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Abstract
Background and Aims: Prediabetes, characterized by elevated blood glucose levels below diabetes diagnostic thresh-
olds, presents a significant global health challenge due to high prevalence and associated risks for developing type 2 dia-
betes. Traditional diabetes prevention programs (DPPs) often face challenges in scalability and accessibility, particularly in
underserved communities. Digital therapeutics (DTx), like TH-001, offer potential scalable solutions requiring clinical val-
idation. This randomized, open-label, controlled, parallel-group clinical trial aimed to evaluate the efficacy and safety of
TH-001, a digital therapeutic application, reducing hemoglobin Alc (HbA|c) among adults with prediabetes over a 90-day
intervention period.
Methods: 68 eligible adults were randomly assigned to either standard care alone or standard care plus the TH-001
intervention. Primary outcomes measured were glycaemic parameters including HbAlc, fasting glucose, 2-h post-load
glucose from an oral glucose tolerance test, and insulin levels, while secondary outcomes included anthropometric mea-
sures. User engagement metrics were also assessed.
Results: The intervention significantly reduced HbAlc levels (mean difference —0.22%, p =.023) and body weight
(—2.53 kg, p <.001) compared to the control group. Although fasting glucose and insulin levels showed positive trends,
differences were not statistically significant. User engagement was high, correlating strongly with HbAIc reduction (r=
.95, p<.001), demonstrating the critical role of sustained interaction with TH-001.
Conclusions: TH-001 demonstrates significant effectiveness in HbAlc reduction and body weight, with strong user
engagement suggesting it may effectively overcome traditional barriers of DPPs. Long-term studies are needed to confirm
sustained benefits.
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Introduction

Prediabetes is a condition characterised by blood glucose
(BG) levels that are elevated above normal but remain
below the diagnostic threshold for type 2 diabetes.
Prediabetes poses a significant global health challenge,
with a high prevalence and increasing incidence, imposing
a substantial burden on healthcare systems worldwide.
Individuals with prediabetes are at significantly increased
risk of progressing to type 2 diabetes,' a chronic metabolic
disorder with numerous long-term complications, including
cardiovascular disease, kidney disease, nerve damage, and
blindness.? There is increasing evidence to suggest that dia-
betes also increases the risk of malignancy,>* stroke’ and
dementia.® Early intervention in prediabetes is crucial for
preventing or delaying the onset of type 2 diabetes and its
associated complications.’

Previous studies have demonstrated that lifestyle
changes, such as increased physical activity, dietary modi-
fications, and behavioural support, can significantly reduce
the incidence of diabetes in high-risk populations. Notably,
the Finnish Diabetes Prevention Study (DPS) and the
Diabetes Prevention Program (DPP) in the United States
have shown that structured lifestyle interventions can lower
diabetes onset by approximately 58% over a three-year
period.®’

As a result, health systems worldwide have implemented
structured lifestyle change programs, such as the National
Health Service Diabetes Prevention Program (NHS DPP)
in the UK and similar efforts in other countries.'*™'?
These programs are delivered through in-person coaching,
remote interventions, or digital platforms that require
session-based human communication. Although traditional
DPPs have shown effectiveness, they frequently rely on
considerable human resource involvement, which can hin-
der accessibility and scalability. In addition, they may par-
ticularly struggle to reach individuals in underserved
communities or those with limited resources.'?

Digital therapeutics (DTx) have emerged as a promising
new tool to address these challenges and transform the man-
agement of chronic metabolic diseases. DTx are software-
driven solutions to prevent, manage, or treat medical condi-
tions.'* Unlike traditional digital health applications, DTx
solutions undergo rigorous clinical validation and regula-
tory approval processes to ensure their efficacy. Recent clin-
ical trials have demonstrated the effectiveness of digital
lifestyle interventions in improving glycaemic control and
diabetes management.'>~'” Block et al. reported a signifi-
cant hemoglobin Alc (HbAlc) reduction of 0.26% (p =
.002) using a digital intervention based on CDC DPP prin-
ciples.'® Similarly, Katula et al. observed improvements in
glycaemic control with internet-based interventions deliv-
ered via mobile devices."®

TH-001 is a DTx designed to support individuals with
prediabetes through behavioural guidance, daily tasks,

virtual scoreboards, gamification techniques, structured
education, and self-monitoring tools to create lifestyle
modification and behaviour change. In this study, we evalu-
ate the impact of TH-001 on glycaemic control and meta-
bolic parameters among adults with prediabetes.

Methods

Study design

This open-label, parallel group study randomized partici-
pants 1:1 to the intervention (TH-001 plus standard care)
or control (standard care) group for 90 days using a
computer-generated sequence with block randomization
(block sizes 4, 6, and 8) to ensure balanced groups and allo-
cation concealment. An independent statistician generated
the sequence, concealed via sealed envelopes opened post-
consent. Bias was minimized with objective endpoints
(HbA1c and glucose), standardized procedures, and a centra-
lized randomization system to prevent allocation foresight.
The parallel design avoided carryover effects and contamin-
ation. Data were entered into a secure electronic database
with automated validation to prevent data entry errors. The
study adhered to consolidated standards of reporting trials
guidelines, with a flow diagram in Figure 1 and a checklist
in supplementary material.

The study has been reviewed and given a favourable opin-
ion by the Istinye University Clinical Research Ethics
Committee (3/2022-K-15, 3/2022.K-94, 11/2023.K-68), pro-
spectively registered at www.clinicaltrials.gov (Identifier:
NCT05668819) and conducted in accordance with Good
Clinical Practice guidelines and the Declaration of
Helsinki. All participants provided written informed consent
before enrolment.

Inclusion and exclusion criteria are presented in Table 1.
Eligible participants met the American Diabetes Association
(ADA) Prediabetes Diagnostic Criteria, including fasting
glucose levels of 100-125 mg/dL, oral glucose tolerance
test (OGTT) 2-h BG of 140-199 mg/dL, or HbA1c between
5.7% and 6.4% and being able to use a smartphone with an
i0S or Android operating system. Major exclusion criteria
included a prior diagnosis of diabetes mellitus, having a dis-
ease that could cause prediabetes, or taking medication that
may induce prediabetes.

Study endpoints

The primary endpoint of the study is the mean change in gly-
caemic parameters (fasting BG, 2-h post-load glucose from
an OGTT, HbAlc, and fasting plasma insulin) from baseline
to Day 90. The secondary endpoint is the mean change in
anthropometric parameters (height, body weight, body
mass index [BMI], waist circumference, and waist-to-hip
ratio) from baseline to Day 90. Safety assessments included
adverse events (AEs) and adverse device effects (ADEs).
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Figure |. Consolidated standards of reporting trials flow diagram illustrating the process of participant enrolment, allocation,
follow-up, and analysis within a randomised clinical trial. Of the 119 individuals assessed for eligibility, 5| were excluded due to criteria
such as HbAlc levels outside the specified range (n =21), lack of smartphone or digital literacy (n =9), presence of disqualifying
comorbidities (n = 7), participation in a competing trial (n =4), unwillingness to commit time (n = 7), or administrative/other issues (n
= 3). The remaining 68 participants were randomly assigned to either the intervention group (n=33), which received TH-001 in
addition to standard care, or the control group (n = 35), which received standard care alone. During the follow-up period, five
participants from the intervention group and seven from the control group were lost to follow-up, with reasons including withdrawal
of consent, loss to follow-up, protocol violation, relocation, and medical events. Ultimately, 28 participants from each group

successfully completed the trial.

TH-001; digital therapeutic intervention

TH-001 is a digital therapeutic software application
intended to be used by adult patients diagnosed with predia-
betes to develop lifestyle changes for the treatment of pre-
diabetes. It is a stand-alone software that provides a
90-day treatment program consisting of six modules, with

each module being activated upon completion of the previ-
ous module. The content of the software is aligned with a

cognitive behavioural approach that helps users change
negative thoughts, break unhealthy habits, and aids in estab-
lishing new habits that are to be gradually sustained in the
long term. The gamification element of the software makes
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Table I. Inclusion and exclusion criteria.

Age> |8 years
Diagnosed with prediabetes according to ADA

prediabetes diagnostic criteria (at least one of the following):

FPG: 100—125 mg/dL

2-h postprandial OGTT (75 g): 140—199 mg/dL

HbAlc: 5.7%—6.4%

Not using medication for prediabetes treatment, or if
used, at least a two-week pause before enrolment

Owning a smartphone with an iOS or Android
operating system

Able to use a mobile application

Exclusion criteria
Diagnosed with diabetes mellitus
Having a disease that could cause prediabetes such as:
Exocrine pancreatic diseases
Endocrinopathies
Genetic diabetes types or genetic diseases associated
with diabetes
Infections
Using medications that may induce prediabetes, including:

Atypical antipsychotics
Antiviral drugs
-adrenergic agonists
Diazoxide
Phenytoin
Glucocorticoids a-Interferon
Nicotinic acid
Pentamidine
Protease inhibitors
Thiazide diuretics
Thyroid hormones
Vacor
Statins
Drugs used to prevent transplant rejection

Abbreviations: ADA: American Diabetes Association; FPG: fasting plasma
glucose; OGTT: oral glucose tolerance test; HbAlc: hemoglobin Alc; iOS:
iPhone operating system by Apple Inc.

the journey engaging and motivating for the patients, and
physician oversight allows doctors to monitor patient activ-
ity remotely in a real-time setting.

There are two daily tasks to be completed every day: a
physical activity-related task and a nutrition game. While
the physical activity task aims to accumulate at least
150 min per week of moderate-intensity physical activity
(brisk walking), the nutrition game aims to teach the
patient about healthy eating via a food-card swipe
game, which asks the patient about their food intake
over the course of the last day. The game creates a track-
ing list of nutrient groups with green light/ red light visu-
alisation to reflect the nutrient groups that should be
avoided and provides insights into the patient's eating
habits. The nutrition game is followed by at least three
nutrition-based questions to increase awareness of
healthy eating.

During TH-001 usage the patient also has access to
learning modules which can be accessed at any time. The
patient can navigate through the educational content, and
the content is designed to provide information covering
various aspects of prediabetes and diabetes, as well as infor-
mation covering the benefits of increased physical activity
and medical nutrition.

Study procedures

Participants first underwent a screening process to deter-
mine eligibility based on predefined inclusion and exclusion
criteria. Those who met the criteria were enrolled and ran-
domised in a 1:1 ratio into either the intervention or control
group. The intervention group received TH-001 on top of
standard care, and the control group received standard
care alone.

In this study, standard care was defined as the routine
clinical management for prediabetes provided at our centre.
This included an initial consultation with an endocrinologist
and individualised dietary and lifestyle counselling by a
dietitian at the start of the study.

At the baseline visit, all participants underwent a clinical
assessment, including anthropometric measurements (body
weight, height, BMI, waist circumference, and waist-to-hip
ratio) and laboratory evaluations (fasting BG, HbAlc, fast-
ing plasma insulin, and 2-h post-load glucose from an
OGTT). Throughout the study, engagement and adherence
metrics were remotely monitored via app analytics.

All participants attended an in-person follow-up visit on
Day 90, during which changes in metabolic and anthropo-
metric parameters were evaluated as part of the endpoint
assessments. AEs and ADEs were documented at the Day
90 visit. To ensure comprehensive safety monitoring, a
robust adverse event protocol was implemented, incorporat-
ing systematic enquiry at each visit to proactively identify
any potential issues. At baseline and the Day 90 follow-up
visit, participants were systematically questioned using a
standardized questionnaire to capture any AEs or ADEs,
including their nature, onset, duration, severity, and reso-
lution. All reported events were documented using the
Medical Dictionary for Regulatory Activities (MedDRA) ter-
minology to ensure consistency and facilitate accurate classi-
fication. The relationship of each event to the TH-001
intervention was assessed by an independent safety monitor-
ing committee, which applied a standardized causality algo-
rithm considering factors such as temporal association,
biological plausibility, and dechallenge/rechallenge data
where applicable. Events were classified as unrelated, pos-
sibly related, probably related, or definitely related to the
intervention, with all assessments reviewed by the principal
investigator. Additionally, participants had access to a dedi-
cated technology support team to report any usability con-
cerns or technical issues related to the digital intervention.
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Statistical considerations

The sample size was estimated using the assumption that
the mean HbAlc difference between groups would be
0.4% with a common standard deviation of 0.5, which is
based on similar studies from the literature.'®** With a
type 1 risk of 5.0% (two-sided), a type 2 risk of 20.0%,
and a dropout rate estimated at 20.0%, each group would
need 31 subjects based on a 1:1 randomisation.

Data management and analysis were conducted using the
Statistical Package for the Social Sciences (SPSS, IBM
Corp.) version 27. Normal distribution and homogeneity
of the results were evaluated using Shapiro—-Wilk and
Levene's test, respectively.

For normally distributed data with homogeneous var-
iances, chi-square tests were used for categorical variables
to evaluate differences in demographic characteristics
between the intervention (TH-001 plus standard care) and
control (standard care alone) groups at baseline. To assess
changes in continuous outcomes (HbAlc, fasting BG, 2-h
post-load glucose, fasting plasma insulin, and anthropomet-
ric measures) from baseline to Day 90, a repeated-measures
analysis of variance (ANOVA) was employed, with time
(baseline, Day 90) as the within-subject factor and group
(intervention, control) as the between-subject factor. This
approach evaluated both within-group changes over time
and between-group differences in change scores. When sig-
nificant effects were detected, post hoc pairwise compari-
sons were conducted using the Tukey Honestly
Significant Difference (HSD) test to identify specific differ-
ences. To account for multiple endpoints, the Bonferroni
correction was applied to maintain the family-wise error
rate at 5.0%. If normality or homogeneity assumptions
were violated, nonparametric alternatives were used: the
Mann—Whitney U test for between-group comparisons at
each time point and the Wilcoxon signed-rank test for
within-group changes from baseline to Day 90. Statistical
significance was defined as a p-value less than 0.05 for all
analyses, adjusted as necessary for multiple comparisons.

To address missing data due to dropouts (15% in the
intervention group and 20% in the control group), multiple
imputation was used to estimate missing values for continu-
ous outcomes at Day 90, assuming data were missing at ran-
dom (MAR). Five imputed datasets were generated using
predictive mean matching, incorporating baseline character-
istics and available outcome data. Pooled estimates were
analysed using repeated-measures ANOVA. To clarify, no
intermediate weekly data were collected for primary or sec-
ondary endpoints, as assessments were conducted only at
baseline and Day 90. To assess the robustness of findings
to different missing data assumptions, sensitivity analyses
included: a complete case analysis, including only partici-
pants with data at both baseline and Day 90; a worst-case
scenario analysis, where missing Day 90 values in the inter-
vention group were imputed with the control group's mean

change plus one standard deviation, and vice versa; and a
last observation carried forward (LOCF) approach for miss-
ing Day 90 data, using baseline values as a conservative
estimate. Additionally, to evaluate the impact of outliers,
a sensitivity analysis was conducted by excluding partici-
pants with outcome values (e.g. HbAlc, weight) beyond
1.5 times the interquartile range from the first or third quar-
tile in each group, with results compared to the primary ana-
lysis to assess robustness. These sensitivity analyses
confirmed the stability of the primary findings under vary-
ing assumptions.

Study organisation

This study is sponsored by Tesu Saglik Teknolojileri A.S.
The research was conducted at the Istinye University
Health Application and Research Centre Hospital in
Gaziosmanpasa, Istanbul, Tiirkiye.

Results

Enrolment

Between February and September 2024, a total of 119
patients were evaluated for eligibility. Out of these, 51
patients did not meet the inclusion criteria, leaving 68 sub-
jects randomly assigned to the intervention group (n = 33)
and the control group (r = 35). During the 90-day treatment
period, five subjects (15%) in the intervention group and
seven subjects (20%) in the control group were lost to
follow-up. Consequently, the final number of participants
who completed the study was 28 in each group
(Figure 1). Upon completion of the study, data from the par-
ticipants who completed the trial were included in the final
analysis.

Demographics and baseline characteristics

Demographics and baseline characteristics are summarised
(Table 2). The demographic and baseline clinical character-
istics of the participants were comparable between the con-
trol (n=35) and intervention (n=33) groups. The mean
age was 49.0 + 12.4 years in the control group and 48.3 +
12.0 years in the intervention group (p = .814). The propor-
tion of female participants was slightly higher in both
groups (77.1% in the control group vs. 75.7% in the inter-
vention group, p =.894). Anthropometric measurements,
including weight, BMI, waist circumference, hip circumfer-
ence, and waist-to-hip ratio, showed no statistically signifi-
cant differences between the groups. The mean weight was
82.2 +£12.1 kg in the control group and 88.2 + 18.8 kg in
the intervention group (p =.127), while BMI was 31.3 +
4.1 kg/m? and 32.7+7.3 kg/m?, respectively (p=.323).
Glycaemic control parameters, including HbAlc, fasting
glucose, post-prandial glucose, and insulin levels, were
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Table 2. Demographics and baseline characteristics.

Age (years), mean (SD) 48.7 (12.1) 49.0 (12.4) 48.3 (12.0) 814
Gender, n (%)
Women 52 (76.5%) 27 (77.1%) 25 (75.7%) .894
Men 16 (23.5%) 8 (22.9%) 8 (24.3%)
Anthropometric measurements
Weight (kg), mean (SD) 85.1 (15.9) 82.2 (12.1) 88.2 (18.8) 127
Body mass index (kg/m?), mean (SD) 32.0 (5.9) 31.3 (4.1) 32.7 (7.3) .323
Waist circumference (cm), mean (SD) 102.0 (13.1) 100.0 (10.2) 104.0 (15.5) 217
Hip circumference (cm), median (IQR) 111.0 (105.0-119.5) 110.0 (105.3-116.8) 111.0 (105.0-123.0) .519
Waist-to-hip ratio, mean (SD) 0.9 (0.1) 0.9 (0.1) 0.9 (0.1) 484
Glycaemic control
HbA . (%), mean (SD) 5.8 (0.3) 5.7 (0.3) 5.8 (0.4) .667
Fasting glucose (mg/dL), mean (SD) 105.8 (9.5) 104.5 (9.0) 107.1 (9.9) .255
Post-prandial glucose (mg/dL), mean (SD) 138.5 (28.5) 137.0 31.3) 140.0 (26.1) 717
Insulin ((1IU/mL), median (IQR) 9.8 (7.9-12.8) 9.6 (7.9-12.0) 10.9 (7.9-14.6) 325
Abbreviations: SD: standard deviation; IQR: interquartile range. p < .05.
also similar between groups. The mean HbAlc was 5.7+ Qutcomes

0.3% in the control group and 5.8 + 0.4% in the intervention
group (p=.667). Fasting glucose levels were 104.5+
9.0 mg/dL and 107.1 £9.9 mg/dL, respectively, in the
intervention and control group (p =.255). Post-prandial
glucose levels were 137.0+31.3 mg/dL in the control
group and 140.0 +26.1 mg/dL in the intervention group
(p=0.717). Insulin levels also showed no significant differ-
ence (p=.325).

The baseline characteristics of participants who
dropped out (n = 12) versus those who completed the trial
(n=56) were compared to assess potential attrition bias in
our trial (Table 3). No significant differences were
observed between the two groups across key variables,
including age (47.2+11.8 vs. 49.0+12.2 years, p=
.632), gender distribution (75.0% vs. 76.8% female, p =
.890), anthropometric measures such as weight (87.3 +
16.4 vs. 84.6+15.7kg, p=.574) and BMI (33.1+£6.2
vs. 31.8+5.8 kg/m?, p=.491), and glycaemic control
parameters like HbAlc (5.9+04 vs. 5.8+0.3%, p=
456) and fasting glucose (106.5+10.1 vs. 105.6+
9.4 mg/dL, p =.753).

HbAlc levels showed a statistically significant reduction in
the intervention group compared to the control group, with
a mean difference of —0.22% (95% CI: —0.41 to —0.031, p
=.023) (Figure 2(a)). Fasting glucose levels decreased in
the intervention group (—3.50 mg/dL, SD: 10.22), while
the control group showed an increase (+2.00 mg/dL, SD:
13.73). However, the between-group difference was not stat-
istically significant (mean difference: —5.50 mg/dL, 95% CI:
—11.99 to 0.99, p=.095). Postprandial glucose levels
showed no significant difference between groups, with a
mean difference of 1.23 mg/dL (95% CIL: —22.36 to 24.81,
p=.916). Insulin levels decreased more in the intervention
group (—2.10 pU/mL, SD: 5.91) compared to the control
group (0.43 pU/mL, SD: 4.27). The between-group differ-
ence was —2.53 pU/mL (95% CI: —=5.33 to 0.27, p =.075),
which was not statistically significant.

Weight reduction was significantly greater in the inter-
vention group (—3.70 kg, SD: 2.69) compared to the control
group (—1.17 kg, SD: 2.24), with a statistically significant
between-group difference of —2.53 kg (95% CI: —3.85 to
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Table 3. Baseline characteristics: dropouts vs. completers.

Age (years), mean (SD) 48.7 (12.1)

Gender, n (%)

Women 52 (76.5%)
Men 16 (23.5%)
Anthropometric measurements
Weight (kg), mean (SD) 85.1 (15.9)
Body Mass Index (kg/m2), mean (SD) 32.0 (5.9)
Waist circumference (cm), mean (SD) 102.0 (13.1)
Hip circumference (cm), median (IQR) 111.0 (105.0-119.5)
Waist-to-hip ratio, mean (SD) 0.9 (0.1)
Glycaemic control
HbAlc (%), mean (SD) 5.8 (0.3)
Fasting glucose (mg/dL), mean (SD) 105.8 (9.5)
Post-prandial glucose (mg/dL), mean (SD) 138.5 (28.5)
Insulin (WU/mL), median (IQR) 9.8 (7.9-12.8)

472 (11.8) 49.0 (12.2) 632
9 (75.0%) 43 (76.8%) 89
3 (25.0%) 13 (23.2%)

87.3 (16.4) 84.6 (15.7) 574
33.1 (6.2) 31.8 (5.8) 491
103.5 (13.9) 101.7 (12.9) 659
112.0 (106.0-120.0) 110.5 (1045-119.0) .723
0.9 (0.1) 0.9 (0.1) 845
5.9 (0.4) 5.8 (0.3) 456
106.5 (10.1) 105.6 (9.4) 753
140.2 (29.1) 138.1 (28.4) 0811
10.1 (8.0-13.2) 9.7 (7.8-12.6) 0.689

Abbreviations: SD: standard deviation; IQR: interquartile range. p < 0.05.

Note: P-values are derived from chi-square tests for categorical variables (gender) and t-tests or Mann—Whitney U tests for continuous variables (age,
anthropometric measurements, and glycaemic control), depending on normality and variance assumptions.

—1.20, p <.001) (Figure 2(b)). Body mass index (BMI) also
showed a significant reduction in the intervention group
(—=1.35 kg/m?, SD: 0.98) compared to the control group
(—0.46 kg/m?, SD: 0.87), with a between-group difference
of —0.88 kg/m? (95% CL. —1.38 to —0.39, p<.001).
Other anthropometric measures, including waist circumfer-
ence, hip circumference, and waist-to-hip ratio, showed
reductions in the intervention group; however, these differ-
ences were not statistically significant (Table 4).

The analysis revealed a strong correlation between the
number of days using the TH-001 app and the reduction
in HbAlc levels (r=.95, p<.001). As shown in
Figure 3, Participants with higher app usage experienced
greater reductions in HbAlc.

TH-001 was well tolerated, with no reported AEs or
adverse device effects during the study.

User engagement metrics

While engagement metrics were not predefined in the
study protocol, they were assessed based on commonly

used measures in similar digital health trials and digital
DPP (these terms are also summarised in the Appendix).
The primary and secondary endpoints were pre-specified,
while engagement metrics represent additional exploratory
analyses that provide context for understanding interven-
tion utilization. App uptake, defined as the proportion of
participants who logged into the application and com-
pleted at least one assigned daily task, was recorded at
84.8% for TH-001. Engagement duration, measured as
the number of days from study enrolment to the last day
within the study period that a participant from the uptake
group logged into the app, averaged 62.4 days, with a
median of 69.0 days. Additionally, participants success-
fully completed at least one assigned task on 42.2% of
study days, as reflected in the goal completion rate
(Table 5). The adherence score, which quantifies adher-
ence relative to the intended use by calculating the ratio
of actual use to intended use, was 49.8%. Retention, deter-
mined by attendance at least 60% of assigned sessions,
was 48.4%. Lastly, completion, defined as attendance at
the final intervention session or the recording of a final
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Figure 2. (a) Mean change in HbAlc levels from baseline to day 90 in the control and TH-001 groups. The TH-001 group showed a
significantly greater reduction in HbA|c compared to the control group, with a mean difference of —0.22% (95% CI: —0.41 to —0.031, p
=.023), indicating improved glycaemic control. (b) Mean change in body weight from baseline to day 90. The TH-001 group
experienced significantly greater weight reduction (—3.70 kg) compared to the control group (—1.17 kg), with a between-group mean
difference of —2.53 kg (95% CI: —3.85 to —1.20, p <.001). Error bars represent standard deviations. Abbreviations: HbA I c: hemoglobin
Alc; Cl: confidence interval. p < .05.

Table 4. Mean changes in primary and secondary outcomes from baseline to day 90 and mean differences between control and
intervention groups.

A HbAlc (%) 28 —0.04 (0.39) 28 —0.26 (0.32) —0.22 (-0.41 to —0.031) .023
A Fasting glucose (mg/dl) 28 2.00 (13.73) 28 —3.50 (10.22) —5.50 (—=11.99 to 0.99) .095
A Post-prandial Glucose (mg/dl) 15 —15.6 (31.5) 6 —14.38 (32.6) 1.23 (—22.36 to0 24.81) 916
A Insulin 27 0.43 (4.27) 28 —2.10 (5.91) —2.53 (-5.33 t0 0.27) .075
A Weight (kg) 28 —1.17 (2.24) 28 —3.70 (2.69) —2.53 (-3.85 to —1.20) <.001
A Body mass index (kg/m?) 28 —0.46 (0.87) 28 —1.35 (0.98) —0.88 (—1.38 to —0.39) <.001
A Waist circumference (cm) 28 —4.54 (5.85) 28 —7.00 (5.48) —2.46 (—5.50 to 0.58) .10
A Hip circumference (cm) 28 —2.18 (5.14) 28 —3.36 (4.13) —1.18 (—3.68 to 1.32) .348
A Waist-to-hip ratio 28 —0.02 (0.04) 28 —0.04 (0.04) —0.01 (-0.03 to 0.01) 246

Abbreviations: SD: standard deviation.
Note. Boldface indicates statistical significance (p <.05).

health measure, plus at least 60% attendance, was 32.3%  duration is defined as the number of days from the date of
(Table 6). study enrolment to the last day within the study period that

App uptake, defined as the proportion of participants who a user from the uptake group logged into the app. The
logged into the application and completed at least one engagement duration averaged 62.4 days, with a median of
assigned daily task, was notably higher for TH-001 at 69.0 days. Additionally, participants successfully completed
93.9%, compared to a benchmark of 56.0%.?! Engagement at least one assigned task on 42.2% of study days, as reflected
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Figure 3. Scatter plot illustrating the relationship between app usage days and changes in HbAlc levels among TH-001 users.
The regression model y=0.121-0.00852 x shows a strong inverse correlation (r=.95, p <.001), indicating that each additional day
of app engagement was associated with a mean HbA |c reduction of 0.00852%. Abbreviations: HbA |l c: hemoglobin Alc; App, TH-001.

p <.05.

in the goal completion rate (Table 5). The adherence score,
measuring the adherence relative to the intended use derived
as the quantified ratio of intended use to actual use, was cal-
culated at 49.8%, closely aligning with a reference value of

Table 5. Engagement metrics for TH-001.

App uptake (%) 33 84.8
App usage days (mean) 28 472
App usage days (median) 28 57.5
Engagement duration days (mean) 28 62.4
Engagement duration days (median) 28 69.0
Goal completion (%) 28 422

App uptake: The proportion of users randomised to the intervention who
logged in to the app and successfully completed their assigned tasks at least
once. App usage days: The total number of days users from the uptake
group logged into the app, regardless of task completion. Engagement
duration days: The number of days from the date of study enrolment to the
last day within the study period that a user from the uptake group logged
into the app. Goal completion: The proportion of days during the study
period that a user in the uptake group successfully completed at least one
assigned task.

50.9%.% Feasibility, defined as the proportion of participants
who successfully completed the study protocol, was recorded
at 84.8%, similar to the reference value of 85.4%.23
Retention, determined by attendance at least 60% of assigned
sessions, was 48.4%, exceeding the reference value of
34.0%.%" Lastly, completion, which accounted for attendance
at the final intervention session or successful recording of a
concluding health measure, reached 32.3%, surpassing a ref-
erence value of 22.0%>' (Table 6).

Discussion

TH-001 demonstrated significant improvements in gly-
caemic control among adults with prediabetes, reducing
HbAlc by 0.22% at 90 days (p=.023) compared to the
control group. A dose-response relationship was observed,
with greater exposure to the intervention associated with a
more pronounced HbAlc reduction (p <.0001).
Participants in the intervention group also experienced sig-
nificant reductions in body weight (p <.001) and BMI (p <
.001), reinforcing the potential of this intervention in
addressing key risk factors for diabetes progression. The
efficacy of digital interventions in reducing HbAlc has
been demonstrated in multiple randomised controlled trials.
Block et al. reported a significant HbAlc reduction of
0.26% (p =0.002) using a digital intervention incorporating
tailored websites, a mobile app, and interactive emails
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Table 6. Comparison of engagement metrics and values for TH-001 and reference studies, including adherence score, feasibility,

uptake, retention, and completion.

Adherence score'? (%)

The adherence relative to the intended use is derived as the quantified ratio of intended use to actual use.

Feasibility® (%)

The proportion of enrolled participants who completed and adhered to the study protocol.

Uptake'® (%)
Attendance at initial assessment or at least one intervention session.

Retention (DPP Completion)'® (%)

Attended at least 60% of sessions (aligns with the DPP delivery team's definition of completion).

Completion'® (%)

28 498 14,677 50.9
33 848 55 854
33 939 99473 56.0
31 484 55275 340
31 323 55275 220

Attendance at the final intervention session or the recording of some final health measure (HbAIc or

well-being), plus at least 60% attendance.

Abbreviations: DPP: diabetes prevention programme; HbAIc: hemoglobin Alc.

?Average of nutrition, physical activity, and weight loss apps.

based on the principles of the Centers for Disease Control
and Prevention's DPP.'® Similarly, Katula et al. observed
a shift from prediabetes to normal glycaemic levels
(=0.23% [95% CI —-0.26, —0.20], p=.001) through an
internet-based intervention delivered via mobile phones,
computers, and smartwatches.'® A meta-analysis of 33 stud-
ies involving 14,398 participants further supports the effect-
iveness of digital health interventions in improving
glycaemic measures, particularly HbAlc (p<.01).**
These interventions have also been shown to facilitate
weight loss, which is crucial for improving insulin sensitiv-
ity and lowering HbAlc in individuals with prediabetes.”
Given that a 5-7% reduction in body weight significantly
reduces diabetes risk, digital health solutions present a scal-
able and cost-effective approach to managing prediabetes.*®
TH-001 demonstrated outcomes consistent with those
reported in traditional DPPs. The UK NHS in-person
DPP reported HbAlc reductions of 0.12% to 0.19% over
9-12 months, with greater reductions observed in partici-
pants attending more than 60% of sessions.?’ Similarly,
the NHS Digital DPP pilot achieved an average HbAlc
reduction of 0.15% over 12 months, while the original U.S.
DPP trial reported HbA 1¢ reductions (~0.4% at three years),
alongside a 58% reduction in diabetes incidence.”®
Despite their efficacy, traditional DPPs face challenges
such as logistical barriers, inconsistent long-term engage-
ment, and reliance on in-person attendance, leading to
high attrition rates. These limitations reduce their scalabil-
ity, particularly among underserved populations.**=°
TH-001 addresses these challenges through a fully digital
delivery model incorporating gamification, personalised
notifications, and cognitive-behavioural strategies to

enhance adherence. By leveraging mobile technology, the
programme ensures continuous access to tailored content,
eliminating the need for in-person sessions and facilitating
sustained behaviour change. Beyond glycaemic outcomes,
TH-001 demonstrated a clinically significant reduction in
body weight and BMI. Participants lost an average of
3.70 kg (4% of total body weight, p <.001) and experi-
enced a BMI reduction of 1.35 kg/m? (p <.001) over 90
days. In comparison, real-world DPP implementations in
the U.S. report an average weight loss of 4.2%, with 35%
of participants achieving at least 5% weight loss.”® The
UK NHS DPP reported an average weight loss of 2.3 kg
(2.7% of body weight) over 12 months, increasing to
3.3 kg (3.9%) among highly adherent participants, while
the NHS Digital DPP achieved a mean weight loss of
3.1kg over 12 months.?”*® These findings suggest that
TH-001 delivers comparable weight loss outcomes within
a shorter timeframe, though long-term evaluations are
needed to assess the sustainability of these effects. User
engagement with TH-001 was notably high, with an app
uptake rate of 84.8%, a retention rate of 48.4% at 90
days, and a completion rate of 32.3%. In comparison, the
NHS DPP reported an uptake rate of 56%, a retention rate
of 34%, and a completion rate of 22%.2' The U.S.
National DPP reported a median program duration of 134
days out of 365, with participants attending a median of
14 out of 22 sessions.”’ TH-001 demonstrated a median
engagement of 69 days out of 90, with a goal completion
rate of 42.2%, indicating that participants actively engaged
with the intervention on nearly half of the study days. These
findings highlight the feasibility of this intervention in sup-
porting sustained participation, overcoming common
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barriers associated with in-person programmes, and facili-
tating adherence to structured lifestyle modifications.?'~*
A strong dose-response relationship was observed, with
greater app usage correlating with greater HbA1c reduction
(r=.95, p <.001), reinforcing the importance of sustained
engagement. This is in line with previous findings on digital
health interventions, which have emphasized the import-
ance of user adherence in achieving clinical benefits.*

TH-001's positive outcomes stem from its cognitive
behavioural approach, delivered through a 90-day digital
therapeutic program with six modules. It promotes lifestyle
changes via behavioural guidance, daily tasks, gamification,
virtual scoreboards, education, and self-monitoring tools.
The program encourages 150min of  weekly
moderate-intensity activity and uses a food-card swipe
interface with “traffic light” visualization to teach healthy
eating. Educational content on prediabetes, diabetes, activ-
ity, and nutrition supports sustained behaviour change.
Real-time physician monitoring enhances tailored support
and adherence. This scalable, evidence-based digital
approach overcomes the limitations of resource-intensive
traditional programs.?’-**°

High engagement duration, averaging 62.4 days with a
median of 69.0 days within the 90-day study period, and
a goal completion rate of 42.2%, strongly indicates the
intervention's feasibility and acceptability. The powerful
dose-response relationship between app usage and HbAlc
reduction (r=.95, p <.001) indicates a strong association
between engagement with TH-001 and improved glycaemic
control, suggesting that sustained interaction is critical for
achieving clinical benefits. This study suggests DTx require
both clinical efficacy and engaging design to promote con-
sistent use.>>>* The strong correlation between app usage
and HbAlc reduction, however, may not solely indicate a
dose-response relationship. Confounding factors, such as
baseline motivation, socioeconomic status, or concurrent
lifestyle changes (e.g. better diet or increased exercise),
could contribute. Motivated users may engage more with
the app while adopting healthier behaviours, enhancing
HbAlc reductions. Future research should measure these
confounders to clarify the causal link between app usage
and clinical outcomes.

TH-001 demonstrated a strong safety profile, with no
AEs or device effects reported during the 90-day study, sup-
porting its potential for widespread adoption and patient
adherence in prediabetes management. Additionally,
TH-001 achieved a 4% weight loss, a clinically significant
outcome that may help prevent or delay type 2 diabetes and
related complications, including cardiovascular disease,’”
kidney disease,>® blindness,’” stroke, and dementia.>®

TH-001’s clinically significant weight loss and HbAlc
reduction in prediabetic individuals support its integration
into primary care as an adjunct or alternative to traditional
diabetes-prevention programs, especially for those with
limited access. A dose-response relationship between app

engagement and outcomes allows clinicians to monitor
adherence and tailor interventions. Its effectiveness across
diverse, self-directed users, scalability, accessibility, and
safety profile make it a potential first-line option that may
help delay the need for pharmacological intervention. The
90-day results suggest cost-effectiveness and reduced
healthcare utilisation, supporting favourable reimbursement
policies. Successful adoption requires standardised proto-
cols, clear patient-selection criteria, comprehensive educa-
tion, and investment in digital infrastructure, training, and
oversight.

Limitations of the study

This trial has several limitations. First, the study was open-
label: participants and investigators were aware of group
assignments (it was not possible to blind the use of a smart-
phone app). To minimize performance and reporting bias,
the study relied on objective, laboratory-based metabolic
endpoints (HbA ¢, fasting glucose, etc.), which are not sub-
ject to participant or assessor interpretation

While TH-001 demonstrated a rapid impact on gly-
caemic control and weight reduction within the first 90
days, its long-term effectiveness remains to be determined.
Evidence from the NHS and CDC DPPs suggests that even
modest weight loss (3—5%) can significantly reduce dia-
betes incidence if maintained over time.”?’*° Future
research should extend the follow-up of digital interven-
tions like TH-001 to at least 12 months or more to determine
whether the short-term metabolic gains are sustainable and
whether they indeed lead to a reduction in the development
of type 2 diabetes. Relatedly, the absence of intermediate
assessments (e.g. at 30 or 60 days) limits insights into the
trajectory of changes, such as whether improvements in
HbA ¢ or weight loss occurred progressively or plateaued
early, which could inform optimization of the intervention's
modular structure.

Fasting glucose and insulin levels showed an improving
trend, though the changes did not reach statistical signifi-
cance. This may be attributed to the relatively short study
duration, as previous research suggests that metabolic adap-
tations, particularly those affecting glucose regulation and
insulin sensitivity, often require longer intervention periods
to yield significant effects.®® The study's modest sample
size (n = 68 randomized, with 56 completers) may have fur-
ther limited statistical power to detect smaller but clinically
meaningful differences in these secondary outcomes, espe-
cially given the observed dropout rates (15% in the inter-
vention group and 20% in the control group), despite the
use of multiple imputation to handle missing data.

A correlation between engagement and HbA 1 ¢ reduction
was observed; however, highly motivated individuals may
be more likely to engage with the intervention while also
adopting other healthy behaviours, such as dietary changes
and increased physical activity, which independently
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contribute to HbA 1¢ reduction. This self-selection bias limits
the ability to establish a direct causal relationship between
app use and clinical outcomes. Future studies employing
stratified randomised controlled trial designs could help dis-
entangle these effects. Additionally, engagement metrics
were analysed exploratorily rather than as predefined end-
points, potentially introducing post-hoc bias in their
interpretation.

Additionally, the study was conducted in a single country,
which may limit generalisability due to variations in cultural
norms, healthcare access, dietary habits, and digital literacy
across different populations. Addressing these limitations in
subsequent investigations will contribute to refining digital
therapeutic interventions for broader clinical applicability.

The generalisability of our findings is also limited by the
study's context. This was a single-site study conducted in
Istanbul, Turkey, and the participant population was rela-
tively homogenous in terms of ethnicity and cultural back-
ground. Results may differ in other countries or healthcare
settings where cultural norms, healthcare access, dietary
habits, and digital literacy vary. Furthermore, our trial
cohort was predominantly female (~76% of participants).
This gender imbalance reflects the observation that women
are more likely to enroll in lifestyle change programs than
men (in the U.S. National DPP, roughly 121,000 females
vs 39,000 males enrolled by 2017, an approximately 3:1).*°

Conclusion

The findings of this randomised controlled trial demonstrate
that the digital therapeutic TH-001 shows promising short-
term efficacy in HbAlc reduction that requires longer-term
evaluation to assess sustained benefits and diabetes preven-
tion outcomes. Participants using TH-001 experienced a stat-
istically significant reduction in HbAlc and achieved
meaningful weight loss and BMI reduction compared to the
control arm. These improvements were observed without
any AEFEs, indicating the safety of the intervention. User
engagement metrics indicated a high level of interaction
and adherence, suggesting TH-001's potential to overcome
traditional barriers to DPPs. A notable dose-response relation-
ship between app usage and HbA 1¢ reduction underscores the
importance of sustained engagement for achieving clinical
benefits. Further research with extended follow-up and
broader population samples is necessary to establish the sus-
tained effectiveness and generalizability of TH-001 as a scal-
able intervention for prediabetes management.
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Appendix: Glossary of digital engagement
metrics

e App uptake: The percentage of participants who ini-

tiate use of the app by logging in and completing at

least one task. This indicates how many participants
started the digital intervention.?!

e FEngagement duration: The span of time (in days) a
participant engages with the app from the beginning
of the study until their last use within the study per-
iod. It reflects how long users continue to come back
to the app.

e Goal completion rate: The proportion of days during
the intervention period on which a participant com-
pleted at least one of the prescribed daily tasks. A
higher percentage means the participant was active
on more days.

o Adherence score: A measure of how closely par-
ticipants followed the recommended app usage
regimen. It is calculated as the ratio of actual
usage to intended usage (target usage) over 90
days, expressed as a percentage. For example,
an adherence of 50% means the participant com-
pleted half of the expected interactions (tasks/
sessions).*?

e Retention: In a digital intervention context, reten-
tion refers to the ability to keep participants
engaged over time. Here, it is defined as the per-
centage of participants who engaged with the
app for at least 60% of the intervention duration
(i.e. completed a minimum “dose” of the pro-
gramme). Retention essentially shows how many
users stuck with the programme past the halfway
point.?!

o Completion: The percentage of participants who
met the retention threshold and also completed the
programme, meaning they continued engagement
through the final session or assessment.
“Completion” indicates participants who both stayed
sufficiently active and saw the intervention through
to its intended end.?!

o Feasibility (study completion rate): The fraction of
participants who completed the study protocol in
the intervention group. This is equivalent to the per-
centage of participants who did not drop out and
attended the final follow-up visit (Day 90). A high
feasibility rate suggests the intervention is practical
and acceptable, with most participants managing to
remain in the study until the end.*?
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