (€)

71.9572.65Mean efficacy (TIRe)

N/A0.70Incremental efficacy (increase in TIR)

30.3330.11Mean safety (reduction in GRIf)

N/A−0.22Incremental safety

N/A−625.83ICERg

N/A2011.02ICSRh

aCIRDIA: Inter-Regional Center for Automated Insulin in Diabetes.
bHC: hospital center.
c€1=US $1.10 at the time of the study.
dN/A: not applicable.
eTRI: time in range.
fGRI: glycemia risk index.
gICER: incremental cost-effectiveness ratio (based on the increase of time in range).
hICSR: incremental cost-safety ratio (based on the decreased of glycemia risk 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 in a more costly position, being either less effective
(n=700, 7.0%) or more effective (n=690, 6.9%). The scatter
plot of the incremental cost-effectiveness plane is presented in
Figure 4.

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-effectiveness ratio.
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Discussion

Principal Findings
The aim of this study was to assess the cost-effectiveness of CL
initiation by the CIRDIA and HC from a health care payer
perspective. We examined the relationship between initiation
models and the increase in 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 a wide 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 Böhme et al [29], which reported no significant
differences in effectiveness between outpatient care and hospital
settings in therapeutic education programs for patients with type
2 diabetes in France. Similarly, Cavassini et al [30] reported
that the outpatient management of gestational diabetes was more
cost-beneficial than hospital-based care in Brazil, underlining
the potential economic advantages of ambulatory strategies. In
the United Kingdom, Pulleyblank et al [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
reduces the GRI at 1 year [32-34], which is consistent with the
trend observed in our cohort.

Strength
One major strength of this study is the 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, allowing for the integration of a clinically
relevant weighting of risk in the assessment of glycemic control
[19,35].

Finally, sensitivity analyses and subgroup explorations provided
additional insights into 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.

First, the relatively small sample size limits the
representativeness of the study population and, consequently,
the robustness of the conclusions.

Second, there was an imbalance 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
characteristics as well 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 these items
will be needed.

Third, the 1-year time horizon restricts the evaluation to the
short term and does not allow 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 a bias in the recruitment of HC patients
as it is possible that the patients sent to Santelys home health
care provider by the hospital teams might have a different (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
in the 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) indicate that 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 lower and baseline GRI was higher
in the CIRDIA out-of-hospital setting compared to the HC
setting, our results showed no significant differences in 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
choose to initiate 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, as it 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
findings.

From a policy perspective, the resources saved through
out-of-hospital CL initiation could be reallocated to
organizations such as the CIRDIA, which bring together highly
trained diabetologists 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.
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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 >18 y), 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 data for 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 “slight, lower” and 2.4% in the “slight, higher” risk categories. Only 0.8% were “moderate,
lower” risk, and none were in 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 due to small differences in glucose values close to the diagnostic cut-offs. The GTT@home device shows
promise for home testing of glucose tolerance in pregnant women.

(JMIR Diabetes 2026;11:e69695)   doi:10.2196/69695

KEYWORDS

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

Introduction

Gestational diabetes mellitus (GDM) is a common metabolic
disorder occurring in up to 10% of pregnancies in the Western
world [1]. Most women with GDM are asymptomatic, and
therefore, it is important to screen, diagnose, and manage the
condition, as it 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, in line with the National Institute for Health and Care
Excellence (NICE) guidelines, women with a high risk of GDM
are offered a 75-g oral glucose tolerance test (OGTT) at 24‐28
weeks gestation [2], with plasma glucose levels ≥ 5.6 mmol/l
or 2-hour plasma glucose levels ≥ 7.8 mmol/l being diagnostic
of GDM.

Unlike diabetes mellitus in the general population, where the
2-hour 75-g OGTT has largely been superseded by the
glycosylated hemoglobin level for diagnosis, the OGTT carried
out in a clinical setting is still the optimal test for use in
pregnancy. The glycosylated hemoglobin level is not 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 COVID-19 pandemic, changes to diagnosis
of GDM were forced on maternity services, with diagnosis being
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 slurry prior to centrifugation within 30min [12,13].
If a delay in centrifugation is anticipated, citrate tubes should
be used as citrate more rapidly inhibits glycolysis [12,13]. In
routine clinical practice, this is rarely carried out, which could
affect the diagnosis of GDM.

The GTT@home OGTT device is an electronic device that has
the potential to enable patients to 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 a reference laboratory analyzer (YSI 2300
stat Plus) [14]. It now needs to 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 Considerations
Women gave written informed consent to take part in the study.
Ethical approval was obtained from Health Research Authority

and Health 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 data were anonymized prior to analysis.
Participants received no compensation for taking part in this
study.

Participants
This performance evaluation study was carried out with women
presenting to the antenatal clinic at Neath Port Talbot Hospital
for a routine 75-g OGTT at approximately 24‐28 weeks of
gestation. Study participants (n=65) were female, aged >18
years, were at high risk for developing 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 a high
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
(Figure 1). The device consists of 2 glucose dehydrogenase test
strips (0 and 2-h) with user activated buttons. The test 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 repeat the
sampling process with 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,
a finger prick blood sample was collected using a finger 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 usual 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 hours following the glucose drink,
a second 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 allowed to leave the clinic.

The readings from the two sets of tests were generated
independently in different locations. Assessors were not able
to be influenced 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 kappa score of 0.61, a sample size of 65 patients was
required to achieve 80% power and a statistical significance of
0.05.

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

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 plasma glucose level ≥5.6 mmol/l and/or a 2-hour plasma
glucose level ≥7.8mmol/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/m2 (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; at 2 hours, it was +0.31 (-1.84/2.46)
mmol/L; and for all 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 “slight, lower” risk category, and 2.4% in the
“slight, higher” risk category. Only 0.8% were in the “moderate
lower” risk category, and there were no results in any of the
higher risk categories.

Table . Demographic characteristics.

RangeMean (SD)Demographic characteristic

19.0-41.029.6 (4.8)Age (y)

1.53-1.831.64 (0.1)Height (m)

40.0-148.089.3 (23.1)Weight (kg)

16.6-54.732.8 (7.6)BMI (kg/m2)
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Figure 2. Bias of 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).

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
close to the diagnostic thresholds, with one-third fasting plasma
glucose results and two-third 2-hour results within 0.2 mmol/L
of the respective cut-offs.

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.186https://diabetes.jmir.org/2026/1/e69695
(page number not for citation purposes)

Dunseath et alJMIR DIABETES

XSL•FO
RenderX

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


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

0.44 and negative predictive value of 0.96.

Table . Cross tabulation.

TotalGTT@home device

GDMbNGTa

Overall

55550NGT    Laboratory

642GDM

61952—c    Total

                                            0.457    kappa

Fasting

59257NGT    Laboratory

431GDM

63558—    Total

                                            0.641    kappa

2-hour

56452NGT    Laboratory

523GDM

61655—    Total

                                            0.301    kappa

aNGT: normal glucose tolerance.
bGDM: gestational diabetes mellitus.
cNot 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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Table . Positive and negative predictive values.

Negative predictive valuePositive predictive value

0.960.44Overall

0.980.6Fasting glucose

0.950.332-hour glucose

Discussion

Principal Findings and Comparison With Previous
Works
In pregnant women in a clinical 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 all glucose concentrations, and for both
fasting (+0.01 mmol/L) and 2-hour (+0.31 mmol/L) samples.
Comparison of the classification of glucose intolerance between
the GTT@home device and measurement using conventional
laboratory glucose analysis showed small differences in the
numbers of participants in the glucose intolerance 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 prevalence
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 al [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 results in 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 al
[20] showed an underdiagnosis rate of 62% due to the impact
of long delays in centrifugation for OGTT samples in 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 OGTTs could
affect the GDM diagnostic rates, observing an increase in the
rate of GDM from 11.6% to 20.6% by changing the process to
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 concentrations tested. 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 slightly more individuals as having GDM than the
laboratory method.

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

 

Acknowledgments
We are grateful to all the participants who took part in the study and the staff at Neath Port Talbot Hospital for undertaking
recruitment.

Funding
This clinical study was funded by Digostics Ltd.

Authors' Contributions
GJD, SDL, RP, and WYC designed the study. NJ, MC, MA, and RP were responsible for data collection. GJD, SDL, WYC, SNP,
and RP were responsible for data analysis. All authors contributed to drafting, reviewing and approving the final version of the
manuscript.

Conflicts of Interest
None declared.

JMIR Diabetes 2026 | vol. 11 | e69695 | p.189https://diabetes.jmir.org/2026/1/e69695
(page number not for citation purposes)

Dunseath et alJMIR DIABETES

XSL•FO
RenderX

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


References
1. Centers for Disease Control and Prevention. National diabetes fact sheet: general information and national estimates on

diabetes in the United States, 2007. : US Department of Health and Human Services, Centers for Disease Control and
Prevention; 2008 URL: https://stacks.cdc.gov/view/cdc/5613/cdc_5613_DS1.pdf [accessed 2026-01-28]

2. NICE guideline NG3 diabetes in pregnancy: management from preconception to the postnatal period. NICE. 2015 Feb 25.
URL: https://www.nice.org.uk/guidance/ng3 [accessed 2026-01-28]

3. van-de-l’Isle Y, Steer PJ, Watt Coote I, Cauldwell M. Impact of changes to national UK Guidance on testing for gestational
diabetes screening during a pandemic: a single-centre observational study. BJOG 2021 Apr;128(5):917-920. [doi:
10.1111/1471-0528.16482] [Medline: 32888369]

4. Curtis AM, Farmer AJ, Roberts NW, Armitage LC. Performance of guidelines for the screening and diagnosis of gestational
diabetes mellitus during the COVID-19 pandemic: a scoping review of the guidelines and diagnostic studies evaluating the
recommended testing strategies. Diabet Epidemiol Manag 2021;3:100023. [doi: 10.1016/j.deman.2021.100023] [Medline:
35072134]

5. Bonetti G, Cancelli V, Coccoli G, et al. Which sample tube should be used for routine glucose determination? Prim Care
Diabetes 2016 Jun;10(3):227-232. [doi: 10.1016/j.pcd.2015.11.003] [Medline: 26657574]

6. Norman M, Jones I. The shift from fluoride/oxalate to acid citrate/fluoride blood collection tubes for glucose testing - the
impact upon patient results. Clin Biochem 2014 May;47(7-8):683-685. [doi: 10.1016/j.clinbiochem.2014.01.011] [Medline:
24463230]

7. Gambino R, Piscitelli J, Ackattupathil TA, et al. Acidification of blood is superior to sodium fluoride alone as an inhibitor
of glycolysis. Clin Chem 2009 May;55(5):1019-1021. [doi: 10.1373/clinchem.2008.121707] [Medline: 19282354]

8. Lippi G, Nybo M, Cadamuro J, Guimaraes JT, van Dongen-Lases E, Simundic AM. Blood glucose determination: effect
of tube additives. Adv Clin Chem 2018;84:101-123. [doi: 10.1016/bs.acc.2017.12.003] [Medline: 29478513]

9. van Balveren JA, Huijskens MJ, Gemen EF, Péquériaux NC, Kusters R. Effects of time and temperature on 48 routine
chemistry, haematology and coagulation analytes in whole blood samples. Ann Clin Biochem 2017 Jul;54(4):448-462.
[doi: 10.1177/0004563216665868] [Medline: 27497436]

10. Bruns DE, Metzger BE, Sacks DB. Diagnosis of gestational diabetes mellitus will be flawed until we can measure glucose.
Clin Chem 2020 Feb 1;66(2):265-267. [doi: 10.1093/clinchem/hvz027] [Medline: 32040567]

11. Potter JM, Hickman PE, Oakman C, Woods C, Nolan CJ. Strict preanalytical oral glucose tolerance test blood sample
handling is essential for diagnosing gestational diabetes mellitus. Diabetes Care 2020 Jul;43(7):1438-1441. [doi:
10.2337/dc20-0304] [Medline: 32350020]

12. Sacks DB, Arnold M, Bakris GL, et al. Position statement executive summary: guidelines and recommendations for
laboratory analysis in the diagnosis and management of diabetes mellitus. Diabetes Care 2011 Jun;34(6):1419-1423. [doi:
10.2337/dc11-9997] [Medline: 21617111]

13. Sacks DB, Arnold M, Bakris GL, et al. Guidelines and recommendations for laboratory analysis in the diagnosis and
management of diabetes mellitus. Clin Chem 2023 Aug 2;69(8):808-868. [doi: 10.1093/clinchem/hvad080] [Medline:
37473453]

14. Dunseath GJ, Bright D, Jones C, Dowrick S, Cheung WY, Luzio SD. Performance evaluation of a self‐administered home
oral glucose tolerance test kit in a controlled clinical research setting. Diabet Med 2019 Jul;36(7):862-867. [doi:
10.1111/dme.13961] [Medline: 30972793]

15. Bland JM, Altman DG. Statistical methods for assessing agreement between two methods of clinical measurement. Lancet
1986 Feb 8;1(8476):307-310. [Medline: 2868172]

16. Klonoff DC, Lias C, Vigersky R, et al. The surveillance error grid. J Diabetes Sci Technol 2014 Jul;8(4):658-672. [doi:
10.1177/1932296814539589] [Medline: 25562886]

17. Altman DG, Bland JM. Diagnostic tests 2: Predictive values. BMJ 1994 Jul 9;309(6947):102. [doi: 10.1136/bmj.309.6947.102]
[Medline: 8038641]

18. Scheuer CM, Tvarnø CD, Gils C, et al. The impact of inter-laboratory glucose bias on the diagnosis of gestational diabetes
mellitus: comparison of common automated central laboratory methods. Clin Chim Acta 2023 Jun 1;546:117414. [doi:
10.1016/j.cca.2023.117414] [Medline: 37263535]

19. Jangam SR, Hayter G, Dunn TC. Impact of glucose measurement processing delays on clinical accuracy and relevance. J
Diabetes Sci Technol 2013 May 1;7(3):660-668. [doi: 10.1177/193229681300700311] [Medline: 23759399]

20. Jamieson EL, Spry EP, Kirke AB, Atkinson DN, Marley JV. Real-world gestational diabetes screening: problems with the
oral glucose tolerance test in rural and remote Australia. Int J Environ Res Public Health 2019 Nov 14;16(22):4488. [doi:
10.3390/ijerph16224488] [Medline: 31739513]

Abbreviations
GDM: gestational diabetes mellitus
NICE: National Institute for Health and Care Excellence
OGTT: oral glucose tolerance test

JMIR Diabetes 2026 | vol. 11 | e69695 | p.190https://diabetes.jmir.org/2026/1/e69695
(page number not for citation purposes)

Dunseath et alJMIR DIABETES

XSL•FO
RenderX

https://stacks.cdc.gov/view/cdc/5613/cdc_5613_DS1.pdf
https://www.nice.org.uk/guidance/ng3
http://dx.doi.org/10.1111/1471-0528.16482
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32888369&dopt=Abstract
http://dx.doi.org/10.1016/j.deman.2021.100023
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35072134&dopt=Abstract
http://dx.doi.org/10.1016/j.pcd.2015.11.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26657574&dopt=Abstract
http://dx.doi.org/10.1016/j.clinbiochem.2014.01.011
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24463230&dopt=Abstract
http://dx.doi.org/10.1373/clinchem.2008.121707
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19282354&dopt=Abstract
http://dx.doi.org/10.1016/bs.acc.2017.12.003
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29478513&dopt=Abstract
http://dx.doi.org/10.1177/0004563216665868
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27497436&dopt=Abstract
http://dx.doi.org/10.1093/clinchem/hvz027
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32040567&dopt=Abstract
http://dx.doi.org/10.2337/dc20-0304
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32350020&dopt=Abstract
http://dx.doi.org/10.2337/dc11-9997
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21617111&dopt=Abstract
http://dx.doi.org/10.1093/clinchem/hvad080
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37473453&dopt=Abstract
http://dx.doi.org/10.1111/dme.13961
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30972793&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2868172&dopt=Abstract
http://dx.doi.org/10.1177/1932296814539589
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25562886&dopt=Abstract
http://dx.doi.org/10.1136/bmj.309.6947.102
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=8038641&dopt=Abstract
http://dx.doi.org/10.1016/j.cca.2023.117414
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37263535&dopt=Abstract
http://dx.doi.org/10.1177/193229681300700311
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23759399&dopt=Abstract
http://dx.doi.org/10.3390/ijerph16224488
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31739513&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/


Edited by R Correa; submitted 05.Dec.2024; peer-reviewed by C Porter, SC Oglak; revised version received 30.Apr.2025; accepted
10.May.2025; published 11.Feb.2026.

Please cite as:
Dunseath GJ, Luzio SD, Cheung WY, Parsons SN, John N, Chokor M, Atkinson M, Peter R
Use of the GTT@home Oral Glucose Tolerance Test Kit in Gestational Diabetes Mellitus: Performance Evaluation Study
JMIR Diabetes 2026;11:e69695
URL: https://diabetes.jmir.org/2026/1/e69695 
doi:10.2196/69695

© Gareth J Dunseath, Stephen D Luzio, Wai Yee Cheung, Sharon N Parsons, Nicola John, Mahmoud Chokor, Michael Atkinson,
Rajesh Peter. Originally published in JMIR Diabetes (https://diabetes.jmir.org), 11.Feb.2026. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work, first published in JMIR
Diabetes, is properly cited. The complete bibliographic information, a link to the original publication on https://diabetes.jmir.org/,
as well as this copyright and license information must be included.

JMIR Diabetes 2026 | vol. 11 | e69695 | p.191https://diabetes.jmir.org/2026/1/e69695
(page number not for citation purposes)

Dunseath et alJMIR DIABETES

XSL•FO
RenderX

https://diabetes.jmir.org/2026/1/e69695
http://dx.doi.org/10.2196/69695
http://www.w3.org/Style/XSL
http://www.renderx.com/


Exploring the REACHOUT Mental Health Support App for Type
1 Diabetes From the Perspectives of Recipients and Providers of
Peer Support: Qualitative Study

Debbie Lam1, MSc; Poonamdeep Jhajj2, MD; Diana Sherifali3,4,5, RN, CDE, PhD; Frances S Chen6, PhD; Tricia S

Tang7, PhD, RPsych
1Experimental Medicine Program, Faculty of Medicine, University of British Columbia, Vancouver, BC, Canada
2Research Institute, BC Children’s Hospital, Vancouver, BC, Canada
3School of Nursing, Faculty of Health Sciences, McMaster University, Hamilton, ON, Canada
4Department of Health Research Methods, Evidence, and Impact, McMaster University, Hamilton, ON, Canada
5Heather M. Arthur Population Health Research Institute/Hamilton Health Sciences Chair in Inter-Professional Health Research, Hamilton, ON, Canada
6Department of Psychology, Faculty of Arts, University of British Columbia, Vancouver, BC, Canada
7Division of Endocrinology, Faculty of Medicine, University of British Columbia, 2775 Laurel Street, Vancouver, BC, Canada

Corresponding Author:
Tricia S Tang, PhD, RPsych
Division of Endocrinology, Faculty of Medicine, University of British Columbia, 2775 Laurel Street, Vancouver, BC, Canada

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 holistic understanding of the peer support
experience.

Objective: This study elicits the experiences of recipients and providers of support who participated in REACHOUT, a 6-month
peer-led mental health support intervention delivered via mobile app for adults with 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 previously 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
platforms including 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 a range 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 essential to refining interventions and optimizing digitally delivered mental health support models.

(JMIR Diabetes 2026;11:e72779)   doi:10.2196/72779
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Introduction

Peer support is a promising 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
interventions to be associated with improved clinical, behavioral,
and psychosocial (quality of life, perceived social support)
outcomes [5-8]. However, to better understand the processes
underlying these positive changes, it is important to explore the
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
is to 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].

In the era of digital health, peer support models in diabetes have
been made more accessible through the shift to virtual platforms
such as mobile apps. Such digital peer support programs are
especially 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
technology-mediated peer support for adults with diabetes found
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]. Generally, adolescents
with T1D experienced benefits in 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].
As T1D is a lifelong condition, it is important to offer ongoing
mental health support to adults living 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 adults with T1D
living in 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

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 sessions that 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 eligibility criteria for recipients were
as follows: (1) be diagnosed with T1D, (2) be at least 18 years
or older, (3) speak English, (4) have access to the internet and/or
a smartphone, (5) live in the interior region of British Columbia,
and (6) have a mean subscale score of ≥2 on the type 1 Diabetes
Distress Scale [36]. Peer supporters had similar requirements
with the exceptions of criteria 5 and 6. They also had to be
willing to complete a 6-hour training program. Training
components and competency evaluation are published elsewhere
[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-selected peer supporter, group texting support via the
24/7 chat room, and small group face-to-face support via video
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 emotional 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 female
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 experience in 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 codes were
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

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 developing 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 topics related to stress, social support, and social connection
and contributes a behavioral science perspective. DL and PJ are
early-career researchers with master’s and medical graduate
training. All authors are living 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) years living with diabetes. Most 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.

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

50 (16.4)48 (16.6)48 (16.3)Age (y), mean (SD)

23 (18.2)25 (18.5)24 (18.1)Diabetes duration (y), mean (SD)

11 (73)15 (88)26 (81)Women, n (%)

Marital status, n (%)

3 (20)6 (35)9 (28)    Never married

10 (67)10 (59)20 (63)    Married or living with a partner

2 (13)1 (6)3 (9)    Separated or divorced or Widow

Ethnicity, n (%)

0 (0)1 (6)1 (3)    Aboriginal

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

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

14 (93)15 (88)29 (91)    Caucasian

Education, n (%)

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

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

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

5 (33)7 (41)12 (38)    Graduate degree

Pretax household income (CAD $),
n (%)

3 (20)7 (41)10 (31)    <70,000 (approximately US
$50,505)

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

0 (0)5 (29)5 (16)    Declined to answer

Employment, n (%)

6 (40)6 (35)12 (38)    Full-time job

1 (7)5 (29)6 (19)    Part-time job

4 (27)2 (12)6 (19)    Retired

3 (20)4 (24)7 (22)    Other

1 (7)0 (0)1 (3)    Declined to answer

Themes
Four overarching themes were identified and related to
participants’ experiences in the peer support intervention and

on their user experience with the mobile app delivery (Table
2).
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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.

Both groupPeer supporterRecipientTheme

——aNeed for a sense of community and
belonging

• Giving and receiving uncondi-
tional support

• Reducing isolation in rural
communities

• Learning from real-life experi-
ences of T1D peers

—Factors to enhance the recipient-
peer supporter experience

•• Modality and frequency of
communication

Ability to select a peer support-
er

——Key aspects of the peer supporter
experience

• Supporting peer supporters in
their role

• Benefits of being a peer sup-
porter

• Challenges of being a peer
supporter

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

• Varied preferences in peer
support

• Adapting the mobile app to fit
user expectations

aNot 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 I
think it’s kind of brought me out a little bit too. Like
being able to be who I am and not be judged it’s like
– it’s just this community. Being able to kind of hop
into the chat and say, “Oh yeah this is what 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

higher side. I 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, I don’t feel so alone in the world.
[Recipient 6-3]

Subtheme B: Reducing Isolation in Rural Communities

Coming from rural and small communities across Interior 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 I knew, and
then going through the other parts of my life, I didn’t
have really anybody to talk to. [Recipient 4-2]

Although REACHOUT was a virtual intervention, participants
were comforted knowing that peers resided in nearby towns.
When browsing through the peer supporter library, participants
were able to identify the general 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, participants were not left to cope with the struggles
of T1D on their own.

I 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
in your little portion of the world. [Recipient 6-2]
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Subtheme C: Learning From Real-Life Experiences of 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 monitors daily. 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 elicit 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. I think that’s
invaluable, rather than just going to a doctor or
endocrinologist and just a medical professional,
which is still 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 still 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, I just felt
so alone, so this app has been – just knowing it’s there
has been huge. I’m kind of a classic introvert – I don’t
really go on and participate actively on it, but I do
on in and I read the conversations and just I love it.
Please don’t underestimate power of that because it’s
really been a big thing for me. [Peer supporter 7-2]

Theme 2: Factors to Enhance the Recipient-Peer
Supporter Experience
Factors related to one’s experience with REACHOUT were
largely dependent on the quality of the recipient-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.

According to some recipients, diabetes and management-related
factors weighed heavily into the selection process. For example,
some recipients were seeking a peer supporter who had been
living with diabetes for as long, if not longer, than themselves.
Others felt a greater kinship with peer supporters using the same
continuous glucose monitoring or insulin pump.

I looked at not necessarily insulin type, but just device
that they might be using. And for me, the Dexcom was
new so I wanted somebody who knew and used the
Dexcom. So that was some of my criteria when I
started to go through the list. I 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 I’ve been
on both injections and pump. So for me, mostly
activities and hobbies. And someone that liked to
travel as well, cause I always find that quite daunting
but I want to do more of that so yeah. I 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
also raising children. As expected, 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.

I picked someone who was in a similar life stage as
me, cause I’ve had diabetes for 30 years I 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 as they envisioned having a mentor who could provide
insight on what challenges to expect over time. Rarely did
recipients choose peer supporters who were much younger than
themselves.

Someone [who] was male, and older than me. So I
can relate to what they’re going through, and
someone who has had diabetes for longer than I have.
So it’s quite focused of what I was looking for. I 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 parties to observe facial expressions and body
language. Different communication methods were utilized for
different functions. Direct messaging, texting, and emails were
ideal for quick communication such as check-ins and meeting
coordination. If both parties were amenable to investing greater
effort and commitment, more substantial conversations took
place through video conferencing or phone calls.

Consistency formed the foundation of a strong recipient-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-time jobs or home responsibilities. Mid-intervention, many
acknowledged that the ideal schedule was contact once every
2 weeks.

I liked that it was once a week in the beginning. I
think it gave you a lot of opportunity to get to know
each other, tell each other your diagnosis story and
then from there on. I think I 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 a peer-led intervention is the peer supporters
who deliver mental health support. Although the goal of
REACHOUT was to provide support to recipients, the sustained
quality of the 6-month intervention provided opportunities for
peer supporters to be nurtured as well.

Subtheme A: Supporting Peer Supporters in Their Role
To function effectively in their role, peer supporters underwent
a 6-hour training. According to peer supporters, the most
instrumental training activity was “role-plays.” Not only did
role-plays allow trainees to practice newly developed skills, but
these simulated scenarios helped 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 personal 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

another. Moreover, these discussions fostered camaraderie
among peer supporters while navigating inherent challenges in
their support roles.

I think every [Wellness] session – I found important,
because there’s always something new that you can
take away. And then, if there’s a question that I have,
[I] can actually ask during those sessions. “Okay,
you know. Great. I’m on the right track,” you know
as well and then, “I’m following what I supposed to
be following and doing what I’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 altruism 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 supporters realized that their relationship with their
matched recipient was mutually beneficial. Not only did peer
supporters deliver emotional support, but recipients also 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-development.

[My recipient] was fairly newly diagnosed, within the
last year, and it’s been 11 years for me. I benefited a
lot from talking with her. It kind of re-engaged me in
diabetes. I think I realized I’ve been coasting, and I
needed to kind of re-engage, and I 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
supporters did not take it personally. Moreover, peer supporters
found it challenging to sustain consistent communication with
their recipients, especially in the last half of the intervention.
Peer supporters tried to understand their recipient’s perspectives
by acknowledging the demands of personal and professional
lives.

I found sending a text- something, I felt like I was
chasing her. And I 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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I didn’t bring up the underlying issues as much as I
would have expected, perhaps because I wasn’t quite
versed in how to bring those up. I didn’t know if it
was appropriate for me to kind of prod a little bit. […
] I felt a little 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 them to 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 professional and (2) providing a set of prepared
questions to ask when these situations arose.

I’m not gonna lie, I was a little bit stressed if this
person was really in distress, because I don’t know
if I was like, “Jeez, like I don’t know if I can be the
guy that’s going to help this person.” But I 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
Experience While Using the REACHOUT Mobile App
Participants (recipients and peer supporters) had four ways to
engage with others on the REACHOUT mobile app: (1) direct
messaging, (2) 24/7 chat room, (3) virtual happy hours, and (4)
virtual huddles.

Subtheme A: Varied Preferences in Peer Support
The 24/7 group chat room served as a central feature of the app
with a significant amount of activity. Most participants referred
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 messages to 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 I turned off the
notifications but then I got it out of the habit of
checking, so I missed a whole bunch of stuff, me and
my mentor were communicating through text, so I
didn’t really have to worry about going back into the
app. [Recipient 9-1]

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 a peer 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
disjointed. 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. This issue led to widespread frustration and confusion
among participants who lost access unexpectedly. Additionally,
there were bugs in the video feature, which made it 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.

I guess I went to log on the other day I wasn’t sure
when it ended, and I was quite sad when I didn’t have
access anymore, to go on and read the stuff I was
used to reading each day so that was kind of, that was
nice. Well, it wasn’t nice that I couldn’t get on but it
was nice, yeah. [Recipient 4-2]

Discussion

Principal Findings
This study explored recipients’and peer supporters’experiences
with and perspectives on REACHOUT, a peer-led mental health
support intervention for adults with T1D living in rural and
remote regions of British Columbia. Our results identified four
major themes: (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.

Comparison to Prior Work
Consistent with our findings, the need for community and
belonging, especially for geographically marginalized
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individuals, has also been reported in the literature. For instance,
a systematic review of 12 qualitative studies on health care
access for rural patients with chronic diseases found that a sense
of group connection in rural areas mitigates feelings of
vulnerability [43]. Similarly, Joensen et al [44] noted that while
a feeling of inclusion contributes to health promotion, it is often
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 personally relevant factors. This
choice-based model deserves consideration, as it may optimize
the recipient-peer supporter match [12,35]. Our data also suggest
that successful pairs often referred to one another as “friends,”
which supports the idea that effective emotional support is built
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 address the limitations inherent 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
recipients to 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 opportunities for 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 also
observed in an online community–based peer support forum
for in-hospital patients. This study 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.

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 a range of topics
not necessarily diabetes-specific. Nonetheless, 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 changes in outcomes
for both recipients and peer supporters. Clearly, peer support
fosters emotional well-being for both parties.

Ensuring ongoing support for peer supporters beyond the initial
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
frustrations in real time such as how 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. This may limit the representativeness of the original
REACHOUT cohort. While we 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
the rural and remote communities of Interior British Columbia;
therefore, the results may not be generalizable to other
geographically marginalized populations in BC or Canada.

Conclusions
Peer support is increasingly recognized as a critical 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: The global 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 impulse response
(IR) metrics reflect 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) spectral 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
basis function (SVM RBF) kernel—assessed the predictive value of individual and combined feature sets under NearMiss-1 (NM)
undersampling and Synthetic Minority Oversampling Technique oversampling. This systems-based framework may capture
subtle differences in respiratory-cardiac regulation associated with T2DM more effectively than HRV alone by reflecting integrated
cardiorespiratory coupling.

Results: Across classifiers and balancing strategies, IR 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 F1-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 F1-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 F1-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 F1-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 differences than 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

KEYWORDS

heart rate variability; frequency response function; impulse response; type 2 diabetes; diabetic autonomic neuropathy; machine
learning; cardiorespiratory coupling
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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
diabetes mellitus (T2DM). Diabetes is associated with a twofold
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], is a highly prevalent but frequently overlooked
microvascular complication, also found in prediabetic
individuals with metabolic syndrome [4]. Sörensen et al [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 contribute to later cardiovascular
complications in T2DM, supporting its role as a potential early
target for intervention.

Reduced heart rate variability (HRV) is an early sign of CAN
in individuals 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 al [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 provide insight into early physiological alterations in
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
a major limitation of CARTs is that 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 analysis offers important insights into
cardiovascular autonomic regulation, it is well known that
respiratory patterns influence HRV (eg, respiratory sinus
arrhythmia), potentially confounding cardiovascular autonomic
assessments. Different approaches have been proposed in the
literature to address this issue. One approach is to estimate the
frequency response function (FRF), or spectral transfer function,
between changes in respiration (as input) to variations in R-to-R
interval (RRI) (as output) [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

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 alone.

Since the cardiovascular and respiratory systems are inherently
interconnected in a closed-loop framework, a limitation of the
FRF approach is its 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 the interpretation 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 allows the output to depend explicitly on present
and past values of the input, but not future values, as well as
the inclusion of delays into 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, this is 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 regulatory 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 Medical 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 A1c, 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 lacked demographic (n=2) or clinical (n=8) information.

Table . Main characteristics of the groups.

P valueGroups, mean (SD)Variable

T2DMa (n=49)Control (n=21)

.6163.7 (8.1)64.6 (8.1)Age (y)

<.001b83.2 (15)68.6 (11.2)Mass (kg)

<.001b29.0 (5.1)24.2 (2.6)BMI

<.001b7.2 (1.4)5.4 (0.4)HbA1c
c (%)

<.001b825.8 (137.8)877.4 (144.9)RRId (ms)

aT2DM: type 2 diabetes mellitus.
bP≤.05 (data are mean [SD]).
cHbA1c: hemoglobin A1c.
dRRI: R-to-R interval.

Ethical Considerations
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 original protocols, participants were admitted to the
Clinical Research Center at BIDMC, where all study procedures
were conducted under medical supervision. Privacy and
confidentiality were maintained under IRB-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 identifiable information
is included.

This study used only publicly available, deidentified data and
did not involve direct contact with participants. Therefore, no
additional ethics approval or informed consent was required 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 the responsible
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)

HRV component, typically 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.

The original pooled dataset included 21 control subjects and 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 freely available
MATLAB-based software tool for evaluating autonomic nervous
system function through HRV and cardiorespiratory system
analysis. Key steps included detecting R-waves in the ECG
using a Pan-Tompkins-based algorithm [20] to obtain the RRI
time series and converting the airflow 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 Analysis of HRV
Spectral analysis of the resampled 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)
(0.15 to 0.4 Hz) [18] components of the RRI time series, as well
as the 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
HRVLF/HF(HRVLF/HRVHF) commonly interpreted as a
measure of “sympathovagal balance,” although this view has
been challenged [25-27].

System-Based Analyses in 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 gains indicating stronger modulation of
heart rate by respiratory oscillations [28]. In this study, we
calculated FRF gain values for LF and HF bands (|FRF|LF and
|FRF|HF, respectively) to quantify respiratory influences on
RRI. By analyzing 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 (tchar),
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 reveal 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
To distinguish T2DM subjects from controls, we used three ML
classifiers: logistic regression (LR), support vector machines
(SVMs) with linear kernels (SVM linear), and SVM with radial

basis function (SVM RBF kernels). We trained and tested these
classifiers using various feature sets—as described
below—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 causal
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 (c) IR metrics. To assess whether combining feature
sets could enhance classification performance, we created
additional feature groupings: (d) HRV+FRF metrics and (e)
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 develop 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 allowed 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 is commonly used to reduce bias toward 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. As a result, 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 class to match
the minority class, yielding 11 T2DM and 11 control subjects
(N=22 total). In contrast, SMOTE oversampling synthesized 7
new control samples, producing a balanced 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 features in our dataset span different units, all features
were standardized using z-score normalization (mean 0, SD 1).
This preprocessing step ensures that 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-wise isolation for stability in a small dataset.

Cross-Validation and Feature Correlation
Prior to model training, we performed correlation analysis within
each feature set to identify and exclude features with correlations
above 0.8. This minimized redundancy and mitigated
multicollinearity, promoting stable classification model
estimates and clearer interpretation of feature contributions
[36,37]. Applying this filtering 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
the risk of overfitting [38].

Performance Metrics and Evaluation
Each classifier’s performance was assessed via accuracy,
precision, sensitivity, specificity, F1-score, and area under the
receiver operating characteristic curve (AUC-ROC), averaged
across 5-fold cross-validation. Each metric offers unique insights
into different aspects of classifier performance:

• Accuracy measures the overall correctness of the classifier
by calculating 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 majority class dominates the metric.

• 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) reflects the 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 (false negatives) can be costly.

• Specificity assesses the model’s performance in correctly
identifying true negatives among all actual negatives (true
negatives + false positives), important for determining how
well the classifier avoids false positives.

• F1-score is the 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 ability to distinguish between classes, with a
higher AUC-ROC value 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 class imbalance 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 evaluated 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, SVM with linear kernel, and SVM with RBF
kernel).
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Table . Classification performance using unbalanced data (all samples)a.

AUC-ROCb, mean
(SD)

F1-score, mean
(SD)

Specificity, mean
(SD)

Recall, mean (SD)Precision, mean
(SD)

Accuracy, mean
(SD)

Feature set and
classifier, mean
(SD)

HRVc

0.525 (0.130)0.610 (0.192)0.100 (0.224)0.750 (0.354)0.553 (0.077)0.487 (0.152)    LRd

0.428 (0.208)0.718 (0.098)0.100 (0.224)0.900 (0.224)0.620 (0.073)0.587 (0.084)    SVMe linear

0.617 (0.311)0.718 (0.098)0.100 (0.224)0.900 (0.224)0.620 (0.073)0.587 (0.084)    SVM RBFf

FRFg

0.606 (0.268)0.692 (0.201)0.233 (0.325)0.800 (0.298)0.627 (0.128)0.613 (0.168)    LR

0.533 (0.326)0.744 (0.099)0.067 (0.149)0.933 (0.149)0.620 (0.073)0.620 (0.073)    SVM linear

0.464 (0.137)0.744 (0.099)0.067 (0.149)0.933 (0.149)0.620 (0.073)0.620 (0.073)    SVM RBF

IRh

0.372 (0.205)0.773 (0.060)0.200 (0.447)0.933 (0.149)0.700 (0.183)0.660 (0.106)    LR

0.575 (0.205)0.747 (0.073)0.100 (0.224)0.933 (0.149)0.633 (0.075)0.620 (0.073)    SVM linear

0.700 (0.126)0.763 (0.058)0.000 (0.000)1.000 (0.000)0.620 (0.073)0.620 (0.073)    SVM RBF

aPerformance 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.
dLR: logistic regression.
eSVM: support vector machine.
fRBF: radial basis function.
gFRF: frequency response function.
hIR: impulse response.

Upon analyzing the classification performance metrics obtained
for the individual 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; LR), precision (0.700,
SD 0.183; LR), recall (0.933, SD 0.149; LR and SVM linear),
and F1-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 a recall of 0.933
(SD 0.149). The LR classifier exhibited the highest precision
(0.700, SD 0.183) and F1-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

T2DM, hindering accurate classification of negative samples.
This underscores the importance of using appropriate strategies
to address data imbalance for improved model performance.

Impact of NearMiss-1 Undersampling 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 F1-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
metrics in this scenario.
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Table . Comparison of performance metrics across feature sets and classifiers using NearMiss-1 (NM) undersampling (individual features)a.

AUC-ROCb, mean
(SD)

F1-score, mean
(SD)

Specificity, mean
(SD)

Recall, mean (SD)Precision, mean
(SD)

Accuracy, mean
(SD)

Feature set and
classifier

HRVc

0.767 (0.224)0.783 (0.158)0.567 (0.253)0.733 (0.435)0.567 (0.365)0.640 (0.272)    LRd

0.767 (0.224)0.765 (0.190)0.567 (0.253)0.900 (0.224)0.683 (0.207)0.730 (0.192)    SVMe linear

0.767 (0.224)0.765 (0.190)0.567 (0.253)0.900 (0.224)0.683 (0.207)0.730 (0.192)    SVM RBFf

FRFg

0.533 (0.298)0.628 (0.230)0.400 (0.418)0.767 (0.325)0.580 (0.239)0.560 (0.251)    LR

0.667 (0.204)0.752 (0.173)0.300 (0.447)1.000 (0.000)0.630 (0.244)0.640 (0.251)    SVM linear

0.500 (0.373)0.752 (0.173)0.300 (0.447)1.000 (0.000)0.630 (0.244)0.640 (0.251)    SVM RBF

IRh

0.700 (0.447)0.798 (0.140)0.633 (0.415)0.900 (0.224)0.783 (0.217)0.770 (0.179)    LR

0.767 (0.253)0.731 (0.163)0.200 (0.447)1.000 (0.000)0.600 (0.235)0.600 (0.235)    SVM linear

0.733 (0.308)0.654 (0.178)0.367 (0.415)0.700 (0.447)0.525 (0.145)0.540 (0.185)    SVM RBF

aPerformance metrics of balanced datasets using individual features (HRV, FRF, or IR), by applying NM undersampling.
bAUC-ROC: area under the receiver operating characteristic curve.
cHRV: heart rate variability.
dLR: logistic regression.
eSVM: support vector machine.
fRBF: radial basis function.
gFRF: frequency response function.
hIR: impulse 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)a.

AUC-ROCb, mean
(SD)

F1-score, mean
(SD)

Specificity, mean
(SD)

Recall, mean (SD)Precision, mean
(SD)

Accuracy, mean
(SD)

Feature set and
classifier

HRVc

0.654 (0.169)0.547 (0.171)0.500 (0.373)0.617 (0.361)0.619 (0.230)0.550 (0.167)    LRd

0.717 (0.162)0.673 (0.130)0.383 (0.274)0.833 (0.236)0.586 (0.114)0.607 (0.164)    SVMe linear

0.683 (0.190)0.639 (0.136)0.567 (0.435)0.683 (0.207)0.686 (0.288)0.604 (0.192)    SVM RBFf

FRFg

0.408 (0.264)0.523 (0.187)0.250 (0.250)0.633 (0.280)0.450 (0.132)0.446 (0.215)    LR

0.300 (0.326)0.592 (0.069)0.250 (0.306)0.633 (0.375)0.380 (0.217)0.446 (0.074)    SVM linear

0.233 (0.320)0.623 (0.097)0.200 (0.209)0.683 (0.410)0.394 (0.229)0.450 (0.133)    SVM RBF

IRh

0.629 (0.193)0.520 (0.190)0.517 (0.291)0.600 (0.379)0.587 (0.250)0.529 (0.156)    LR

0.771 (0.062)0.708 (0.038)0.267 (0.181)0.950 (0.112)0.569 (0.041)0.611 (0.062)    SVM linear

0.692 (0.216)0.615 (0.146)0.417 (0.328)0.617 (0.439)0.434 (0.247)0.532 (0.088)    SVM RBF

aPerformance 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.
dLR: logistic regression.
eSVM: support vector machine.
fRBF: radial basis function.
gFRF: frequency response function.
hIR: impulse response.

Notably, applying NM undersampling improved specificity
across all 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) while reducing
false positives.

The SVM linear and SVM RBF models tended to show higher
accuracy and recall than the LR classifier for the HRV and FRF
feature sets, although their F1-scores were not consistently
higher. For the IR feature set, the LR classifier generally
produced metrics that were equal to or slightly 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 advantages in certain cases.
Overall, 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 across all feature
sets compared to the unbalanced dataset. Within this setting,
IR features frequently 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 all classifiers. The SVM linear classifier achieved the
highest accuracy (0.611, SD 0.062), recall (0.950, SD 0.112),

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).

The HRV features produced the next highest metric values, with
the SVM RBF model showing the highest precision (0.686, SD
0.288) and specificity (0.567, SD 0.435). Both SVM models
showed comparable F1-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 slightly lower overall metrics relative
to the SVM models.

The FRF feature set, however, showed lower overall
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 SVM
RBF model demonstrated high recall but tended to have lower
precision and F1-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 balancing improved specificity and overall
classification reliability over the unbalanced dataset. The
combination of IR features with the SVM 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.

Comparative Effectiveness of Nearmiss-1 and SMOTE
for Classifier Performance on 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 F1-score (0.798, SD 0.140)
compared to LR (SMOTE), which showed lower recall (0.600,
SD 0.379) and F1-score (0.520, SD 0.19).

The recall and F1-scores of the SVM linear model using
balanced data from either NM or SMOTE strategies were mostly
similar, suggesting comparable performance of the two
balancing methods for this classifier. While SVM RBF (NM)
showed slightly better recall and F1-score than SVM RBF
(SMOTE), the differences were marginal due to the high
variability in the results.

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 F1-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 also 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 all 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
generally showed the strongest performance patterns across
models, with comparatively higher accuracy, precision, recall,
and F1-score relative to the combined feature sets in this setting.

Tables 6 and 7 show a comparison of performance metrics for
the combined HRV+FRF and HRV+IR feature sets, along with
those for the individual IR feature set, using NM undersampling
and SMOTE oversampling, respectively.

JMIR Diabetes 2026 | vol. 11 | e82084 | p.213https://diabetes.jmir.org/2026/1/e82084
(page number not for citation purposes)

Oliveira et alJMIR DIABETES

XSL•FO
RenderX

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


Table . Comparison of performance metrics for combined feature sets (HRVa+FRFb, HRV+IRc) and individual lR feature set using unbalanced datad.

AUC-ROCe, mean
(SD)

F1-score, mean
(SD)

Specificity, mean
(SD)

Recall, mean (SD)Precision, mean
(SD)

Accuracy, mean
(SD)

Feature set and
classifier

HRV+FRF

0.469 (0.291)0.730 (0.109)0.233 (0.325)0.700 (0.447)0.520 (0.292)0.553 (0.141)    LRf

0.422 (0.248)0.714 (0.219)0.167 (0.236)0.867 (0.298)0.613 (0.173)0.620 (0.182)    SVMg linear

0.656 (0.374)0.661 (0.208)0.067 (0.149)0.800 (0.298)0.567 (0.149)0.547 (0.166)    SVM RBFh

HRV+IR

0.467 (0.302)0.687 (0.124)0.100 (0.224)0.833 (0.236)0.600 (0.091)0.553 (0.141)    LR

0.492 (0.298)0.720 (0.073)0.100 (0.224)0.883 (0.162)0.620 (0.073)0.587 (0.084)    SVM linear

0.597 (0.284)0.701 (0.098)0.000 (0.000)0.883 (0.162)0.587 (0.084)0.547 (0.117)    SVM RBF

IR

0.372 (0.205)0.773 (0.060)0.200 (0.447)0.933 (0.149)0.700 (0.183)0.660 (0.106)    LR

0.575 (0.205)0.747 (0.073)0.100 (0.224)0.933 (0.149)0.633 (0.075)0.620 (0.073)    SVM linear

0.700 (0.126)0.763 (0.058)0.000 (0.000)1.000 (0.000)0.620 (0.073)0.620 (0.073)    SVM RBF

aHRV: heart rate variability.
bFRF: frequency response function.
cIR: impulse response.
dPerformance metrics using 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.
eAUC-ROC: area under the receiver operating characteristic curve.
fLR: logistic regression.
gSVM: support vector machine.
hRBF: radial basis function.
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Table . Comparison of performance metrics for combined feature sets (HRVa+FRFb, HRV+IRc) and individual IR set, using NearMiss-1 (NM) balanced

datad.

AUC-ROCe, mean
(SD)

F1-score, mean
(SD)

Specificity, mean
(SD)

Recall, mean (SD)Precision, mean
(SD)

Accuracy, mean
(SD)

Feature set and
classifier

HRV+FRF

0.667 (0.295)0.733 (0.221)0.533 (0.361)0.833 (0.236)0.667 (0.236)0.680 (0.280)    LRf

0.767 (0.253)0.773 (0.060)0.533 (0.075)0.933 (0.149)0.667 (0.000)0.730 (0.076)    SVMg linear

0.800 (0.274)0.853 (0.145)0.733 (0.253)0.933 (0.149)0.800 (0.183)0.830 (0.172)    SVM RBFh

HRV+IR

0.783 (0.298)0.693 (0.300)0.700 (0.447)0.667 (0.312)0.767 (0.325)0.680 (0.344)    LR

0.800 (0.274)0.760 (0.146)0.633 (0.415)0.833 (0.236)0.767 (0.224)0.730 (0.192)    SVM linear

0.667 (0.312)0.720 (0.073)0.533 (0.361)0.833 (0.236)0.700 (0.183)0.680 (0.125)    SVM RBF

IR

0.700 (0.447)0.798 (0.140)0.633 (0.415)0.900 (0.224)0.783 (0.217)0.770 (0.179)    LR

0.767 (0.253)0.731 (0.163)0.200 (0.447)1.000 (0.000)0.600 (0.235)0.600 (0.235)    SVM linear

0.733 (0.308)0.654 (0.178)0.367 (0.415)0.700 (0.447)0.525 (0.145)0.540 (0.185)    SVM RBF

aHRV: heart rate variability.
bFRF: frequency response function.
cIR: impulse response.
dPerformance metrics using 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.
eAUC-ROC: area under the receiver operating characteristic curve.
fLR: logistic regression.
gSVM: support vector machine.
hRBF: radial basis function.
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Table . Comparison of performance metrics for combined feature sets (HRVa+FRFb, HRV+IRc) and individual IR set, using Synthetic Minority

Oversampling Technique (SMOTE)–balanced datad.

AUC-ROCe, mean
(SD)

F1-score, mean
(SD)

Specificity, mean
(SD)

Recall, mean (SD)Precision, mean
(SD)

Accuracy, mean
(SD)

Feature set and
classifier

HRV+FRF

0.446 (0.156)0.444 (0.220)0.350 (0.253)0.550 (0.411)0.422 (0.137)0.421 (0.183)    LRf

0.567 (0.231)0.680 (0.073)0.283 (0.046)0.900 (0.137)0.553 (0.077)0.586 (0.078)    SVMg linear

0.600 (0.279)0.646 (0.105)0.683 (0.207)0.483 (0.291)0.583 (0.373)0.586 (0.192)    SVM RBFh

HRV+IR

0.688 (0.201)0.686 (0.146)0.617 (0.112)0.733 (0.181)0.650 (0.137)0.671 (0.139)    LR

0.729 (0.116)0.690 (0.135)0.317 (0.335)0.900 (0.137)0.581 (0.180)0.589 (0.200)    SVM linear

0.742 (0.139)0.691 (0.097)0.750 (0.306)0.683 (0.207)0.783 (0.217)0.700 (0.128)    SVM RBF

IR

0.629 (0.193)0.520 (0.190)0.517 (0.291)0.600 (0.379)0.587 (0.250)0.529 (0.156)    LR

0.771 (0.062)0.708 (0.038)0.267 (0.181)0.950 (0.112)0.569 (0.041)0.611 (0.062)    SVM linear

0.692 (0.216)0.615 (0.146)0.417 (0.328)0.617 (0.439)0.434 (0.247)0.532 (0.088)    SVM RBF

aHRV: heart rate variability.
bFRF: frequency response function.
cIR: impulse response.
dPerformance metrics using 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.
eAUC-ROC: area under the receiver operating characteristic curve.
fLR: logistic regression.
gSVM: support vector machine.
hRBF: radial basis function.

In NM balanced datasets, the combined HRV+FRF feature set
yielded higher values than the individual IR feature set in
accuracy (0.830, SD 0.172 vs 0.770, SD 0.179), precision
(0.800, SD 0.183 vs 0.783, SD 0.217), and F1-score (0.853, SD
0.145 vs 0.798, SD 0.140) for the SVM RBF classifier.
HRV+FRF also produced higher metric values than HRV alone
across all metrics for SVM RBF (accuracy: 0.830, SD 0.172 vs
0.730, SD 0.192; precision: 0.800, SD 0.183 vs 0.683, SD 0.207;
and F1-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 slightly better recall (0.950, SD
0.112 vs 0.900, SD 0.137) and F1-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 recall (0.900, SD 0.137) and a comparable F1-score
(0.690, SD 0.135), indicating effective classification sensitivity.
The LR model produced moderate metrics with HRV+IR

(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 simpler models.

In summary, the combined feature sets improved overall
classification performance in the SMOTE-balanced 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 performance as an individual
feature set, particularly in terms of recall and F1-score with
SVM linear. Combining IR with HRV offered performance
improvements in the SMOTE-balanced scenario and more
modest gains with NM. In general, combined feature sets tended
to show enhanced performance relative to the unbalanced
datasets, particularly when SMOTE was used.

SMOTE tended to increase recall and overall sensitivity,
especially for SVM linear, whereas NM produced higher
specificity and F1-scores. These patterns suggest that the choice
of sampling technique should be guided by the classification
goals and the clinical importance of false positives versus false
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 slightly higher accuracy,
specificity, F1-score, and AUC-ROC than IR alone, 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 F1-score (0.018) in that setting, without added feature
complexity.

Although combined feature sets offered incremental benefits in
several cases, selecting among them should weigh these gains
against increased model complexity and limited sample size.
For applications where accuracy and precision are emphasized,
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 a practical alternative. Overall, these findings represent
hypothesis-generating patterns that may guide future analysis
in larger and more diverse cohorts.

Discussion

Overview of Findings
This study investigated the effectiveness of various feature sets,
classification models, and data balancing techniques for
distinguishing individuals with and without T2DM. The findings
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, this is the 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 individuals with 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, this is the first
study to evaluate IR metrics in this setting, providing
preliminary evidence that motivates further validation in larger
and clinically characterized cohorts.

Similarly, Marmarelis et al [39] used IR estimation methods to
model the causal, directional influences of arterial blood pressure
and CO2 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 (indicating weakened regulatory responses)
for both arterial blood pressure-to-CBV and CO2-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 alone. These patterns likely reflect the
complementary physiological information captured by the
different domains: 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 also 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 causal, 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 value of model-based approaches for 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, improvements with combined feature sets may 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
F1-scores, refining class distinction by retaining T2DM (the
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majority class) instances closest to the opposite class. This is
particularly important for imbalanced datasets where negative
class identification 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
gains were less consistent. SMOTE’s synthetic samples are not
tailored to emphasize the decision boundary and may lead to
overlap between classes and, consequently, a reduced 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 0: 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 SVM RBF with SMOTE, despite gains in
classes 0 and 2). In contrast, when LR was used as the classifier,
recall was substantially higher using NM balancing compared
to SMOTE, with NM outperforming SMOTE across all
classes—substantial gains in class 1 (prediabetic, the minority
class, +0.40) and smaller improvements in 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
selecting a balancing 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, where the aim is often to identify individuals 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 occasionally
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
The findings 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

adaptability not fully represented by traditional HRV and FRF
metrics. In this context, reductions in IR measures may indicate
changes in RCC that warrant further investigation in larger
cohorts.

Across classifiers and balancing strategies, the generally strong
performance of the IR feature set indicates that modeling causal,
time-domain dynamics can provide useful discriminatory
information when exploring how T2DM relates to autonomic
and cardiorespiratory regulation. The integration of static (HRV
and FRF) and dynamic (IR) metrics offers a preliminary
multivariate perspective on physiological regulation in 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 alterations, metabolic factors, or other
T2DM-related mechanisms.

Limitations
While this study provides valuable insights into the classification
of T2DM using various feature sets, classifiers, and data
balancing techniques, several limitations should be noted.

A primary limitation is the 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,
correlation-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 influence respiratory 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 factors rather than group
differences alone. 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 analysis, 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. This introduces a degree
of information leakage and may partially contribute to the
variability observed in some performance metrics. Such
variability is also expected given the modest sample size, where
each fold contains relatively few test samples, making
sensitivity, specificity, and F1-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 once to the full 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 a small 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 lead to mildly
optimistic performance estimates. Future work with larger
cohorts will enable fold-wise filtering and more sophisticated
assessments of feature redundancy (eg, variance inflation factor,
mutual information, principal 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 the clinical 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 standalone instrumentation systems
that are both portable and low-cost, capable of simultaneously
measuring ECG and respiration signals. Examples of such
systems include 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 via impedance. These systems
offer user-friendly interfaces and affordability, potentially
reducing barriers to adoption in clinical practice.

It should be acknowledged that BMI is a known modulator of
autonomic regulation. 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. The goal of this analysis

was to examine the mechanistic and discriminative value of the
physiological features (HRV, FRF, and IR) rather than to 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 the independent contributions of adiposity
and diabetes.

Moreover, because HRV, FRF, and IR feature domains are all
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 standalone 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 SVM 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 1 2 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 al
[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
individuals with 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 al [44] despite using resting data alone. These findings suggest
that causal, time-domain representations of respiratory-cardiac
interactions may capture physiological distinctions between
T2DM and control groups that are not fully reflected in resting
HRV or noncausal FRF metrics.

Our modeling framework also differs from Rathod et al [44] in
its use of LR and SVM classifiers rather than a CART model.
CART provides explicit, rule-based decision pathways that 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.

Finally, 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 models applied
to ECG-derived signals, though often at the cost of
interpretability. Swapna et al [45] used a hybrid deep neural
network combining a convolutional neural network–long
short-term memory (CNN–LSTM) using RRI time series
(derived from ECG signals) as input, 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

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 metrics lies in 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 potential value of dynamic
cardiorespiratory metrics—particularly IR features—for
distinguishing individuals with 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 these features relate
to clinically meaningful autonomic regulation and to evaluate
their broader translational 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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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
approaches for predicting glycemic response to sulfonylurea therapy using routine clinical data, and to assess model 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 models was trained
to predict the continuous change in hemoglobin A1c (HbA1c) levels and the achievement of HbA1c <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 R² 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 β-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 R² (0.445) and lowest root mean squared
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 CIs overlapping those of other models. Across all
models, baseline HbA1c was consistently the primary predictor, explaining the majority of the variance. SHAP analyses confirmed
that baseline HbA1c, 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 (β=−3.2 mmol/mol per log(C-peptide); P<.001).

Conclusions: In this large, population-based cohort, ML models did 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 interactions in routine clinical data and that available features may not capture sufficient biological heterogeneity for
complex models to confer added benefit. The inclusion of a C-peptide subset provides additional mechanistic insight by linking
preserved β-cell function with treatment response.

(JMIR Diabetes 2026;11:e82635)   doi:10.2196/82635
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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 response is 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 β-cells, the degree of preserved
β-cell function, often estimated by circulating connecting peptide
(C-peptide) [5], may influence treatment response. However,
such markers are rarely available in real-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 AI, 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 sulfonylureas in patients with type 2 diabetes. These models
are compared with standard linear and logistic regression for
continuous (change in hemoglobin A1c [HbA1c]) and binary
(achievement of HbA1c <58 mmol/mol) outcomes. Analyses
were conducted using a large real-world cohort from the
GoDARTS (Genetics of Diabetes Audit and Research in Tayside
Scotland) study, including a biologically informative subset
with C-peptide measurements to assess the contribution of β-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]. This analysis allowed us to determine whether ML-derived
feature importance aligns with the predictors identified by
traditional regression approaches, providing insight into clinical

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 individuals with diabetes in Tayside and
Fife. The inclusion criteria included patients with type 2 diabetes
who initiated sulfonylurea therapy (either as monotherapy or
in combination), had a baseline HbA1c measurement (defined
as the closest value within 183 days before to 7 days after
treatment initiation), and a follow-up HbA1c measurement after
a 1-year period. The 183-day window was selected to balance
data availability and clinical relevance. For this analysis, only
2 HbA1c 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 Health Informatics Centre, with analysis of
anonymized data performed in an ISO27001 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 analysis of anonymised
routine healthcare data does not require additional participant
consent or compensation.

Baseline Predictor Variables
Baseline clinical features included age, sex, HbA1c, BMI, total
cholesterol, 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
relevance to glycemic outcomes [12]. Except for baseline HbA1c

(as defined above), all measurements were defined as the closest
recorded value within 2 years before to 90 days after
sulfonylurea initiation.

To estimate average daily sulfonylurea dose, 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 (HbA1c), measured in millimoles per mole,
from baseline (at the time of sulfonylurea initiation) to the
follow-up measurement closest to 12 months, within a window
of 6-15 months.

The binary outcome was defined as whether a patient achieved
a follow-up HbA1c level below 58 mmol/mol.

Data Preparation
To ensure consistency and compatibility with ML models,
several preprocessing steps were applied. Continuous variables
with skewed distributions underwent log transformation to
approximate a normal distribution [13], enhancing model
stability and reducing the influence of extreme values. Following
this, all continuous predictors, including laboratory test results
and physiological measurements, were scaled to a range between
0 and 1 using min-max normalization [14]. This rescaling placed
variables on a uniform scale, which is particularly important
for algorithms like NNs that 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 Imputation and Collinearity Assessment
Patients missing either baseline or follow-up HbA1c

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). Five imputed 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’s rules [16].

Collinearity among predictors was evaluated using variance
inflation factors (VIFs) [17]. Predictors with 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 analyses were 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 HbA1c <58 mmol/mol. Of the 7557
individuals included, 3818 achieved the target, and 3739 did
not.

Residualization of Baseline HbA1c

To disentangle treatment response from baseline glycemia,
change in HbA1c was regressed on baseline HbA1c. The residuals
from this model were used as outcomes for ML analyses. This
allowed the identification of predictors influencing glycemic
response independent of baseline HbA1c 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 residual error [22].

4. NNs: A conventional feedforward NN (multilayer
perceptron) trained using resilient backpropagation.
Comprising layers of interconnected neurons, NNs excel
at 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 performance in
clinical applications [25-27].

Model Implementation
For model development, a 2-stage validation framework
combining cross-validation and a held-out test set was used.
The data were randomly split into a 70% training set and a 30%
held-out test set. Within the training 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 4 in Multimedia Appendix 1, respectively. All preprocessing
and modeling code is publicly available on GitHub [28].

Feature Importance
To identify 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 because it 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.
This unified approach supported consistent evaluation of feature
relevance across models and enhanced clinical interpretability.
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Performance 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: area under 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 R² value provided an overall measure of model

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 compare their 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 HbA1c 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 HbA1c was 76.5 (SD 16.7) mmol/mol (Table 1).
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Table . Baseline demographic and clinical characteristics of the study population.

Sulfonylurea cohort (N=7557)Clinical variable

63.7 (11.8)Age at therapy initiation (y), mean (SD)

Sex, n (%)

4377 (57.9)    Male

3180 (42.1)    Female

Average daily dose, n (%)

1844 (24.4)    Low

3822 (50.6)    Medium

1891 (25)    High

4.96 (4.49)Duration of diabetes (y), mean (SD)

Duration of diabetes, n (%)

1416 (18.7)    0‐1 years

3099 (41)    1‐5 years

3042 (40.3)    >5 years

11.4 (2.2)Time of treatment (mo), mean (SD)

21.3 (29.1)Time from baseline HbA1c
a measurement to treatment start (d), mean

(SD)

2010 (6.12)Year of drug start, mean (SD)

31.3 (6.3)BMI (kg/m2), mean (SD)

4.5 (1.2)Total cholesterol (mmol/L), mean (SD)

1.2 (0.3)HDLb cholesterol (mmol/L), mean (SD)

80.3 (27.4)Serum creatinine (µmol/L), mean (SD)

42.2 (4.0)Albumin (g/L), mean (SD)

9.9 (5.2)Bilirubin (µmol/L), mean (SD)

89.5 (42.1)Alkaline phosphatase (U/L), mean (SD)

34.2 (24.4)ALT/SGPTc (U/L), mean (SD)

4.4 (0.4)Potassium (mmol/L), mean (SD)

137 (17.4)Systolic blood pressure, mean (SD)

Smoking status, n (%)

5628 (74.5)    Ever smoked—yes

1870 (24.7)    Ever smoked—no

59 (0.8)    Ever smoked—unknown

Therapy group, n (%)

2508 (33.2)    Mono

4251 (56.3)    Dual

798 (10.6)    Triple

Index of multiple deprivation quintile, n (%)

1583 (16.5)    1 (most deprived)

1609 (21.3)    2

1497 (19.8)    3

1396 (18.5)    4

1246 (16.5)    5 (least deprived)
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Sulfonylurea cohort (N=7557)Clinical variable

226 (3.0)    Unknown

Ethnicity, n (%)

5696 (75.4)    White

259 (3.4)    Others/mixed

1602 (21.2)    Missing

Region, n (%)

5965 (78.9)    Tayside

1592 (21.1)    Fife

76.5 (16.7)Baseline HbA1c (mmol/mol), mean (SD)

61.1 (15.4)HbA1c outcome (mmol/mol) (treatment HbA1c), mean (SD)

–15.4 (18)HbA1c response (change from baseline; mmol/mol), mean (SD)

aHbA1c: hemoglobin A1c.
bHDL: high-density lipoprotein.
cALT/SGPT: alanine aminotransferase/serum glutamate pyruvate transaminase.

Associations Between Clinical Covariates and
Treatment Response
A linear regression model was fit to assess the relationship
between clinical variables and the change in HbA1c, defined as
the difference between baseline HbA1c and follow-up values
(ie, change=treatment–baseline HbA1c). A negative change in
HbA1c 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 this model. The model demonstrated satisfactory fit, with an
R² value of 0.41 and a significant F-statistic (222.2; P<.001).

The linear regression analysis identified several clinical variables
significantly associated with the change in HbA1c among
individuals treated with sulfonylureas. Older age and higher
baseline HbA1c were associated with greater HbA1c reductions
(negative coefficients), indicating more favorable responses. In
contrast, a higher BMI 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 slightly better
response to sulfonylurea treatment than female participants.

These associations are illustrated in Figure 1, which presents a
forest plot of the linear regression coefficients and CIs,
highlighting the magnitude and direction of each predictor’s
effect on HbA1c change.
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Figure 1. Forest plot showing regression coefficients and 95% CIs for predictors of change in hemoglobin A1c (HbA1c). Points represent model estimates
and horizontal lines indicate 95% CIs. ALT: alanine aminotransferase; SGPT: alanine aminotransferase/serum glutamate pyruvate transaminase; T2D:
type 2 diabetes. *P<.05; **P<.01; ***P<.001.

C-Peptide Analysis
In a subset of 2361 individuals with nonfasting C-peptide data,
higher C-peptide levels were strongly associated with greater
reductions in HbA1c at 12 months (linear regression: β=−3.2
mmol/mol per log(C-peptide); P<.001). This finding suggests
that preserved endogenous insulin secretion contributes to more
favorable treatment outcomes.

ML Model Performance for Continuous Outcome
For the continuous outcome of predicting changes in HbA1c,
several models were evaluated. The results indicate that the
BART model exhibited the lowest RMSE of 0.105 (21%) and

the lowest mean absolute error of 0.079 (16.1%), highlighting
its effective performance in estimating continuous changes.
XGBoost and NNs also performed comparably, with RMSE
values of 0.106.

On the original HbA1c scale, this corresponds to 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 R2 across all models
were minimal, indicating that while BART performed slightly
better, the performance of all models was relatively comparable
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(Table 2). The similar R2 and RMSE values further suggest that no single model stands out significantly.

Table . Regression model performance metrics (root mean squared error [RMSE], mean absolute error [MAE], and R²) for continuous outcome prediction

across all 6 modelsa.

R 2MAERMSEModels

0.4340.080.106Linear regression

0.4240.0820.108RFb

0.4380.0790.106SVMc

0.4330.080.106XGBoostd

0.4270.0810.106NNe

0.4450.0790.105BARTf

aRMSE is shown as the normalized values.
bRF: random forest.
cSVM: support vector machine.
dXGBoost: extreme gradient boosting.
eNN: neural network.
fBART: 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 RMSE 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 HbA1c Change

A sensitivity analysis was performed to evaluate predictors of
HbA1c change independent of baseline glycemia. Across all

models, the maximum R2 value decreased to 0.05, indicating
that only ~5% of the residual variance in 12-month HbA1c

response was explained by routine clinical features after
removing the effect of baseline HbA1c.

The performance metrics from this analysis further indicated

that the RMSE and R2 values remained consistent across most
models (Table 3). However, XGBoost and BART showed poorer

performance, with high RMSE and lower R2 values. This likely
reflects the 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 squared
error remains stable.

Table . Model performance after adjustment for baseline hemoglobin A1c (HbA1c) across all 6 models.

R 2MAEbRMSEaModels

0.0540.0950.127Linear regression

0.0560.0950.126RFc

0.0510.0940.128SVMd

0.010.1830.230XGBooste

0.0530.0950.127NNf

0.0210.1910.214BARTg

aRMSE: root mean squared error.
bMAE: mean absolute error.
cRF: random forest.
dSVM: support vector machine.
eXGBoost: extreme gradient boosting.
fNN: neural network.
gBART: Bayesian additive regression trees.
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ML Model Performance for Binary Outcome
For the binary outcome of predicting achievement of HbA1c

<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 CIs for all models showed substantial overlap (ranging
from 0.681 to 0.724 for logistic regression and 0.692 to 0.733

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 curves for all models are shown in
Figure 2, illustrating their similar performance profiles. In Figure
2, colored curves represent the individual models, visually
reinforcing the overlapping AUCs and the absence of
meaningful differences in classification performance.

Table . Discrimination and classification performance of binary outcome models.

RecallPrecisionAccuracyAUCa (95% CI)Models

0.6280.6570.6540.702 (0.681‐0.724)Logistic regression

0.6280.6560.6520.708 (0.687‐0.729)RFb

0.6180.6560.650.705 (0.684‐0.727)SVMc

0.6250.650.6460.712 (0.692‐0.733)XGBoostd

0.6360.6450.6450.699 (0.678‐0.72)NNe

6360.6520.6510.71 (0.689‐0.731)BARTf

aAUC: area under the receiver operating characteristic curve.
bRF: random forest.
cSVM: support vector machine.
dXGBoost: extreme gradient boosting.
eNN: neural network.
fBART: 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; XGBoost: extreme gradient boosting.

Feature Importance and SHAP Interpretability
Feature importance analyses consistently identified baseline
HbA1c as the most significant predictor across all models. Other
variables such as BMI, alanine transaminase, total cholesterol,
and systolic blood pressure were also found to be significant,
though their rankings varied slightly between algorithms. Across
all 5 models, the rankings of key predictors remained largely
consistent.

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 HbA1c had the highest mean SHAP
value (0.063), followed by total cholesterol, duration of diabetes,
and age. Higher baseline HbA1c values were associated with
larger predicted reductions in HbA1c (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: alanine aminotransferase/serum
glutamate pyruvate transaminase; HbA1c: hemoglobin A1c; HDL: high-density lipoprotein; T2D: type 2 diabetes.

The SHAP plot further shows that 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 male 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 a range of ML algorithms for predicting
glycemic response to sulfonylurea therapy in individuals with
type 2 diabetes. The primary finding is that, with the dataset
used, all 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 response in this context.

Linear regression analysis revealed that the model explained
approximately 43% of the variance in changes to HbA1c. In the
sensitivity analysis, after adjusting for baseline HbA1c, the
maximum R² across all models dropped to 0.05, indicating that
only a small proportion of outcome variability was captured by
the remaining routine clinical features. This highlights the 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 sulfonylurea therapy,
despite the relatively homogeneous clinical characteristics of
the cohort. This finding 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
sensitivity, medication adherence, β-cell reserve, and underlying
insulin resistance. BMI and HDL were considered indirect
proxies of insulin resistance, as higher BMI is typically
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, R², and AUC were small and not statistically significant,
with overlapping CIs for all models. Even after hyperparameter
tuning, predictive metrics remained modest, suggesting that ML
methods did not uncover hidden patterns or interactions that
traditional models missed.

This limited gain in predictive accuracy likely reflects the nature
of routinely collected clinical data, which may lack sufficient
biological complexity for ML algorithms to 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 as linear or mixed-effects regression, may remain
preferable, particularly when predictive performance is
comparable. These models allow clinicians to understand feature
contributions directly and translate 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 simple linear 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 supports the continued reliance on interpretable models
in routine clinical 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 HbA1c, age, BMI, and sex as key predictors across
regression and ML models. Baseline HbA1c was the strongest
predictor, reflecting both regression to the mean and true
physiological responsiveness [34]. Older age and male sex were
associated with greater HbA1c 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
Dennis et al [36], suggesting that these core predictors generalize
across therapeutic classes.

C-peptide, available for a subset of participants, showed a strong
positive association with glycemic improvement, consistent

with the insulin-secretagogue mechanism of sulfonylureas. This
highlights the contribution of β-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
as adherence, diet, physical activity, genetics, and social factors.
The limited availability of C-peptide prevented fuller assessment
of β-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 HbA1c

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 R² values across all 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, metabolomic, and continuous glucose monitoring data,
as well as direct measures of insulin resistance and β-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. Finally, testing these models in independent and
ethnically diverse populations will be important to assess their
generalizability and real-world applicability.

In conclusion, this study shows that the traditional regression
models remain robust, clinically interpretable, and sufficient
for predicting glycemic response to sulfonylurea therapy using
routine data. The comparable performance of ML methods
suggests that model transparency and accessibility may currently
outweigh the small gains offered by algorithmic complexity in
this context.
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Abstract

Background: Diabetes prediction requires accurate, privacy-preserving, and scalable solutions. Traditional machine learning
models rely on centralized data, posing risks to data privacy and regulatory compliance. Moreover, health care settings are highly
heterogeneous, with diverse participants, hospitals, clinics, and wearables, 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) enables institutions to jointly train models without sharing
raw data, but current approaches often struggle with heterogeneity, security threats, and system coordination.

Objective: This study aims to develop a secure, 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 a federated ensemble learning 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 F1-score of 84.6%, 88.6%, and 86.4%,
respectively, outperforming existing decentralized models 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, real-time
interaction. Throughout, patient privacy was preserved by exchanging only model metadata, not raw data.

Conclusions: FedEnTrust offers a deployable, privacy-preserving solution for decentralized health care prediction by integrating
FL, ensemble modeling, blockchain-based access control, and knowledge distillation. It balances accuracy, scalability, and ethical
data use while enhancing security and trust. This work demonstrates that secure federated ensemble systems can serve as practical
alternatives to centralized artificial intelligence models in real-world health care applications.

(JMIR Diabetes 2026;11:e79166)   doi:10.2196/79166

KEYWORDS

blockchain; decentralized health care; diabetes prediction; ensemble learning; federated learning; knowledge distillation;
privacy-preserving AI; artificial intelligence; AI

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

learning has emerged as a powerful tool for diabetes prediction,
conventional approaches often rely on centralized data
repositories [2-4]. This reliance introduces serious challenges
related to patient privacy, regulatory compliance (eg, Health
Insurance Portability and Accountability Act (HIPAA), General
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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 institutions and regions [6].

Real-world health care systems are inherently heterogeneous,
encompassing a wide range of contributors—from large
hospitals and urban clinics to wearable health devices in remote
settings [7]. These entities vary significantly in data volume,
quality, and computational capacity. The data are often
nonindependent and identically distributed (non-IID), reflecting
demographic, clinical, and behavioral diversity [8]. As a result,
models trained within a single institution or on homogeneous
datasets often struggle to generalize across settings, limiting
their effectiveness and scalability.

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-IID data distributions [12]

While several FL frameworks [13-16] have been explored for
decentralized health care analytics, 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 still assume homogeneous models or centralized
coordination [21,22]. Furthermore, blockchain [23], a promising
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 al [24],
provide secure access control but do not incorporate mechanisms
for interoperable knowledge sharing across heterogeneous local
models.

In contrast, FedEnTrust introduces an integrated design that
simultaneously addresses model heterogeneity, non-IID data,
trust and identity verification, and secure update submission.
By combining soft-label knowledge distillation with
blockchain-verified RBAC, FedEnTrust enables robust
collaboration across diverse health care systems while
preventing unauthorized or malicious updates. FedEnTrust
introduces a novel integration of:

• ensemble learning, allowing clients to train diverse local
models best suited to their data and computational
constraints

• soft-label knowledge distillation, enabling effective model
aggregation across non-IID participants

• blockchain-based smart contracts, which provide
tamper-proof coordination, role-based access control, and
participant accountability

FedEnTrust represents a step forward in secure and collaborative
artificial intelligence (AI) 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-IID 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
prediction 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 AI-powered diabetes prediction in real-world,
decentralized health care systems.

Methods

Overview of FedEnTrust
FedEnTrust is a secure, 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
behaviors through a blockchain-coordinated trust infrastructure.
The core modules of FedEnTrust include (1)
heterogeneity-aware local model training, (2) knowledge
distillation 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 institutions 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 global 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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Figure 1. Overview of the FedEnTrust architecture. Soft labels generated by local models 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.

Architectural Novelty and Comparison With Existing
FL Frameworks
Real-world health care environments exhibit substantial diversity
in computational capacity, data distributions, trust requirements,

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.

Microcontroller FLa

[17]

Chang et al [20]Biscotti [19]Hasan et al [15]FedEnTrust (Our work)Challenge in real-world
health care FL

Designed for ultra-low-
power devices; not
suitable for multitier
health care

Single model structure
required; difficult for
low-resource clients

Assumes all clients run
comparable gradient-
sharing deep models

Supports MLb models
but generally assumes
similar capacity clients

Heterogeneity-aware
model assignment;
each node trains model
matching its device ca-
pacity; ensemble aggre-
gation aligns knowl-
edge across disparate
models

Heterogeneous com-
pute environments
(hospitals, clinics,
kiosks, wearables)

Very limited support
for complex non-IID
medical data

DPd-sanitized gradients
reduce signal strength
on non-IID data

Gradient aggregation
without distillation;
non-IID data reduces
convergence

Local models trained
independently; static
averaging struggles
with non-IID distribu-
tions

Soft-label knowledge
distillation + weighted
aggregation improve
cross-site generaliza-
tion

Non-IIDc and imbal-
anced data across insti-
tutions

No trust or participa-
tion assurance mecha-
nism

Smart contract man-
ages DP gradients, not
participation permis-
sions

Uses blockchain only
as consensus layer, not
for role-level access
control

Minimal security; no
on-chain validation

Smart contract–driven

RBACe; on-chain vali-
dation of model submis-
sions; rejects malicious
or unauthorized up-
dates

Cross-institution trust
and secure participa-
tion

No adversarial defense
features

DP reduces leakage but
not poisoning

Consensus prevents
tampering but not
model poisoning

No defense against
malicious gradient or
model uploads

On-chain validator
roles + metadata
checks prevent poi-
soned soft labels before
aggregation

Protection against mali-
cious updates (poison-
ing, fake uploads)

No model interoperabil-
ity

Single-model FL;
weights must match

Requires same model
structure for gradient
fusion

Homogeneous ML
models; limited interop-
erability

Soft labels unify out-

puts of RFf, XGBg,

DTh, SVMi, KNNj into
comparable probability
space

Interoperability across
model types

Limited to microcon-
troller networks

DP gradient exchange
increases bandwidth
needs

Heavy blockchain con-
sensus overhead limits
scalability

Local model averaging;
moderate scalability

Lightweight soft-label
sharing reduces commu-
nication overhead and
suits mixed-resource
environments

Scalability across dis-
tributed health care
networks

Not designed for regu-
lated health care set-
tings

Stores only gradient
summaries; limited au-
dit transparency

All gradient updates
stored on-chain—high
cost

Centralized coordina-
tion; limited auditabili-
ty

Full on-chain audit log
of registrations, up-
dates, and permissions

Auditability and trace-
ability for compliance

(HIPAAk or GDPRl)

aFL: federated learning.
bML: machine learning.
cIID: independent and identically distributed.
dDP: differential privacy.
eRBAC: role-based access control.
fRF: random forest.
gXGB: extreme gradient boosting.
hDT: decision tree.
iSVM: support vector machine.
jKNN: k-nearest neighbors.
kHIPAA: Health Insurance Portability and Accountability Act.
lGDPR: General Data Protection Regulation.

Unlike approaches such as Hasan et al [15], Biscotti [19], and
Chang et al [20], which rely on homogeneous model structures
or gradient-based updates, FedEnTrust supports
heterogeneity-aware model assignment. Each participant trains
a locally suitable model (eg, random forest, extreme gradient
boosting, decision tree, support vector machine [SVM],

k-nearest neighbors [KNN]) based on its available resources,
enabling participation from hospitals, clinics, kiosks, and
wearable devices.

FedEnTrust also 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
distillation 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. This design is particularly
effective for non-IID and imbalanced health care data settings,
where traditional gradient-averaging approaches struggle.

Module 1: Decentralized Local Training With
Heterogeneous Models
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-time inference
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 a central 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:

(1)Pi(x)=[p1,p2,…,pc]∈Rc, where ∑c=1Cpc=1

These soft labels encapsulate 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,

which smooths the probability distribution by dividing logits
zi(x)by a temperature 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 improves the stability of aggregation across models with
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
a key step in transferring collective intelligence across all nodes
while respecting the constraints of data privacy and
computational diversity.

The ensemble 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
to its validated 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
a normalized 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 reduces the risk of bias toward
specific demographic subpopulations.

Justification for Heterogeneous Model Assignment
The model architectures listed 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 (regional 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 SVM (wearables or personal trackers): Linear SVM
has a lower memory footprint than logistic regression and
offers more stable performance on small, noisy
physiological samples typically produced by wearables.
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Table . Simulated decentralized participants and their models.

RemarksWeightResource levelKey parametersModel architectureParticipantID

Trains complex
models on large
datasets; serves as
a high-capacity
node

0.50Very highn_estima-
tors=130max_depth=15max_fea-
tures=0.75 da-
ta_use=50%

Random forestLarge hospital1

Designed for low-
resource environ-
ments using simple,
efficient models

0.05Lown_neighbors=5 algo-
rithm='auto'da-
ta_use=5%

K-nearest neigh-
bors

Urban health kiosk2

Supports moderate-
ly complex model-
ing on medium-
sized datasets

0.30Highlearn-
ing_rate=0.01max_depth=10n_es-
timators=180da-
ta_use=30%

XGBoostRegional clinic3

Runs interpretable
tree-based models
with moderate re-
source needs

0.10Mediummax_depth=Nonecri-
terion='gini'da-
ta_use=10%

Decision treeCommunity health
clinic

4

Uses lightweight
models suitable for
wearables and em-
bedded devices

0.05Very lowkernel='lin-
ear'C=1.0da-
ta_use=5%

Support vector ma-
chine

Personal health
tracker

5

This heterogeneity-aware mapping allows each participant to
train a model aligned with its resource profile while still
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:

(4)Pt(x)=∑i=1NWit∗Pit(x)

Because aggregation operates entirely on probability
distributions rather than gradients or model parameters,
FedEnTrust naturally supports heterogeneous machine learning
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-labels are
generated only if the maximum ensemble probability satisfies:

(5)max(Pt(x))≥τ
With τ=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,
where they 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.

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
are incorporated 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-labels for 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.

Module 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. Identity verification: Confirms that the contributor is a
registered network participant.

2. Role validation: 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 checks is the soft label included in the
aggregation pool. This design prevents poisoned or fabricated
updates from influencing the global model and eliminates single
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 is implemented 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

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.

To justify 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 (IoT) and health
care prototypes, Ethereum provides the most practical platform
for FedEnTrust.

Table . Comparison of blockchain platforms.

CordaHyperledger fabricEthereumFeature

PermissionedPermissionedPublic or privateNetwork type

Semi-decentralizedSemi-decentralizedHighly decentralizedDecentralization

Contract flows for financial logicChaincode (Go/Java/Node.js)Solidity, robust toolingSmart contracts

Strong bilateral privacyStrong privacy (channels, private
collections)

Extensible via Layer-2/private net-
works

Privacy

Financial institutionsEnterprise-focusedVery large developer ecosystemEcosystem

Regulated financial workflowsConsortium-style enterprise net-
works

Decentralized coordination across
heterogeneous nodes

Use alignment

Adversarial Threat Model and Security Resilience
FL deployments in real-world health care environments may
be exposed to adversarial participants attempting to manipulate
the global model, disrupt training, or infer sensitive information.
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 layers to provide resilience against these threats.

1. Model 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 metadata including 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

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
a model update; instead, a quorum of validators must jointly
authorize submissions. The validator set itself is managed
through governed smart contract functions, allowing secure
updates to validator membership over time and eliminating
static trust assumptions.

3. Blockchain-specific threats: Public blockchain deployments
may be vulnerable to front-running, transaction reordering,
or gas manipulation attacks. FedEnTrust avoids these risks
by operating on a private 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 parameters are recorded. 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 ensemble 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 probabilities and restrict the maximum
influence any single participant can exert, even if it reports
high accuracy.

Collectively, these mechanisms establish a multilayered security
architecture that 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. While this study focuses on secure enforcement
and system robustness rather 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.

Module 4: Adaptive Model Aggregation and Feedback
Loop
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-IID 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

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 participants
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 Considerations
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 federal regulations (45 CFR 46),
research involving publicly available, deidentified data does
not constitute 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 F1-score. The results
highlight how collaborative learning and adaptive aggregation
significantly enhance performance, especially for participants
with limited data and computational resources.

Figure 2 shows the 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. Global model accuracy improves over ensemble federated round. DT: decision tree; KNN: k-nearest neighbors; RF: random forest; SVC:
support vector classifier; XGB: extreme gradient boosting.

Figure 3 presents the corresponding model loss curves. All
participants experienced substantial loss reduction early on,
with convergence observed by round 15. Participant 1

maintained the lowest loss throughout, while participants 4 and
5 showed marked improvement from higher initial losses,
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; SVC: support vector classifier; XGB:
extreme gradient boosting.

Table 5. Federated Models Performance after 15 rounds

Comparing the initial and federated performance results (Tables
4 and 5) reveals substantial gains for all participants after
collaborative training. Accuracy improvements of up to 28%
are observed in lower-resource participants, and F1-scores

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 F1-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.

Table . Initial models’ performance.

F1-scoreRecallPrecisionAccuracyParticipant

0.830.840.850.781

0.720.710.730.712

0.640.650.630.653

0.710.710.730.704

0.670.680.670.675

Table . Federated models’ performance after 15 rounds.

F1-scoreRecallPrecisionAccuracyParticipant

0.930.940.920.931

0.830.860.800.812

0.850.860.850.843

0.880.900.870.834

0.830.870.790.805

To further characterize performance stability across
communication rounds, Table 6 reports both the final accuracy

at round 15 and the mean (SD) of accuracy over all 15 federated
rounds. The relatively low SDs indicate stable convergence
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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,

and decentralized operation. Tailored model architectures,
aligned with participant resource constraints, ensure balanced
contribution and efficient deployment across the collaborative
learning process.

Table . Federated model accuracy and variability across 15 rounds.

Accuracy, mean (SD)Final accuracyModelParticipant

0.91 (0.04)0.93RFa1

0.79 (0.03)0.81KNNb2

0.81 (0.05)0.84XGBc3

0.80 (0.03)0.83DTd4

0.76 (0.03)0.80SVCe5

aRF: random forest.
bKNN: k-nearest neighbors.
cXGB: extreme gradient boosting.
dDT: decision tree.
eSVC: 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 F1-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 was imposed a priori and the objective was to assess
whether there was 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 distributions for both models’ accuracy.
To quantify comparative performance, we computed the
bootstrap metric difference for each resample:

(6)Δ(b)=MFedEnTrust(b)−MBaseline(b)

where Mb represents the accuracy, precision, recall, or F1-score
on bootstrap resample b. We then constructed 95% CIs for each
metric difference using the percentile method.

The bootstrap CI 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 CI of 0.831-0.853, compared to 0.827 (0.814-0.839)
for the decentralized baseline. The resulting accuracy difference
of +0.015 yields a 95% CI of 0.004-0.027, which excludes zero,
indicating statistical significance at α=.05. These results 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 realistic 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
Table 7.

Table . Blockchain system configuration.

DescriptionCountOperation

Registered using registerClient()5Total registered participants

Global aggregator for accuracy aggregation and
model ensemble

1Federated coordination nodes

Includes registration, role assignment, update
logging, and access checks

6Smart contract functions deployed
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To assess computational efficiency, we monitored key metrics
such as gas consumption, data size, and latency for major smart
contract operations. These measurements reflect the
cost-effectiveness and responsiveness of blockchain-mediated
tasks.

These operations incur gas overhead beyond Ethereum’s 21,000
base gas due to additional computation, state updates, and event
emissions. The modelUpdate() function, for example, consumes
about 98,560 gas (~295 bytes of encoded parameters), balancing
cost with functional depth and traceability (Table 8).

Table . Smart contract performance metrics.

Average latency (ms)Data size (bytes)Average gas costOperation

220370118,073Client registration

210345109,820Role assignment

19529598,560Model update

215315105,310Model aggregation

Despite slight 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

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.

Table . Transaction integrity and enforcement metrics.

DescriptionValuesCategory

All smart contract operations212Total transactions

Successfully executed by authorized participants201Valid transactions

Unauthorized queries (6), malicious submissions
(3), invalid role updates (2)

11 (5.19%)Rejected transactions

All valid transactions completed without error100%Success rate

Mean execution time for valid transaction21.4 msAverage latency

Minimum and maximum observed latency14.8‐36.2 msLatency range

Variability in execution time±4.7 msSD

Long-term stability testing simulating multiround

FLa
Mean: 22.1 ms; variation:±5.3 msLatency over extended cycles (100 iterations)

Deterministic finality in private PoAb Ethereum
network

~1 block(~1 s)Finality time

Consistent with private Ethereum networks~47 tx/sEstimated throughput

aFL: federated learning.
bPoA: proof-of-authority.

As illustrated in Figure 4, unauthorized model submissions are
automatically rejected, triggering an on-chain error: “Client not

registered.” This ensures that only authenticated nodes
contribute to the learning process, strengthening data integrity.
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Figure 4. Access rejection for unauthorized participant.

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%, all while maintaining
privacy and resisting tampering.

These results underscore the effectiveness of combining
blockchain with federated ensemble learning to achieve scalable,
secure, and privacy-preserving AI in health care environments.

Discussion

Principal Findings
This study presents FedEnTrust, a blockchain-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 models with knowledge
distillation and adaptive weighted aggregation. With a predictive

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 slightly higher accuracy (eg, 95.2%
with light gradient boosting machine, 96.1% with convolutional
neural 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.

NotesF1-score (%)Recall (%)Precision (%)Accuracy (%)Model or study

Federated ensemble
with adaptive weighted

86.488.684.684.2FedEnTrust

voting and blockchain
smart contract integra-
tion

Centralized; evaluated
multiple classifiers

N/AN/AN/Ab95.2MLa classifiers ap-
proach [28]

(LRc, XGBd, GBe,

DTf, ETg, RFh, and

LGBMi) on PIMA Indi-
ans dataset; best accura-
cy achieved by LGBM

Centralized; utilized
RFE-GRU on PIMA
Dataset

90.590.790.590.7Recursive feature elim-
ination with a gated re-

current unit RFE-GRUj

[29]

Centralized; applied

SVMk, RF, DT, naive

N/A64.8N/A83.1Hybrid classification
approach [30]

Bayes with K-means
preprocessing; best ac-
curacy achieved by
SVM

Centralized; applied

LR, RF, and ANNl; LR

N/AN/AN/A77.1Three predictive algo-
rithms [31]

achieved the best accu-
racy (77.10%) with

AUCm 0.83 over RF
and ANN

Centralized; combined
RF, LR, and naive
Bayes classifiers

80.971.673.179.1Soft voting ensemble
[32]

Centralized; applied
DT and LR, fused by
neural network

82.838.4 (positive)/90.2
(negative)

25.0 (positive)/98.6
(negative)

83.1Ensemble hierarchical
model [33]

Centralized; stacking
ensemble of ML mod-

N/AN/AN/A77.1Stacking ensemble [25]

els; accuracy achieved
using cross-validation
protocol

Centralized; deep
learning pipeline using

N/AN/AN/A92.3Deep learning pipeline
[34]

VAEn for data augmen-

tation, SAEo for fea-
ture augmentation, and

CNNp for classification

Centralized; applied
deep CNN with feature

94.594.494.496.1Deep CNN with corre-
lation-based features
[35] selection based on cor-

relation

Decentralized; imple-
mented federated

N/AN/AN/A82.7Blockchain-FL with
adaptive DP [20]

learning with differen-
tial privacy using
blockchain technology

aML: machine learning.
bN/A: not applicable.
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cLR: logistic regression.
dXGB: extreme gradient boosting.
eGB: gradient boosting.
fDT: decision tree.
gET: extra tree.
hRF: random forest.
iLGBM: light gradient boosting machine.
jRFE-GRU: Recursive Feature Elimination with Gated Recurrent Unit.
kSVM: support vector machine.
lANN: artificial neural network.
mAUC: area under the curve.
nVAE: 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 ensemble learning
and adaptive aggregation. Despite the constraints of data
fragmentation and heterogeneity, our framework maintains
robust performance across all key metrics, including precision
(84.6%), recall (88.6%), and F1-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 AI Considerations: Fairness, Transparency,
and Accountability

Ethical Framework
Ethical concerns are central to the deployment of AI systems
in health care, where unequal access to computational resources
and imbalanced data distributions may inadvertently create or
reinforce model biases. FedEnTrust incorporates several design
principles aligned with emerging ethical AI guidelines, including
those recommended by the World Health Organization and
major AI governance frameworks.

Fairness Across Heterogeneous Participants
Health care institutions vary substantially in data volume,
demographic composition, and computational capacity, which
can introduce systematic bias in 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 capabilities without
sacrificing predictive performance. Adaptive weight clipping
is applied during aggregation to prevent high-resource
institutions 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 outcomes in heterogeneous
federated environments.

Transparency and Auditability
Transparency in FedEnTrust is enabled through the
blockchain-based coordination layer, which provides immutable
audit trails for all 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 data remain strictly on the device
• Only soft-label vectors and hashed metadata are transmitted
• No identifiable information is stored on-chain, supporting

HIPAA, GDPR, and similar regulatory frameworks

Role-based access ensures that 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 a more accountable decision-making process and aligns
with ethical expectations for distributed medical AI systems.

Blockchain Performance and Practical Considerations

Implementation 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 considerations and outlines
how FedEnTrust is designed to address them.

Scalability and Throughput
Public blockchain platforms, such as the Ethereum main net,
face inherent constraints related 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
address this, 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 mechanisms to further increase throughput.

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 requires institutional 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
labels and model outputs entirely off-chain. However, real-world
deployment requires integration with institutional governance
mechanisms to ensure compliance documentation, legal
interoperability among institutions, and formal auditing
procedures.

Generalizability to Multimodal and Longitudinal
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.
The framework’s heterogeneity-aware model assignment allows
each participant to select model architectures aligned with its
data modality and computational resources. For example,

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. This capability is particularly suitable for 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-IV, 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 is limited 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 still face difficulties in real-time model
adaptation. Exploring ultra-lightweight architectures and
communication compression techniques is a key 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 simulated
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
differences in clinical practice, sensor characteristics, and patient
demographics lead to substantially wider non-IID distributions.
Accordingly, the results presented here should be viewed as a
controlled feasibility demonstration rather than a comprehensive
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 challenges in
decentralized health care AI, including data privacy, system
trust, and participant heterogeneity, without requiring access to
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
improvements in 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

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 AI, balancing privacy,
performance, and trust. Future work will extend this framework
to additional clinical domains, multisite studies, and dynamic
personalization for broader impact in real-world health care.
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Abstract

Background: Diabetic kidney disease (DKD) is a major complication of diabetes and the leading cause of end-stage renal
disease globally. Artificial intelligence (AI) technologies have shown increasing potential in DKD research for early detection,
risk prediction, and disease management. However, the landscape of AI applications in 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 translational analysis of AI-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 AI technologies to DKD. Articles were screened following PRISMA (Preferred Reporting Items for 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 AI in DKD increased
rapidly after 2019. China led 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 methodological advances, few studies included external validation or explainability frameworks. Notable translational
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: AI 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 AI, multicenter validation, and integration into clinical workflows to
support effective translation of AI innovations into DKD care.

(JMIR Diabetes 2026;11:e72616)   doi:10.2196/72616
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Introduction

Diabetic kidney disease (DKD) is the most prevalent
microvascular complication of diabetes mellitus and a leading
cause of end-stage renal disease globally, accounting for a
substantial proportion of dialysis and transplantation burdens
worldwide [1]. The pathophysiological progression of DKD is
complex, often involving chronic hyperglycemia-induced
glomerular injury, hemodynamic changes, inflammation, and
fibrosis. Early-stage DKD is typically asymptomatic, and by
the time clinical markers such as proteinuria or a decline in
glomerular filtration rate become apparent, irreversible kidney
damage may have already occurred [2]. Therefore, early

detection and individualized risk stratification are essential for
improving patient outcomes and alleviating long-term health
care burdens.

In this context, artificial intelligence (AI) has emerged as a
transformative approach in biomedical research and clinical
practice. With capabilities in data-driven pattern recognition,
predictive modeling, and real-time decision support, AI
techniques—including machine learning, deep learning, and
neural networks—have been increasingly explored to address
key challenges in DKD research and management [3,4].
Applications range from biomarker discovery and disease
classification to risk modeling and personalized treatment
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optimization. Despite the growing enthusiasm for AI, there is
wide variability in the methodological rigor, clinical
applicability, and translational maturity of these studies.

While several narrative and systematic reviews have highlighted
specific AI models used in nephrology, there remains a lack of
comprehensive evaluation of how the field has evolved
thematically over time, which countries and institutions are
leading its development, how collaborative efforts are shaping
knowledge production, and to what extent the proposed AI
solutions are being validated and implemented in real-world
clinical settings. Moreover, important dimensions such as model
explainability, equity in global research representation, and
translational readiness are often underexamined.

This study aims to address these gaps by conducting a
bibliometric and translational landscape analysis of AI-related
DKD research published from 2006 to 2024. By integrating
quantitative 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 insights to 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 AI 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 AI (“artificial intelligence,” “machine
learning,” “deep learning,” or “neural network”). Only
English-language articles were considered. The search was
limited to original research articles involving human-related
data, excluding reviews, editorials, letters, conference abstracts,
and purely experimental or theoretical reports without clinical
relevance.

Eligible articles were those that applied AI techniques to DKD
in a clinical, translational, or predictive context. Studies that
involved image processing, signal detection, or statistical models
unrelated to DKD-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. Discrepancies were
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). These tools enabled visualization and
quantification of publication trends, author and institutional
productivity, international collaboration networks, and thematic
keyword clusters. CiteSpace was used to generate timeline

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
frequencies were used to identify influential authors, institutions,
and countries within the research landscape.

Translational 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
AI models were externally validated or tested across different
cohorts, whether explainable AI methods were incorporated,
and whether any studies reported or discussed clinical
integration or real-world implementation. Studies that 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 data integration was also considered as indicators
of generalizability and applicability. This dual
approach—combining quantitative mapping with thematic
content analysis—allowed for a multidimensional perspective
on both the scientific growth and translational depth of AI
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 titles and
abstracts. Of these, 251 records were excluded as irrelevant.
The remaining 907 full-text articles were assessed for eligibility,
resulting in 384 articles included in the quantitative synthesis,
and an additional 78 articles included 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 AI in DKD
remained low and relatively stagnant between 2006 and 2016.
A notable increase in research output began in 2019, followed
by a rapid rise during the years 2022 to 2024 (Figure 1). This
pattern reflects the growing integration of AI 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 AI
as a valuable tool 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. AI: artificial
intelligence; DKD: diabetic kidney disease.
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Figure 2. Analysis of the publication trends in artificial 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 institutions, and (D) co-occurrence network of
authors.

Geographic and Institutional Contributions
China emerged as the leading contributor in terms 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 States ranked 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 AI 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).

Keyword Evolution and Research Hotspots
Analysis of keyword co-occurrence and burst terms revealed
distinct phases in the thematic development of the field. During
the early period (2006‐2012), research was focused primarily
on pathology, 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 a growing interest in explainability, model 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.

Collaboration Networks Among Authors and
Institutions
Coauthorship network visualization demonstrated that the field
remains highly fragmented, with a large number of small,
loosely connected research groups. The most central nodes in
the institutional network were located in China, the United
States, and Singapore, reflecting both productivity and
cross-institutional engagement. Although multicenter projects
were occasionally identified, most AI models were developed
and tested within single-center or regional datasets.
Cross-national research, while increasing, often lacked shared

validation protocols or harmonized data structures, limiting
direct comparisons and large-scale model generalizability.

Model Validation, Explainability, and Translational
Readiness
A review of the included studies showed that only a limited
proportion of AI models underwent external validation using
independent cohorts. Most models were based on retrospective
data from a single institution or health system, with internal
cross-validation as the 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 exceptions included studies that 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 AI
applications [5]. Similarly, Sumit’s [6] deep learning–based
model for chronic kidney disease risk 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 suggests that most AI-DKD research remains in
a pretranslational 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 AI
to DKD from 2006 to 2024. The temporal trend reveals a slow
developmental phase lasting more than a decade, followed by
a surge in research activity from 2019 onward. This acceleration
corresponds with the broader adoption of AI 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
quantity and institutional productivity. However, the dominance
of single-country studies and weak international collaboration
networks suggests a lack of unified global efforts in AI-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 protocols to promote reproducibility
and clinical readiness across diverse populations.

Keyword analysis and thematic clustering indicate a clear
evolution in 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 networks for 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 major limitation identified is the scarcity of externally
validated and clinically integrated AI models. Despite rapid
algorithmic progress, few studies reach the level of clinical
translation demonstrated by landmark systems such as
DeepMind’s acute kidney injury prediction algorithm, which
was prospectively validated and tested in hospital settings [5].

Similarly, the work by Sumit [6], which developed 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 pipeline to ensure that AI tools
can transition beyond proof-of-concept stages.

Moreover, the “black box” nature of many AI 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 DKD-related 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 disparities in AI
infrastructure, research funding, and access to large-scale clinical
data. Efforts to democratize AI 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 studies indexed elsewhere, such as in 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, the field of AI in DKD is rapidly expanding, with
increasing interest from diverse geographic regions and
institutions. However, the translation of AI models into 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 AI systems will be
essential to unlock the full potential of AI in the management
of DKD.

Conclusions
This study provides a comprehensive and multidimensional
analysis of the research landscape at the intersection of AI 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 learning technologies—the clinical
translation 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 AI
frameworks. Strengthening international collaboration and
establishing multicenter consortia will be crucial for ensuring

reproducibility and promoting equitable access to AI tools across
health care settings. Additionally, regulatory and ethical
considerations should be proactively addressed to support the
safe deployment of AI in clinical decision-making.

In summary, while the promise of AI in DKD is evident,
realizing its full potential will require a deliberate transition
from algorithmic development to clinically meaningful,
patient-centered applications. Bridging this translational gap is
not only a technical challenge but also an opportunity to reshape
chronic disease management in the era of intelligent medicine.
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