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Abstract

Background: Digital therapeutic platforms facilitate health care through patient-centered strategies based on multidisciplinary
teams and shared decision-making. Such platforms can be used for developing a dynamic model of diabetes care delivery, which
can help in improving glycemic control by promoting long-term behavior changes in people with diabetes.

Objective: This study aims to evaluate the real-world effectiveness of the Fitterfly Diabetes CGM digital therapeutics program
for improving glycemic control in people with type 2 diabetes mellitus (T2DM) after the completion of 90 days in the program.

Methods: We analyzed deidentified data of 109 participantsin the Fitterfly Diabetes CGM program. This program was delivered
through the Fitterfly mobile app coupled with continuous glucose monitoring (CGM) technology. This program consists of 3
phases: thefirst phase is observation, wherein the patient's CGM readings are observed for 7 days (week 1); the second phaseis
theintervention; and the third phase aims at sustaining the lifestyle modification introduced during the second phase. The primary
outcome of our study was the change in the participants’ hemoglobin A, (HbA,.) levels after program completion. We also
evaluated the changes in participant weight and BMI after the program, changesin the CGM metricsin theinitial 2 weeks of the
program, and the effects of participant engagement in the program on improving their clinical outcomes.

Results: At the end of the 90 days of the program, the mean HbA ;. levels, weight, and BMI of the participants were significantly

reduced by 1.2% (SD 1.6%), 2.05 (SD 2.84) kg, and 0.74 (SD 1.02) kg/m? from baseline values of 8.4% (SD 1.7%), 74.45 (SD
14.96) kg, and 27.44 (SD 4.69) kg/m? in week 1, respectively (P<.001). The average blood glucose levels and time above range
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values showed a significant mean reduction by 16.44 (SD 32.05) mg/dL and 8.7% (SD 17.1%) in week 2 from week 1 baseline
values of 152.90 (SD 51.63) mg/dL and 36.7% (SD 28.4%), respectively (P<.001 for both). Time in range values significantly
improved by 7.1% (SD 16.7%) from a baseline value of 57.5% (SD 25%) in week 1 (P<.001). Of all the participants, 46.9%
(50/109) showed HbA ;. reduction =1% and 38.5% (42/109) showed weight loss 24%. The average number of times the mobile
app was opened by each participant during the program was 108.80 (SD 127.91) times.

Conclusions: Our study shows that participants in the Fitterfly Diabetes CGM program showed a significant improvement in
their glycemic control and reduction in weight and BMI. They also showed ahigh level of engagement with the program. Weight
reduction was significantly associated with higher participant engagement with the program. Thus, thisdigital therapeutic program

can be considered as an effective tool for improving glycemic control in people with T2DM.

(JMIR Diabetes 2023;8:e43292) doi:10.2196/43292
KEYWORDS

digital therapeutics, glycemic control; continuous glucose monitoring; monitoring; glucose; diabetes, type 2 diabetes,
decision-making; model; glycemic; effectiveness; mobile application; application; engagement

Introduction

Background

Diabetes mellitus affects more than 536 million adults globally,
and the incidence is projected to rise to 783 million by 2045
[1]. Type 2 diabetes mellitus (T2DM) accounts for the majority
of cases with diabetes, and the trend is expected to be similar
in 2045. Many studies on people with T2DM have shown that
the degree of hyperglycemia is associated with the risk of
microvascular complications [2,3], neuropathy [4], stroke [2],
myocardial infarction [5], macrovascular mortality [6], and
all-cause mortality [5,7]. Glycemic variability isal so associated
with the development of complicationsin diabetes[8,9].

Diabetes care delivery is currently facing challenges such as
skewed patient-to-physician ratios[10,11], inadequate diabetes
self-management education and support [12], fragmented care
across individual hedlth care providers [13], inadequate
resources for glucose monitoring [14], and lack of awareness
about dietary management practices that often lead to poor
glycemic control [15]. High-quality diabetes care depends on
the adoption of comprehensible lifestyle management
techniques, which include diabetes sel f-management education
and support, nutritional therapy, physical activity, regular
glucose monitoring, psychological care, and smoking cessation
[16]. Patients with diabetes are challenged with a huge burden
of self-care, including regular glucose monitoring, dietary
management, meal tracking, and physical activity on a daily
basis, which has been shown to result in lower treatment
adherence and psychological burnout [17]. Regular self-care
can become exhausting, and education and support from experts
can help in reducing the onset and progression of diabetes
complications [18]. Along with this, a personalized treatment
approach can help people with diabetes reach their glycemic
targets[19] and reducetherisk of T2DM-related complications
[14]. Thus, there is an urgent need for a dynamic model of
diabetes care delivery using patient-centered strategies based
on multidisciplinary teams and shared decision-making, which
can helpinimproving glycemic control by promoting long-term
behavior changes in people with diabetes [20]. Digital
therapeutic platforms provide evidence-based therapeutic
interventions with the use of high-quality software to prevent,
manage, or treat a medical disorder or disease [21]. Digital

https://diabetes.jmir.org/2023/1/e43292

therapeutic platforms have been shown to provide diabetes care
independently or in concert with medications, devices, or other
therapies to optimize patient care and health outcomes [22].

Fitterfly Diabetes CGM isa90-day digital therapeutics program
that provides personalized lifestyle management support for
people with T2DM. This program consists of the initia
application of the continuous glucose monitoring (CGM) sensor
on the patient and the concurrent detailed profiling of the
patient’s glucose readings and fithess and stress assessments
by a multidisciplinary care team of experts comprising
nutritionists, physiotherapists, and psychologists. In this
program, CGM readings are correlated with a vast set of input
data (food logs, activity logs, symptoms, medication, sleep, and
stress) from the mobile app. Artificial intelligence and machine
learning predictive models are used to predict the personalized
glycemic response of the individuals, by assessing the impact
of food, activity, medication, sleep, symptoms, and stress on
blood glucose excursions.

In a previous study performed on 64 participants with T2DM
enrolled in the Fitterfly Diabetes CGM program (formerly
known as Diabefly-Pro; Fitterfly Healthtech Pvt Ltd), CGM
data were analyzed only in the initial 14 days of the program.
Participants followed their usual lifestyle in week 1 but a
modified lifestyle plan in week 2. In week 2, the mean blood
glucoselevel was significantly reduced by 17.5 mg/dL (P<.001)
and the time in range (TIR) and the glucose management
indicator significantly improved by 4.5% and 0.4%, respectively
(P<.001), while the time above range (TAR) reduced
significantly by 11% (P<.001). The changesin the CGM metrics
inthat study indicated that the Fitterfly Diabetes CGM program
significantly improved glycemic control in ashort duration [23].
However, the extent of improvement in glycemic control after
the completion of the program at 90 days was not studied.
Therefore, our study aims to analyze the deidentified data of
109 participants with T2DM in the Fitterfly Diabetes CGM
program for assessing its real-world effectivenessin improving
glycemic control in 90 days.

Objective
The Fitterfly Diabetes CGM program aims at providing

personalized lifestyle management with the help of the CGM
sensor (FreeStyle Libre Pro, Abbott Diabetes Care). The primary

JMIR Diabetes 2023 | vol. 8 | e43292 | p.6
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outcome of our study was to analyze the changes in the
hemoglobin A, (HbA,,) levels after the completion of the
program as compared to those in the baseline. We a so focused
on evaluating the short-term effects of amodified lifestyle plan
by using the CGM metrics of the participants, changesin their
weight and BMI after program completion, and the effects of
participant engagement in the program on their clinical
outcomes.

Methods

Study Design

This study is based on the analysis of the deidentified data of
participants enrolled in the Fitterfly Diabetes CGM program.
Participants were recruited through direct referrals by the
treating physician or via a social media campaign offering an
app-based diabetes management program. Participants were
enrolled in the program only after the screening process, which
was based on the following inclusion and exclusion criteria.
Theinclusion criteriafor the participants were (1) diagnosis of
T2DM with HbA ;. levels >6.5%, (2) age =218 years at the time
of enrollment, (3) having a smartphone and willing to utilize
the mobile app, and (4) having a minimum level of literacy to
read and understand the English language. The exclusion criteria
for the participantswere (1) presence of any physical, cognitive,
and psychiatric impairments, which can affect their ability to
follow dietary regimens or physical exercise, (2) presence of
severe complications (eg, end-stage chronic kidney failure,
chronic liver disease), (3) history of unstable angina pectorisor
stroke within the past 6 months, and (4) history of surgical
procedures, which can affect the ability to follow a dietary
regimen. All participants signed informed consent for the use

Joshi et a

of data for research purposes. Refusal to sign the informed
consent form did not affect their participation in the program
and the quality of care.

Ethical Consider ations

This study involves secondary analysis of deidentified data, and
no investigational product or procedureswere used in this study.
Thus, no ethics clearance was obtained for this study. All
participantswere provided care as per normal clinical standards,
and there was no change in their treatment from the usual
customary care. All participants signed the informed consent
permitting the collection of primary data for the secondary
analysis of deidentified data for research purposes and
publications. Our study guarantees the protection of privacy
and confidentiality of participants by ensuring that the study
data are deidentified. Participants were not provided any
compensation for study participation.

Program Details

Figure 1 shows the major components of the Fitterfly Diabetes
CGM program. The diabetes management program was
delivered through a Fitterfly mobile app coupled with CGM
technology. Personalized guidance was provided based on data
insights on the blood glucose levels through CGM monitoring
and the data entered by participants through the mobile app,
including meals items, duration and type of physical activity
performed, normal lifestyle habits, diabetes distress score,
anthropometric parameters, symptoms, deep quality, medication
usage, and laboratory reports. The Fitterfly Diabetes CGM
program uses machinelearning and artificia intelligence models
to integrate and correlate the data collected from the CGM
device and the mobile app to create a personalized lifestyle plan
based on an individual’s glycemic response.

Figure 1. Process flow of the Fitterfly diabetes CGM digital therapeutics program. Al: artificial intelligence; CGM: continuous glucose monitoring;

ML: machine learning.
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The key differentiating features of the Fitterfly Diabetes CGM
program are as follows:

1. Mobile app software: The Fitterfly mobile app software
helpsin logging of anthropometric and other data (HbA .
levels; meals; physical activity; anthropometric data such
as height, waist circumference, and weight) along with
ensuring regular access to diabetes education content
(lessons, quizzes, articles, blogs) based on evidence-based
guidelines. Regular reports (nutrition, physical fitness, and
psychological well-being assessment) are also created and
shared via the mobile app with the participants during the
90 days of the program.

2. Food database: The in-house food database access was
provided through the mobile app. The food database

provides dietary information such as caories,
macronutrients  (protein, fat, and carbohydrate),
micronutrients (calcium, phosphorus, iron, sodium,

potassium, zinc, magnesium), omega-3 fats, and total fiber
invariousmeal items (17,187 recipes, 13,866 packed foods,
and 152 cuisines). The food database was created from
authentic sources such as the Indian Food Composition
tables 2017 and the National Institute of Nutrition, India.

3. Virtual access to nutritionists: Meal logs created by the
participants were reviewed by nutritionists, and a
personalized diet plan was created and shared regularly
with each participant based on their personalized glycemic
response. The team made regular calls to assess the goals
achieved by the participants and to keep them on track.

4. Virtual access to physiotherapists: Personalized exercise
plans were created for participants based on a
videocall-based physical fitness assessment in the initial
phase of the program by trained physiotherapists. The
personalized exercise prescription is based on physical
fitness, pain complaints of participants, and physical activity
readiness level. Regular calls by physiotherapists were
provided to assess the goals achieved by participants and
to keep them on track. The participants underwent
videocall-based primary fitness assessments using the
6-minute walk test, 1-minute push-up test, wall sit test,
1-minute sit-up test, and V-sit and reach test for the analysis
of cardiorespiratory fitness, upper body strength, lower
body strength, core strength, and flexibility, respectively,
under the supervision of trained physiotherapists at the
beginning and end of the program.

5. Virtual access to psychologists. The main objectives of
psychological care were to enhance motivation, positivity,
and optimism; improve sleep quality; manage stress; and
learn self-control techniques for better adherence to the
program and for providing carefor diabetes-related distress
in participants. The participants are provided with video
and activity cards via the mobile app. Regular calls were
performed by the psychologiststo assessthe goals achieved
by the participants and to keep them on track. Psychol ogical
well-being  assessment was  conducted  using
guestionnaire-based scales such as Diabetes Distress Scale,
Motivation and Attitude toward Changing Health, and
Pittsburgh Sleep Quality Index, which were administered
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using the mobile app at the beginning and end of the
program.

6. Remote health coaching: Remote health coaches help the
participants with their queries or problems faced by
participants through messages and calls.

7. Dashboard: Web-based dashboards helped in integrating
all the information and ensured easy access of the data to
remote health coaches and experts (nutritionists,
physiotherapists, and psychologists) during the program.

The Fitterfly Diabetes CGM program consists of 3 phases. The
first phaseisthe observation phase, wherein the CGM readings
of the participants are monitored for 7 days (week 1) based on
their normal lifestyles (daily activity, meals, stress, and sleep
quality). The second phase is the intervention phase, during
which nutritionists and physiotherapists provide every
participant with adiet and exercise plan, respectively, based on
their personalized glycemic response data collected from the
CGM monitoring sheet. The participants were instructed to
follow the modified diet and exercise plan and were monitored
again for the next 7 days (week 2) through the CGM device.
Feedback regarding stress management and sleep quality was
also provided. Thethird phase of the program aims at sustaining
the lifestyle modification introduced during the second phase
of the program while including regular feedback and support
from health coachesto build lifelong lifestyle changesfor better
management of diabetes.

Data Collection

The primary outcome of this study was to evaluate the change
inthe HbA ;. levels. The secondary outcomes of this study were
reductions in weight and BMI, psychological well-being, and
physical fitness. Before the start of the program, &l the
participants downloaded the Fitterfly mobile app and trained
personnel applied the CGM sensor on the participant. CGM
readings were collected on day 7 and day 14 of the program by
trained personnel during their personal visits to participants.
All the participants completed a profiling questionnaire, which
helped in persondizing the participant’s experience. The
profiling questionnaires were administered using the mobile
app.

Statistical Analysis

Statistical analysiswas performed using the R software (version
4.0.3, R Core Team and the R Foundation for Statistical
Computing). Continuous data were expressed as mean (SD)
and median (IQR). Categorical datawere represented as number
(%). Shapiro-Wilk test was used for normality assessment of
data. Wilcoxon signed-rank test was performed for the
evaluation of outcomes before and after the program, with P<.05
considered as statistically significant. The correlation between
various factors was studied using Pearson test for parametric
data and Spearman rank test for nonparametric data.

Results

Baseline Characteristics of the Participants

We obtained complete CGM readings from 355 participants at
the beginning and after 14 days of the program start date.
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Completereadings of HbA ;. levelsbefore and after the program
were provided by 112 participants. Complete weight readings
were provided by 109 participants. Table 1 shows the baseline
characteristics of 109 participantswith T2DM who participated
in the Fitterfly Diabetes CGM program. The mean age of the
participants was 48.90 (SD 12.70) years, with an average
duration of diabetes history of 5.37 (SD 8.37) years. Femae
parti cipants comprised 55.9% (61/109) of this study population.
Themean weight and BMI at the basglinewere 74.45 (SD 14.96)
kg and 27.44 (SD 4.69) kg/m?, respectively. Apart from being
diagnosed with diabetes, 53.2% (58/109) of the participants had

Table 1. Baseline characteristics of the study participants (N=109).

Joshi et a

other health comorbidities. The analysis of participants’ usage
of antidiabetic agentswhile on the program showed that 13.8%
(15/109) of the participantswere using insulin, 40.4% (44/109)
were using ora hypoglycemic agents, 20.2% (22/109) were
using both insulin with oral hypoglycemic agents, and 25.7%
(28/109) were not using any form of antidiabetic medications.
Of al the participants, 47.7% (52/109), 32.1% (35/109), 32.1%
(35/109), 13.8% (15/109), 8.3% (9/109), and 1.8% (2/109) were
using biguanides, sulfonylureas, dipeptidyl peptidase-4
inhibitors, sodium-glucose co-transporter-2  inhibitors,
a-glucosidase inhibitors, and thiazolidinediones, respectively.

Parameters Values
Gender (female), n (%) 61 (55.9)
Age (years), mean (SD) 48.90 (12.70)
Duration of diabetes (years), mean (SD) 5.37 (8.37)
BMI (kg/m?), mean (SD) 27.44 (4.69)
Weight (kg), mean (SD) 74.45 (14.96)
Insulin, n (%) 15 (13.8)
Oral hypoglycemic agents, n (%) 44 (40.4)
Insulin and oral hypoglycemic agents, n (%) 22 (20.2)
Biguanides, n (%) 52 (47.7)
Sulfonylurea, n (%) 35(32.1)
Dipeptidy| peptidase-4 inhibitors, n (%) 35(32.1)
Sodium glucose co-transporter-2 inhibitors, n (%) 15 (13.8)
a-Glucosidase inhibitors, n (%) 9(8.3
Thiazolidinediones, n (%) 2(1.8)
Other/nonspecified medication, n (%) 2(1.8)
Comorbid conditions present, n (%) 58 (53.2)

Changesin CGM Metrics After theInitiation of a
Modified Lifestyle Plan

Personalized feedback was provided for all the participants
based on the analysis of CGM data in the first week of the
program. From the second week to the end of the program, the
participants followed modified lifestyle prescriptions. CGM
sensor datafor the second week of the program were compared
with those in the first week of the program to understand the
immediate change in the glycemic parameters after the

https://diabetes.jmir.org/2023/1/e43292

introduction of the modified lifestyle plan. The average blood
glucose levels of the participants showed a mean reduction by
16.44 (SD 32.05) mg/dL from 152.9 (SD 51.63) mg/dL inweek
1 to 136.50 (44.26) mg/dL in week 2. TIR improved by 7.1%
(SD 16.7%) from week 1—from abaseline value of 57.5% (SD
25%) to 64.6% (SD 26%) (P<.001). TAR significantly reduced
by 8.7% (SD 17.1%) from week 1—from a baseline value of
36.7% (SD 28.4%) to 28.1% (SD 28.1%) (P<.001). No
significant increase in time below range (TBR) was observed
between week 1 and week 2 (P=.86) (Table 2).
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Table 2. Summary of the parameters in the participants before and after the Fitterfly Diabetes continuous glucose monitoring intervention program.

Parameters Preintervention, mean (SD), median  Postintervention, mean (SD), median ~ Changein parameters, mean (SD), p yqc?
(IQR) (IQR) median (IQR)

Hemoglobin A4 8.4(1.7),81(7.0t09.1) 7.2(1.4),7.1(6.4t07.8) -1.2 (1.6), 0.9 (-1.9t0-0.3) <.001

(%)

Weight (kg) 74.45(14.96), 73.0 (64.50t082.50)  72.40 (13.92), 71.0 (64.0 to 80.0) —2.05 (2.84), —1.40 (4.0 to 0) <.001

BMI (kg/m?) 27.44(4.69), 26.50 (23.851030.35) 26.70 (4.41), 25.98 (23.431029.53)  —0.74(1.02), -0.55(-1.41t0 0)  <.001

ABGP (mg/dL) 152.90 (51.63), 139.00 (120.0t0  136.50 (44.26), 125.00 (108.0 to —16.44 (32.05), —10.00 (-22.50t0  <.001
171.50) 155.50) —1.50)

TIR® (%) 57.5(25.0), 61.0 (45.1 to 75.0) 64.6 (26.0), 72.0 (48.0 to 83.5) 7.1(16.7), 6.0 (-0.2t0 16.1) <.001

TARY (96) 36.7 (28.4), 32.7 (13.8t0 51.7) 28.1(28.1), 16.9 (6.3t0 41.2) -8.7(17.1),-5.2(-16.8t00.0)  <.001

TBRE (%) 6.0 (11.8), 1.1 (0.0 to 5.6) 7.5(13.3),0.9 (0.0t0 8.7) 1.5(11.2),0(-1.3t0 1.0) 86

Ailcoxon signed-rank test.
bABG: average blood glucose.
°TIR: timein range.

4TAR: time above range.
®TBR: time below range.

Changesin HbA . Levels After Program Completion

A significant mean reduction in HbA,. levels by 1.2% (SD
1.6%) (P<.001) was observed in al the participants—from a
baseline mean of 8.4% (SD 1.7%) to 7.2% (SD 1.4%) after the
program (Figure 2A). Of all the participants, 85.3% (93/109)
showed a reduction in HbA,. levels after the program, with

43.1% (47/109) reaching the recommended target of HbA ;.<7%.
Approximately 46.9% (50/109) of the participants showed
HDbA ;. reduction =1%, and 86.2% (94/109) of the participants

showed reduction in HbA . levels. Participants with baseline
HbA .<7%, 7%-9%, and >9% showed an average HbA,,
reduction by 0.4% (SD 0.7%) (P=.008), 0.9% (SD 1.5%)
(P<.001), and 2.6% (SD 1.7%) (P<.001), respectively.

Figure2. Changesin (A) hemoglobin Alc level and (B) weight before and after the program.
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Changesin Weight and BMI After Program
Completion

The participants showed a significant mean weight reduction
by 2.05 (SD 2.84) kg from a preprogram mean weight of 74.45
(SD 14.96) kgto 72.40 (SD 13.92) kg after the program (P<.001,
Figure 2B). Weight reduction was observed in 65.1% (71/109)
of the participants, with 38.5% (42/109) having weight loss of
>4%. The mean BMI reduced significantly by 0.74 (SD 1.02)
kg/m? among all the participants—from a mean baseline BMI

of 27.44 (SD 4.69) kg/m? to 26.70 (SD 4.41) kg/m? (P<.001).
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Changesin Glycemic Control With Different
Antidiabetic M edications

TIR improvement and HbA ;. reduction were further analyzed
in al the participants based on their uptake of antidiabetic
medications for glycemic control, such as insulin, oral
hypoglycemic agents, oral hypoglycemic agents with insulin,
and no medications. Participants who were not using any
antidiabetic medications were dependent solely on thelifestyle
modifications for glycemic control. Similar levels of
improvement in TIR were observed in the groupsreceiving oral
hypoglycemic agents, insulin, oral hypoglycemic agents with
insulin, and no medications, with an average TIR improvement
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of 6.6% (SD 17.9%), 5.7% (SD 24.6%), 8.3% (SD 14%), and
7.9% (SD 12%), respectively (P=.94). Similarly, no significant
differenceinthelevel of HbA . reduction was observed between
these 4 groups, with a mean HbA . reduction of 1.1% (SD
1.4%), 1.5% (SD 1.3%), 1.4% (SD 2.1%), and 1.1% (SD 1.7%),
respectively (P=.61).

Program Engagement and Glycemic Control

Participant engagement with the mobile app was studied during
the entire 90 days of the program. The average number of times
the mobile app was opened by each participant was 108.80 (SD
127.91) times (1.2 logins per day per participant). The average
call duration per participant was 1.35 (SD 1.10) hours in 90
days. The average number of meal entries, physica activity
entries, and number of body composition entries by each
participant during the entire 90 days was 242.18 (SD 244.75),
27.65(SD 42.01), and 29.35 (SD 29.71), respectively. Reduction
in participant weight after the program showed significant
correlation with the number of timesthe mobile app was opened
(p=0.191; P=.04), call duration (p=0.221; P=.02), meal entry
count (p=0.246; P=.01), activity entry count (p=0.315; P=.01),
and number of body composition entries (p=0.227; P=.01).

Discussion

Major Findings

Our study discussesthe real-world effectiveness of the Fitterfly
Diabetes CGM digital therapeutics program for improving
glycemic control in peoplewith T2DM after 90 days of program
participation. The anaysis of deidentified data of 109
participants with T2DM showed the short-term changes in
glycemic control after the introduction of a modified lifestyle
plan, with improvement in TIR by 7.1% al ong with areduction
in TAR by 8.7% and no significant increase in TBR (P=.86).
After the completion of the program, the participants showed
an average reduction in HbA . level by 1.2%, weight by 2.05

kg, and BMI by 0.74 kg/m?. Approximately 85.3% (93/109) of
the participants showed a reduction in the HbA . levels after
program completion. No significant variation was observed in
thelevel of HbA ;. reduction among participantswho wereusing
only lifestyle modification and those who used antidiabetic
medicationsfor glycemic control. A significant correlation was
observed between participant engagement in the program and
weight reduction after the program (P=.01 for counts of meal
entries, activity entries, and number of body composition
entries). CGM-based monitoring helps in assessing intraday
and interday glycemic excursions, which can involve episodes
of hypoglycemia and postprandial hyperglycemia [24].
Abnormal glycemic excursions have been shown to be
associated with both microvascular and macrovascular
complications of diabetes[25]. The postprandial glycemic spike
and the extent of glycemic excursion can be more adverse than
the sustained glycemic response[26]. Dietary intake isthe major
determinant of blood glucose levels. Significant variations in
postmeal glycemic response have been reported in different
people eating identical meals [27]. Thus, it is important for
people with diabetes to have a clear understanding of their own
glycemic response to different meals and their normal lifestyle.

https://diabetes.jmir.org/2023/1/e43292
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The prediction of personalized glycemic response remains the
basis of the Fitterfly Diabetes CGM program, which helps the
participants understand their glycemic excursions and receive
culturally appropriate techniques by real-time remote
expert-based coaching to have their blood glucose levelsin the
normal range. The CGM data showed significant changes in
the glycemic control after 7 days of theintroduction of modified
lifestyle plans when compared to that during the participants
usua lifestyle in the first 7 days of the program. Significant
reductions in average blood glucose levels and TAR indicated
reduction in hyperglycemia. TIR improved by 7.12% (SD
16.73%) over aperiod of 7 days, indicating improved glycemic
control in the participants. No significant changein TBR showed
that the modified lifestyle plan did not lead to an increase in
hypoglycemia episodes. Earlier studies have shown that
reductionin TIR by 10% leadsto an increase in the hazard rate
for retinopathy progression and microal buminuria by 64% and
40%, respectively, with every 5% improvement in TIR leading
to clear clinical benefit in people with T2DM [28,29]. Thus,
the modified lifestyle plan resulted in a clinically significant
improvement in glycemic control during week 2 of the program.

At the end of the 90 daysin the program, the participants showed
an average reduction in HbA . levels by 1.2%. Clinical studies
have shown that a 1% reduction in mean HbA,. levels is
associated with areduction in the risk of myocardial infarction
by 14%, death related to diabetes by 21%, and microvascular
complications by 37% [30]. Another study conducted in the
United States among people with T2DM showed that 1%
reduction in HbA . levelsled to 2% reduction in all-cause total
health care cost and 13% reduction in diabetes-related total
health care cost, leading to per individual annual cost saving of
US $429 and US $736, respectively [31]. Of all the participants,
85.3% (93/109) showed a reduction in HbA . levels after the
program, with 46.9% (50/109) showing an HbA . reduction
>1%. The program was effective in improving glycemic control
in participants with different baseline HbA . levels, with an
average HbA . reduction by 0.4%, 0.9%, and 2.6% among
participantswith baseline HbA ;. level s <7%, 7%-9%, and >9%,
respectively. The participants in our study also showed a
significant average reduction in weight by 2.05 kg after 90 days
of the program. These results were similar to those reported in
studies on other programs using a CGM-based virtual diabetes
carefor peoplewith T2DM, showing amean reductionin HbA ;.
levelsby 1.6% (SD 1%) after 4 months [32].

Before the start of the program, 87.2% (95/109) of the
participants were in the category of overweight or obesity with

aninitial BMI 223 kg/m? [33]. A significant mean reductionin

BMI by 0.74 kg/m® was observed in al the participants
(P<.001). The reduction in HbA . levels and improvement in
TIR were not significantly different among groupsusinginsulin,
oral hypoglycemic agents, insulin with oral hypoglycemic
agents, and no medications (P=.61 and P=.94 for HbA,; and
TIR change, respectively). Our findings showed that lifestyle
modification can play animportant role inimproving glycemic
control in participants not using any antidiabetic medication
and that the Fitterfly Diabetes CGM program played a
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significant role in improving glycemic control in participants
with different medication histories.

Engagement with the program was analyzed to understand the
importance of level of participant engagement in the clinical
outcomes of the program. High level of participant engagement
was observed in the program, with each participant having an
average count of 1.2 logins in the mobile app per day and a
mean meal entry count per participant being 242 times during
the 90 days. Weight reduction showed significant association
with higher level of participant engagement in terms of the
number of times the mobile app was opened (P=.04), call
duration with coaches (P=.02), meal entry count (P=.01),
activity entry count (P=.01), and the number of times the body
composition entry (P=.01) was made by the participant. Thus,
our study shows that higher engagement with the program led
to better outcomes in participants.

The Fitterfly Diabetes CGM program can be highly beneficial
to people with T2DM for improving glycemic control. Virtual
access to experts from multidisciplinary fields can help in
improving diabetes care substantially, especially inlow-income
countries like India. The application of machine learning and
artificial intelligence technology for the prediction of
personalized glycemic response with the help of CGM is an
emerging technology in India. Further, the program being
focused on HbA,. levels as the outcome for lifestyle
modification can help in achieving goals in a measured way.
The CGM-based analysis in the initial phase of the program
helped in providing a personalized approach, while the
assessment of HbA ;. levels at the beginning and end helped in
understanding the program results in a resource-efficient and
clinically effective manner.
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Strength and Limitations

The strength of this study is the analysis of datain real-world
settings by using a commercia program. This preliminary
analysisof the resultswas performed on participantswith varied
ages, treatment regimens, and baseline HbA ;. levels. Thisstudy
waslimited by the nonrandomized design, lack of control group,
self-selection bias, and referral bias. This study takes into
consideration the change in the glycemic outcome of the
participants at the completion of 90 days of the program. Further
studies using larger sample size, control groups, and longer
durations will be required to understand the effectiveness of
this digital diabetes care program. Control groups including
healthy people without T2DM and people with T2DM without
access to the digital therapeutics program can further help in
understanding the efficacy of this program. Theimpact of such
digital therapeutic programs on the psychological well-being
and the physical fitness of participants will need to be further
evaluated.

Conclusion

Our study shows that participants with T2DM completing 90
days of the Fitterfly Diabetes CGM program showed aclinically
significant improvement in glycemic control, as indicated by
the significant reduction in HbA,. levels, weight, and BMI.
Moreover, the program helped in significantly improving
glycemic control in peoplewith different baseline HbA . values
and in people on different treatment regimens of antidiabetic
medications or not using any antidiabetic medications. During
the 90 days of the program, a high level of participant
engagement with the platform was observed. Our study also
demonstrates a significant correl ation between weight reduction
and higher program participation metrics. Thus, the Fitterfly
Diabetes CGM program can be an effective tool for improving
glycemic control in people with T2DM by providing
multidisciplinary care based on personalized glycemic responses.
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Abstract

Background: A very low—carbohydrate (VLC) nutritional strategy may improve glycemic control and weight loss in adults
with type 2 diabetes (T2D). However, the supplementary behavioral strategiesthat might be able to improve outcomes using this
nutritional strategy are uncertain.

Objective: This study aims to compare the impact of adding 3 different supplementary behaviora strategies to a web-based
VLC diet intervention. To our knowledge, this is the first trial to randomize participants to different frequencies of dietary
self-monitoring.

Methods: The study included 112 overweight adults with T2D (hemoglobin A, 26.5%) taking no antiglycemic medications
or only metformin. They received a remotely delivered 12-month VLC diet intervention. Participants were randomly assigned
through afull factorial 2x2x2 design to supplementary strategies: either daily or monthly dietary self-monitoring, either mindful
eating training or not, and either positive affect skills training or not. Our research goal was to determine whether 3 different
supplemental strategies had at |east a medium effect size (Cohen d=0.5).

Results:  Overal, the VLC intervention led to statistically significant improvements in glycemic control (—0.70%, 95% CI
-1.04%t0 —0.35%; P<.001), weight l0ss (—6.82%, 95% CI —8.57% to —5.08%; P<.001), and depressive symptom severity (Cohen
d -0.67, 95% CI -0.92 to —0.41; P<.001). Furthermore, 30% (25/83) of the participants taking metformin at baseline reduced or
discontinued their metformin. Only 1 Cohen d point estimate reached 0.5; daily (vs monthly) dietary self-monitoring had aworse
impact on depressive symptoms severity (Cohen d=0.47, 95% Cl —0.02 to 0.95; P=.06). None of the strategies had a statistically
significant effect on outcomes. For changesin our primary outcome, hemoglobin A, the daily (vsmonthly) dietary self-monitoring
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impact was 0.42% (95% Cl —0.28% to 1.12%); for mindful eating, it was —0.47% (95% CI —-1.15% to 0.22%); and for positive
affect, it was 0.12% (95% Cl —0.57% to 0.82%). Other resultsfor daily (vs monthly) dietary self-monitoring were mixed, suggesting
an increase in weight (0.98%) and depressive symptoms (Cohen d=0.47), less intervention satisfaction (Cohen d=—0.20), more
sessions viewed (3.02), and greater dietary adherence (Cohen d=0.24). For mindful eating, the results suggested a benefit for
dietary adherence (Cohen d=0.24) and intervention satisfaction (Cohen d=0.30). For positive affect, the results suggested abenefit
for depressive symptoms (Cohen d=-0.32), the number of sessions viewed (3.68), dietary adherence (Cohen d=0.16), and
intervention satisfaction (Cohen d=0.25).

Conclusions: Overall, our results support the use of a VL C diet intervention in adults with T2D. The addition of monthly (not
daily) dietary self-monitoring, mindful eating, and positive affect skills training did not show a definitive benefit, but it is worth

further testing.
Trial Registration:

(JMIR Diabetes 2023;8:44295) doi:10.2196/44295

Clinical Trials.gov NCT03037528; https://clinicaltrials.gov/ct2/show/NCT03037528

KEYWORDS

eHealth; type 2 diabetes; T2D; very low—carbohydrate diet; weight loss; glycemic control; text messages; self-monitoring

Introduction

Type 2 diabetes (T2D) is one of the most prevalent
contemporary public health problems in the United States. If
the current trajectory of prevalence continues, 1 in 3 US adults
will have T2D by 2050 [1]. Nutritional management is one of
the cornerstones of T2D treatment, and severa dietary
approaches are recommended for T2D, including a very
low—carbohydrate (VLC) diet [2]. For example, areport by the
American Diabetes Association’s Nutrition Review Committee
noted the benefits of a VLC diet and updated the policy
guidelines to recommend that for people with T2D “...not
meeting glycemic targets or where reducing antiglycemic
medications is a priority, reducing overall carbohydrate intake
with a low- or VLC eating plan is a viable approach” [3].
Physiologically, carbohydrate intake increases blood glucose
levels, which, in turn, increase insulin secretion from the
pancreas. Insulin then inhibits lipolysis and the subsegquent
release of fatty acids from cells [4]. Numerous studies indicate
that VL C diets can be effective at improving glycemic control,
reducing the need for glucose-lowering medications, and
increasing weight loss in adults with T2D [5-8].

However, long-term adherence to any behavioral intervention
can be challenging, and the behavioral strategiesthat may help
improve the outcomes of VL C interventions are unclear. In this
trial, we screened 3 potentially effective supplemental behavioral
strategies using a full factorial design. This was informed by
the Multiphase Optimization Strategy framework [9]. This
approach suggeststhat before conducting large clinical trials of
multicomponent interventions, particular aspects of the
intervention should be tested, especially those that might be
costly, burdensome, or simply have not been previously tested
enough to be clearly appropriate for a particular intervention.
Such an approach is becoming more common in behavioral
intervention development, for example, in the areas of weight
loss [10], physical activity promotion [11], and our previous
pilot study of the VLC diet for adults with T2D [12].

In this trial, we examined 3 supplemental strategies that were
low-cost and varied in their degree of burden and level of
previous testing. The first strategy we tested was dietary

https://diabetes.jmir.org/2023/1/e44295

self-monitoring, wherein we varied whether we encouraged
participants to practice dietary self-monitoring daily versus
monthly (with monthly being defined as monitoring one's diet
in bursts of 3 days every 4 weeks). Weight loss trialsinvolving
dietary changes typically encourage daly dietary
self-monitoring, asthis can help people become more aware of
their dietary adherence, and it tendsto be associated with weight
loss[13]. However, people commonly dislike daily monitoring,
and their adherence to it tends to fade over time [14,15]. Thus,
we compared daily versus monthly dietary self-monitoring, as
a monthly amount may still be able to help participants
self-regulate their dietary intake but in a less burdensome
manner. To our knowledge, this is the first trial to randomize
participants to different frequencies of the same type of dietary
self-monitoring.

The second strategy we assessed was mindful eating. We
included exercises to increase awareness of the physical,
cognitive, and emotional triggers of overeating; the awvareness
of internal cues that signal hunger, fullness, and taste
satisfaction; “surfing” the urgesto reduce emotional eating; and
the cultivation of healthier aternatives [16,17]. The materias
included, for example, a guided mindful eating exercise, a
guided mini meditation to try before meals, and a hunger
awareness exercise. We also included more general mindful ness
topics, including how to respond versusreact to situations. These
approaches aim to help participants become more aware of their
hunger-related bodily sensations, food cravings, and esting
triggers, so that they can choose to respond more deliberately.
Previous research has shown that mindful eating training helps
reduce emotional eating, which is an important barrier for
dietary adherence [18,19], and evidence suggeststhat increased
mindful eating is associated with decreased fasting glucose
levelsin participants of amindful eating weight lossintervention
[20]. However, these strategies require extratime and attention
from participants, which could be burdensome.

The third strategy we tested was positive affect skills training,
whose goal was to increase the frequency that participants
experienced positive emotions. We taught participants skills
such as noticing and savoring positive events, gratitude, acts of
kindness, positive reappraisal, applying one’s personal strengths,
and setting attainable goals [21]. To adhere to any dietary
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intervention, participants need to effectively cope with life
stressors, and according to the revised Stress and Coping Theory
[22,23], positive affect can serve as a psychological time-out
from stress and increase adaptive coping [24-26]. Moreover,
interventions that increase the experience of positive affect can
reduce depressive symptoms, anxiety, and stress [27], which
themselves may decrease treatment adherence [28]. Positive
affect training may improve dietary adherence to the prescribed
diet, which can be challenging. Dietary adherence, in this setting,
requires participants to cope both emotionally and cognitively
without using food-based coping strategies that they may have
used in the past. For example, participants must (1) follow
external instructions about what to eat and when to do so
multipletimesaday; (2) maintain supplies of appropriatefoods
intheir homes, workplaces, and social gatherings, which requires
planning, negotiating with others, and food refusal skills; (3)
follow a way of eating that significant others may not follow
or support, which can be isolating and frustrating; (4) plan
financially for meals and snacksthat other household members
might reject or could lead to increased financia stress; (5)
override any personal preferencesfor food or food-based rituals
that they might have (such as eating chips at a restaurant or
eating popcorn at movietheaters), which are not consistent with
their new way of eating; and (6) overcome typical urgesto eat
when stressed or bored. In addition, hedonic theories of behavior
propose that people do more of what they enjoy [29], possibly
because positive emotional responses to behaviorsincrease the
motivation and nonconscious desireto engagein those behaviors
[30,31], so participants may be more likely to engage in an
intervention that they enjoy. Similarly, previous research has
demonstrated an association between higher eating plan
satisfaction rates and adherence [32,33]. However, as with the
mindful eating skills, the positive affect skillsrequire extratime
and attention from participants, which could be burdensome.

The primary aim of this study was to assess whether 3
supplementary  strategies (daily vs monthly dietary
self-monitoring, mindful eating, and positive affect skills
training) could improve outcomesin this VL C intervention with
adultswith T2D.

Methods

Ethics Approval

The institutional review board at the University of Michigan
approved this research (HUM00115537).

Participants

Thisstudy wasregistered at Clinical Trials.gov (NCT03037528).
We recruited participants between February 4, 2017, and
February 28, 2020, and completed data collection by June 4,
2021. We placed advertisements or notices of the research on
the web (including Craigdlist, University of Michigan's
web-based portal for clinical trials, and ResearchMatch) and
sent invitation letters to potentially eligible participants
identified from the health plan records at Michigan Medicine.
Interested prospective participants were directed to the study
website, which contained the University of Michigan logo,
pertinent study information, and a link to a web-based
self-reporting screening survey (Qualtrics). Those who were
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eligible for further screening based on their survey responses
were asked to provide web-based el ectronic consent for thetrial
and subsequently to complete a second web-based survey
(Qualtrics) that included the 8-item Patient Health Questionnaire
(PHQ-8) to measure depressive symptoms [34]; a fingerstick
self-collected mail-in blood test kit for hemoglobin A, (HbA 1)
test from DTI Laboratories, Inc, a Clinica Laboratory
Improvement Amendments Certified Reference Laboratory
[35]; and 3 days of dietary self-monitoring [36]. We also mailed
participants a body weight scale that was connected to their
own cellular network (BodyTrace).

Eligibility Criteria
Prospective participantswereinvited to enroll if they were aged
21 to 70 years, had a baseline HbA . of 26.5%, had a BMI of

25-45 kg/m? (based on self-reported height and measured weight
from the study-provided scale), had regular access to the
internet, were willing to check their email at least once aweek,
were comfortable reading and writing in English, had no
potentially serious comorbidities such asliver or kidney failure,
were planning on living in the United States for the duration of
thetrial, were not vegetarian or vegan, were not on weight 10ss
medications, and were not taking warfarin or lithium. We also
excluded people who were pregnant or breastfeeding, had an
untreated thyroid condition, had an untreated mental health
condition, had undergone weight loss surgery in the previous
year, or were undergoing cancer treatments. Given that this
study was conducted remotely, to mitigate the risk of
hypoglycemia, we excluded participants who reported taking
any antiglycemic medications other than metformin. Participants
who met all the eligibility criteria following the screening
process were invited to participate in the trial. They consented
using an approved web-based consent form that described the
study procedures and goals.

Trial Design

This 2x2x2 full factorial experimental design examined the
impact of 3 experimental, 2-level supplementary strategies. The
factorial trial design allowstheentiretrial population to be used
to assess the effects of each factor on the outcome, allowing the
efficient assessment of multiple behavioral factorsin a single
trial [37]. In this design, analysis is conducted to estimate the
main effect of each factor by comparing outcomes between
combinations of experimental conditionsthat match, except for
the factor whose main effect is being estimated, and combining
results across each set of matching combinations, for example,
the main effect of including positive affect skillsis essentially
the difference between conditions (1-2) + (3—-4) + (5-6) +
(7 — 8; Table 1). Once al baseline measurements had been
completed, the study staff randomized the participants to 1 of
the 8 combinations of experimental conditions (Table 1) using
a computer program to reveal the next assignment. The order
was created using block randomization procedures, with blocks
randomly allocated to size 8 or 16 and with the seed numbers
used for randomi zation of 64655102233242, 64655183677600
from the Sealed Envelope website [38]. We stratified the
randomization by gender.
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Some participantswere amid their participationinthetrial when
the COVID-19 outbreak occurred in the United States (30/112,
26.8%). Astheintervention was already completely remote, we

Saslow et d

were able to continue with the trial; however, this may have
affected the outcomes.

Table 1. Experimental conditions and levels of experimental supplemental strategies.

Experimental condition Core intervention Daily dietary self-monitoring frequency Mindful eating Positive affect skills
1 Yes Yesor daily Yes Yes

2 Yes Yesor daily Yes No

3 Yes Yesor daily No Yes

4 Yes Yesor daily No No

5 Yes No or monthly Yes Yes

6 Yes No or monthly Yes No

7 Yes No or monthly No Yes

8 Yes No or monthly No No

Corelntervention

Once participants were assigned to the different intervention
strategies, we emailed all participants links to the core
intervention on the web, primarily educational VLC intervention
materialsthroughout the 12-month intervention, weekly for the
first 4 months, and then every 2 weeks for the remaining 8
months, for atotal of 32 emails. Each of the 32 setsof materials
focused on a different topic related to following a VLC diet.
The emailed links connected participants to (1) a short survey
to assess intervention-related dietary adherence and any health
concerns, (2) a short, embedded video teaching session topic
(eg, managing their diet during holidays or shifting particular
meals to be VLC); (3) downloadable handouts to accompany
the video; and (4) links to external web-based resources
supporting session topics. Transcripts of the embedded videos
were also provided.

All participants received the same core, web-based nutritional
intervention. This taught participants to eat a VLC diet based
on our previous protocol [12], which aimed to limit carbohydrate
intake to between 20 and 35 nonfiber grams of carbohydrates
per day with thegoal of achieving nutritional ketosis. A positive
urine dipstick (Bayer Ketostix, which measures ketone
acetoacetate) was used as an indicator of nutritional ketosis.
Participants were advised to follow a diet that included meat,
fish, cheese, eggs, fats, nuts, seeds, and low-carbohydrate
vegetables and eiminated starchy and sugary foods. Participants
also had email access to a dietary coach (either author KR or
MP), as coaches have generally been found to be effective
additions to behaviora interventions [39]. Both coaches had
extensive experience with the VL C diet, and all messageswere
checked for fidelity by the first author, LRS, before being sent.
Whenever the participants emailed questions to the coaches,
they would receive prompt responses with support and resources.
Overall, the coaches emailed participants a minimum of every
2 weeks. The participants also received a body weight scale at
the start of their participation, and we asked the participants to
monitor their body weight regularly, aiming for weighing
themselves at least weekly. Coaches used this information to
monitor participant success and tailor support. Starting from
week 6 of the intervention, we provided goals for physical
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activity and sleep. Using the Diabetes Prevention Program [40]
as a guide, we encouraged participants to be physically active
for at least 150 minutes per week. We also encouraged
participants to target 7-9 hours of total sleep per day. To
encourage the adoption and maintenance of the new
intervention-related behaviors, we sent participants text
messages up to 5 times aweek about the targeted behaviorsand
skills, depending on which supplemental strategies they were
randomized to, as reminders about targeted behaviors are tied
to greater behaviora adherence[41]. To help participants change
their dietary patterns, we mailed the following cookbooks to
participants: Keto Living 3 Cookbook: Lose Weight with 101
All New Delicious and Low Carb Ketogenic Recipes [42] at
baseline; Bacon & Butter, the Ultimate Ketogenic Diet
Cookbook [43] at month 3; The Wicked Good Ketogenic Diet
Cookbook: Easy, Whole Food Keto Recipesfor Any Budget [44]
at month 6; and The Everyday Ketogenic Kitchen With More
Than 150 Inspirational Low-Carb, High-Fat Recipes to
Maximize Your Health [45] at month 10. As an incentive for
continued participation, we paid participants US $25 for
completing their outcome measurements at 4 months, US $25
at 8 months, and US $50 at 12 months.

Experimental Supplemental Strategies

Overview

We randomized the participantsto receive aVLC diet and 1 of
the 8 possible combinations of the 3 supplemental strategies:
dietary self-monitoring, mindful eating, or positive affect skills.
The program materials were modified for each supplemental
strategy, including different content added to the videos,
handouts, and text messages. Participants were aware of the
study design, but we did not explicitly state that participants
werein the on or off group of each behaviora strategy.

Dietary Self-monitoring

All participants were asked to self-monitor their diet using the
free web-based or mobile app MyFitnessPal [46], which has a
wide variety of foods in its database that are common to the
diet assigned in this trial (reducing participant burden and
increasing accuracy). Participants were randomized to track
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their diet either daily or monthly (defined as 3 days every 4
weeks).

Mindful Eating Skills

Roughly half of the participants were randomized to training
in mindful eating, how to practice the skills in everyday life,
research supporting the use of the skills, how and why the skills
were expected to help, and targeted suggestions for practicing
these skills. We asked participants to focus on consciously
savoring their food; eating more slowly; and noticing the
textures, flavors, and aromas of their food more carefully. For
example, during 1 session, we asked them to practice slowly
savoring their food with asnack and encouraged them to practice
this skill for at least 1 meal per day over the following week.
Multimedia Appendix 1 provides an example handout [47-49].

Positive Affect Skills

Roughly half of the participants were randomized to receive
training in positive affect skills. They were taught how to
practice these skills in everyday life, informed about research
supporting the use of the skills, how and why the skills were
expected to help, and provided with targeted suggestions for
practicing the skills. The skillswe taught included noticing and
savoring positive events, gratitude, positive reappraisal, and
setting attainable goals, similar to our previous research [21].
Multimedia Appendix 1 provides an example handout.

Assessments

We conducted the following assessmentsfor 1 primary outcome
(HbA ), 2 secondary outcomes (weight and depressive
symptoms), and several exploratory outcomes (sessions viewed,
dietary adherence, intervention satisfaction, metformin use, and
qualitative feedback).

Glycemic Control

We measured our primary outcome, changein glycemic control
at 12 months from baseline, with an at-home HbA ;.. kit (DTI
Laboratories, Inc). The company was masked to theintervention
design.

Weight

We assessed 1 of our secondary outcomes, change in percent
body weight at 12 monthsfrom baseline, using the scalewe had
mailed to participants (BodyTrace). The company was blinded
to the intervention design. We asked the participants to stand

on the scaletwice in 5 minutes at each period, and we used the
average of these 2 measurements as their recorded weight.

Depressive Symptoms

We assessed 1 of our secondary outcomes, changein depressive
symptoms at 12 months from baseline, using the PHQ-8 [34].
This was part of a web-based survey (Qualtrics), which was
masked to the intervention design.

Sessions Viewed

We tracked the total number of sessions that were viewed by
participants.

https://diabetes.jmir.org/2023/1/e44295
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Dietary Adherence

With each session, we asked whether, based on self-assessment,
participants were following a VLC diet rated from 1="not at
al” to 7="very much so,” and we used the average of these
ratings as an indicator of self-reported dietary adherence.

I ntervention Satisfaction

At month 12, we asked participants, “How would you rate your
overall satisfaction with the program?’ (response optionsranged
from 1="not at all satisfied” to 7="very satisfied”), similar to
previous research [50]. This was part of a web-based survey
(Qualtrics).

Metformin Use

We considered a participant to have changed their metformin
dose at 12 months if they reported such a change in their
surveys, using the most recent description of the changes as
their outcomein thetrial.

Qualitative Feedback

We asked participants, using open-ended survey questions,
about their thoughts about the intervention itself, their health
changes, and the responses they had previously received from
their physicians. The questions included, “Do have any overall
suggestions for improving anything about the program or
study?,” “Do have any suggestions about how we can improve
how and how much peopletrack what they are eating?’, “ Please
describe any changes in your medical issues since starting the
study. Have they gotten better or worse since starting the study ?’
and “Have you gotten any feedback from family, friends, or
physiciansg/hedlth care providers about this program or your
experience with it? If so, what did they say?’

Statistical Analysis

To assess the 12-month intervention changes, we conducted
complete case analyses, excluding participants who did not
complete the relevant 12-month assessment. Collapsing across
all participants, we examined pre-post changes in HbA ;. (our
primary outcome), percent weight, PHQ-8, number of sessions
participants viewed, self-reported dietary adherence, and
intervention satisfaction, using between subjects 2-tailed t tests
with SPSS (version 28.0; IBM Corp). We explored the outcomes
using intent-to-treat analyses (n=112) with linear mixed
regression models using SPSS. This approach makes use of all
available data at the baseline and 12-month time points, with
the outcomes as dependent variables, time (pre and post), and
all 3strategiesinafull factorial design. We explored the overall
changes across strategies using within-subjectst testswith SPSS.
For the qualitative results, we examined open-ended comments
and summarized common themes and exemplar quotes.

Sample size calculations were performed using an SAS macro
written by Dziak et a [51], designed for factoria trials. Our
goal was to screen for supplemental strategies that had at |east
a medium effect size (Cohen d=0.5; Cohen suggested that a
small effect size was 0.2, a medium effect size was 0.5, and a
large effect size was 0.8). In addition, we planned to explore
whether HbA ;. and weight changed by a clinically meaningful

amount: areduction by a unit of 0.5% for HbA . [52] and 3%

JMIR Diabetes 2023 | vol. 8 | e44295 | p.20
(page number not for citation purposes)


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

JMIR DIABETES

to 5% reduction in weight [53]. The sample size was also
estimated using a desired power of 0.8, a 2-tailed P value of
.05, and a pretest-posttest correlation of HbA,. (the primary
outcome of interest) of between 0.30 and 0.40 (based on pilot
data). Thisled to asamplesize goal of 108t0 117 of analyzable
cases, which, with a planned attrition rate of 20%, would be
130to 140 randomized participants. Therefore, our fina sample
size of 112 was slightly underpowered, after attrition, to detect
changes between strategi es based on our sample size estimates.

Results

We screened 793 potential participants, 112 (14.1%) of whom
were randomized (Figure 1). Common reasons for exclusion
included being nonresponsive or not completing enrollment

Saslow et d

steps (n=259), taking an excluded medication such as a
nonmetformin antiglycemic medication (n=236), not having
T2D or not having an HbA ;. measurement in range (n=214), a
diet-related issue such as already following aVLC diet (n=37),
having an excluded health condition such as an untreated mental
illness (n=52), or some other issues such as participating in
another study already (n=35). At baseline, participants were on
average aged 54.1 (SD 9.6) years, withaBMI| of 35.0 (SD 5.1)
kg/m? and an HbA . level of 7.5% (SD 1.1%), and 22.7%
(25/110) of the participants had elevated depressive symptoms
at baseline according to the PHQ-8. Most patients were White
(8L/112, 72.3%) and non-Hispanic (108/112, 96.4%; Table 2).
We also compared the participants who dropped out and those
who did not for these baseline variables (Table 2). No serious
adverse events were reported during the trial.

Figure1l. A CONSORT (Consolidated Standards of Reporting Trials) diagram depicting participant flow through the study. HbA1.: hemoglobin A ;.

Assessed for eligibility (n=793)

T
Randomized (n=112)

Excluded (n=681)

No type 2 diabetes or HbA1c not in
range (n=214)

BMI not in range (n=45)

Age not in range (n=14)
Medication (n=236)

Health condition (n=52)
Diet-related issue (n=37)
Other (n=35)

Non-responsive or incomplete
enrollment steps (n=259)

No longer interested (n=3)

v

4-month assessment

) 4

Completed (n=86)
Non-completion reason (n=26)
Injury and or illness (n=3)
No longer interested (n=6)
No response (n=17)

8-month assessment

Y

Completed (n=78)

New non-completion reason (n=8)
Injury and or iliness (n=1)
Too busy (n=1)

No response (n=6)

A

12-month assessment

Completed (n=74)
New non-completion reason (n=4)

¢ Noresponse (n=4)
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Table 2. Baseline participant characteristics by strategy level (N=112).

Saslow et d

Experimental sup- Age Gender  Hemoglobin BMI Depressed, Race, n (%) Ethnicity, n (%)
plemental strategy (years), (female), Ajc (%), (kg/mz), n (%)
mean (SD) n (%) mean (SD)  mean (SD)
White AAR Other  Hispanic Not Hispanic

Overall (n=112)  54.1(9.6) 80(7L4) 7.5(1.1) 350(5.1) 61(545) 81(723) 25(223) 7(6.3) 3(27)  108(96.4)
Daily dietary self-monitoring

Yes(n=57)  52.3(10.3) 41(71.9) 7.3(0.9) 355(5.2) 29(509) 42(737) 13(22.8) 3(53) 1(1.8)  56(98.2)

No (n=55) 55.9(8.7) 39(70.9) 7.7(1.2) 347(51) 32(582) 39(709) 12(21.8) 4(7.3) 2(3.6)  52(94.5)
Mindful eating

Yes(n=57)  53.1(9.2) 40(70.2) 7.5(1.2) 350(55) 32(56.1) 44(77.2) 10(175) 4(70) 1(1.8)  56(98.2)

No (n=55) 55.0(10.1) 40(72.7) 7.5(1.0) 351(4.8) 29(527) 37(67.3) 15(27.2) 3(55) 2(3.6) 52(94.5)
Positive affect

Yes(n=56)  54.7(9.2) 41(73.2) 7.4(L1) 357(53) 30(536) 37(66.1) 14(25.0) 5(89) 0(0.0) 55(98.2)

No (n=56) 53.4(10.1) 41(732) 7.6(L.1) 344(49) 31(554) 44(786) 11(196) 2(36) 3(54)  53(94.6)
Dropout

Yes(n=38)  535(10.7) 28(73.7) 7.7(1.3) 349(5.6) 11(289) 26(684) 10(263) 2(53) 2(53)  36(94.7)

No (n=73) 544(9.1) 54(73.9) 7.4(10) 350(4.9) 14(19.2) 55(75.3) 17(233) 1(14) 1(14)  71(97.3)

8AA: African American.

The gender of 1 participant was unknown. Participants could
specify morethan 1 race, and 1 person’s ethnicity was unknown.

Table 3 summarizesthe outcomes at 12 monthsfor the complete
case anayses, for which no results reached statistical
significance and only 1 Cohen d point estimate reached 0.5:
daily versus monthly dietary self-monitoring had aworseimpact
on change in depressive symptoms. For our primary outcome,
changein HbA ., the 95% CI overlapped with negligible benefit
to significant harmfor daily (vs monthly) dietary self-monitoring
(—0.28% to 1.12%), with significant benefit to negligible harm
for mindful eating (-1.15% to 0.22%), and with moderate
benefit or harm for positive affect (—0.57% to 0.82%). Other
results for daily (vs monthly) dietary self-monitoring were
mixed, suggesting an increase in weight (0.98%) and depressive
symptoms (Cohen d=0.47), lessintervention satisfaction (Cohen
d=-0.20), more sessions viewed (3.02), and greater dietary
adherence (Cohen d=0.24). For mindful eating, the results
suggested a benefit for dietary adherence (Cohen d=0.24) and
intervention satisfaction (Cohen d=0.30). For positive affect,
the results suggested a benefit for depressive symptoms (Cohen
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d=-0.32), the number of sessions viewed (3.68), dietary
adherence (Cohen d=0.16), and intervention satisfaction (Cohen
d=0.25).

Inthelinear mixed models, the results of regressions predicting
HbA ., weight, and depressive symptoms were similar, and
none of the factor x time interactions statistically significantly
predicted outcomes (Multimedia Appendix 2).

We also explored overall changes across the groups. In the
complete case analyses, acrossall participants, HbA . (—0.70%,
95% CI -1.04% to —0.35%; P<.001) and percent weight (-6.82,
95% CI -8.57 to —5.08; P<.001) improved by a clinicaly
meaningful amount, and PHQ-8 dropped by a Cohen d with a
medium effect size (-0.67, 95% CI -.92 to —.41; P<.001).
Overdl, 74.1% (83/112) of the participants were taking
metformin at baseline. Although we made no medication
management recommendations in the trial, by month 12, 30%
(25/83) of the participants reduced or discontinued their
metformin. None of the participantsincreased their antiglycemic
medications.
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Table 3. Changesin outcomes from baseline to 12 months using complete case analyses®.
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Outcome and strategy

Yes, mean change (95%
Cl)

No, mean change (95%
Cl)

Yes versus no, mean
difference (95% Cl)

Yes versus no, Cohen
d (95% CI)

P value

Change in hemoglobin A (%)

Daily dietary self-monitoring (yes -0.53 (-0.96 to —0.11)
or daily, n=45; no or monthly,
n=29)

Mindful eating (yes, n=39; no,
n=35)

-0.92 (-1.43 to -0.40)

Positive affect (yes, n=40; no,
n=34)

-0.64 (-1.20to -0.08)

Changein percent body weight

Daily dietary self-monitoring
(yes/daily, n=47; no/monthly,
n=30)

-6.45 (-8.78 to -4.11)

Mindful eating (yes, n=40; no,
n=37)

-7.22 (-9.42t0 -5.02)

Positive affect (yes, n=41; no,
n=36)

~7.06 (-9.84 to —4.28)

Changein depressive symptoms (PH Q-8b)

Daily dietary self-monitoring (yes
or daily, n=43; no or monthly,
n=27)

-2.26 (-3.61t0 -0.91)

Mindful eating (yes, n=37; no,
n=33)

-2.97 (-4.07 to -1.88)

Positive affect (yes, n=37; no, -3.73 (-5.51t0 -1.95)

n=33)

Number of sessions viewed

Daily dietary self-monitoring (yes
or daily, n=57; no or monthly,
n=55)

21.93 (19.30 to 24.56)

Mindful eating (yes, n=57; no,
n=55)

20.46 (17.49 to 23.38)

Positive affect (yes, n=56; no,
n=56)

22.29 (19.53 to 25.04)

Self-reported dietary adherence

Daily dietary self-monitoring (yes
or daily, n=56; no or monthly,
n=53)

4.87 (450 t0 5.24)

Mindful eating (yes, n=55; no,
n=54)

4.87 (4.48105.27)

Positive affect (yes, n=55; no,
n=54)

4.82 (44010 5.23)

12-month intervention satisfaction

Daily dietary self-monitoring (yes
or daily, n=44; no or monthly,
n=28)

6.07 (5.66 t0 6.48)

Mindful eating (yes, n=38; no,
n=34)

6.34 (5.99 t0 6.69)

Positive affect (yes, n=38; no,
n=34)

6.32 (5.99 to 6.64)

-0.95 (-1.55 to -0.35)

-0.45 (~0.90 to 0.00)

-0.76 (-1.14 to -0.39)

-7.42(-10.15t0-4.69)

~6.40 (-9.26 to —3.55)

-6.56 (~8.68 to —4.44)

-4.33 (-6.13t0 -2.53)

-3.15 (-5.16 to -1.14)

-2.30 (-3.48t0 -1.12)

18.91 (15.75 to 22.07)

20.44 (17.55 to 23.37)

18.61 (15.60 to 21.62)

451 (4.0510 4.97)

4,51 (4.07 to 4.94)

4,56 (4.14t0 4.98)

6.32 (5.91 10 6.73)

5.97 (5.48 10 6.46)

6.00 (5.48 10 6.52)

0.42 (-0.28 t0 1.12)

-0.47 (-1.1510 0.22)

0.12 (-0.57 t0 0.82)

0.98 (-2.61 t0 4.57)

-0.81 (-4.32t0 2.70)

-0.50 (-4.02 to 3.01)

2.08 (~0.13 t0 4.29)

0.18 (~2.00 to 2.36)

-1.43 (-358100.73)

3.02 (-1.03 0 7.08)

0.02 (-4.07 to 4.11)

3.68 (-0.36 0 7.71)

0.36 (-0.22 t0 0.94)

0.37 (-0.21 t0 0.95)

0.25 (-0.33t0 0.84)

-0.25 (-0.86 10 0.35)

0.37 (-0.21 t0 0.96)

0.32 (-0.29 0 0.92)

0.28 (-0.1910 0.75)

-0.32 (-0.78 10 0.14)

0.08 (-0.37 to 0.54)

0.13 (-0.33t0 0.59)

-0.11 (-0.56 t0 0.34)

-0.07 (-0.51 t0 0.38)

0.47 (-0.02 t0 0.95)

0.04 (-0.43 to 0.51)

-0.32 (-0.79 0 0.16)

0.28 (-0.09 to 0.65)

0.02 (-0.36 t0 0.37)

.34(-0.03100.71)

0.24 (-0.14 t0 0.61)

0.24 (-0.13t0 0.62)

0.16 (-0.21 to 0.54)

-0.20 (-0.68t0 0.27)

0.30 (-0.16 t0 0.76)

0.25(-0.21 10 0.72)

14

.99

.07

22

21

.39

40

21

.29

8Results from 2-sided t tests and P values are for the mean differences between receiving and not receiving the behavioral factor.
bPHQ-B: 8-item Patient Health Questionnaire.
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We explored the participants' perceptions of the 3 supplemental
strategies using open-ended questions on the self-report survey
at months 4, 8, and 12. Some participants had a positive
experience with dietary self-monitoring, finding it to be helpful
(“Tracking forced me to measure and that was an eye-opener
at times”). Others noted that it was difficult to motivate
themselvesto self-monitor (“Itis so easy to eat too much when
you don't keep track, but for some reason | drag my heels on
doing it.”), they avoided dietary self-monitoring when they ate
food off of the assigned dietary approach (“1 actually found
myself tracking less especially when | know that | had gone
over the carb limit—even alittle”), and reported that it could
be difficult to use the app (“I still find MyFitnessPal hard to
use. | ended up making my own list of foods | ate and still eat
andrefer toit often.”). Some participantsfelt daily tracking was
tedious to do (“1 hate, hate, hate the tediousness of inputting
every freaking tablespoon of butter or every 1/4 cup of half and
half or every miniscule morsel that goes into my mouth every
day. So, | only actually input that info once aweek or so.”), or
found it was easy to forget to do (“...I forget about doing it
[tracking] and then | forget what | have eaten.”). Participants
also felt it was unnecessary to do once they understood what to
eat (“1 was really good at it in the beginning but once | felt |
knew what to do, it just felt too time consuming.”), and it was
challenging to keep up long term (“1 tracked very well for the
first 4 months and then burned out.”). Participants recommended
that dietary self-monitoring a couple of times a week would
have been ideal. For example, for those in the daily dietary
self-monitoring condition, daily self-monitoring may have been
too often. One person in the daily self-monitoring condition
suggested the following:

| would suggest tracking no more than 3 times a week.
Then it wouldn’t be so time consuming.

For those in the monthly self-monitoring condition,
self-monitoring only monthly may not have been sufficient.
Someone else in the monthly self-monitoring condition
suggested the following:

If you tell me | have to track | will, if it's my choice
| won't. So, [ask participants] to track 1-2 days a
week, every week.

The participants also commented on the mindful eating and
positive affect skills. Participants who were assigned to both
mindful eating and positive affect skills noted the following:

| liked the other parts of this program. Breathing,
self-meditation, doing good for others.

The psychological challenges were good, but | was
already familiar with most of them.

One participant who received mindful eating and positive affect
skills noted that the text messages about those skills were
“...quite annoying. Personally, | don't need that type of
encouragement.” Thoughts were specifically mixed regarding
mindful eating. One participant described the following:

My least favorite subject was the whole mindful eating
thing—a bit squishy for me. I’'m sure some people
love it, but just not my cup of tea. | just can’t see
getting so connected with the process. However, |
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have started eating like a European—sl ows you down
ahit.

One person noted, “Mindfulness was valuable to me.” Another
person assigned to receive mindful eating text messages noted
the following:

Sometimesif | feel like cheating, I'd get atext. It was
great to get a reminder and encouragement not to
giveinto the sweets and to stick with what | amdoing.
It'slikeyou are all out there rooting me on every day,
having a personal cheerleader through text messages.

Another participant noted the following:

The support and psychological skills have made me
want to try to stick with it, just to get those benefits.

We examined the qualitative comments regarding other changes
and their impacts. Other notabl e health and medication changes
were described by participants:

I no longer take Metformin XR, tums/Rolaids, or the
anti-inflammatory medications | was taking for my
Ankylosing Spondylitis.
| was going to need a CPAP [continuous positive
airway pressure] machine for sleep apnea, but the
sleep apneais gone!!

Another participant commented the following:

When | was diagnosed with diabetes, | felt kind of
hopeless. | imagined a life of more and more
medication and complications from diabetes. Now |
have hope that there is another way, and I'm very
thankful.

Participants noted that the physicianswere generally supportive:

My internist was floored by my bloodwork resultsand
weight loss...

My doctor calls me her poster child of diabetes. She
can't believe I’ ve made the decision fromthe moment
| was diagnosed to not take the metformin, and instead
take the harder path of changing my diet to keep my
body under control. She applauds my willpower, but
to me, if they told me | had cancer, I'd do whatever
it took to live. This diseaseis no different.

Discussion

Principal Findings

This study addressed different ways to improve outcomesin a
web-based VL C intervention for adults with T2D by using the
Multiphase Optimization Strategy framework to examinewhich
of the 3 potentially helpful supplemental behavioral strategies
significantly contributed to reduced HbA ;. and other outcomes.
Overdll, the VLC intervention led to statistically significant
improvementsin glycemic control, weight loss, and depressive
symptoms. However, none of the 3 strategies had a statistically
significantly different effect on outcomes, and only 1 Cohend
point estimate reached our targeted level of 0.5: daly (vs
monthly) dietary self-monitoring, such that greater dietary
self-monitoring frequency was associated with increased
depressive symptoms.
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More specifically, we found mixed results for daily dietary
self-monitoring. The 95% Cls suggested that daily dietary
self-monitoring may be less effective at reducing HbA ;; levels
than monthly dietary self-monitoring, which may also be less
effective at reducing body weight and improving depressive
symptoms but more effective at increasing the number of
sessions viewed and increasing self-reported dietary adherence.
The results also suggest that daily (vs monthly) dietary
self-monitoring had lower intervention satisfaction. Our mixed
results regarding dietary self-monitoring were echoed in the
qualitative feedback, which suggested that participants found
frequent (daily vs monthly) self-monitoring to be useful but
burdensome. Similarly, previous qualitative research on
participants’ experiences with dietary self-monitoring found
comparable complaints, such as the experience of tedium [54].
In a study of dietary self-monitoring with MyFitnessPal,
approximately half of the participants experienced increased
negative emotions[55], and focus groups have found that people
dislike dietary self-monitoring apps [56].

Our results suggest that monthly versus daily dietary
self-monitoring may improve participant outcomes. Notably,
our results contrast with arecent review, which found that 80%
(16/20) of the trials found that the more participants
self-monitored their diet, the greater was their weight loss.
However, theresults of the review were correlational, describing
how participants behavior was associated with the outcomes
[57]. As the review described, “no known published, digital
weight losstria srandomized participantsto varying frequencies
of self-monitoring” [57]. Therefore, to our knowledge, thisis
the first trial to randomize participants to different frequencies
of the same type of dietary self-monitoring.

For mindful eating, for our primary outcome of changein HbA ,,
the 95% CI overlapped with a significant benefit to negligible
harm, and other results suggested a possible moderate benefit
for dietary adherence and intervention satisfaction. Thisaligns
with previous research, such asasystematic review finding that
in randomized trials, mindfulness-based interventions reduced
HbA,. levels [58] and another review finding that
mindfulness-based interventions may improve medication
adherence [59].

The positive affect skills had no detectable impact on changes
in HbA ;. levels or percent body weight. However, the 95% Cls
for positive affect suggest a moderate benefit for changes in
depressive symptoms, number of sessions viewed, dietary
adherence, and intervention satisfaction. These results align
with previous research, such as the finding that positive affect
interventions can reduce depressive symptoms, anxiety, and
stress [27], including in adults with T2D [21], and that positive
affect has been positively correlated with medication adherence
[60]. In observational studies, positive affect was associated
with better health outcomes including viral load suppressionin
peoplelivingwith HIV [61] and better physical function during
recovery from stroke, heart attack, or hip fracture[62]. Positive
affect isassociated with better health behaviors such as physical
activity [63-65] and better medication adherence among people
living with chronic illnesses [60]. The Positive Pathways to
Health theoretical model [66] posits that interventions that

https://diabetes.jmir.org/2023/1/e44295

Saslow et d

increase positive affect have ahost of proximal effectsincluding
providing a time-out from stress, encouraging more adaptive
coping strategies, broadening attention and cognition, reducing
reactivity to daily stress, and enhancing social relationships.
These proxima effects, in turn, lead to improved health
behaviors and better psychological and physical well-being.

Overal, across all conditions, the core VLC diet intervention
for adults with T2D led to improved glycemic control, weight
loss, and reductions in antiglycemic medication, replicating
previous results in adults with T2D [12,67-70]. Participants
depressive level s were al so reduced, replicating some previous
research on aVLC diet in adults with T2D [71], althoughin 1
of our previoustrials, we did not find a statistically significant
reduction in depressive symptoms [68].

Limitations and Strengths

Our study has several limitations and strengths. A limitation of
the trial was that 80% of the sample were women, 81% were
White, and 96% were non-Hispanic, which limits our ability to
understand the impact of these supplementary approachesin a
more representative sample. Another limitation of thetrial was
that 27% of the participants were in the trial when COVID-19
began in the United States in 2020; therefore, our conclusions
about which supplementary strategies might be most helpful
may have been influenced by this. The supplementary strategies
all involve self-contral, time, and planning to practice regularly.
During the pandemic, some people experienced disruptions in
their daily routines, such as increased stress, anxiety, and
depressive symptoms; financial stress; and social isolation, all
of which may have made practicing the supplemental strategies
more challenging. Given budgetary limitations, we did not use
agold standard method of tracking dietary adherence, such as
24-hour dietary recalls, but future research should do so when
possible. Moreover, the qualitative section was merely an
exploration of open-ended comments and not a rigorously
conducted qualitative analysis; therefore, caution should be
used when interpreting these results, and future research should
use a more rigorous approach. In addition, partly because of
COVID-19, we did not recruit our intended number of
participants, so thetrial was underpowered. Moreover, we could
only test afinite set of supplementary strategies; therefore, we
cannot generalize our conclusions beyond the strategies tested.

A strength of the tria isitsinnovation, asit is one of the few
trials thus far to conduct such a screening experiment, testing
avariety of behavioral components, in abehaviora intervention
for adultswith T2D with HbA . asan outcome. Another strength
wasthat we were ableto recruit participants nationally, enabling
for amore nationally representative sample, as we required no
in-person measurements. The web-based nature of the tria
allowed participants to continue in the trial, regardless of the
COVID-19 socia distancing protocols. Moreover, because
participants did not haveto travel to attend the sessions and the
sessions, coaching, and assessments occurred when the
participants chose, this made participation more convenient and
less costly. Finally, to the best of our knowledge, thisisthefirst
trial to randomize participants to different frequencies of the
same type of dietary self-monitoring.
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Conclusions self-monitoring and for mindful eating skills (vsno such skills).
The addition of monthly (not daily) dietary self-monitoring,
mindful eating, and positive affect skills training did not show
adefinitive benefit, but it isworth further testing. For example,
other future tests could use more intensive versions of the
behavioral strategies, such asweekly video-based meetingswith
acoach who actively guides participants through the strategies,
or the strategies could be tested with participants with other
health conditions, risk factors, or sociocultural needs. Overall,
our results support the use of a VL C diet intervention in adults
with T2D.

Our study was designed to test whether several supplemental
behavioral strategies (daily vs monthly dietary self-monitoring,
mindful eating skills, and positive affect skills) could improve
glycemic control and other outcomes in adults with T2D who
were recommended to follow a VLC diet. Overal, we found
that none of the 3 selected supplemental strategies under
consideration resulted in satistically significant changes.
However, for changes in our primary outcome of 12-month
HbA ., the 95% CI overlapped with clinically meaningful

improvementsin glycemic control for monthly (vsdaily) dietary
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Abstract

Background: Diabetes affects millions of people worldwide and is steadily increasing. A serious condition associated with
diabetesis low glucose levels (hypoglycemia). Monitoring blood glucose is usually performed by invasive methods or intrusive
devices, and these devices are currently not available to all patients with diabetes. Hand tremor is a significant symptom of
hypoglycemia, as nerves and muscles are powered by blood sugar. However, to our knowledge, no validated tools or algorithms
exist to monitor and detect hypoglycemic events via hand tremors.

Objective: In this paper, we propose a noninvasive method to detect hypoglycemic events based on hand tremors using
accelerometer data
Methods: We analyzed triaxial accelerometer data from a smart watch recorded from 33 patients with type 1 diabetes for 1

month. Time and frequency domain features were extracted from accel eration signal sto explore different machine learning models
to classify and differentiate between hypoglycemic and nonhypoglycemic states.

Results: The mean duration of the hypoglycemic state was 27.31 (SD 5.15) minutes per day for each patient. On average,
patients had 1.06 (SD 0.77) hypoglycemic events per day. The ensemble learning model based on random forest, support vector
machines, and k-nearest neighbors had the best performance, with a precision of 81.5% and arecall of 78.6%. The results were
validated using continuous glucose monitor readings as ground truth.

Conclusions: Our results indicate that the proposed approach can be a potential tool to detect hypoglycemia and can serve as
aproactive, nonintrusive alert mechanism for hypoglycemic events.

(JMIR Diabetes 2023;8:40990) doi:10.2196/40990

KEYWORDS

acceleration; hand tremors; tremor; hypoglycemia; blood sugar; glucose; diabetes, diabetic; noninvasive; measurement tool;
digital measurement; monitoring; wearable; accel erometer; machine learning; wearabl e device; smart watch; detect; time domain;
frequency domain; model; algorithm

$327 billion in economic costs each year [3]. About 10% of the
population with diabetes have type 1 diabetes mellitus (T1DM),

Diabetes is a chronic condition that is estimated to affect over @ the remaining 90% have type 2 diabetes mellitus [4].
9.3% of the global population as of 2019 [1], resulting in the ~Regular blood sugar monitoring and special attention to food

death of 12% of the US population [2] and an estimated US  INtake are critical to managing diabetes [5,6].

Introduction
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Low blood glucose (BG), aso known as hypoglycemia, is a
serious condition that affects patients with diabetes when their
BG level fals below 70 mg/dL [7]. Thisis more common for
patients with TIDM [8]. Values below 54 mg/dL may cause
severe hypoglycemia, leading to cognitiveimpairment, seizure,
and even loss of consciousness [9].

The most prevalent method of monitoring BG has beenviaBG
meters, which require manually pricking the finger to get a
reading. However, the main limitation of these meters is that
the measurement is periodic and manual. Continuous glucose
monitors (CGMs) were commercialized at the beginning of the
21st century [10] and have gained popul arity, especially among
patientswith TIDM [11], asthey are capable of monitoring BG
levels continuously and autonomously. CGMs can provide
information about BG trends and warn against the onset of both
hyper- and hypoglycemia. However, despite their benefits, many
generations of CGMs have several drawbacks. Although CGMs
automatically read BG at short intervals, multiple daily finger
sticks are necessary to calibrate the CGM for accuracy [12].
CGMs are usualy intrusive, and many patients face barriersto
the adoption and continuous use of CGM systems, such aspain,
complexity, the need for frequent sensor changes, and frequent
calibrations[13]. Newer generations of CGMs (such as Dexcom
G6) are less irritating and do not require finger stick BG
calibrations, as they are factory calibrated. However, they are
still expensive, with or without insurance, because they require
atransmitter as well as sensors. Moreover, these sensors could
fall off the body or may fail early before the end of the sensor
session, and they are difficult to restart after they fail [14-16].

“Tremor” or “trembling” has been reported to be a common
sign of hypoglycemic events among patients with diabetes
[17,18]. In one study surveying 132 older adults with diabetes,
71% (n=92) reported trembling [19]. Other studies have aso
shown tremors to be a significant symptom of hypoglycemia
whether reported subjectively [20-23] or measured objectively
in the lab [24]. No methods are currently available to capture
and assess hypoglycemic hand tremors at home. Home
monitoring can be a viable tool to provide insight into the
tremors and thus help detect hypoglycemia.

Monitoring tremors may provide a cost-effective and
nonintrusive method to detect the onset of hypoglycemic events.
Accelerometer sensors are validated devicesto measure motion
and have been used in various applications such as assessing
physical activity [25-31], aiding in the management of Parkinson
disease [32-34], and gait analysis[35,36]. However, outside of
conceptual framework devel opment efforts[37], the only study
that attempted to detect hypoglycemiausing accelerometer data
was our recent work on adolescents with TIDM [38].

M achine learning has shown promise for prognosisin medicine
[39]. Supervised machine learning models find patterns across
input features to predict the target. With the recent advent of
inexpensive wearable physiological sensors, hypoglycemia
prediction can be improved. Previous researchers used
physiological signals, including photoplethysmography,
electrocardiogram (ECG), heart rate (HR), HR variability,
galvanic skin response, and skin temperature, to predict
hypoglycemic events [6,40-45]. However, the application of
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machine learning to monitor hypoglycemic eventsthrough hand
tremors remains a research gap despite the initial promise of
extracting physiologic tremor features in adults with TIDM
[17,46]. Key barriers to addressing this gap are (1) access to
longitudinal tremor data sets in diabetic populations and (2)
clinical thresholding of hypoglycemic events based on BG
levels.

With these challenges in mind, the objective of thisresearchis
to devel op machine learning algorithmsto detect hypoglycemia
through hand tremors using acceleration data from a 1-month
home study on adults with TIDM. We expect this research to
enable real-time monitoring of hypoglycemia through
noninvasive and nonintrusive wearable technologies with a
built-in accelerometer sensor. The remainder of this paper
describes our methods used to collect data, discusses the data
processing steps, presents the results of developed algorithms,
and concludes with a discussion of our findings and
recommendations for future work.

Methods

Data Collection

A home study was designed to collect continuous accel erometer
data from participants with TADM. Accelerometer data were
collected using Apple Watch Series 5 (Apple Inc) with a
sampling frequency of 64 Hz. We used a mobile app called
TremorApp to record, archive, and transfer the accelerometer
data. TremorApp is an app our team customized in the lab to
run continuoudly in the background of the watch. It allows
participants to make a single tap on the Apple watch whenever
they feel they have low blood sugar, and it is logged
automatically. In addition, the app is connected to participants
iPhones, where they can track the number of hypoglycemic
eventsthey have reported, aswell astheir HR and acceleration.
The participants then transferred their data from the phone to
our cloud folder upon completion of the study.

Participants who had an Apple Watch Series 5 were allowed to
use their own watch. We monitored the data for 1 week, and if
there were any issues with running the app or data collection,
then we mailed them our own Apple Watch Series 5 for the
purpose of this study under the agreement that they would return
it upon completion.

The inclusion criterion was patientswith TIDM who regularly
used CGMs. To be consistent, only patients who were using a
Dexcom CGM (G5 and G6; Dexcom Inc) were enrolled in the
study. Dexcom uses a sensor wireinserted underneath aperson’'s
skin to measure glucose readingsin interstitial fluid throughout
theday and night, with asampling frequency of 5 minutes [47].

Procedures

The participants were instructed to wear the smart watch
continuously for 1 month and report the instances of tremors.
Every week, participants would upload their accel erometer data
file, subjective low blood sugar logs, HR data file, and CGM
logs over their phones to a secure server after being trained on
how to do so over theinternet with the help of aresearcher from
the team (author KZ). In this study, we only used acceleration
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dataand CGM logsfor the classification problem. Self-reported
hypoglycemia and heart data were not used in this study.

Participants

Adults (>18 years old) diagnosed with TIDM who use a CGM
device were invited to participate in this study through the
university’s campus bulk mail. A total of 45 participants started
the study, among whom 7 dropped out due to nonconformance
or technical issues with the phone, Apple Watch, or CGM. In
addition, 5 patients devices did not correctly record
accelerometer data. The data collected from 33 patients,
including 21 (64%) females and 12 (36.4%) males, aged between
18 and 56 (mean 25.35) years were included in this study. Out
of the 33 participants, 3 (9 %) identified as having 2 or more
races, and the remaining (n=30, 91%) all identified as White.
Additionally, 6 (18%) participants identified as being of
Hispanic/Latino heritage. On average, patients wore CGM
devices 95.44% (SD 3.27%) of the time per day. Each patient
was expected to wear their watch the whole day. However, it
wasworn 39.93% (SD 29.57%) each day. Therefore, on average,
31.26% (SD 16.52%) of overlapped accelerometer and CGM
data equal to 450.14 (SD 237.89) minutes were available per
day for each patient. These overlapped data were used in this
study. Note that data recorded during sleep were also included
and treated the same way as nonsleep data. Additionally, there
was no particular period inthe day where datawere unavailable
for al patients. In other words, in every hour of a 24-hour day,
there was at least 1 patient with available data.

Ethics Approval

The study was approved by the institutional review board of
Texas A&M University (IRB2019-0261F) and complied with
the American Psychological Association Code of Ethics. All
participants provided informed consent.

Data Preprocessing

All data preprocessing was completed using Python version
3.6.9 software (Python Software Foundation). Acceleration
components were filtered using a second-order Butterworth
low-pass filter (cutoff frequency was set to 30 Hz). The
magnitude of the 3D accel eration was calculated as the square
root of acceleration components in the X, y, and z directions.
To provide sufficient patterns of datafor hand tremor detection,
accelerometer datawere divided into 3-second sliding windows
with 50% overlap [48]. Acceleration windows between 150
seconds before and 150 seconds after the CGM sampling were
labeled as hypoglycemic or nonhypoglycemic based on their
corresponding BG levels. Windows with BG levels less than
70 mg/dL were labeled hypoglycemic, and windows with BG
levels between 90 and 140 mg/dL were labeled
nonhypoglycemic [49,50]. We also explored sequential
classification based on 9 consecutive windows. To facilitate
this analysis, only data with 9 consecutive windows were
included in the final analysis. After cleaning, labeling,
windowing, and consecutive windows consideration, the data
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set had 89,634.45 minutes of data consisting of 3,585,378
windows with 113,975 hypoglycemic events. One of the
challenges of training the algorithms to detect hypoglycemia
was the imbalanced data set, with an average of 3.3%
hypoglycemic windows per patient. To address this issue, we
performed random oversampling (also called “upsampling of
the minority class’) by duplicating examples from the
hypoglycemic class in the training set [51]. Upsampling was
used because it reduces information loss in the quantification
process by using the entire data set. I n addition, upsampling has
proven to be more robust to noise, and it performs better for
predictions compared to downsampling [27,52]. Different
resampling ratios (1-1, 2-1, 3-1, 3-2, 4-1, 4-2, and 4-3) were
evaluated, and the ratio 3 (nonhypoglycemic events) to 1
(hypoglycemic events) was selected based on performance
results. Note that oversampling was performed only on the
training data, and datawere not upsampled in the validation set.

Feature Extraction

Once signals were preprocessed, a total of 86 features (42 for
the time domain and 44 for the frequency domain) were
extracted from the windowed acceleration data (x, y, z, and the
magnitude) [17,46]. Table 1 provides descriptions and
abbreviations of the features employed. Different statistical
features were extracted from the time domain, including mean,
SD, variance, maximum, minimum, range, number of peaks
(NOP), skewness, and kurtosis. The time domain features
showed discriminative power for tremor detection [53]. To
calculate NOP, we used the mean value of each window as a
required threshold of peaks. Additionally, the Pearson
correlation coefficients (CORRS) [54] between all combinations
of acceleration components (X, y, z) and their magnitudes were
computed and used as features. CORR components have been
shown to be relevant for tremor detection [55]. In total, 42
features were extracted in the time domain.

The fast Fourier transform was used for the frequency domain
analysis. Hypoglycemiais characterized by hand tremors with
afrequency range between 4 and 14 Hz [46]. The power spectral
density (PSD) of the accel eration windowswas calculated using
the Welch periodogram [56]. The Welch method computes an
estimate of the PSD by dividing the time signal into successive
blocks, computing a modified periodogram for each segment,
and then averaging the periodograms [56]. Severa frequency
domain features were extracted from the PSD of all acceleration
components, Y, z, and magnitude, including mean, maximum,
SD, NOP, average band power (ABP), normaized ABP
(NABP), and frequency of maximum PSD (Fmax). The mean
of each PSD window was used as a required threshold to
calculate NOP. We also calculated mean, maximum, SD, and
ABP for the PSD of frequencies between 4 and 14 Hz. We call
these features hand tremor frequency range (HTFR) features.
In total, 44 features were extracted from the frequency domain
of the acceleration data.
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Table 1. Summary of features included in the machine learning models.

Jahromi et al

Category and features Abbreviation
Time domain
Mean M
Standard deviation sD
Variance \Y
Maximum Max
Minimum Min
Range R
Number of peaks NOP
Skewness SK
Kurtosis KS
Correlation coefficient CORR
Frequency domain
Mean M
Maximum Max
Standard deviation sD
Number of peaks NOP
Average band power ABP
Normalized average band power NABP
Frequency of maximum power spectral density Fmax
Frequency domain in 4-14 Hz range (HTFR?)
Mean M
Maximum Max
Standard deviation sD
Average band power ABP

8HTFR: hand tremor frequency range.

Classification Models

Many classification approaches have been used to classify
tremors versus normal states, mainly for Parkinson disease or
essential tremor disorder [57-64]. However, these approaches
have not been applied to tremors caused by hypoglycemia
Tremor studies have used random forest [57-60], support vector
machines (SVMs) [60,61,65,66], k-nearest neighbors (KNNSs)
[58,62,63], and naive Bayes [58,64]. Among the current
approaches, random forest, SVM, and KNN are the most widely
used. Comparative analysesin the tremor literature have shown
that random forest and KNN models outperform naive Bayes
[58] and perform comparably to SVM [60]. However, because
of the diversity in feature extraction methods, ground truths
used, and different domains, it is difficult to generalize these
findings.

Based on the promise of models used in the tremor literature,
we used 3 machinelearning model s—random forest, SVM, and
KNN—to classify hand tremors (hypoglycemic state) from
nonhypoglycemic states in patients with hypoglycemia
Randomized searches were performed to tune the models.
Random forest is a flexible supervised machine learning
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algorithm comprising uncorrelated decision trees, which are
combined to create more accurate predictions and reduce
variance[67]. For random forest, thefollowing hyperparameters
were tuned: the number of decision treesin the forest, maximum
depth, and the criteria with which to split on each node (Gini
or Entropy). Based on the model performance, 100 decision
trees with a maximum depth of 5 and the Gini function were
used. KNN is a nonparametric algorithm that assumes that
similar data points can be found near each other. It seeks to
compute the distance (usually through Euclidean distance)
between data points and then allocates a category based on the
most frequent neighboring data points [68]. A wide range of K
neighbors, from 3 to 159, was tested, and finally, K=27 was
chosen asit resulted in the best model performance. In addition,
Euclidean distance was used to measure the distance between
the data points. SVM is typicaly used for classification
problems. In the SYM agorithm, a hyperplane, also called a
decision boundary, will be built where the distance between 2
classes of data points is at its maximum. This hyperplane
separates the classes of data points on either side of the plane
[69]. Different kernel types such as linear, poly, radia basis
function (RBF), and sigmoid were tested to map the data set
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into higher dimensional spaces. The regularization parameter
C was a so changed from 0.1 to 10, and no significant changes
were observed. Finaly, an RBF kernel with C=1 was used, as
a better performance was observed. Moreover, for al 3
algorithms (ie, random forest, KNN, and SV M), aclassification
threshold of 0.5 was used.

The 3 machinelearning model swere trained on the accel eration
features. We al so used ensembl e learning for the hypoglycemia
classification. Ensemble methods are techniques that create
multiple models and then merge them to improve classification
performance [70]. Ensemble methods usually result in more
accurate solutionsthan asingle algorithm. We combined random
forest, KNN, and SVM for the ensemble learning model.
Different approachesexist for the ensemblelearning technique,
such as mgjority voting, bagging, boosting, and stacking [71].
We used the majority voting method for the classification task.
In this approach, each model makes a prediction (vote) per test
instance, and the final output prediction will be the one with
more than half of the votes[72].

Jahromi et al

Sequential Classification

We performed sequential classification, which is a predictive
modeling approach where a consecutive sequence of inputs over
timeis considered, and the task is to predict the hypoglycemia
category for the aggregated sequence asawhole[73]. Theinputs
were the 3-second windows of acceleration data with 50%
overlap. We classified a sequence as hypoglycemia if at least
50% of the 3-second inputs were predicted as such. Otherwise,
the sequence was classified as nonhypoglycemia. We tested
different sequencetimes, including 15 seconds, 30 seconds, and
60 seconds containing 9, 19, and 39 windows, respectively. The
best performance was obtained for 15-second segquences, and
the results reported are based on those sequences.

All analyses were implemented in Python software (Python
Software Foundation). As shown in Figure 1, recordings from
33 patients with hypoglycemia were imported to Python and
preprocessed. Time and frequency domain features were
extracted from the 3 axes of the acceleration signal and their
magnitude. The feature vector was fed to the machine learning
models for classification and subsequently for ensemble and
sequential models.

Figure 1. Overview of the anaysis approach. ACC: acceleration. ML: machine learning.
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Evaluation

To evaluate the classification models, we used 2 cross-validation
(CV) strategies, 10-fold CV and |eave-one-subject-out (LOSO)
CV [74,75]. The 10-fold CV performed the fitting procedure a
total of 10 times, with each fit being performed on a training
set consisting of 90% of the data selected at random. The
remaining 10% of the data were used as a hold-out set for
validation. Note that data from the same participant were not
present simultaneously in the training/validation sets. LOSO
CV is a special case of CV where the number of folds equals
the number of participants in the data set. In this scheme, the
learning algorithms are evaluated once for each participant,
using al other participants as a training set and the selected
participant asatest set. LOSO CV isarobust estimate of model
performance, as each participant is given an opportunity to
represent the entirety of the test data set [76]. Precision, recall,
F,-score, and accuracy were computed on the validation sets.
Precision quantifies the number of positive class predictions
that belong to the positive class. Recall quantifies the number
of positive class predictions made of all the positive samplesin
the data set. The F;-score measures a combination of precision

and recall (ie, the harmonic mean of them. Accuracy isthe sum
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of true negatives and true positives over al samples. The
following equations define the evaluation criteria used in this

study:
E

Wheret, f, p, and n respectively denote true, false, positive, and
negative. The hypoglycemia class is considered positive, and
the nonhypoglycemia class is negative.

Results

The mean duration of the hypoglycemic state was 27.31 (SD
25.15) minutes per day for each patient. On average, patients
had 1.06 (SD 0.77) hypoglycemic events per day. We used
acceleration features in time and frequency domainsto classify
hypoglycemic versus nonhypoglycemic states through hand
tremors. The mean PSD for the frequencies between 4 and 14

Hz 4 for the hypoglycemic windows was El}

However, for the nonhypoglycemic windows, it was E.

Figures 2 and 3 show exemplar acceleration magnitude and the
corresponding PSD in 3-second windowsfor hypoglycemic and
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nonhypoglycemicinstances during resting and active positions,  position is when the user is moving his’her hand; therefore, the
respectively. Resting position is when there is no activity;
therefore, the acceleration magnitude is close to 1 g. Active

acceleration magnitudeis larger than 1 g.

Figure 2. Exemplar acceleration magnitude and the corresponding power spectral density (PSD) for hypoglycemic and nonhypoglycemic states during
resting position. ACC: acceleration; HG: hypoglycemic; non-HG: nonhypoglycemic.
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It was observed that in the resting position, the amplitude of the
acceleration in the time domain and the amplitude of the
frequencies in the tremor range (4-14 Hz) were higher for the
hypoglycemic state compared to the nonhypoglycemic state.
Additionally, in both resting and active positions, higher
variations were observed in the PSD of frequencies between 4
and 14 Hz for the hypoglycemic states than nonhypoglycemic
states. The average SD of PSD in frequencies between 4 and

14 Hz for the hypoglycemic windows was |E.

However, for the nonhypoglycemic windows, it was E.

Most of the higher amplitude frequenciesin hypoglycemic states
were in the 4 to 14 Hz range, with some patient-specific
variations.

To better understand which features are more relevant, we
computed the mean decrease in impurity (MDI) based on Gini
impurity from the random forest algorithm [77]. As shown in
Figure 4, the HTFR features and, in particular, the ABP in
frequencies between 4 and 14 Hz had the highest importance
factorsin distinguishing hypoglycemic states. Feature selection

Jahromi et al

was attempted by removing the least relevant features (starting
from skewness) based on MDI values shown in Figure 4.
Finally, the best model performances were observed when the
following time-domain features were excluded from all
acceleration dimensions X, y, z, and magnitude: skewness (4
features), minimum (4 features), range (4 features), maximum
(4 features), kurtosis (4 features), and CORR (6 features). These
features were the least relevant ones based on the MDI values
in Figure 4. The results are reported for the feature-optimized
classification models based on the remaining 60 features.

Figure 5 shows the receiver operating characteristic (ROC)
curve and the area under the ROC curve (AUROC) for the 3
algorithms using 10-fold CV. The area under the curve (AUC)
is arobust measure of binary classification performance since
it is not sensitive to class disparities [78]. All agorithms
predicted significantly better than random. The random forest
model had the highest AUC of 0.9, although the KNN was
within 0.02 AUC, and the SVM waswithin 0.03 AUC. Pairwise
comparisons indicated no significant differences between the
algorithms.

Figure4. Featureimportance using mean decreasein impurity (MDI) from the random forest structure, along with their intertree variability represented
by the error bars. ABP: average band power; CORR: correlation between axis, Fmax: frequency of maximum power spectral density; HTFR: hand
tremor frequency range; KS: kurtosis, M: mean; Max: maximum; Min: minimum; NABP: normalized average band power; NOP: number of peaks;

SK: skewness; R: range; V: velocity.
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Table 2 showsthe classification performancewith all the models
based on 10-fold CV and LOSO CV. The random forest model
performed better (accuracy of 81.09%, and precision of 82.67%)
when evaluated using 10-fold CV, while KNN performed better
(accuracy of 79.93% and precision of 82.03%) when evaluated
using LOSO CV. The ensemble learning model improved the

Jahromi et al

prediction performanceto an accuracy of 81.46% using 10-fold
CV and 80.14% for LOSO. The key mechanism for improved
performance with ensembles is often the reduction in the
variance component of prediction errors made by the models
[79]. The ensemblelearning model achieved arecall of 78.59%.

Table 2. Performance of classification models using 10-fold cross-validation (CV) and leave-one-subject-out (LOSO) CV.

Model AUROC? Specificity (%) Precision (%) Recall (%) F1-score (%) Accuracy (%)
LosoP 10fold LOSO 10fold LOSO  10-fold LOSO 10fold LOSO  10-fold LOSO  10-fold
KNNC 0.88 0.88 83.15 80.78 82.03 79.92 76.95 76.97 79.41 78.40 79.93 78.83
svmd 0.87 0.87 81.15 82.93 81.48 79.98 75.94 77.72 78.28 78.83 78.46 80.24
Random forest 0.88 0.90 80.51 84.48 80.37 82.67 77.45 77.96 78.88 80.24 78.95 81.09
Ensemble learning N/A® N/A 81.51 84.55 80.74 81.53 78.82 78.59 79.76 80.03 80.14 81.46

8AUROC: area under the receiver operating characteristic curve.
bLOSO: leave one subject out.

YK NN: k-nearest neighbor.

dsvm: support vector machine.

EN/A: not available.

Discussion

Principal Results

The primary purpose of this study was to use a wrist-worn
accelerometer sensor to detect hand tremors associated with
hypoglycemiain patientswith TADM. We used the accel eration
and CGM data collected from 33 patients with TIDM. Several
machine learning algorithms were employed to develop the
detection system. The ensemble learning model achieved the
highest accuracy of 81.46%, with 81.5% precision and 78.6%
recall for the hypoglycemic class.

Caollectively, the results provide support for the use and further
development of ensemble techniques (such as random forest),
KNN, SVM, or acombination of these modelsfor hypoglycemia
hand tremor detection. These results align with previous
explorations of tremor detection [50,57,59-61,64,80,81];
however, our findings are focused on hypoglycemia.

Comparison With Prior Work

The acceleration-based detection system in this study is
comparable to the recent research on hypoglycemic detection
using other noninvasive sensor-based data such as HR, HR
variability, ECG, and temperature. Maritsch et al [82] collected
physiological datafrom patientswith TIDM over 1 week using
an Empatica E4 smart watch and derived HR and HR variability
features to detect hypoglycemic episodes. They achieved a
maximum accuracy of 82.7%, with 76.7% sensitivity for
hypoglycemic detection using the gradient-boosted decision
trees algorithm and 10-fold CV. Elvebakk et a [83] used
multiple sensors to collect sudomotor activity data at 3 skin
sites, ECG-derived HR, HR-corrected QT interval, near-infrared,
and bioimpedance spectroscopy data from 20 patients. They
found that hypoglycemia could be identified with a maximum
F,-score accuracy of 88%. Marling et al [40] used HR, galvanic

skin response, and skin and air temperatures collected over 2
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months to detect hypoglycemia in patients with TIDM who
were middle-aged. They showed that an SVM model with a
linear kernel could differentiate hypoglycemic from
nonhypoglycemic states. Porumb et al [84] used apersonalized
medicine approach and deep learning models, convolutional
neural network, and recurrent neura network, to automatically
detect nocturnal hypoglycemia using a few heartbeats of raw
ECG signals recorded with wearable sensors. They achieved a
maximum accuracy of 85.7% and sensitivity of 84.7% for
hypoglycemia detection using their proposed convolutiona +
recurrent system. The presented model in our study achieved a
maximum accuracy of 81.46%, with 78.82% recall for
hypoglycemic detection solely relying on a wrist-worn
accelerometer sensor.

Strengths, Limitations, and Future Work

The method documented in this paper represents our initial
computational work for detecting hand tremors associated with
hypoglycemia using acceleration data in a naturalistic setting.
To our knowledge, this is the first paper documenting the
application of machine learning for the detection of the onsets
of hypoglycemia using hand tremors. We used a longitudinal
dataset collected within 1 month, comprising 21 femal es (64%)
and 12 males (36%0), with an average of 24.04 and 26.26 minutes
hypoglycemic per day, respectively. The obtained results suggest
that wrist-worn accelerometers may provide the necessary
sensory information to detect the presence of hand tremors
associated with hypoglycemia. Given theincreased availability,
affordability, discreetness, accuracy, and nonintrusiveness of
smart watch—based accelerometer sensors, these results show
promise as an alternative to CGM for the early detection of
hypoglycemic events, and they may have life-saving
implications.

However, this study isnot without limitations. First, theanalysis
presented here is based on a limited sample. In addition to the
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5 patients (13%) whose devices did not adequately record their
accelerometer data, 3 (9%) patients did not have any low blood
sugar readings recorded on their CGM. This might be due to
some CGM users setting higher thresholds for hypoglycemic
alerts(eg, 75-80 mg/dL ), perceiving hypoglycemic eventsearly,
or better managing hypoglycemic events. In addition, participant
age could also be an important limitation since most of the
participantsin this study were college students with an average
age of 24.56 (SD 9.67) years.

HTFR features were extracted from the PSD between 4 and 14
Hz freguencies to distinguish hypoglycemic states from
nonhypoglycemic states. Although HTFR features helped
improve the classification performance, there were several
windows labeled hypoglycemic without showing noticeable
power density inthe 4 to 14 Hz frequencies and several windows
labeled nonhypoglycemic with high power density in the 4 to
14 Hz frequencies. Different reasons can cause these to happen
during accelerometer or CGM readings, such as motion artifacts
or nonhypoglycemic tremors. This study collected data during
activitiesof daily living. Motion artifacts are unavoidable when
an acceleration sensor is used in dynamic conditions. Sensor
measurements are usually contaminated by motion artifacts due
to hand movement, wearabl e tightnesslevel [85], physiological
tremors [86], and so on. Noise will become more critical with
the smart watch’s tightness level. When worn too loosely, the
device will frequently slide along the wrist, thus negatively
impacting sensor accuracy. The effect of the tightness in terms
of signal quality will be exacerbated during high-intensity
activities.

People who experience hypoglycemic events are likely to
experience repeated episodes of hypoglycemia. Over time,
repeated episodes of hypoglycemia can cause hypoglycemia
unawareness. The brain and body no longer produce symptoms
that warn of low blood sugar, such as tremors or irregular
heartbeat [87,88]. The approach proposed in this paper is not
capable of capturing such events. Another limitation was that
the hypoglycemiathreshold is personal, and it can change based
on the physical activity level [89]. In this study, the patient
definition (personalized threshold) of hypoglycemia was not
available. Therefore, for all patients, we used an average value
of 70 mg/dL, which is commonly cited as a threshold of
hypoglycemia for many people [7,90-92] and is the clinically
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prescribed threshold for hypoglycemia[93]. Future work should
set a personalized threshold of hypoglycemia for different
patients to capture this event accurately.

In this study, we do not distinguish between the different causes
of low glucose values and hand tremors. For example,
high-intensity physical activities may cause blood sugar to drop
below thisthreshold in someinstances[94]. Future work should
explore activity-aware methods to remove such instances from
the hypoglycemiaclassto improve the performance of learning
algorithms. In addition, hand tremors may be induced by either
toxins (such as excess of certain heavy metals in the body) or
medications (such as antidepressants) [95], or they may be
related to essential tremors[96]. Therefore, future studies should
account for these potential confounding factors in recruitment
and analysis efforts. Future work may aso analyze additional
measures, such as HR variability [97,98], to differentiate
hypoglycemic events from nonhypoglycemic events and
improve the performance of learning algorithms.

Finally, the objective of this research was not to evaluate an
intervention. As a result, participants were not instructed to
undertake any particular action to manage hypoglycemia (such
as eating or drinking certain foods) beyond their normal habits.
However, the findings documented in this paper can inform the
design of nonintrusive accelerometer-based hypoglycemia
detection and monitoring tools and systems.

Conclusion

Hypoglycemia is a prevalent disease that affects millions of
people worldwide. While tools and technologies exist to help
patients with hypoglycemia monitor their BG, they are either
invasive, requiring finger pricking, or intrusive and expensive.
The proposed work utilized a combination of nonintrusive and
noninvasive sensing and machine learning methods to develop
detection algorithmsfor hypoglycemic eventsviahand tremors.
This paper documentsthe potential of linear accelerator datato
provide significant utility for classification models that detect
hypoglycemic hand tremors and distinguish between
hypoglycemic and nonhypoglycemic states. Our results, while
preliminary, suggest that wearable monitoring technology for
the continuous detection and remote monitoring of
hypoglycemic events through hand tremors is an achievable
goal in the near future.
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Abstract

Background: Thereisevidenceintheliteraturethat the use of sensor-augmented insulin pumpsin patients with high-complexity
diabetes improves metabolic control. However, there is no long-term information on clinical outcomes such as hospitalization or
admission to the emergency room. This study describes outcomes for metabolic control, incidence of hospitalizations, and
emergency room visitsin a specific population using this technology.
Objective: We aimed to assess long-term glycemic and clinical outcomes after the use of continuous subcutaneous insulin
infusion and continuous glucose monitoring in people with diabetes.

Methods: A retrospective cohort study was carried out in patients with diabetes previously treated with an intensive insulin
regimen at a specialized diabetes treatment center who required a sensor-augmented insulin pump due to nonoptimal glycemic
control. Glycated hemoglobin, severe hypoglycemic episodes, nonsevere hypoglycemic episodes, perception of hypoglycemia,
and the incidence of emergency room visits and hospitalizations before and after treatment were eval uated.

Results: Between January 2013 and August 2020, 74 patients with amedian age of 36 (IQR 27-46) years were included in the
study with amedian 4 (IQR 2-7) years of follow-up. We found a statistically significant reduction in glycated hemoglobin (8.35%
VS 7%; P<.001), nonsevere hypoglycemic episodes (71/74, 96% vs 62/74, 84%; P=.01), emergency room visits (42/73, 58% vs
4/62, 6%; P<.001), and hospitalizations (36/72, 50% vs 10/72, 14%; P<.001) after use of continuous subcutaneousinsulin infusion.
Conclusions: The use of a sensor-augmented insulin pump associated with a strict follow-up program for patients with
high-complexity diabetesled to asignificant and sustained reduction in glycated hemoglobin and hypoglycemic episodes, aswell
asin the rate of emergency room visits and hospitalizations. These results encourage the adoption of this technology in patients
who do not achieve metabolic control with optimal management of diabetes.

(JMIR Diabetes 2023;8:e46880) doi:10.2196/46880

KEYWORDS

automated insulin delivery; continuous glucose monitoring; CGM; glycemic control; hypoglycemia; sensor-augmented insulin
pump; type 1 diabetes
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Introduction Methods
Background Design and Participants

An estimated 537 million people worldwide have diabetes, and
it is projected that by 2045, more than 783 million people will
have the disease (a prevalence of 12.2%) [1]. The complexity
of this condition and its complications has led to a growing
burden in health care systems. For example, the management
of people with type 1 diabetes (T1D) or beta-cell failure has
been challenging due to the complete lack of insulin reserve,
leading to hypo- and hyperglycemia and high glucose
fluctuations. To ensure adequate care for this condition, patients
require education on diabetes, dietary advice, knowledge on
counting carbohydrates, and the application of multiple daily
injection (MDI) of insulin, including dosage adjustment. In
some situations, the use of sensor-augmented insulin pump
(SAP) therapy, which combines continuous subcutaneousinsulin
infusion (CSlI) and continuous glucose monitoring (CGM), is
fundamental to achieving glucose targets.

The current American Diabetes Association (ADA) and
International Society for Pediatric and Adolescent Diabetes
(ISPAD) guidelines recommend the therapeutic goal of glycated
hemoglobin (HbA ) <7% in most patients (or <7.5% or <8%
depending on therisk of hypoglycemia), access to technology,
and the ability to managetheir condition [2,3]. In addition, there
is widespread evidence of the limitations of using HbA ;. asthe
only guide for managing diabetes. The lack of information
regarding intra- and interdaily glycemic excursions and the
acute complications derived from hyper- and hypoglycemiaare
some of the reasons for considering other tools for managing
diabetes [4-6].

With recent advances over the last few years, such as better
safety profiles in insulin pharmacokinetics and new diabetes
devices, therisk of hypoglycemiahas been reduced, and patients
have been able to achieve better HbA,. goas [7-12]. The
benefits of adjusting treatment based on continuous glucose
monitoring metrics (timein range, time below range, time above
range, and coefficient of variation) haveled to their widespread
use and resulted in better metabolic control in patients and the
reduction of hypoglycemic episodes [13-17]. However, the
quality of diabetes programs is vitally important for both the
care and management of these patients, to achieve adequate
metabolic control, and to prevent micro- and macrovascular
complications, as well as hypoglycemic episodes, emergency
room visits, and hospitalizations.

Although there is evidence of the benefit of CSlI therapy for
glycemic control [18-20] and the reduction of hypoglycemia
[14,21], other studies have not demonstrated the useful ness of
this type of therapy [22,23], and there is scant evidence of its
long-term benefit in reducing emergency room visits and
hospitalizations [24].

The objective of our study wasto evaluate thelong-term effects
of SAPtherapy in patients at a specialized diabetes care center
who were using this type of technology. We present a
retrospective longitudinal study with amedian 4-year follow-up.

https://diabetes.jmir.org/2023/1/e46880

This was an analytical, retrospective observational study
designed to evaluate the long-term effect of the use of SAP on
clinical outcomes and metabolic control after the admission of
people with diabetes to a specialized care program using this
type of technology. The included patients were affiliated to a
health careinsurance company in Bogoté, Colombia(Compensar
Entidad Promota de salud).

Theinclusion criteriawere being aged 18 years or older; having
adiagnosis of type 1, 2, or another type of diabetes; and being
on a basal-bolus insulin regimen. All patients were referred to
our center due to nonoptimal metabolic control (HbA ;. >7%)
or frequent hypoglycemic episodes (<70 mg/dl), defined as >4
hypoglycemic events per week or one episode of severe
hypoglycemia (needing athird party for correction assistance)
during the last year [2,10,25,26] despite optimal treatment and
diabetes self-management education and support (DSMES),
which was defined as the adequate use of insulin self-titration,
frequent self-monitoring of blood glucose (SMBG,; at least 4
times a day), management of hypoglycemic episodes, and
education in carbohydrate counting based on international and
local guidelines for T1D management [27-29].

Prior to SAPtherapy, al patientsin our center were using insulin
analogues (long-acting insulin glargine 100 unitYmL and
fast-acting insulin, ie, lispro, aspart, or glulisine); after 2017,
they used second-generation basal insulin (ie, insulin glargine
300 units/mL or insulin degludec 100 units/mL). The patients
used SAP therapy from the time of their admission to the
program, following the consensus statement of theinsulin pump
management task force [30,31]. The data were collected from
that point and patients were recruited from January 2013 until
November 2020. No patients were excluded, given the specific
focus of the program in which they were participating.

The primary outcomes of the study were to evaluate clinical
and glycemic control, including changes in glycemic control,
the proportion of patientswho achieved an HbA ;. lessthan 7%,
the number of severe hypoglycemia (SH) episodes and
nonsevere hypoglycemia (NSH) episodes, and the number of
hospitalizations or emergency room visits prior to beginning
the program and during follow-up in theinsulin pump program.

All study participants used an insulin pump (Paradigm VEO,
MiniMed 640G or 670G, Medtronic Inc) and real-time CGM
(Enlite or Guardian Link 3, Medtronic Inc). On initiation of
SAP, al participantsweretrained by the Medtronic team. During
the first 3 days of SAP, they received advice on diabetes and
nutrition and intensive classes on how to manage the SAP
technology. They were subsequently contacted over the next 3
days to verify the correct use of SAP, its drawbacks, and how
to solvethem. They were encouraged to perform SMBG at |east
6 times per day, sensor calibration 3 to 4 times per day, and
infusion set changes (the reservoir, catheter and cannula) every
3 days. Based on medical criteria, the patientswere re-educated
in carbohydrate counting and management of hypo- and
hyperglycemic episodes and encouraged to follow the correct
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use of SAP throughout follow-up. Initialy, the follow-up visits
were done face-to-face monthly or every 2 months. Owing to
the COVID-19 pandemic, consultations were conducted by
means of telephone. The datawere obtained from achart review,
the insurance company’s database for their affiliated hospitals,
and direct patient surveys. Adherence to treatment and the
measurement of variables related to insulin pump use were
reviewed using the CareLink Medtronic system software. We
used the Gold scale as an assessment tool for hypoglycemia
awareness, with lower valuesindicating a greater perception of
hypoglycemiaand higher values reflecting alack of perception
[32].

To minimize bias, the datawere independently reviewed by one
of the authorsto assess biologically implausible or missing data.

Statistical Analysis

The categorical variableswere expressed as absolute and rel ative
frequencies. The Kolmogorov-Smirnov test was used to evaluate
the normality of numerical variables. Parametric data are
expressed as the mean (SD), while nonparametric data are
reported as the median (I1QR).

Changes in variables over time were evaluated with a 2-tailed
Student t test for paired data or the McNemar test for categorical
variables. The Wilcoxon test was used for paired data and the
Friedman test was used for nonparametric data.

Ethics Approval

The study was approved by thelocal ethics committeein Bogota,
Columbia (Clinical Committee, Cardioinfantil Foundation,
Cardiology Ingtitute), on February 11, 2021 (04-2021).
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Results

Patient Characteristics

We analyzed data from 74 patients who used SAP between
January 2013 and August 2020. During the follow-up period,
1 patient was lost in the first year due to changes in their
residential addressand health care provider, making it unfeasible
to continue their evaluation. Another person left the program
after 4 years for the same reason, but their data were included
in the analysis.

The median age was 36 (IQR 27-46) years. The median BMI

was 24.3 (IQR 22.7-27.2) kg/m?. Of the total population, 41
(55%) were female and most had a diagnosis of T1D (n=71,
95%), with amedian of 20 (IQR 14-33) years since diagnosis.
The median number of years of follow-up after starting to use
SAP was 4 (IQR 2-7) years. Altogether, 85% (63/74) of the
patients had glycemia above the optimal target, with a median
HbA ;. of 8.35% (IQR 7.3%-9.8%). The baseline demographic
and clinical characteristicsare shownin Table 1. In our country,
SAPs are currently the only device provided by health care
insurance. CSII alone has never been a treatment option in
Colombia. The CGM Freestyle Libre flash glucose monitoring
system became available in 2019.

The hospitalization and emergency room visit rates prior to SAP
therapy were 0.5 (IQR 0.5-1.0) events per patient-year and 1.0
(IQR 0.5-2.0) events per patient-year, respectively. All patients
had a history of hypoglycemic episodes with an NSH rate of
20 (IQR 11-35) events per patient-year and an SH rate of 1.5
(IQ 1-6) events per patient-year, with a Gold score of 4 (IQR
2-4); the mean total daily insulin dose was 52.5 (SD 21.9)
international units (1U) prior to treatment.
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Table 1. Baseline patient characteristics (N=74).

O'Mearaet d

Characteristics Values
Male, n (%) 32 (45)
Female, n (%) 42 (55)
Age (years), median (IQR) 36 (27-46)

BMI (kg/m?), median (IQR)
Type 1 diabetes, n (%)
Type 2 diabetes, n (%)
Diabetes, other, n (%)
Duration of diabetes (years), median (IQR)
Basal bolus, n (%)
Total daily insulin doses (international units), mean (SD)
Type of pump?, n (%)
Paradigm VEO
MiniMed 640
MiniMed 670
Glycated hemoglobin (%), mean (SD)
Glycated hemoglobin (%), median (IQR)
Gold score, median (IQR)
Gold score 24, n (%)
Nonsevere hypoglycemia episodes, EPYP (IQR)
Severe hypoglycemia episodes, EPY (IQR)
Hospitalization rate, EPY (IQR)
Emergency room visit rate, EPY (IQR)

24.3(22.7-27.2)
71(96)

2(3)

1(1)

20 (14-33)

74 (100)

52.5 (21.9)

6(8)

40 (54)

28 (38)
8.8(2.7)
8.35(7.3-9.8)
4 (2-4)

44 (56)

20 (11-35)
1.5 (1-6)
0.5 (0.5-1.0)
1.0 (05-2.0)

#Type of pump initiated at the start of follow-up.
bEPY: events per patient-year.

In the first year, the median percentage sensor use, the mean
number of SMBG measurements per day and the mean number
of calibration readings per day were 90% (IQR 95%-90%), 5.83
(SD 1.48), and 5.22 (SD 2.96), respectively. At the end of the

follow-up period, these values were 89.5% (IQR 80%-92%),
4,14 (SD 0.89), and 4.43 (SD 1.07), respectively. More detail
isgivenin Table 2.

Table 2. Variables associated with sensor-augmented insulin pump technology during different stages of the follow-up period.

First year Secondyear  Third year Final follow-up
Sensor use, % (IQR) 90(95-90) 80.5(65.5-90) 89.5(80-94) 89.5(80-92)
Number of self monitoring of blood glucose measurements per day, mean (SD) 5.83(1.48)  5.53(1.45) 5.03(1.39) 4.14(0.89)
Number of calibration readings per day, mean (SD) 5.22(2.96) 5.03(1.59) 4.80(1.51) 4.43(1.07)

Metabolic Control During Follow-Up

A significant improvement in glucose control was observed at
the final follow-up, with the median HbA ;. decreasing to 7%

https://diabetes.jmir.org/2023/1/e46880
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compared with the baseline of 8.35% (P<.001). The percentage
of patients with an HbA . less than 7% prior to treatment was
15% (11/74), and this increased significantly to 41% (30/74)
of patients at the end of follow-up (P<.001; Figure 1).
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Figure 1. HbA . during follow-up. HbA 1. glycated hemoglobin.
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During the follow-up period, a noteworthy reduction in HbA ;.
levelswas observed within thefirst year, decreasing from 8.35%
(IQR 7.3%-9.8%) to 7.6% (IQR 7.3%-8.1%; P<.001). In the
second year, HbA . levels remained consistent at 7.5% (IQR
6.7%-7.7%), and in the third year and the final follow-up,
stahilized at 7.25% (1QR 7%-7.9%) and 7% (IQR 6.5%-7.4%),
respectively. These findings indicate an initial improvement
followed by asustained stabilizationin HbA ;. levelsamong the
patients under study.

At the end of follow-up, the median time in range (TIR) for a
blood glucose level 70 to 180 mg/dL was 75.5% (IQR
70%-80.5%), with 21% (IQR 15%-29%) time above 180 mg/dL
and 3% (IQR 1%-4%) time below 70 mg/dL.

Hypoglycemic Episodes

There was a gtatistically significant decrease in both the rate of
NSH episodes and the percentage of patients with at least one
episode in the last year, falling from 20 (IQR 11-35) episodes
per patient-year to 4 (IQR 2-7) episodes per patient-year
(P<.001) and from 96% (71/74) to 84% (62/74; P=.01),
respectively (odds ratio [OR] 0.91, 95% CI 0.083-0.99).

Severe hypoglycemia, expressed in rates and percentage of
episodesinthelast year, decreased from 1.5 (IQR 1-6) episodes
per patient-year to 0.5 (IQR 0.31-0.5) episodes per patient-year

https://diabetes.jmir.org/2023/1/e46880
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3rd Year [] End of follow-up

Years of follow-up

(P=.14), and from 28.3% to 14.3% (P=.14), respectively, but
without statistical significance.

An assessment using the Gold scal e was made at the beginning
of SAP therapy and at the end of follow-up. The scale showed
areduction from a score of 4 (IQR 2-4) at baselineto 2 (IQR
1-3) at the end of follow-up (P<.001). Likewise, the percentage
of patients with a score of 4 or higher prior to using this
technol ogy decreased from 60% (44/74) to 41% (30/74; P<.001).

Emergency Room Visits and Hospitalizations

Significant differences were found before and after the use of
SAP therapy in terms of areduced number of hospitalizations,
with an initia rate of 0.5 (IQR 0.5-1) events per person year
decreasing to 0.26 (IQR 0.16-0.667) events per patient-year
(P=.004). The percentage of patients requiring hospitalization
(during the last 2 years) was 50% (36/72) prior to and 14%
(10/72) after beginning SAP therapy (OR 0.23, 95% ClI
0.001-0.58; P<.001).

Moreover, prior to beginning SAP therapy, 58% (42/73) of the
patients had to be admitted to the emergency room, but at the
end of the study, only 6% (4/62) of them had to be admitted
(OR 0.11, 95% CI 0.01-0.83; P<.001). Emergency room visits
fell from 1 (IQR 0.5-2.0) event per person year to 0.25 (IQR
0.16-0.6) events per person year (P<.001; Table 3; Multimedia
Appendix 1).
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Table 3. Follow-up data on the clinical outcomes.
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Patients at baseline, n/N (%)

Petients at final follow-up, /N (%) P value

Outcomes

At least one severe hypoglycemia episode 21/74 (28)
At least one nonsevere hypoglycemia episode 71/74 (96)
Gold score >4 44/74 (60)
Required emergency room visit 42/73 (58)
Required hospitalization 36/72 (50)

10/70 (14) 14
62/74 (84) .01
30/74 (40) <.001
4/62 (6) <.001
10/72 (14) <.001

Discussion

Principal Findings

The most relevant result of this study is the long-term (4-year)
benefit we observed; there was a reduction in the number of
hospitalizations and emergency room visits, in addition to better
metabolic control, with the use of SAP therapy, which combines
CSll and red-time CGM (rt-CGM). Many publications
[19,20,24,33-35] have shown that SAP therapy has clinical and
glycemic benefitsin patients not controlled with a basal-bolus
regimen. Previous studies, such as Gomez et a [21], have shown
HbA ;. reductions with SAP therapy from 8.8% (SD 1.9%) to
7.5% (SD 1%) at 5 months (mean difference —1.3%, 95% CI
—1.09 to —1.5; P<.001) and 7.1% (SD 0.8%; mean difference
—1.7%, 95% CI —-1.59 to —1.9; P<.001) after 47 months of
follow-up. Likewise, the incidence of SH decreased
significantly, from 66.6% to 2.7% (P<.001). In addition to
HbA . reduction (from 8.7%, SD 1.7% to 7.4%, SD 0.8%;
P<.05), Ramirez-Rincon et a [24] found a decline in
hospitalizations, from 16.5% to 6% (P<.05), as well as a
reduction in the incidence of SH, from 32% to 7.1%, at 1 year
of follow-up. Our results are similar to those of the
abovementioned studies. This confirms the utility of SAP
technology in these high-complexity treatment groups. In
Colombia, some heath care programs perform follow-up
monthly or every 3 months with an interdisciplinary team
(medical and administrative support) that resolves clinical or
administrative issuesthat might hamper adherence and glycemic
control.

However, some studies have shown no benefit for metabolic
control with the use of this type of technology. Blair et al [23]
found no HbA ;. reduction or cost-effectiveness in using CSl|
compared with MDI (CSllI: 7.72%, 95% Cl 7.5%-7.94%; MDI:
7.5%, 95% Cl 7.28%-7.72%). However, they evaluated results
from patients aged from 7 months to 15 years. The outcomes
were examined in patients with a de novo T1D diagnosis and
analyzed within thefirst year of the disease. This protocol made
it difficult to determine any benefit or difference between
therapies due to complex glycemic control and known
limitations in the pediatric population [36]. The glycemic and
pathophysiological behavior of T1D inthisage group, especiadly
in the first year after diagnosis [37,38], may have masked the
differences that might otherwise be seen in patients with a
medium- to long-term duration of the disease. Bolli et al [22]
found no differences between the use of MDI or CSlI. Themean
HbA . reduction was similar in both groups: CSII was —0.7%

(SD 0.7%) and MDI was —0.6% (SD 0.8%), with an adjusted

https://diabetes.jmir.org/2023/1/e46880

difference of 0.1% (95% CI 0.5%-0.3%). However, the patients
had previously used neutral protamine Hagedorn (NPH) insulin
and wererandomized to aglargineinsulin regimen or CSll. The
design of this study limited the ability to find differences
between groups, as long-acting insulin should be the standard
treatment today, not a comparative aternative to CSll. The
indication to initiate CSl1 should be in patients with untargeted
glycemic control or persistent hypoglycemic events after using
a basal-bolus regime with second-generation and rapid-acting
insulin [30,31,39].

It should be noted that only a small (but ever-growing) group
of subjectswith T1D, T2D, and other types of diabetes will be
ableto access SAPtechnology dueto theincreasing use of CGM
(with intermittent scanning or real-time monitoring) as a
standard of care, with encouraging outcomesin glycemic goals
and avoiding hypoglycemic episodes|7,8,40-44]. Furthermore,
the economic burden of these technologies is a barrier in
low-income countries; however, wethink the costswill probably
decrease as the technology becomes more available. Even our
study demonstrates the utility and probable cost-effectiveness
of the use of these technologies [45-47].

In our study, the patients had been diagnosed with T1D for an
average of 20 yearsand had nongoa glycemic control with M DI
despite having complete diabetes training, including the
techniques for applying and self-titrating insulin, carbohydrate
counting, managing hypoglycemia, and using second-generation
insulin analogues, as recommended by T1D International and
local management guidelines [27-29]. Thisisvitally important
becausein our population, SAPsare used asastep-up treatment
only when the metabolic control goals are not met despite
interdisciplinary and specialized management and not as an
aternative treatment in patients who will potentially be
controlled through optimized management with education and
training in disease management.

One of the advantages of our study is that the majority of the
patients used recent insulin pump models, which in other
publications have been shown to be beneficia in reducing
hypoglycemic episodes and HbA ;. [48,49]. The study by Boalli
et al [22] was performed using the MiniMed 508 model, which
did not have technologies such as the Bolus Wizard. The latter
isuseful for estimating the bolus dose using a cal cul ation of the
insulin-to-carbohydrate ratio, the insulin sensitivity factor, the
target blood glucose, and activeinsulin. The most recent devices
allow more stringent targets to be pursued, reducing the risk of
hypoglycemia and the coefficient of variation [50].

Throughout the follow-up period, remarkable adherence to the
therapy wasrecorded, with an average sensor usetime exceeding
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80%. This high adherence was attained through regular medical
consultations and follow-ups, which were conducted at least 6
times per year for al patients, while promoting proper sensor
use for as long as possible along with calibration and blood
glucose measurement.

There was a small difference in the number of blood glucose
measurements and calibrations when comparing the first year
of follow-up to the subsequent years of follow-up, likely due
to the use of new devicessuch asthe MiniMed 670 pump, which
requires fewer calibrations and has improved precision.
Additionally, some level of fatigue or sense of security may
have arisen from the prolonged use of these devices.

The most significant improvement in HbA . levels occurred
during thefirst year of therapy, with areduction from 8.35 (IQR
7.3-9.8) to 7.6 (IQR 7.3-8.1; P<.001). This improvement
progressed gradually, reaching a median of 7.0 (IQR 6.5-7.4),
which can also be attributed to technological advancements
during the follow-up period.

Strict and frequent follow-up among this young population,
along with consistent and adequate adherence to the therapy,
allowed for high percentages of sensor use, SMBG
measurements, and calibrations. These factors are reflected in
our results.

Limitations

The main limitation of this study is its retrospective character.
Itisacommon situation in the analysis of retrospective cohorts
that thereis aloss of some data in the clinical history records.
Some data were taken from the chart review and the insurance
company’s database and others from patient surveys, which
may have led to various types of bias. We performed a
comprehensive review of the data and chose the worst-case
scenarios.

Another limitation of our study is the lack of a control group
(without SAP therapy). However, given the type of population
to which we had access in this program, it was not possible to
include patients without thistechnology and carry out long-term
follow-up.

O'Mearaet d

Moreover, the results may have been influenced by the tria
design. The switching of the previous diabetes management
regime with MDI plus SMBG to SAP is a significant step that
entails a probable benefit in all outcomes, as was found in this
trial. Nowadays, use of CGM is growing as a diabetes standard
of care. Recently, much evidence has been published showing
that CGM reduces hypoglycemic events and leads to lower
HbA . with increases in TIR. In Colombia, intermittently
scanned CGM (is-CGM; the FreeStyle Libre system) was the
first device, approved in 2019, and its useisincreasing rapidly.
In our opinion, thistechnology promisesto have clinical benefits
like those demonstrated in thistrial, but nevertheless this needs
to be confirmed.

Finally, one interesting question is the future of CGM versus
SAP as atool for diabetes management. Choudhary et a [51]
compared is-=CGM and an advanced hybrid closed loop (AHCL)
system. The latter showed an additional benefit in HbA .
reduction (AHCL: —1.54%; is-CGM: —0.20%), resulting in a
treatment effect of -1.42% (95% Cl -1.74% to —1.10%;
P<.001). Thus, new technologies such as AHCL can provide
effective therapy and have advantages for the treatment of this
complex disease.

Conclusion

This study is the first to evaluate the safety, as well as the
clinica and glucose benefits, of using SAP therapy in a
population with T1D, with rea-life data and long-term
follow-up. The use of thistechnology for an average of 4 years
led to a significant HbA . reduction, achievement of HbA
goals, and a lower number of NSH episodes, emergency room
visits, and hospitalizations. These results should encourage the
adoption of this technology in patients who do not achieve
metabolic control with optimal carefor T1D. It should be noted
that its efficacy requires a multidisciplinary team with
experience in the use of this technology and close patient
support. Finally, we recommend carrying out experimental
studies to compare this technology with other therapies.
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Abstract

Background: The benefits of real-time continuous glucose monitoring (RT-CGM) are well established for patients with type
1 diabetes (T1D) and patients with insulin-treated type 2 diabetes (T2D). However, the usage and effectiveness of RT-CGM in
the context of non-insulin-treated T2D has not been well studied.

Objective:  We aimed to assess glycemic metrics and rates of RT-CGM feature utilization in users with T1D and
non—insulin-treated T2D.

Methods: We retrospectively analyzed data from 33,685 US-based users of an RT-CGM system (Dexcom G6; Dexcom, Inc)
who self-identified as having either T1D (n=26,706) or T2D and not using insulin (n=6979). Dataincluded glucose concentrations,
alarm settings, feature usage, and event logs.

Results: The T1D cohort had lower proportions of glucose values in the 70 mg/dl to 180 mg/dl range than the T2D cohort
(52.1% vs 70.8%, respectively), with more values indicating hypoglycemia or hyperglycemia and higher glycemic variability.
Discretionary alarmswere enabled by alarge majority in both cohorts. The data sharing feature was used by 38.7% (10,327/26,706)
of those with T1D and 10.4% (727/6979) of those with T2D, and the mean number of followers was higher in the T1D cohort.
Large proportions of patientswith T1D or T2D enabled and customized their glucose aerts. Retrospective analysis features were
used by the mgjority in both cohorts (T1D: 15,783/26,706, 59.1%; T2D: 3751/6979, 53.8%).

Conclusions: Similar to patients with T1D, patients with non—insulin-treated T2D used RT-CGM system features, suggesting
beneficial, routine engagement with data by patients and others involved in their care. Motivated patients with diabetes could
benefit from RT-CGM coverage.

(JMIR Diabetes 2023;8:e43991) doi:10.2196/43991
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type 1 diabetes;, T1D; type 2 diabetes, T2D; time in range; engagement; continuous glucose monitoring; continuous glucose
monitor; CGM; diabetes management; hyperglycemia; health data
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Introduction

Real-time continuous glucose monitoring (RT-CGM) systems,
which measure glucose levelsin theinterstitial fluid at regular
intervals, benefit from ongoing improvements to sensor
accuracy, improved integration with smartphones, and the
inclusion of innovative functionalities such asalertsand alarms.
These include high and low glucose level derts, an urgent low
soon alert, and rate of change aerts. The accuracy, functionality,
and expanded insurance coverage of CGM hasled to therapidly
growing adoption of this technology.

Numerous studies have demonstrated the safety and clinical
efficacy of RT-CGM in individuals with type 1 diabetes (T1D)
[1-4] and intensive insulin-treated type 2 diabetes (T2D) [5].
Based on thisevidence, current medical practice guidelines now
strongly recommend RT-CGM for all persons with diabetes
treated with intensive insulin therapy, defined as 3 or more
doses of insulin per day or the use of an insulin pump [6,7].
However, the guidelines also state that RT-CGM can aso be
considered for patients treated with basal insulin [6,7].

Studies analyzing glycemic outcomes [3-5] and effects on health
careresource utilization [8] demonstrate the value of RT-CGM,
but further research into the usefulness of various RT-CGM
functionalitiesis needed. Only recently have there been studies
on whether, and to what extent, patients incorporate use of the
various RT-CGM functionalities and features into their daily
diabetes self-management [9-11].

While current guidelines do not address RT-CGM usein patients
with T2D not wusing insulin, some patients with
non—insulin-treated (NIT) T2D doinitiate use of RT-CGM with
their physician’s prescription. We sought to further understand
this population by analyzing their glycemic metrics, aswell as
their use of RT-CGM features such as alerts and retrospective
data analysis. We report findings from a large, retrospective
database study that quantified and compared glycemic outcomes
and engagement with RT-CGM features in individuals with
either T1D or NIT T2D.

Methods

Ethical Consider ations

Historical datawerefrom US-based Dexcom G6 userswho had
agreed to the privacy policy and provided consent to the use of
their anonymized datafor research purposes; therefore, no ethics
board approval was sought.

Study Design and Population

This retrospective, observational database analysis used
anonymized data from US-based Dexcom G6 (Dexcom, Inc)
users who self-identified on the G6 app as having either T1D
or NIT T2D. During account initialization, those in the T1D
cohort answered “Type 1" to the diabetes type question and
“Yes' to the insulin use question. Those in the T2D cohort
answered “Type 2" to the diabetes type question, answered
“No” to theinsulin use question, and did not enter any insulin
doses during the observation window. Included patients had
recorded use between September 1, 2021, and January 31, 2022.

https://diabetes.jmir.org/2023/1/e43991
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Study Device

The G6 system measuresinterstitial glucose concentrationsand
provides real-time numerical and graphical information about
the current level and its rate of change. Glucose data can be
viewed on a dedicated, hand-held receiver, displayed on a
compatible smart device via the G6 app, or viewed on a
compatible insulin pump. When the app is installed, users can
access several discretionary features, including the “High
Glucose” threshold aert (programmable between 120 mg/dl
and 400 mg/dl), the “Low Glucose” threshold alert
(programmable between 60 mg/dl and 100 mg/dl), and the
“Urgent Low Soon” (ULS) alert that istriggered when aglucose
value <55 mg/dl is predicted within the next 20 minutes. The
app also alows usersto log insulin doses, carbohydrate intake,
exercise, and other health events such as stress or symptoms of
hypo- or hyperglycemia.

The built-in Share feature allows users to share their glucose
data and real-time alarms or aerts with up to 10 people. When
“followers’ download the Dexcom Follow app, they can view
users glucose data directly from their smart device. Users and
health care providers also have access to Dexcom Clarity, a
suite of analytic tools and reports with up to 90 days of glucose
information. The Clarity reports are available to providers
through an internet portal, whereas users can access the reports
on their smart device using the Clarity mobile app. The Clarity
app can be programmed to allow receipt of “push” natifications,
which prompt a weekly review of retrospective data and
associated reports.

Outcomes M easures

Glycemic metrics were based on recent international consensus
recommendations [12]. These included the percentage of time
inthe 70 mg/dl to 180 mg/dl range, the percentage of time bel ow
range (either <70 mg/dl or <55 mg/dl), the percentage of time
above range (either >180 mg/dl or >250 mg/dl), and the
coefficient of variation. Engagement measures included screen
viewswithin the G6 app, use of Clarity, use of the data sharing
feature (Share), events logged in the G6 app, and enabling or
customization of alert settings.

Analysis

Glycemic metrics and engagement with the specified system
features were calculated over the 3-month observation period.
Engagement with the Share feature was cal cul ated by detecting
the presence of at least 1 follower. Daily engagement with
Clarity was considered if the software was used to process a
patient’s data on any given day.

Outcome metrics calculated in this study considered datafrom
the full 6-month retrospective window and aggregated over all
patients within each diabetes-type segment. Glycemic metrics
were obtained from the CGM-derived glucose val uesthat update
during patient use of CGM. Glycemic metrics were calculated
as the mean daily percent of time spent in, above, and below
range. Alert-use outcomes were reported as the percent of
patientsin each segment that had the given aert enabled at any
point during the study window. Similarly, we reported the
percentage of patients who chose to customize alert settings
during the study window by either disabling G6 mobile alerts
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that are enabled by default (“ Urgent Low Soon,” “Low,” “High,”
“No Readings,” and “Out of Range”), enabling aerts that are
disabled by default (“Rise” and “Fall”), as well as the percent
of those who changed the default glucose threshold setting for
the“High” and “Low” glucose aerts (250 mg/dl and 70 mg/dI,
respectively). Screen views were calculated as the mean daily
number of (G6 app) screen views in each glucose sync day for
which there were any screen views. Numerical comparisonsare
presented here with no hypothesistesting. Statistical significance
tests were not performed given that the large sample sizes of
the T1D and NIT T2D groups would result in very small
between-group differences considered statistically significant
at conventional Type 1 error rate alphalevels.

Dowd et al

Results

Glycemic Metrics

A total of 33,685 US-based users of an RT-CGM system were
included in the analysis and self-identified as having either T1D
(n=26,706) or T2D and not using insulin (n=6979). Overal,
users with NIT T2D had a higher time in range, lower time
above range, and lower time below range than users with T1D
(Table 1). Their coefficient of variation, a measure of glucose
variability, was also lower (Table 1).

Table 1. Mean glycemic metrics for users with type 1 diabetes or non-insulin-treated type 2 diabetes.

Diabetes type TIR? (%) TAR® (%) TBR® (%) cvd
70-180 mg/dl >180 mg/dl >250 mg/dl <70 mg/d <55 mg/d

Type 1 diabetes 52.1 455 21.2 24 0.7 0.35

Non-insulin-treated type 2 diabetes 70.8 285 7.6 0.8 0.4 0.23

3T|R: timein range.

bTAR: time above range.
°TBR: time below range.
dev: coefficient of variation.

Engagement Metrics

The vast majority of users in both cohorts enabled the ULS
aert, high and low glucose d erts, and the Always Sound feature
(Table 2). More users customized the high glucose alert
threshold than the low glucose aert threshold, and more users
with T1D customized these settings than users with NIT T2D
(Table 2).

Some patients chose to use the event logging features of the G6
app. Among the wusers with T1D, 27.2%
(7272/26,706)—compared to 15.2% (1058/6979) of userswith

NIT T2D—Ilogged an event of any kind (Table 3). The
retrospective analysis feature (Clarity) was used by a majority
in both groups (T1D: 15,783/26,706, 59.1%; NIT T2D:
3751/6979, 53.8%) (Table 3) and typically accessed within 10
daysof their first datasync. In addition, use of the Sharefeature,
which allows atrusted contact to view a user’s glycemic status
on their mobile device, was higher among users with T1D
(10,327/26,706, 38.7%) but still occurred in users with NIT
T2D (727/6979, 10.4%) (Table 3). Finally, screen views of the
G6 app were similar between the two groups (T1D: 6.6
views/day; NIT T2D: 5.8 views/day).

Table 2. Level of real-time continuous glucose monitoring feature use and customization.

Diabetestype Enabled the alert or feature, n (%) Customized alert threshold, n (%)
UrgentLow Soon Lowthreshold Highthreshold  AlwaysSound Lowthreshold High threshold
Type 1 diabetes (n=26,706) 25,765 (96.5) 26,326 (98.6) 25,622 (95.9) 24,222 (90.7) 16,109 (60.3) 19,669 (73.7)
Non-insulin-treated type 2 diabetes 6228 (89.2) 6879 (98.6) 6804 (97.5) 5967 (85.5) 3091 (44.3) 4318 (61.9)
(n=6979)
Table 3. Use rates of specific real-time continuous glucose monitoring features.
Diabetes type Event logging Engagement or sharing
Any event, Carbs, n Insulin, n Hedlth, n Exercise,n  Clarity, n (%) Shareuse,n  pojowers?
n (%) (%) %) %) %) %) mean
Type 1 diabetes (n=26,706) 7272(27.2) 4599(17.2) 6383(239) 1616(6.1) 1797(6.7)  15,783(59.1) 10,327(38.7) 1.95
Non-insulin-treated type2  1058(15.2) 756 (10.8) 0(0) 314 (4.5) 437 (6.3) 3751 (53.8) 727 (10.4) 1.25

diabetes (n=6979)

#The mean number of followers for those using the feature.
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Discussion

Principal Results

In this analysis of 33,685 Dexcom G6 app users with T1D or
NIT T2D, we sought to understand the level of feature
engagement in these groups. We found a high degree of
engagement in both cohortsin terms of enabling alerts such as
theULSaert and low and high glucosethreshold alerts, aswell
as high levels of screen views. The higher use of data sharing
in users with T1D was expected given their intensive insulin
use and higher potential to contain pediatric patients. While a
higher percentage of users with T1D logged events, these
primarily consisted of insulin logs that userswith NIT T2D did
not log by definition. The number of screen views per day and
Clarity usage were similar between the two groups, which
suggests both groups regularly engaged with their glucose data
for intraday monitoring and therapy decision-making.

Comparison With Prior Work

CGM isassociated with improved glycemic outcomesin people
with T1D [1-4] and intensiveinsulin-treated T2D [5]. Currently,
consensus recommendations include a time in range of >70%
and a time below 70 mg/dl of <4% for most patients [6,12].
Higher time in range was associated with clinically significant
improvementsin therisk of microvascular complications[13-15]
and adverse cardiovascular events [16,17]. Thereis a growing
body of evidence demonstrating that use of CGM inindividuals
with T2D treated with basal insulin only or NIT is associated
withimproved glycemic benefits and outcomes similar to those
treated with intensiveinsulin regimens[18-21]. Previous studies
have also demonstrated an association between improved
glycemic outcomes and a high level of feature usage [9,22] or
persistent CGM use [9,11].

Despitethe differencesin diabetes therapies between individuals
with T1D and NIT T2D, their similar rate of RT-CGM feature
utilization is notable. However, people with T2D treated with
basal insulin only or NIT are often not considered for RT-CGM,
and most insurance plans do not cover RT-CGM for this
population [23,24]. However, the magnitude of the glycemic
benefits can be particularly high, especially for those with poorly
controlled T2D. In astudy of 38 patientswith poorly controlled
T2D (glycated hemoglobin [HbA1c]: mean 10.1%, SD 1.8%),
a significant HbA1c reduction of 2.8 percentage points was
observed after 3 months in the group using routine RT-CGM
[21]. Similarly, a subanalysis of the MOBILE study found that
participantswith the highest HbA 1c derived the greatest benefit
from CGM (up to a 32 percentage point increase in time in
range) [25] and CGM initiation in patientswith poorly controlled
T2D may help prevent glycemic deterioration [26]. In addition
to improved glycemic control, RT-CGM is associated with
reduced rates of emergency department visits and
hospitalizations in patients who use insulin [27] as well as
reduced diabetes-related distress and hypoglycemic concerns
[28]. Additionally, large retrospective database studies of
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intermittently scanned CGM useinindividualstreated with less
intensive therapies have shown similar HbA1c improvements
[20] as well as improvements in quality of life [29] and
reductions in acute diabetes-related events and all-cause
hospitalizations [19]. Even intermittent use of RT-CGM in
individuals with T2D treated with fewer therapies has shown
significant improvements in HbAlc [30,31], reductions in
diabetes-related distress [32], and increased understanding of
diabetes self-management concepts [31]. Moreover, evidence
suggests that RT-CGM system use contributes to patients
disease-specific knowledge [33] and may be an effective
motivational tool that encourages the adoption of healthier
behaviors[34-38]. This suggests that userswith NIT T2D may
be using the RT-CGM system and its features to monitor their
glucose level in response to meals or exercise and reduce their
highs and lows.

Limitations

Limitations of this study include the use of data from only one
CGM system and the al-US population, which could reduce
the generalizability of our results to other systems or other
countries. We aso do not know why these users began using
RT-CGM or their motivation level, especially those with NIT
T2D who are not typically eligible for insurance coverage. In
order to have a broad cohort of users, there were no restrictions
with regard to CGM use rate in either cohort and, as a result,
the extent of feature use could vary between avid and more
sporadic users. We also do not know many patient characteristics
such as the use of antidiabetic medications or whether users
with T1D are using continuous subcutaneous insulin infusion
(ie, an insulin pump). Metrics such as screen views could be
underestimated in insulin pump userswho are ableto view their
glucose data on the insulin pump’s interface. Additionally, the
glycemic outcomes reported cannot be interpreted as causal
effects of users’ engagement with the system features. Finally,
the clinical relevance of the between-group differences we
observed remains unknown, and we do not know the long-term
effects on diabetes self-management associated with feature
engagement.

Conclusions

Thehigh level of engagement as measured by screen viewsand
use of features such as alerts, retrospective analysis (Clarity),
and data sharing support the argument for increased CGM
availability to people with NIT T2D. The RT-CGM users in
our analysis were highly engaged with the various features
studied.

Regardless of diabetes type and therapy regimen, users of the
Dexcom G6 RT-CGM system had high levels of engagement
with the system’s features. Feature use among people with NIT
T2D was high and often similar to engagement levels seen in
people with T1D. Improved access to RT-CGM technology
should be considered as aviable option for peoplewith diabetes
who are willing to incorporate it into their treatment regimens.
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Abstract

Background: Mobile health apps are promising toolsto help patients with type 2 diabetes mellitus (T2DM) improve their health
status and thereby achieve diabetes control and self-management. Although thereisawide array of maobile health appsfor T2DM
available at present, apps are not yet integrated into routine diabetes care. Acceptability and acceptance among patients with
T2DM isamajor chalenge and prerequisite for the successful implementation of apps in diabetes care.

Objective: This study provides an in-depth understanding of the perceptions of patients with T2DM before use (acceptability)
and after use (acceptance) regarding 4 different mobile health apps for diabetes control and self-management.

Methods: A descriptive qualitative research design was used in this study. Participants could choose 1 of the 4 selected apps
for diabetes control and self-management (ie, Clear.bio in combination with FreeStyle Libre, mySugr, MiGuide, and Selfcare).
The selection was based on a systematic analysis of the criteriafor (functional) requirements regarding monitoring, data collection,
provision of information, coaching, privacy, and security. To explore acceptability, 25 semistructured in-depth interviews were
conducted with patients with T2DM before use. This was followed by 4 focus groups to discuss the acceptance after use. The
study had acitizen science approach, that is, patientswith T2DM collaborated with researchers as coresearchers. All coresearchers
actively participated in the preparation of the study, data collection, and data analysis. Data were collected between April and
September 2021. Thematic analysis was conducted using a deductive approach using AtlasTi9.

Results. Intotal, 25 coresearchers with T2DM participated in this study. Of them, 12 coresearchers tested Clear, 5 MiGuide, 4
mySugr, and 4 Selfcare. All coresearchers participated in semistructured interviews, and 18 of them attended focus groups.
Personal health was the main driver of app use. Most coresearchers were convinced that a healthy lifestyle would improve blood
glucose levels. Although most coresearchers did not expect that they need to put much effort into using the apps, the additional
effort to familiarize themselves with the app use was experienced as quite high. None of the coresearchers had a health care
professional who provided suggestions on using the apps. Reimbursement from insurance companies and the acceptance of apps
for diabetes control and self-management by the health care system were mentioned as important facilitating conditions.

Conclusions: The research showed that mobile health apps provide support for diabetes control and self-management in patients
with T2DM. Integrating app use in care as usual and guidelines for health care professionals are recommended. Future research
is needed on how to increase the implementation of mobile health apps in current care pathways. In addition, health care
professionals need to improve their digital skills, and lifelong learning is recommended.

https://diabetes.jmir.org/2023/1/e41076 JMIR Diabetes 2023 | vol. 8 | e41076 | p.63
(page number not for citation purposes)


mailto:m.bults@saxion.nl
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR DIABETES

(JMIR Diabetes 2023;8:e41076) doi:10.2196/41076

Bultset d

KEYWORDS

type 2 diabetes; self-management; mobile health; mHealth; mobile apps; mobile phone; acceptability; acceptance; diabetes

Introduction

Background

The number of patients with type 2 diabetes mellitus (T2DM)
is increasing worldwide, creating substantial economic
difficulties in many countries, especialy in Western Europe
[1,2]. Inthe Netherlands, it is one of the most common chronic
diseases, with an expected prevalence of 1.14 million people
with T2DM in 2025 and up to 1.33 million people in 2040 [3].
A healthy lifestyle, that is, adherenceto regular physical activity
and a healthy diet, contribute to the treatment and prevention
of T2DM [4-9]. Bassuk and Manson [6] demonstrated that
physical activity may contribute to a 30% to 50% reduction in
the development of T2DM.

Appsfor Diabetes Control and Self-management

Patients with T2DM require diabetes control and
self-management skills to change their lifestyle and adhere to
a healthy lifestyle. Self-management has been defined as
“ day-to-day activities or actions an individual must undertake
to control or reduce the impact of disease on their health and
well-being to prevent further illness’ [10,11]. Self-monitoring
blood glucose levels, food intake, physical activity, and stress
can increase the self-management of patients with T2DM.
Hence, mobile health apps are promising tools to help patients
with T2DM in diabetes education, self-management, and
lifestyle modificationsto improvetheir health status and thereby
reach diabetes prevention [12-14]. Greenwood et a [13]
concluded that the most effective technol ogy-enabled diabetes
self-management solutionsincorporated 2-way communication,
personal data analysis, tailored education, and individualized
feedback. The availability of mobile health appsfor T2DM has
increased significantly in recent years. Although thereisawide
array of apps currently available, they are not yet integrated in
routine diabetes care. Previous studies have described that end
users, staffing, technology, systems, clinical and cultural issues,
and costs hinder the acceptance and implementation of maobile
health appsfor diabetes control and self-management in routine
care[15-18].

Technology Acceptability and Acceptance

The acceptance of apps for diabetes control and
self-management among patients with T2DM is a complex
process that can vary between different diabetes apps and
individuals. Different definitions of acceptability, acceptance,
and adoption have been proposed. In this study acceptability is
defined as“ a persons’ perception of a system before use” and
acceptance as “ a persons  perception of the system after use”
[19]. The Technology Acceptance Model and the Unified Theory
of Acceptance and Use of Technology (UTAUT) are widely
used technology acceptance models to understand why users
accept or reject aspecific technology [20,21]. Acceptability and
acceptance are key elements of these technology acceptance
models. To explain acceptance, UTAUT includes 4 key
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constructs: performance expectancy (the belief that an app will
help improve health performance), effort expectancy (level of
ease associated with using an app), social influence (social
support), and facilitating conditions (infrastructural support).

Aim

This study aimed to gain an in-depth understanding of the
perceptions of patients with T2DM both before use (ie,
acceptability and expectations) and after use (ie, acceptance and

actual experiences) regarding 4 different mobile health appsfor
diabetes control and self-management.

Methods

Research Design

This study is based on a qualitative descriptive research design
[22]. Themethodological orientation underpinning thisapproach
was a naturalistic inquiry [23] to explore the multiple and
subjective expectations, perceptions, and actions of patients
with T2DM before and after the use of appsfor diabetes control
and self-management. To explore the acceptability and
acceptance of the 4 different apps, 25 semistructured in-depth
interviews were conducted, followed by 4 focus group
discussions.

This study used the citizen science approach [24]. Patientswith
T2DM, who were lay people (nonscientists) from the
community, collaborated with the researchers as coresearchers
inall phases of the study. All coresearchers actively participated
in the preparation of the study, data collection, and dataanalysis.
Hence, the coresearchers participated in the devel opment of the
interview guide and topic list of the focus group discussion and
tested 1 of the 4 appsfor diabetes control and self-management.
Furthermore, the researchersdiscussed their perceptionsbefore
and after use with other coresearchers. Coresearchersalso played
an active role as chairs of the focus group discussions, giving
feedback on the report, and contributing to interviews for
publication as news items in journals and webinars.

Setting

This study was part of the TOPFIT Citizenlab project. TOPFIT
Citizenlab is a 3-year research and innovation program in the
eastern part of the Netherlands. Citizens, hedth care
professionals (HCPs), and companies have joined forces with
researchers to develop and implement technology for health
and well-being.

Inthisstudy, 4 apps (ie, Clear.bio in combination with FreeStyle
Libre, mySugr, MiGuide, and Selfcare) for diabetes control and
self-management were selected. The 4 apps were selected as
they were specificaly developed for T2DM control and
self-management. Furthermore, these 4 apps met mobile health
app requirements[25], and providerswerewilling to participate
in citizen science projects. The (functional) requirements were
categorized as follows: (1) monitoring (eg, the possibility of
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monitoring blood glucose levels and different lifestyle factors),
(2) datacollection and interpretation (eg, visualization of data),
(3) provision of information (eg, education regarding healthy
lifestyle and diabetes control), (4) coaching (eg, coaching based
on behavior change models), and (5) privacy and security (eg,
privacy statement, data storage and sharing, and certificates).
These (functional) requirementswere defined based on different
conversationswith experts (eg, HCPsinvolved in diabetes care,
IT experts, technology providers, and privacy and security
officers).

The Clear.bio app providesinsights into a person’s response to
nutrition by measuring their blood glucose levels continuously
using the FreeStyle Libre flash glucose monitoring system. In
addition, Clear is used to monitor food intake, mood, exercise,
and sleep. mySugr is an app used to monitor blood glucose
levels, food and medication registration, and daily activities.
MiGuide is an app focused on healthy lifestyle and behavior
changes by coaching patientswith T2DM regarding food intake,
daily activity, and blood glucose monitoring following ablended
care approach. Selfcare is a personal health environment that
connects sensors and wearabl e devicesfor health and well-being
on an independent platform and includes, for example,
challenge-based gamification.

Recruitment Strategy and Sample Size

Coresearchers were recruited via the Dutch Diabetes
Association, flyers, and announcements on social and regional
media. All those interested in the study were invited to join an
introductory webinar. During thiswebinar, participantsdigitally
met the researchers and representatives of the companies using
the 4 apps for diabetes control and self-management. An
introduction to the project and the 4 apps was presented, and
the participants could ask questions about the project. After the
webinar, the participants were asked whether they wanted to
participate and, if so, which app they were particularly interested
in. Thoseinterested in participation received aletter containing
written information about the project and an informed consent
form. The informed consent was obtained before the first
interview.

Only people who were diagnosed with T2DM and had the
intention to work together with the researchers, as coresearchers,
were included in this citizen science project. Furthermore, a
minimal level of digital skills and having a mobile phone was
required to participate in this study. The coresearchers had no
previous experience with any of the apps. The time since the
diagnosiswas not included in theinclusion or exclusion criteria.
According to the guidelines for qualitative research, we
attempted to include a minimum of 20 coresearchers[26].

Data Collection

Datawere collected between April and September 2021 through
semistructured interviews and focus groups. All coresearchers
performed a short exercise in preparation for the interviews.
They received 2 pictures of flowers with empty leaves [27].
They were asked to share their motivationsto participate in the
study, especially regarding the app and their role as
coresearchers, and write them down on the leaves of the flower
(Multimedia Appendix 1). Semistructured in-depth interviews
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were conducted via telephone calls. The calls lasted between
30 and 60 minutes. Theinterviewswere audio recorded and the
researcherstook notes during the interviews. Three researchers
conducted interviews (MB, CMvL, and TJJO). The interviews
focused on the perceptions and expectations of the coresearchers,
considering their choice to test and use one of the apps for
diabetes control and self-management (Multimedia Appendix
2). In addition, one question derived from the Personal
Innovativeness Scale was included in the topic list [28].

Theinterviews were followed up by 4 focus group discussions
with the same coresearchers 4 months after testing the app of
their choice. The focus groups took place at a central location
in one of the affiliated research centers to minimize the burden
and travel distance to participate in the focus groups. Three
researchers (MB, CMvL, and TJJO) and 2 coresearchers
arranged and chaired the focus group discussions. The focus
group discussions lasted for approximately 90 minutes. Audio
recordings were made of the focus groups, and a researcher
(CMvL) observed and made notes on the discussions and
interactions between the participants. Two focus groups were
organized to discuss user acceptance of Clear, one about
MiGuide, and in one focus group, coresearchers who tested
mySugr and Selfcare were combined (owing to the smaller
number of participants). The topic list for the focus group was
prepared in collaboration with several other coresearchers. The
topics included perceptions, experiences, reflections on the
expectations, role of HCPs, and the information provided by
the appsfor diabetes control and self-management (Multimedia
Appendix 3).

Data Analysis

Data from flower associations were analyzed and described in
infographics. The data from the semistructured in-depth
interviews and focus groups were combined and analyzed
following the same steps. Firgt, the interviews were transcribed
verbatim, and extensive observation notes from focus group
discussions were used. On the basis of the coding process, the
notes of the focus groups were complemented with verbatim
transcriptions where needed. Measures were taken to avoid
cross-contamination of data: that is, by a clear overview of
which coresearcher used which app, checks in the follow-up
guestions to ensure which app they were talking about, adding
researchers notes to the transcripts (link with app), and a
summary was sent to all participants linking the quotes and
results to the different apps (member check). All data were
analyzed using a deductive approach [29]. This deductive
approach followed the eements of the UTAUT model
(Multimedia Appendix 4). The transcripts and observation notes
wereread, and codes were assigned to specific passages. Three
researchers (MB, CMvL, and TJJO) coded the data and
compared them. The findings were discussed iteratively with
the project team during weekly meetings. The researchers used
the software package AtlasTi9 to analyze the data. Data
saturation was achieved when no new themes emerged in the
transcripts.

Trustwor thiness

Credibility was established through several procedures [23].
Method triangulation (ie, interviews and focus groups) was

JMIR Diabetes 2023 | vol. 8 | 41076 | p.65
(page number not for citation purposes)


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

JMIR DIABETES

conducted to increase the credibility of the data and study. In
addition, audio recordings, notes, and observations were
combined to gain in-depth insight into the perceptions of patients
with T2DM before and after the use of mobile health apps.
Investigator triangulation was achieved as several researchers
designed the study, read the transcripts and notes, analyzed the
data, and compared the findings. Furthermore, the research team
consisted of professional researchers from different research
institutes and patients with T2DM as coresearchers. Peer
debriefing took place at weekly meetingswith the project team,
where both scientific and organizational aspectswere discussed.
The summarizing document of the project was shared with all
the coresearchers and app developers as part of the member
check.

A thick description was developed for transferability, which
included recruitment, coresearchers' selection, data collection,
and data analysis. This citizen science approach to testing apps
for diabetes control and self-management is a transferable
method to be used in other settings and devel opment contexts.

Table 1. Demographic characteristics of the coresearchers (N=25).

Bultset d

Ethics Approval

Ethical review and approval were obtained from the Ethics
Review Committee of the University of Twente (210043). The
coresearchers provided written informed consent and were
informed about their right to withdraw at any time. Data were
anonymized, and data confidentiality was maintained.

Results

Demographic Characteristics of the Coresearchers

Intotal, 25 coresearcherswith T2DM participated in this study.
Overall, 48% (12/25) of the coresearchers tested Clear, 20%
(5/25) MiGuide, 16% (4/25) mySugr, and 16% (4/25) Selfcare.
All coresearchers participated in semistructured in-depth
interviews, and 18 of them attended focus groups. Of the
coresearchers, 52% (13/25) werefemale, and 48% (12/25) were
male (Table 1). The mean age of the coresearchers was 63 (SD
7.6, range 47-77) years. More than half (14/25, 56%) of the
coresearchers had been diagnosed with T2DM =10 years ago,
and 44% (11/25) had been diagnosed with T2DM <10 years
ago. Most coresearchers used oral medication (14/25, 56%) or
insulin (9/25, 36%).

Characteristics

Value, n (%)

Sex
Male
Female
Intersex
Agerange (years)
40-49
50-59
60-69
70-79
Disease duration (years)
<5
5-9
10-14
15-20
>20
Type of medication
None
Oral

Insulin

12 (48)
13(52)
0(0)

1(4)
8(32)
10 (40)
6 (24)

4(16)
7(28)
8(32)
5 (20)
1(4)

2(8)
14 (56)
9 (36)

UTAUT Constructs

The results are based on the constructs of the UTAUT model,
describing performance expectancy, effort expectancy, social
influence, facilitating conditions, anxiety, and trust in data
security and knowledge. General findings and quotes from the
coresearchers were acquired during the interviews and focus
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groups. Within each construct of the UTAUT model, perceptions
regarding expectations before use (ie, acceptability) arefollowed
by actual experiences after use of the app (ie, acceptance) for
diabetes control and self-management.
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Per for mance Expectancy

Personal health wasthe main driver of app use. Thiswasaready
visiblein theflower associations. There were quite some written
comments, such as “losing weight,” “less medication,”
“understand the effect of nutrition,” and “less stress” All
coresearchers had their personal goals and believed that the
apps would help reach these health-related goals. The goals
ranged from reaching a stable blood glucose level to losing
weight, more healthy diets, or exercising more often. A small
number of coresearchers had the expectation of lowering the
need for medication. Overall, al the coresearchers expected
that they would learn more about the influence of nutrition:

| canimaginethat onekind of carbohydratewill have
a different effect on my body compared to another
kind of carbohydrate, for example pasta or bread.
This does not mean | will eat all these different
carbohydrates to test the effect on my body, but |
would like to know on which kind of nutrition | react
best or worst. Also, the severity of the reaction and
the moment | will feel some effect on my body is
interesting to get more knowledge on. [Clear
coresearcher]

Most coresearchers were convinced that a healthy lifestyle
would improve blood glucose levels. Thiswasthe main finding
after thetesting period. They mentioned nutrition, exercise, and
stress as having an impact on their lifestyle. “It would be nice
to have this overview in the app, to see when you did alot and
when you need to work a bit more on your lifestyle’ [MiGuide
coresearcher]. Coresearcherswanted insight into their lifestyles
to find a balance in their lives. These apps provided helpful
insights. However, some coresearchers asked the companies
for help, and MiGuide coresearchers all used the app in
consultation with a lifestyle coach. The lifestyle coach was a
valuabl e addition to understanding and adhering to advice based
on the data from the app.

Continuous monitoring is especially aperformance expectation
of coresearchers who tested the Clear app. “It will probably
help if the sensor just measures, that is more accurate than the
measurements | will do myself and it might show how my
glucose level is actually evolving during the day” [Clear
coresearcher]. However, coresearchers also expected that the
use of apps might give them knowledge about their disease and
how the disease influences them:

| hope the app will give me a vision on diabetes and
how | personally can control the disease. For
example, if | eat this, | will know what happens with
my blood glucose level, a kind of self-consciousness.
[MiGuide coresearcher]

They expected the app will “save my choices. There will be a
log of everything | eat and how much exercises | performed,
which makes me possibly more conscious of making choices”
[mySugr coresearcher]. After thetest period, most coresearchers
confirmed that the apps influenced their lifestyle, but the extent
was debatable. Some agreed that “the app wasareal ‘ eyeopener’
for me”’ [Clear coresearcher], but others thought that the app
just showed them the obvious or was not accurate enough. The
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impact of the test period ranged from lowering medication and
changing the entire diet to taking some advice into account.

Effort Expectancy

In general, most coresearchers did not expect that they need to
put much effort into using the apps. For example, coresearchers
who measured their blood glucose levels expressed that the
option for more continuous measurements was desirable and
that the transition would be small: “1 do not like the fingerstick,
and with the sensor that will not be necessary” [Clear
coresearcher]. Comparing this expectation with the actual
experience, coresearchers stated that it was amazing how much
data were available and how easily this could be visualized in
graphs. The Selfcare app a so provided clear visuaizations. “the
logged data was aways visible and visualized in very pretty
graphs’ [Selfcare coresearcher]. A disadvantage experienced
by aClear coresearcher wasthat she sometimesforgot to upload
data from her sensor to her phone in time. The sensor could
only save the last 8 hours of the measurements; therefore, the
graphs had some gaps.

Before using the apps, coresearchers wrote in the flower
associations that the apps might minimize effortsto maintain a
healthy lifestyle. They expected that apps would provide
suggestions or directionsfor action, mainly focusing on nutrition
and exercise. This supports coresearchersto keep agrip on their
own lives and understand the impact of external factors:

Currently 1 must figure everything out by myself.
When | can test and note everything the app will give
me the required feedback to stay on the right track.
[Clear coresearcher]

The positive experiences of using the app outweigh the
additional effort required to use the app. “When you reach a
certain success, think about a different lifestyle and gain more
knowledge, that is worth testing it” [mySugr coresearcher].
However, based on the experiences during the test period, the
additional effort to familiarize themselves with app use was
quite high. For all 4 apps, the coresearchers had to keep track
and log many details, such as exercise and food intake. Asone
of the Selfcare coresearchers described:

It was a lot of work to log everything every day, this
was a disadvantage of the app. You had to log
everything yourself and it is easy to make mistakes.

Social Influence

None of the coresearchers had aHCP who provided suggestions
on using apps. They visited their HCP regularly, but “| visit my
general practitioner twice a year, we discuss the blood test
results, but it is always a snapshot when they measure the blood
glucose levels’ [Clear coresearchers]. Although they obtained
some knowledge from regular visits, most coresearchers
expressed their desire to gain more knowledge about their own
bodies and diabetes:

We [diabetes care specialist and patient] discuss the
blood test and then it is always the same: “ it looks
very good, please continue,” but this is not enough.
[mySugr coresearcher]
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The coresearchers who tested the MiGuide app were also
supported by alifestyle coach. The combination of an app and
a coach is a positive experience. The coach has a positive
influence on coresearchers. Shedid not forbid the coresearchers
anything, but “she holds a mirror and then you can understand
yourself what iswrong.” In addition, regular appointmentswith
lifestyle coaches have a positive social influence on adherence
to lifestyle changes. All other coresearchers expressed adesire
to have such arelationship with HCPs:

The health care professional need to play an
important rolein our carewith the Clear app asdaily
support. Starting with such an app without the
assistance of a health care professional could cause
a lot of confusion. Especially someone who is ‘ new’
to diabetes can benefit a lot and find its way toward
a healthy life pattern. [Clear coresearcher]

According to coresearchers, it is simple to monitor, show, and
share data with HCPs.

Next to HCPs, social networks (ie, family and friends) play an
important role in managing T2DM. Before the start of the test
period, amost al the coresearchers felt supported or
strengthened by their close relatives. With the challenges
provided in the Selfcare app, the coresearchersreceived support
fromtheir relatives. For example, the entire family participated
in the “wholegrain-challenge.” In contrast, they sometimes felt
misunderstood regarding specific lifestyle choices, for example,
not wanting to have a piece of pie during a party. There was
one coresearcher, who was going to test Clear, who told us,
“My wife will not be interested. She does not want to know
about all the things | can do and sees it as awaste of time.” At
the start of the study, this complaint was only mentioned one
partner. During thetest period, more partners complained about
the effort needed and “ he complained about the amount of time
| was using the app” [Clear coresearcher].

Facilitating Conditions

An issue often mentioned during the interviews, focus groups,
and flower associations are the reimbursement options of
technologies for self-management and control of people with
T2DM.

I mean, normally | will not receive any
reimbursement. If 1 want to perform a fingerstick
blood glucose test, | must pay for it. [Clear
coresearcher]

After the test period, all coresearchers expressed the need for
this type of technology to assist people with T2DM and the
need for reimbursement. They could test the products now for
free, and some agreed that they would pay for it, but they
acknowledged that many others would not have the possibility
to pay for the technol ogies themselves.

Another necessary facilitating condition according to the
coresearcherswasthe acceptance of the appsfor diabetes control
and self-management by the health care system. This could
include all the different HCPsinvolved in diabetes care, aswell
asimproving or changing the standards and protocols on which
HCPs base their treatment:
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Nowadays they search for a treatment by adding or
lowering the number of pills. | amnot in favor of such
an approach, if it is needed and there is no other
option it is ok, but it should be the last resort.
[Selfcare coresearcher]

If the health care system could facilitate professional sto support
diabetes treatment by technology, it would be beneficia for
people with T2DM.

Anxiety

Most of the coresearchers participated in this study because of
their interest in technol ogy. None of them expressed any feelings
of anxiety regarding technology. However, they were anxious
that this technology would not be available to them or would
be too expensive for most people with T2DM. Another link
with anxiety is their distrust in devel opers because they have
no ideahow to live with diabetes. They feel that the technology
should be developed more specifically to their needs to assist
them in reaching their personal goals of living with diabetes.
This might also increase new users' trust in technology:

| want to experience the technology. Tell the
developers about my experience and help them to
define which elements works and where they need to
improve the app. This is needed to make it
future-proof for everyone living with diabetes.
[Selfcare coresearcher]

One element of the Clear app that rai sed anxiety wasthe sensor:

| had to apply the sensor on my armwithout help... |
left it on my table for two weeks, | was too anxious.

More assistance is required in the first phase of technological
use. Finally, all coresearchers applied the sensors themselves
or with the help of a family member. Asking for help was an
important barrier.

Trust in Data Security

There were no concerns regarding the data security. All
coresearchers expected that the data would be stored safely by
companies. In addition, if they would share data (in the future)
with their HCPs, the coresearchers expected that the information
in the app would be treated with strict confidentiality.
Furthermore, all coresearchers had alot of trust in technology,
in general:

| try to know everything about new technologies or
other assistive tools for diabetics. | dive into the
material and believe that it might improve my life or
make it easier. [MiGuide coresearcher]

All coresearchers were interested in technology, and most of
them performed their own searches on newly available
technologies for diabetes:

When a new app crosses my path, | will try to see how
useful it is. | would describe myself as that kind of
person. [Clear coresearcher]

Although most of them were frontrunners in trying out the
technol ogy, some coresearchers were more hesitant and curious
about experiencing apps. Although most of these more hesitant
coresearchers had a difficult start and needed more help from
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the companies to use the app, they were enthusiastic about the
results after using the app, and 2 bought an actual subscription
to be able to continue using it after the research period.

Knowledge

Half of our coresearchers group knew apps to support them in
their liveswith diabetes. Some of them had already tried severa
appsor were still using them at the start of the study. They used
the apps to improve their knowledge about their own body, in
addition to acquiring knowledge by reading magazines or
searching theinternet. However, most coresearchers mentioned
that they still struggled to cope with the disease:

| know a lot and learned a lot myself, but | do not
understand why it is not working for me. | havetried
alot, but need more help fromexternal factors. [Clear
coresearchers)

Asevery person with T2DM isdifferent, they expressed adesire
for more personalized care and the integration of apps. Some
also mentioned “ unique knowledge” in flower associations.

Another aspect of the knowledge discussed after the test period
was the need for more information on how to use the app.
Coresearchers needed more assistance, especidly at the
beginning. Where some tried and figured out themselves,
“during the course of the test period | scrolled more and more
through the app and could use more and more elements of the
app” [Selfcare coresearcher], others got lost and confused, “I
was completely lost when the scores of my previous meal
showed” [Clear coresearcher], and others asked for help, “I
contacted the MiGuide developers and they really quickly helped
me with everything” [MiGuide coresearcher]. Overal, all
coresearchers agreed that more knowledge of appsfor diabetes
control and self-management was required before thetest period
and maybe already at an earlier phasein their diabetestrajectory.
Their ideawasto disseminate the knowledge gained about these
appsamong HCPs and associations, such asthe Dutch Diabetes
Association, and to try to reach al people who have recently
been diagnosed with T2DM through these channels.

Discussion

Summary of Findings

This study provided an in-depth understanding of both the
perceptions of patients with T2DM before use (acceptability)
and the perceptions of patients with T2DM after use
(acceptance) regarding 4 different mobile health apps for
diabetes control and self-management. Personal health was the
main driver of app use. Most coresearcherswere convinced that
a healthy lifestyle would improve blood glucose levels. The
performance expectation among the coresearchers when using
the apps was high. This mainly concerned the expectation that
the app would have a positive influence on their health, diabetes
control, and self-management by acquiring knowledge and
gaining insight into blood glucose levelsin relation to diet and
exercise. Although most coresearchers did not expect to put
much effort into using the apps, the additional effort to
familiarize themselves with the app use was quite high. None
of the coresearchers had a HCP who provided suggestions on
using the apps. One of the reasons might be that mobile health
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apps are not yet part of the practical guidelines and protocols.
When coresearchersare guided by alifestyle coach when using
the appsfor diabetes control and self-management, thediscipline
of participantsin pursuing ahealthy lifestyle ssemstoincrease.
Coresearchers prefer more information about mobile health
apps for diabetes control and self-management and how to use
these apps. Reimbursement from insurance companies and
acceptance of apps for diabetes control and self-management
by the health care system were mentioned as important
facilitating conditions.

Reflection With the Literature

The degree of acceptability and acceptance of mobile health
apps for the control and self-management of T2DM can vary
per app and per patient, as shown in this study. Thisvariety was
related to the coresearchers persona characteristics,
preferences, needs, and experiences. In this study, 96% (24/25)
of the participants were aged =50 years. Previous research has
shown that age is associated with both the intention to use
(mobile health) apps and performance expectancy ismoderated
by age [30]. Hence, future studies should investigate whether
similar results are observed in younger patientswith T2DM. In
addition, apps with functionalities that can adapt to personal
preferences and changes in consumer demands are more likely
to be used continuously, thereby maintaining positive behavior
[31]. Thisisinline with the recommendations of coresearchers
toinclude personal preferences (settings) in mobile health apps
and to receive personalized feedback.

Effort expectancy is one of the main drivers of technology use
(eg, apps) [21]. Beforehand, coresearchers did not expect that
the use of apps would take alot of time. In practice, however,
coresearchers had to understand the app and thereafter track
and log data such as food intake and exercise. Relatives and
family membersalso noticed investment in time. Relativeswere
usualy closely involved in the lives of the coresearchers and
theimpact of diabeteson their lives, but they were aso regularly
critical of thetimeit took to process al datain the app. Hence,
realisticinformation should be provided to patientswith T2DM
and their relatives to facilitate the long-term use of apps.
Especially for patients with minimal digital skills, instruction
and coaching of in-app useis of utmost importance [32].

Another barrier was trust in the app developers. Coresearchers
have stated that the needs and wishes of patients are not always
taken into account when developing apps. The positive effects
of mobile health apps for diabetes self-management are
maximized through the integration of more comprehensive
functionalities, input from patients and professionals, and
evidence-based design [33,34].

Smartphones can facilitate communications between patients
and caregivers and customize health monitoring for individual
patients. Hence, smartphones are uniquely positioned to enable
patients to support their daily diabetes self-management [35].
However, HCPs rarely use the data collected by patients to
adjust for thetreatment of T2DM. Aladawi et al [36] conducted
a review and concluded that HCPs remained hesitant to use
diabetes self-management apps. HCPs play an important role
in both treatment adherence and long-term health outcomes.
Ashrafzadeh and Hamdy [17] showed that patient-professional
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interactions are essential for improving health outcomes and
preventing long-term complications in patients with T2DM. In
addition, patients with a higher frequency of patient-physician
meetings achieved their hemoglobin Alc, blood pressure, and
cholesterol level goals faster and had higher success rates
compared with patientswho had lessfrequent contact with their
general practitioner [37,38]. Finally, mobile health interventions
can change hemoglobin A —levels more often in patients with
T2DM and type 1 diabetes mellitus compared with patients
receiving care as usual [39].

Lack of reimbursement has been mentioned as one of the main
barriersto using appsfor diabetes control and self-management.
Hence, reimbursement of apps (eg, by hedth insurance
companies) may have a positive effect on the acceptance and
implementation of apps, aswell as on health outcomes. To date,
there are no or minima reimbursement options in the
Netherlandsfor apps or technological equipment if patientswith
T2DM are not insulin dependent. Financial issues in terms of
reimbursement have been described as amajor challengein the
adoption of digital health for diabetes care [40].

Patients with T2DM struggle to select relevant apps based on
their personal preferences and needs. They need structured
information and instructions to guide them from their first use.
In addition, they prefer the integration of different apps and
functionalities to limit the use of multiple apps side by side.
Ideally, such apps will be compatible with electronic health
records and remote data sharing when adjustments in diabetes
care are required [17].

Strengths and Limitations

The strengths of this study are its collaboration with
coresearchers (ie, experts in their disease). All coresearchers
actively participated in the preparation of the study, data
collection, and data analysis as citizen scientists who were
enthusiastic about participating in this study and being
coresearchers. They showed interest in the apps selected from
different manufacturers. The coresearchersin this study all had
years of experience with T2DM. They aso had extensive
experience collaborating with various professionalsin the field
of T2DM. Citizen science can be used to exploit existing
experiences and ideas. Another strength is that coresearchers
were free to choose 1 of the 4 selected apps that matched their
personal preferences. Furthermore, this study provides an
in-depth understanding of the perceptions of patientswith T2DM
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before use (acceptability) and after use (acceptance). The
limitations of this study include its characteristics of the study
popul ation. Coresearchers are more likely to have higher digital
literacy and motivation compared with other patients with
T2DM (response bias). All participants were interested in
technology in relation to T2DM and had a higher-than-average
level of education. There was a certain degree of acceptance
and adoption of technology among the respondents, with all
having a great discipline in the field of self-management in
relation to T2DM. Mogt of the coresearcherswere early adopters
of technology and had extensive experience using different
technologies for diabetes control and self-management.

Recommendations

Research has shown that mobile health apps provide support
for diabetes control and self-management in patients with
T2DM. Coresearchers have suggested that the benefits are higher
when app use is combined with support from an HCP. The
preferred functionalities of apps for T2DM control and
self-management differ among coresearchers. Therefore, it is
important that functionalities and visualizationsin apps can be
customized to personal preferences and needs. Developers
should collaborate with patientswith T2DM and experts during
the development to optimize apps, for example, reducing the
number of actions to enter data. Integration of app usein care
as usua and guidelines for HCPs are therefore recommended.
In particular, HCPs use the data obtained from patients for
follow-up treatment. Future research is needed on how to
increase technology implementation in the current care
pathways. In addition, HCPs need to improvetheir digital skills,
and lifelong learning is recommended.

Conclusions

Personal health was the main driver to start using apps to
improve diabetes control and self-management. Before using
the apps, coresearchers expected limited effort to use the apps,
did not feel anxious and were not concerned about data security.
However, after the initial phase, coresearchers needed more
guidance and information on how to use the apps, and based on
coresearchers' perceptions, both HCPs and relatives played an
important role in app use and compliance. Acceptance and
adoption of apps can increase if users can personalize
functionalities, reimbursements are available, the number of
data entry operationsisreduced, and if different functionalities
are combined in one app.
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Abstract

Background: Using a diabetes app can improve glycemic control; however, the use of diabetes appsis low, possibly due to
design issues that affect patient motivation.

Objective: This study aimed to describes how adults with diabetes requiring insulin perceive diabetes apps based on 3 key
psychological needs (competence, autonomy, and connectivity) described by the Self-Determination Theory (SDT) on motivation.

Methods: This was a qualitative analysis of data collected during a crossover randomized laboratory trial (N=92) testing 2
diabetes apps. Data sourcesincluded (1) observations during app testing and (2) survey responses on desired app features. Guided
by the SDT, coding categories included app functions that could address psychological needs for motivation in self-management:
competence, autonomy, and connectivity.

Results. Patients described design features that addressed needs for competence, autononmy, and connectivity. To promote
competence, electronic datarecording and analysis should help patientstrack and understand blood glucose (BG) results necessary
for planning behavior changes. To promote autonomy, BG trend analysis should empower patients to set safe and practical
personalized behavioral goals based on time and the day of the week. To promote connectivity, app email or messaging function
could share data reports and communicate with others on self-management advice. Additional themes that emerged are the top
general app designs to promote positive user experience: patient-friendly; automatic features of data upload; voice recognition
to eliminate typing data; alert or reminder on self-management activities; and app interactivity of a sound, message, or emoji
change in response to keeping or not keeping BG in the target range.

Conclusions: The application of the SDT was useful in identifying motivational app designs that address the psychological
needs of competence, autonomy, and connectivity. User-centered design concepts, such as being patient-friendly, differ from the
SDT because patients need a positive user experience (ie, atechnology need). Patients want engaging diabetes apps that go beyond
datainput and output. Apps should be easy to use, provide personalized analysis reports, be interactive to affirm positive behaviors,
facilitate data sharing, and support patient-clinician communication.
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Introduction

Background

Achieving treatment goals for patients with diabetes requires
sustained behaviora lifestyle changes such as meal planning,
monitoring carbohydrate (carb) intake and blood glucose (BG),
and exercising. Diabetes apps can function as electronic care
plans by hel ping patients plan and incorporate healthy behaviors
into their daily routines [1]. The apps have been shown to lead
to the improvement of glycemic control, with hemoglobin A,
(a blood test measuring average BG over the past 3 months)
reduction typically intherange of 0.4%t0 1.9% [2-7]. The most
common app functions include the documentation of BG
reading, diet, and medication use; BG analysis report; data
export; and email capability [8]. Visua displaysof BG readings
help patients link this data to their behaviors, thus facilitating
behavior changes to improve glycemic control [9]. Systematic
reviews have found that the effectiveness of the apps increased
with greater interactivity [10,11]. Interactive feedback could be
an automated message from an app agorithm [5] (eg, “you have
met your BG goal setting five timesthisweek”), atext message
from adietician who reviewed dataand customized ameal plan,
[3] or an alert message whenever a BG reading is out of range
compared to the god [3,4,8,12].

Despite more than 1100 apps available on the market, their
adoption and use vary, possibly due to design issues [13,14]
and variations in technology development [15]. To date, only
afew rigorous evaluation studies of app designs have involved
patients[16], and most have evaluated the quality of all available
appsin the market without involving end users such as patients
and clinicians[17,18]. A recent systematic review showed that
patient adoption of diabetes apps weighs heavily on patient
perception of benefits;, ease of use, and clinician
recommendation to use diabetes apps [19]. Thus, the Agency
for Healthcare Research and Quality stressed the need to
understand the patient perspective on the use of diabetes apps
[20]. Our research question focused on adults with type 1 or 2
diabetes on insulin therapy: What diabetes app functions are
helpful as explained by a theory on motivation, called the
Self-Determination Theory (SDT), to promote sel f-management
behaviors? The purpose of this study, therefore, wasto describe
how patients with diabetes perceive diabetes apps to address
the 3 psychological needs of competence, autonomy, and
connectivity as described by the SDT [21]. Our analysis also
allowed usto provide evidence that would refine this theory on
motivation as it applies to the use of mobile apps in the
population with diabetes requiring insulin.

Theoretical Framewor k

Motivation is an important factor in user experience with
technology [22,23]. The SDT [21] on motivation, as expanded

https://diabetes.jmir.org/2023/1/e38592

by Szalma [24] for motivational design on effective
human-technology interaction, guided this study. The SDT
posits that people are driven to engage in behaviors because
they believe those behaviors will personally benefit them [25].
According to the theory, humans have 3 basic psychological
needs that influence behaviors [21]. Competence is the need to
master tasks and learn skills[26]. Autonomy is the need to feel
in control of one's behaviors and goals [27]. Relatedness or
connectivity isthe need to feel attached to other persons[26,28].
The SDT has been used in educational, business, and health
care settings [29-31]. It is used to explain the human-technol ogy
interaction [24]. Ryan et a [32] reported that the ease of
technology use directly and positively affected the satisfaction
of psychological needs. This theory thus provides the basis for
this study as we organized participant responses according to
the 3 psychological needs outlined in the theory.

Methods

Design

This study was part of a crossover randomized laboratory trial
[33] to test 2 top-rated, free commercial apps (OnTrack and
mySugr), identified as the “the Best Diabetes Apps 2016” by
Healthline [34]. The within-subject design helped control for
patient characteristics because the same individual tested the 2
apps in random order. Quantitative measures of these diabetes
apps’ usability, including user satisfaction, time, success, and
accuracy rates, have been reported el sewhere[33]. The datafor
the analysis presented here include field notes of observations
during app use, audio recordings taken during the tests, and
participant responses to an electronic survey with open-ended
guestions that queried what app functions patients perceived as
being the most useful and most important in supporting diabetes
self-management.

Ethics Approval

This study was approved by the University of Minnesota
Ingtitutional Review Board (MOD00001221).

Participants

Using a flier posted on a bulletin board or on the web, 92
participantswere recruited from the following venues. Facebook
(n=46); participant referrals (n=8); Federally Qualified Health
Center clinic (n=7); university campus (n=6); public housing
(n=6); Craigdlist (n=5); veteran’sclinic (n=4); diabetes support
groups (n=3); and miscellaneous sites from a state fair, church,
and library (n=7). Inclusion criteria were (1) aged =18 years;
(2) having type 1 or type 2 diabetes; (3) having used an Android
phone for 6 months or longer; (4) having used insulin therapy
for 6 months or longer; (5) adequate English proficiency; and
(6) smartphone proficiency (ie, they used the device for more
than phone calls, emails, texting, or taking pictures). Exclusion
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criteriawere (1) inability to read or speak English and (2) prior
use of the OnTrack or mySugr app or use of any diabetes app
in the past 6 months. Individuals were screened for eligibility
on the phone, and written informed consent was obtained prior
to the start of each study session.

Procedures

From July to November 2017, we conducted 92 sessions of
in-person tests of the apps that lasted an average of 1 hour. The
testing took place in a private meeting room inside a public
library or building. Participants viewed a YouTube training
video posted by each app devel oper. They then practiced using
the apps by the following protocol: (1) enter acarb intake; (2)
enter an exercise activity; (3) enter an insulin dose; (4) enter a
BG reading; (5) locate aBG report for specific days of the week;
(6) locate aBG report for each meal; and (7) email aBG report.
Then, each participant tested the 2 appsin a randomized order
to carry out the same tasks listed in the practice protocol. Each
participant received a US $50 gift card upon study completion.

Data Collection

Thefirst author (HF) kept field notes detailing her observations
of participant reactions during the test of the apps and audio
recorded the tests. The field notes and audio recordings were
transcribed verbatim in a Microsoft Word file by a research
assistant. The survey was administered on an iPad (AppleInc.)
and included questions on demographic characteristics,
technology use, and diabetes history. In addition, based on the
SDT [21], the survey also included questions about motivation
for self-management and psychological needs for competence,
autonomy, and connectivity. Details of these measures are
reported in prior publication [33]. To explore participant
responsesto the app, the survey queried participants about their
perceptions of app usability and satisfaction, preferences for a
“dream” app and indications of what function(s) would be the
most useful, and identification of the most important functions
in a diabetes app.

Data Analysis

Field notes, audio recordings, and survey responses were
analyzed based on key constructs from the SDT [21]. The
analytic team, consisting of 4 members (HF, JFW, CIP-M, and
TJA), analyzed the transcripts with the aid of Dedoose [35], a
web-based, qualitative dataanalysis software. Directed content
analysis, as described by Hsieh and Shannon [36], was used.
With this approach, an existing theoretical framework (SDT)
was used to organize dataaccording to predetermined categories
that are aligned with key constructs in the theory: competence,
connectivity, and autonomy. Data that failed to contribute to
the categories were coded and used to suggest modifications or
extensions of the theory. A codebook was developed based on
the initial reading and updated with independent coding from
an analysis team. The team reached consensus on the code
definition that were clear and mutually exclusive (see Table 1
for conceptual and operation definitions for codes used).

Competence was conceptually defined as app features to help
patients gain skills to keep BG in the target range [24].

https://diabetes.jmir.org/2023/1/e38592
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Competence was operationalized as app functions to help
patients understand the meaning of their data. This refers to
how the app records data, analyzes data, and provides reports
on which numbersarenot in thetarget range and why. Autonomy
was conceptually defined as app features that help patients set
safe goals on diet, insulin dose, or activity level based on
personal trends of BG and carb intake [24]. Autonomy was
operationalized as app datavisualization to hel p patientsidentify
abnormal highs or lows, which are important for setting up
reasonable targets to change behaviors associated with those
abnormal readings. Connectivity was conceptually defined as
app features to facilitate interactions between persons and the
technology involved, which means enabling the sharing of
home-monitored data and communicating with clinicians[24].
Connectivity was operationalized as app print report options,
exports of dataand analysisreports, and reports sent to clinicians
or others through email.

Analysis occurred in several steps consistent with content
analysisprocedures asdescribed by Mileset al [37]. First, based
on the SDT [21], the team reviewed the conceptual definitions
of the 3 main categories (eg, competence, autonomy, and
connectivity) and, through discussion and consensus, devel oped
operational definitions of each that were clear and mutually
exclusive. See Table 1 for the conceptual and operational
definitions of each of the categories. Second, a codebook was
developed that outlined rules for coding data to each of the
categories. The codebook wasrefined through several iterations
of coding. Third, a table was developed that included each of
the 3 categories as column headings and a column heading
labeled “other” for codes that did not align with any of the
categories. Data from each participant were placed on a row
that was identified with the participant’s ID number. Fourth,
all data were read by all team members and divided into text
units (eg, coherent phrases or sentences relevant to the study
purpose). The text units were coded with a label that captured
the essence and, based on the coding rules, placed in the
appropriate cells on the table. Fifth, the analytic team met to
gather similar codes from each column into subcategories
through a process of discussion and consensus. The
subcategoriesin the 3 main columns (ie, competence, autonomy,
connectivity) were described.

Theteam used severa proceduresto enhance the trustworthiness
of the study findings based on criteria outlined by Lincoln and
Guba [38]. First, participants were carefully chosen based on
comprehensiveinclusion criteriathat ensured they had sufficient
backgroundsto fully engage with the app testing. Second, expert
consensus was achieved with a 4-member research team
experienced in diabetes self-management, the SDT [21], and
app use, working together to reach consensus in the
interpretation and grounding of the theory of the SDT. Third,
transferability was enhanced with detailed descriptions of the
study population and context. Fourth, auditability was ensured
with a detailed audit trial maintained in the Dedoose software
chronicling all analytic decisions of the study. Finally, research
bias was addressed through frequent team discussions that
encouraged researcher reflexivity.
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Table 1. Codebook on definitions of app design features.

Conceptual definition and code Operational definition

Help gain skill to keep BG? in-tar get-range to promote competence
Carb? counting «  App feature to have carb counting help, search afood database, link carb content, and
planned how much carb to eat

Help planning « App useto plan meal or plan behavior change in diet, meds, activity, or lifestyles aswell
as medication and diabetes supply duefor refill. - planning action - different from alert/ re-
minder that is reminding a behavior

Monitor or track BG, carb intake, physical ac- «  App useto monitor, track, record, or log BG, BG testing frequency, carb, activity, medication

tivities, medication use, and others use, mood, emotional status, stress, or pain
«  The convenience of recording data on the go or app with built in glucometer function to
test and record
Report summary «  Report or recordsto hel p understand home-monitored data as a benefit for app use, including

BG averages and hemoglobin Alc statistics
See BG out-of-range « Appandysisof BG in-target-range and out-of-range

Set safe and practical short- and long-term goals to promote autonomy

Trends of frequent high or low BG . Dataanalysisto seethe trends and pattern of BG including consistency of the changes
(fluctuation)

BG or carbs trends by time « Ableto seedataBG or carb in relation to time of the day

BG or carbs trends by days or months « Abletosee BG or carb in relation days of the week, or one week - a specific format to see
which day of the week

« Abletosee BG or carb with amonthly average to give agrand overview

Facilitate supportive interaction between persons and technology involved to promote connectivity

Share data or reports to get feedback from «  Enable data upload, export, or email to send data or reportsto clinicians

clinicians on home-monitored data «  Print reportsto bring to clinic visit with clinicians

Support from other «  Sharing with app reportswith family, friend, or other non-clinician involved in their diabetes
care

General app design to promote positive user experience

Automatic «  Automatic upload data which includes sync with glucose meter, insulin pump, continuous
glucose monitoring, or another medical device

Alert or reminders « Appfeatureto set up alarm or reminder alert for BG testing, exercise, diet change, etc.
Color o  Color asanimportant design element

Cost «  Financia expense to use the app

Icon, emoji, button «  Design element for app screen or app functions

Interactivity « Interactive feedback or response such as a sound

Patient-friendly « Easytouse

«  Simple and understandable terms/icons
Tutorial or self-help o Tutorial, help function, or resource to help users learn to use the app

\oice over « Respond to voice, eliminate typing or taping of icon

3BG: blood glucose.
bCarb: carbohydrates.
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Results

Sample Characteristics

Inall, 92 persons participated in the study. Their mean age was
54 (range 19-79) years. The majority werefemale (54/92, 59%),
White (57/92, 62%), and college educated (61/92, 66%; Table
2).

Most (64/92, 70%) participants had type 2 diabetes and had
used insulin for an average of 12 (SD 12) years. The participants
reported a wide variety of diabetes complications including
short-term memory | oss; retinopathy; mobility impairment with
the use of acane, walker, or wheelchair; hemiparesis related to
stroke; hand tremor; and peripheral neuropathy affecting hand

https://diabetes.jmir.org/2023/1/e38592
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dexterity. The majority (57/92, 62%) were comfortable or very
comfortable using a smartphone. Additionally, 60 participants
reported whether they were working (n=35) or not working
(n=25)—student (n=3), retired (n=13), homeless (n=2), and
disabled (n=7). Participants reported the most important app
functions related to promoting competence as described by the
SDT; on the other hand, what they reported as dream app
functionswere general app designsunrelated to the SDT (Figure
1). Of the 436 text unitsthat were highlighted, 292 (67%) were
coded to 1 of the 3 categories of needs based on the SDT [21]:
competence (n=212, 48.6%), autonomy (n=47, 10.8%), and
connectivity (n=33, 7.6%). The remaining 144 (33%) text units
were not aligned with any of the 3 categories. The categories
are discussed below.
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Table 2. Sample characteristics (N=92).

Fuetd

Characteristics Value
Age (years), mean (SD) 54 (13)
Men, n (%) 38 (41)
Race, n (%)
Alaska Native or American Indian 10 (112)
Asian 2(2
Black or African American 23(25)
White 57 (62)
Highest completed education, n (%)
Elementary 4(4)
High school or equivalent 27 (29)
2 years of college 31(34)
4 years of college 19 (21)
Graduate school 11 (12)
Device brand, n (%)
Samsung 44 (48)
LG 19 (20)
iPhone 8(9)
ZTE 7(8)
Motorola 6 (6)
Other 8(9
Smartphone comfort level, n (%)
Very uncomfortable 23(25)
Neither 12 (13)
Comfortable 33 (36)
Very comfortable 24 (26)
Diabetes
Type 1, n (%) 28 (30)
Type 2, n (%) 64 (70)
Duration years, mean (SD) 17 (12)
Insulin use years, mean (SD) 12 (12)
Insulin usetypes, n (%)
Insulin pump 14 (15)
Long- and short-acting injection 46 (50)
Long-acting injection 28 (30)
Short-acting injection 2(2)
None (stopped use) 2(2
BG? testing per day, mean (SD) 6.2(14)

3BG: blood glucose.
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Figure 1. Comparison of dream function versus the most important function versusimportant functionsin diabetes appslisted by major coding categories
supportive of the Self-Determination Theory (SDT) on psychological needs (competence, autonomy, and connectivity), as well as those unsupportive

of the SDT on technical needs.

Competence, monitor
Competence, report summary
Competence, see out-of-range

Competence, plan change
Competence, carb counting
Autonomy, trends by time
Autonomy, trends high or low
Autonomy, trends by days or month
Connectivity, clinicians
Connectivity, others

Generic, patient-friendly
Generic, automatic

Generic, voice recognition
Generic, alert or reminder
Generic, interactivity

Generic, color

Generic, cost

Generic, icon, emoji, button

Generic, tutorial or self-help
Generic, miscellaneous

=

®m Dream Function

Competence

Participants found that the apps could improve their sense of
competence by helping them monitor data (ranked 1st), create
analysis reports (ranked 2nd), gain knowledge about reasons
for out-of-range BG (ranked 4th), and plan behavior changes
in self-management activities (ranked 5th), including counting
carbs linked to afood library (ranked 7th; see Table 3).
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Some appreciated receiving information that guided them in
adjusting their insulin doses. One participant stated, “It helps
me know my high and low blood sugar reading so | can adjust
insulin dose. If itisreal highinthe morning, then at night | take
moreinsulin. Now | do trial and error. My way is not the best.”
Participants liked the automatic carb counting function. One
said, “[You] take a picture [and let it] analyze for you and tell
you how many carbs and everything it is”
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Table 3. Themes of motivational app design features as postulated by the Self-Determination Theory reported by adults with type 1 or 2 diabetes
requiring insulin therapy.

Motivational design and app design features Rank Frequency Quotes
(rangedfrom  (N=436), n (%)
1-15)

Help gain skill to keep BG? in-target-range to promote competence

Help record, monitor, or track BG, carb?in- 1 69 (16) «  “Ability to track sugar and foods without relying on
take, physical activities, medication use, and memory” _ _ _
others conveniently on a smartphone . “Ability to enter as much information regarding the event

(meal, exercise, etc.) as| possibly can. If I've exercised
prior to meal or if | am sick, | want to be able to note that
along with the medication or meal entry. -- tagging infor-
mation to an event”

See areport with convenient view 2 49 (11 o “Tracking my glucose readings, having at-a-glance reports
and comparisons’
o  “Seeblood sugar report and diet report in the apps - that
way helps you maintaining your diabetes and keeping it

in control”
See out-of-range BG and explanations for 4 40 (9) o  “Theapp should let you know that you are doing good or
abnormal readings bad in any given time”

«  “BG report when high, you can tap on it - lead you to see
what you eat made it high.”

Plan changesin diet, exercise, BG testing,  g¢ 32(7) o “Telling me how much insulin to use with what food and
and medication use exercise’
«  “Fix your not normal readings of BG before going to see
doctor”
Carb count and provide afood library 7 22 (5) «  “Adding carbsand being ableto find food itemswith. The

carbs planned out”

Set safe and practical short- and long-term goals to promote autonomy

Trends of frequent high or low BG od 17 (4) o “Tracksyour diabetes - system going up and down”
«  “Blood glucose Trends on the home page’

BG or carbs trends by time od 17 (4) «  “Tell you when your blood sugar had a big jump”
«  “Recording al records of bstesting, tracking foods eaten
around those reading times’

BG or carbs trends by days or months 10 13(3) - “Ability to easily see patterns throughout the day over a
period of the past 30 days”
o “Glucose levels compare to other hours and days. Want
to know if thisweek, if any meal BG readings arein
range.”

Facilitate supportive interaction between persons and technology involved to promote connectivity

Quicker feedback from clinician 6 29 (7) o “Let my doctor know instead of waiting 3 months, and
doctor tell me what to do to improve my diabetes”
. “Ableto send report to doctor or print at home a paper
copy to bring to an appointment”

Support from other 14 4(1) « “Talk with loved one [about their] data”
o “Within the app — meet each other weekly, get together,
video, message, phone call, more secure too”

3BG: blood glucose.

bCarb: carbohydrates.

CSame rank as automatic feature.
dSame rank as set up aert or reminders.
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Autonomy

Participants found that the apps improved their sense of
autonomy. They felt more self-sufficient because the apps
showed if their BG was trending high or low in relation to the
time (ranked 9th) and in relation to the day of the week (ranked
10th). Being provided with adatavisualization of these personal
patterns increased their sense of empowerment and assisted
them in identifying short- and long-term goals for changing
behaviors. One participant explained, “a function that easily
helps me find when | most commonly have hypoglycemia”
Information provided by the apps aided their decision-making
regarding how and when to change behaviorsto keep BG inthe
target range. This could be done with data visualization; one
participant stated the benefit to see “how my trends are
changing.”

Connectivity

Participants found the apps enhanced a sense of connectivity
because the clinicians could receive emails or print reports on
home-monitored data to better understand patients
self-management behaviors (ranked 6th). One participant said,
“An app that can send my numbers directly to [the doctor] if
there is a concern [about frequent] lows or highs.” Participants
also felt connected because of the bidirectional messaging
functions of the apps. These functions supported monitoring of
BG, and readings could be compared to hemoglobin A

laboratory readingsin the clinic. Connectivity was a so enhanced
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by informal coaching support from others (ranked 14th). One
patient stated, “help people share what other people not
understanding. (1) report, (2) sharing - support for other patients
with diabetes”

Top General App Design

Most participants reported the necessity for a diabetes app to
save time regardless of functions. They described that the app
needs to be efficient and “easy,” requiring minimal user effort.
They desired the app to use patient-friendly terminology and
display easy-to-understand reports (ranked 3rd; see Table 4).

Automatic features (ranked 5th, same as to plan behavior
change) istheintegration between devices so that their dataare
interoperable. One participant explained, “Havethisapp be able
to read my pump and. An app | reason | don’t use app, having
an orange and apple that they don't talk to each other. An app
that easy and talk to my pump.” Voice recognition (ranked 8th)
is the elimination of typing text, which was best described by
one participant: “speaking function to record all data” App
alerts (ranked 9th) are helpful to remind users to do activities
such asretest BG and repeat insulin for elevated BG after eating
a meal. App interactivity (ranked 11th) is giving behavior
confirmation as one participant explained: “You did it,
completed 1 entry.” Other app designs (ranked from 12th to
15th)—color; cost; icon, emaji, or button options; tutorial or
self-help; and fun, technical support, and link to
pharmacy—were of interests to participants.
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Table4. Themes of top genera app design features unsupportive of the Self-Determination Theory reported by adult with type 1 or 2 diabetes requiring

insulin therapy.
App design features Rank (ranged Frequency (N=436), Quotes
from 1-15) n (%)
Patient-friendly 3 43 (10) «  “To put language that patients could understand - small words - for
example blood sugar instead of glucose”

« “llikethe pick and choose option but maybe more screens so there's
less congestion. (Less busy screen) simple screen shot that leads to
new screens. Don't like scrolling.”

«  “Easy toread and understand the report and information you put in
it - make numbers bigger”

Automatic: integration of de- 5@ 32(7) o  “Pump, and meter integration that al so downloads my CGM readings
vices plus easy view of data to form a graph with minimal interaction from me.”

o “A graph to be able to connect with my meter”

\oice recognition 8 19 (4) «  “Voice command to record my BG reading and carb intake”

o “Apptaksto methat my blood sugar istoo high or too low”

Set up aert or reminders P 17 (4) «  “Track carb, when went over the amount, it alarms you to don't eat
any more carb.”

«  “Reminder for to check your blood and make sure exercise (tell you
exercise, aschedule) - like to tell you to go awalk at what time”

Interactivity 11 11 (3) «  “For the app to show me the cravings for the carb, to motivate you
not to eat the carb, when | eat carb, the app should go off”

o “Interactive apps. | realy like when ‘dlimy’ congratulated me or said
it happens, when my sugars were not good.”

Color 12 7(2) «  “Color to differentiate functions.”
« “Tapinred color to give your time and more detail ”
Cost 13 51 « “Don't haveto buy ameter for it.”

o “Willing to pay for the app if it works’

Icon, emoji, button 14 4(1) «  “Moreicon per se where a picture would be used instead.”

o “Theactivity (have emaji) hit emoji when you start jogging and hit
emoji again to stop.”

Tutorial or self-help 15 3(1) «  “Helpfunction - no paragraph, video to see how to use thisfunction.”

«  “Help function to help you use the app (like to email in the app).”

Miscellaneous: fun, link to 15 3D o Link to pharmacy order within the app and “your pharmacy deliver

pharmacy, technology support

toyou.”

« “For peopleto haveahot line, get stuck to get hel p technical support,

alive person to help with the app. If | did not go back to last app that
she showed him how to send and get gmail to send report.”

8Same rank as plan behavior change.

bSame rank as see BG (blood glucose) trends and carbs (carbohydrates) trends.

Discussion

Principal Findings

The aim of the research question and purpose of the study was
toinvestigate how adults with diabetesrequiring insulin therapy
perceive diabetes apps based on the 3 key psychological needs
described by the SDT [21]: competence, autonomy, and
connectivity. Our findings provide evidence on the usefulness
of the SDT in mobile health technology and describe specific
app functionsthat address psychological needs. Theresultsare
consistent with Szalma's[24] description of atheoretical model
of motivational design based on the extension of the SDT.
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Newly identified categories about general app design did not
fit with the SDT’s psychological needs, but they addressed the
technology needsfor patientsto use an app with minimal effort.

Competence

App functions help patients to record and understand data and
plan behaviors as skill to keep BG in the target range. First, the
convenience to track electronically whether BG isin the target
range (80-130 mg/dL before eating and <180 mg/dL after eating)
[39] ishighly valued [40]. Thisis consistent with patient surveys
that found diabetes apps areimportant for BG monitoring [41].
Understandable “Glucose Diary View” is the most practical
[42]. Abnormal BG readings should be color-coded [39] and
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summarized into a1-page standardized report [43]. An electronic
report can increase patient knowledge to plan behavior changes
such as eating right (making it easier to count carbs and plan
meals) and calculating short-acting insulin dose to lower
elevated BG readings due to excessive carb intake. These
features are all valuable to patients because they help them to
gain insight and understanding about abnormal BG readings so
they can achieve competence in diabetes care, which is
consistent with astudy on the requirements of diabetes appsfor
underserved patients [44].

Carb counting is a commonly desired app function, where a
smartphone takes a picture of the food; analyzes the portion
size, carb content, and corresponding insulin dose; and suggests
atimefor insulin administration. Thisfinding broadly supports
app use to improve adherence of medical nutrition therapy
[2-4,45]. Currently, many diabetes apps have low-carb diet
recipes, multidevice integration, and automatic features, but the
cost can be expensive. For example, Glucose Buddy Premium
has a subscription cost ranging from US $19.99 to US $59.99
per month to access the full food database [46,47]. Future
research should be undertaken to investigate ways to offset the
cost of app technology such as subsidizing the expense while
the health system could bill insurance for remote patient
monitoring, given that the Centers for Medicare and Medicaid
Services can reimburse the transmission of home-monitored
data and summary report by clinic staff [48]. Offering analysis
tool to count carbs and calculate insulin dose is a form of
“virtual dietician.” Research isin progress to develop and test
apps that leverage machine learning to perform image
recognition and automate recommendations of behavior change
[49].

Autonomy

App functions of trend analysis help set safe and practical short-
and long-term goalsby time, day of the week, and month, which
aids personalizing options to change. Participants reported the
need to visualize the trends or patterns of frequent high or low
BG (ie, what) by day of the week and time (ie, when). This
finding is consistent with prior research showing that diabetes
apps helped patientsidentify and incorporate healthy behaviors
into their daily routine [1]. Seeing demarcations of BG changes
between months, weeks, days, and time of the day is very
important to show patients when dangerous BG levels occur
and to set reasonable goals to change behaviors [50]. Goal or
target setting helps patients plan behaviors and provides a
warning when they are outside thetarget [51,52]. Personalizing
options should include tracking mental health factors such as
mood, stress, and illness, because these factors are associated
with hyperglycemia and poor glycemic control. Effective
self-management isimportant economically, since many adults
diagnosed with diabetes are not able to maintain work. They
exit the work force earlier (30% higher) compared to those
without diabetes [53].

Connectivity

App functions can facilitate supportive interaction by sharing
data or app reports with clinicians and “loved ones’ to gain
support for behavior change. This is consistent with several
studies that showed data sharing or showing data from the
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mobile devices with their clinicians during a medical visit is
highly valuablefor patients[50,54,55]. Greater app interactivity
with a clinician appears to improve glycemic control [11,56].
A simple explanation for this finding may be that successful
diabetes self-management takes teamwork [54,55]. Informal
coaching support by other people or even avirtual coach in an
app is vauable. Artificial intelligence could provide
confirmation of positive behavior change, such as reaching a
BG valuein the target range, to provide immediate feedback to
patients. A trial of an artificial intelligence virtual coach with
187 adults with type 2 diabetes, unfortunately, did not
demonstrate a difference in changing hemoglobin A, but did
improve health-related quality of life [57]. Very few long-term
studies of diabetes apps have been conducted [58]. However,
due to the COVID-19 pandemic, telehealth visits had an
unprecedented increase in use from 0.3% in 2019 to0 29.1% in
2020 among a 2019 cohort (n=1,357,029) versus a 2020 cohort
(n=1,364,522) [59]. Leading companies in web-based diabetes
care—Livongo, One Drop, mySugr, Cecelia Health, Steady
Health, and Virta Health—noted a rise in subscribers during
the pandemic [60]. Future studies using the mobile health
platform for telehealth, including a diabetes app, should be
undertaken.

Top General App Functionsor Features

Themes unsupportive of the SDT emerged that focused on the
acceptability of general app design features. These themes did
not support the SDT, but they described patients' technology
needs. The theme of being patient-friendly is highly relevant
for user-centered app design. A patient-friendly app implies a
match between the app and the patient’sreal world [61,62], and
icons and wording need to speak the users’ languages and
concepts. For example, “blood sugar” is preferred to “blood
glucose” Eliminating medical jargon would decrease barriers
and make it easy for patients to understand knowledge gained
from using apps [50]. Automatic features to integrate devices
that test BG and upload results into apps ranked in the top 5,
which is consistent with a survey study among patients with
type 1 diabetes, 91.6% of whom agreed that it is the most
important function (n=167) [51]. Voice recognition decreases
the user’s need to type data. Alert notifications can remind
patientswho are on multipleinsulininjections and need frequent
BG testing (>4 timesaday). Patients desired app alertsto remind
them of behavior (eg, repeat BG testing) [63]. An interactive
app is about giving the patient a response to promote user
interaction, not just datain and data out. A change in emoji, an
app message of “good job,” or a sound are ways of interaction
between the user and the technology. Color can help customize
user experience. An app tutorial or technology support is an
important resource to increase user confidence to interact with
the app. Overadll, these themes around acceptable design features
areimportant for patient engagement to promote a positive user
experience and boost patient confidence to use the technol ogy.

Limitations

Three magjor limitations in this study were (1) the laboratory
setting, (2) only 2 top-rated, commercialy free apps being
tested, and (3) the urban population. The first weaknessiis that
participants only used the apps once in a research visit rather
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thanintheir home setting with real data. It ispossiblethat using
the apps in the home setting would have changed participants
opinions about the desired app features. Futurework isrequired
to establish the viability of actual app use at home and in other
settings (eg, use an app for 2 weeks and attend focus groups to
discuss the facilitators and barriers of app use). A second
weakness is testing only 2 top-rated free apps, which may not
be representative of the diabetes apps on the market. However,
mySugr has remained in Healthling's 2022 list of best diabetes
apps [45], and OnTrack has been recommended by educators
from the American Diabetes Association [46] and the University
of Michigan [47]. Apps requiring payment were not included
in this study. Payment for increased functionality may increase
patient engagement and potentially create bias to use the app
to get areturn on the investment [64]. A third weaknessiis that
the results may not be applicableto arural population who may
have no or inadequate internet service. App responsiveness may
depend on the type of internet connection. Notwithstanding
theselimitations, this study offersvaluableinsight to addressing
behavior needs for self-management by adults with diabetes
requiring insulin therapy. Several strengths of this study include
the diverse sample of racial or ethnic minority participants and
a variety of diabetes complications, which increase study
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generalizability. Additionally, this study had a sample of 92
participants, which is much larger than most usability study
sample of 30 participants.

Conclusions

The SDT helped to explain patient perspectives on the roles of
diabetes appsas an electronic tool to addresstheir psychological
needs of competence, autonomy, and connectivity in diabetes
care. Our findings a so validated that the 3 concepts of the SDT
guided theinitia coding, further analysis, and development of
operational definitions. Using an app can promote competence
in keeping BG in thetarget range through el ectronic monitoring
of BG, creating analysis reports, and gaining knowledge about
reasons for out-of-range BG to plan behavior. The app can
promote autonomy to set safe and practical BG goalsby showing
trends of high and low readings in relation to time, day of the
week, and months. An app can promote connectivity by printing
reportsfor clinic visitsor emailing reportsto aclinician, thereby
helping patients receive feedback from clinicians. Patient
technology needs, such as being patient-friendly and requiring
minimal user effort, are also important. Continued efforts are
needed to understand long-term adoption of diabetes apps to
support self-management by patients, aswell astheintegration
of diabetes apps in the telehealth setting for clinicians.
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Abstract

Background: Type 2 diabetes has a growing prevalence and confers significant cost burden to the health care system, raising
the urgent need for cost-effective and easily accessible solutions. The management of type 2 diabetes requires significant
commitment from the patient, caregivers, and the treating team to optimize clinical outcomes and prevent complications. Technology
and its implications for the management of type 2 diabetes is a nascent area of research. The impact of some of the more recent
technological innovationsin this space, such as continuous glucose monitoring, flash glucose monitoring, web-based applications,
aswell as smartphone- and smart watch—based interactive apps has received limited attention in the research literature.

Objective: This scoping review aimsto explore the literature available on type 2 diabetes, flash glucose monitoring, and digital
health technology to improve diabetic clinical outcomes and inform future research in this area.

Methods: A scoping review was undertaken by searching Ovid MEDLINE and CINAHL databases. A second search using all
identified keywords and index terms was performed on Ovid MEDLINE (January 1966 to July 2021), EMBASE (January 1980
to July 2021), Cochrane Central Register of Controlled Trials (CENTRAL; the Cochrane Library, latest issue), CINAHL (from
1982), IEEE Xplore, ACM Digital Libraries, and Web of Science databases.

Results: Therewerevery few studiesthat have explored the use of mobile health and flash glucose monitoring in type 2 diabetes.
These studies have explored somewhat disparate and limited areas of research, and thereisadistinct lack of methodological rigor
in this area of research. The 3 studies that met the inclusion criteria have addressed aspects of the proposed research question.

Conclusions: This scoping review has highlighted the lack of research in this area, raising the opportunity for further research
inthisarea, focusing on the clinical impact and feasibility of the use of multiple technologies, including flash glucose monitoring
in the management of patients with type 2 diabetes.

(JMIR Diabetes 2023;8:e42389) doi:10.2196/42389
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Introduction

Overview

The rapid growth of easily accessible technology in the
management of diabetes mellitus (DM) is undeniable, with the
introduction of more sophisticated monitoring devices, including
home-based self-monitoring glucometers[1], and more recently,
continuous glucose monitoring (CGM) devices[2]. Inthe 2000s,
real-timeintergtitial CGM (RT-iCGM) wasintroduced, although
it still requires regular calibration (except for Dexcom G6 or
G5 devices). A recent advance in commercial useisinterstitial
glucose monitoring through flash glucose monitoring (FGM)
technology in the form of devices such as Abbott’s FreeStyle
Libre[3,4].

As with most technological advances in DM, their impact is
first noted in those patients who are most vulnerable for
complications. Thus, typically RT-iCGM and FGM often find
early clinical implementation in patients at high risk for
complications, such as patients with type 1 DM and pregnancy
[5]. More recent studies have supported RT-iICGM and FGM
using cost-benefit models compared to self-monitoring
glucometersin type 1 DM [6,7]. These technologies, often in
conjunction with web-based analytic applications, have shown
significant improvements in glycemic control during insulin
initiation [8,9], routine care [10,11], and enhanced safety
through the reduction of hypoglycemic events [12]. This has
been particularly evident with severe hypoglycemia, variably
defined in the literature as a blood glucose level ranging from
<3.3 mmol/L to <2.8mmol/L [13].

In patients with type 2 DM, the use of RT-iCGM and FGM is
lesswell defined [14]. In type 2 DM, therisk of hypoglycemia
isrelated to the duration of diabetes and the use of hypoglycemic
agents, particularly insulin [15]. Although the risk of
hypoglycemiais considered to be lower than that in type 1 DM
[16], the significantly higher rates of poor cardiovascular
outcomes in the Action to Control Cardiovascular Risk in
Diabetes Study Group (2008) and the Veterans Affairs Diabetes
Trial [17] suggest that hypoglycemia in type 2 DM is not a
benign phenomenon.

Evidence suggests that intensive insulin regimens in patients
with type 2 DM carry the highest risk for severe hypoglycemia,
with nocturnal hypoglycemia episodes having a particularly
high burden of risk [18]. CGM has shown that hypoglycemia
ismore common than both the patient and their treating clinician
anticipate [17]. A recent study of CGM showed 1.74 episodes
per patient over a5-day period, with 75% experiencing at | east
one asymptomatic episode and 64% of patients undergoing
treatment modification as a result of the information gathered
[19]. Closed-loop glucose monitoring technol ogy has also been
used in an inpatient type 2 DM setting to improve control
without any increase in hypoglycemia[20-23].

https://diabetes.jmir.org/2023/1/e42389

A desired outcome of any glucose monitoring modality is the
use of rea-time data to promote positive behavior and
therapeutic changes. Systemsthat provide immediate feedback
to patients and decision support toolsfor patients and providers
have demonstrated positive outcomes [24]. Furthermore,
RT-iCGM and FGM provide additional information intheform
of comprehensive data on the 24-hour glucose profile, current
glucose trend, glucose variability, detection of periods of
hypoglycemia and hyperglycemia, and estimated HbA . [25].
FGM has the additional advantage of factory calibration and
interstitial blood sampling, thus avoiding therisk and discomfort
of frequent subcutaneous sampling, significantly increasing its
utility [26].

CGM or FGM usually consists of 3 components. a wearable
sensor, a transmitter that wirelessly transmits glycemic data,
and a receiver nearby that displays such readings to the user.
Thisis further augmented by mobile health (mHealth) diabetic
management systems. The World Health Organization defines
mHealth as a medical and public health practice supported by
mobile devices, such as mobile phones, patient monitoring
devices, personal digital assistants, and other wireless devices.
This may include proprietary commercial cloud-based app
portals for the purpose of more complex anaysis, such as
glycemic trend analysis by either the patient, their treatment
team, or an authorized carer [27].

A separate technological development is the sharp increase in
both free and commercia mobile appsfor the self-management
of diabetes [28,29]. These apps are designed to assist patients
in behavior change. Common features of these appsincludethe
ability to track blood glucose, HbA,., medications, physical
activity, and body weight. Although apps for diabetes
self-management can improve short-term outcomes, support
from health care providers cannot be undervalued [30].

As a result of advances in information and communication
technology, mobile phones and the internet technology are
playing a growing role in interventions for health promotion
and those aimed at preventing and managing diseases[31]. The
largest burden of type 2 DM is not in high-income countries,
given the high proportion of smartphone use in low- and
middle-income countries, this could be a potential way of
mitigating the small number of diabetes specialists in these
regions.

With the most recent introduction of 5G networks, mHealth
innovation continues to develop with the introduction of
wearable devices [32]. One of the more easily accessible
mHealth devicesisthe smartwatch with dominant global players
such as Apple, Samsung, and Google expanding the market
significantly. These wearable devices enable the application of
smartwatches beyond traditional sectors [33,34] and their
integration into daily management systems for diabetes.
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Aim and Rationale

The research question was identified from a preliminary scan
of theliterature and by drawing on the expertise of the research
team and additional stakeholders. The scoping review aims to
study theinterface between 3 emerging technologiesinthefield
of diabetes: (1) FGM, (2) app-based mHealth diabetic systems,
and (3) smartwatch technology in the management of patients
with type 2 DM.

In particular, the scoping review explorestheir combined impact
asanintegrated platform intervention on the clinical parameters
of glycemic control and behavioral parameters relevant to
self-management in type 2 DM.

Scoping reviews are particularly useful in emerging fieldswhere
it is still unclear what additional specific questions could be
answered through a more precise systematic review [35] and
can be used to map the key concepts underpinning the research
area as well asto clarify the conceptual boundaries of atopic.
Arksey and O’ Malley [36] introduced the principle of scoping
reviews as a mechanism for mapping the literature in afield of
interest, providing a mechanism for the dissemination of
research findings where a systematic review is not feasible due
to the dearth of evidence in these emerging fields [36].

Methods

Types of Studies Included

To capture a comprehensive list of potential sources, a
preliminary search of Ovid MEDLINE and CINAHL databases
was performed to identify keywords and related subject headings
in consultation with research librarians a University of
Newcastle. Keywords were identified and combined to address
the 4 components of the research question: (1) FGM, (2)
mHealth-based health care delivery, (3) smartwatch technol ogy,
and (4) type 2 DM.

The initial search is then followed by an analysis of the text
words contained in the title and abstract of retrieved papers and
of theindex terms used to describethearticles. A second search
using all identified keywords and index terms was performed
on Ovid MEDLINE (January 1966 to July 2021; Multimedia

Textbox 1. Inclusion and exclusion criteria.

Diez Alvarez et d

Appendix 1). This search strategy was adapted for EMBASE
(January 1980 to July 2021), Cochrane Central Register of
Controlled Trials (CENTRAL; the Cochrane Library, latest
issue), CINAHL (from 1982), IEEE Xplore, ACM Digital
Libraries, and Web of Science databases. No language or
publication restrictions were applied. Reference lists of all
included studies were checked for other potentially eligible
papers that were searched in August 2021. All databases were
then re-searched to ensure thisreview was updated to cover any
recent titles and abstracts between July 2021 and July 2022.

Furthermore, ProQuest Dissertations and Theses Global (full
text; 1997-present) were searched for relevant dissertationsand
theses; conference proceedings were searched via Scopus to
capture any additional pertinent research, asthisisan emerging
field. Additional studies were identified by searching the
reference lists of the included studies as well as the reference
lists of related systematic reviews and meta-analyses. The
rationale for including the breadth of literature formatsis that,
during a scan of theliterature, alimited number of randomized
controlled trials have evaluated the use of this combination of
these technol ogies in the management of DM.

Context

No restrictions will be placed on the types of settingsin which
the interventions have taken place, and as such, different study
settings (eg, primary care, outpatient, inpatient, or community
settings) will all be considered.

Selection of Studiesfor Review

All search resultswere exported to Covidence systematic review
management software (Veritas Health Innovation). Covidence
isaweb-based collaboration software platform that streamlines
the production of systematic and scoping reviews. Two
reviewers (AF and AC) independently searched the titles and
abstracts of the retrieved literature via Covidence. Conflicts
were resolved by a third reviewer (SDA) and through team
consensus. Articles that met the inclusion criteria through
abstract screening were reviewed in full. Both inclusion and
exclusion criteria were revised in an iterative process as the
search evolved, to best address the research question (Textbox
1).

Inclusion criteria

. Diagnosis of type 2 diabetes mellitus at any age.

« mHealth interventions, including digital health apps and smartwatch technol ogy.

« The following study types. randomized clinical trials, quasi-experimental, controlled before and after studies, and observation (eg, cohort,

case-control, cross-sectional) studies.

«  Nolanguage restrictions.

Exclusion criteria
«  Typeland gestational diabetes mellitus.

«  Conference abstracts or protocols only.

« If continuous glucose monitoring (CGM) or mHealth interventions could not be adequately separated and efficacy determined.
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Extraction of Results

A dataextraction form wasfirst prepared by SDA and AC. The

Diez Alvarez et d

iterative with frequent updates of the extraction form and the

data collected from the studies. The data extraction process is

data extraction process and assurance of the quality of datawas ~ Shownin Teble 1.
Table 1. Descriptive information for included studies.
Study Population, Study de-  Aim or objectives Technologiesused ~ Outcome measures  Results Limitations
sample, or sign
context
Kimeta 29 adults 12-week Test thefeasibility of (1) Android-based  HbA 1, fastingplas- After 12 weeks No control
[37] withtype2 feasibility —HbA;creductionus-  app with four mod-  maglucose, body participants had group. Short ob-
diabetesmel-  pilot study. ingapatient-centered, ules: glucose, diet,  weight, blood pres-  Significantly de- servation time.
litus. One-arm smartphone-based, di- physical activity, sure, and various creased HbAcand  Small sample
Seoul Nation-  9roup. abetescare system.  and social network  cholesterol measures  FPGs. Reduction  Size.
d University system; (2) Blue-  (summary of dia=  in HbA . were
Hospital, tooth glucometer; - betes seif-careactiv-  correlated with the
South Korea and (3) Bluetooth  jties was used to number of daily
activity tracker eva uate the overall glucometer inputs.
self-managementac-  |nputs were gener-
tivities for diabetes)  ally higher in older
patients. Body
weight and choles-
terol measures
were not statistical-
ly significant after
12 weeks.
Shaw eta 60 adults 6-month Todeterminefeasibil- (1) Glucometer (1) Blood glucose;  mHedlth interven-  Only observa-
[38] withtype2  cohort ity and acceptability ~ “iHedlth,” (2) Fithit, (2) physical activi- tionsnotusedto  tiona study; did
diabetesmel- prospective of using multiple (3) self-report mo-  ty—daily steps, dis-  improve outcomes not use control
litus. South-  study. mHealthtechnologies bile text messaging, tancetravelled, and listed. Mostused ~ group for inter-
eastern Unit- in patients with and (4) cellular en-  activity intensity; (3) technology wasthe ventional im-
ed States. T2DM2andtoalso ~ adled scaleby body medication adher-  Fithit. Participants  pact. Small
examine trajectories trace ence; and (4) weight who wereyounger samplesize.
and patterns of dia- had higher HbA 1
betes-related vari- levels, and those
ables. who identified as
Black were less
likely to be en-
gaged with their
mHealth devices.
Zahedani 665 partici- 10-day ob-  Investigating com- (1) Abbott FreeStyle (1) Blood glucose,  Authorsconcluded Only observa-
et a [39] pants: servationd  pined useof comP  Libre, (2) Xiaomi measured astimein that asubgroup of  tion study. Not
healthy study. and mobileapp (Sugar  Mi Band 3 or range (TIR): 54-140 thoseshowingpoor randomized
(448); predia Al) on glucose trac- Garminwatch, and  mg/dL for being TIR (combined clinical trial.
betic (25), ing, heart rate, and (3) Sugar Al app hedthy and predia-  participantswith  Short follow-
and type 2 physical activity. betes and 54-180 T2DM and before  up. Limited re-
diabetic mg/dL for T2DC. diabetes) demon-  sults provided
(192) strated an average  on use of
of 22.7% improve- Garmin watch
mentin TIR; or MiBand 3 to
62.9% of partici-  improve out-
pantswith diabetes come measures
who showed an such as blood
improved TIR had  glucose levels
greater improve-  or heart rate.

ment in their daily
variation.

8T2DM: type 2 diabetes mellitus.
PCGM: continuous glucose monitoring.
°T2D: type 2 diabetes.

A descriptive-analytical narrative method was used to extract
and chart the datafrom the selected articles[40]. Two reviewers
(SDA and AF) independently collected the data using the
extraction form. Charts were used to collate, summarize, and
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share datafor team review and decision-making. Thereliability
and quality of the extracted data was also ensured through
subsequent meetings, cross-checking of the collected data,
discussionsto resolve disagreement in data extraction, rereading

JMIR Diabetes 2023 | vol. 8 | 42389 | p.92
(page number not for citation purposes)


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

JMIR DIABETES

of the full texts of the papers, refining the extraction form, and
revising the collected data.

Results

Overview of Included Studies

Figure 1 depicts the PRISMA (Preferred Reporting Items for
Systematic Reviews and Meta-Analyses) flow diagram. After
duplicateremoval, 7437 articleswereindividually screened; 52
full-text articles were screened for digibility, and 36 articles
were excluded because they were labelled as having the wrong
intervention. These studies were closely examined by 2
independent reviewers (AF and DS) confirming they did not

Diez Alvarez et d

contain smartwatch technology and were therefore excluded
for synthesis. Six studies were excluded due to wrong study
design, astheir overall objectives and approach was not to test
smartwatch technology and aso did not contain the right
intervention. Five studies were excluded, as they were
conference abstracts and full-text versions of these studies could
not be retrieved from corresponding authors. The final 2
potentially eligible paperswere excluded, as onewasaduplicate
and the other was a false citation. Ultimately, 3 studies were
included for qualitative synthesis [37-39]. All included studies
investigated acombined mHealth approach in participants with
type 2 diabetes and included the use of awearabledevice. Table
1 highlights the details of each study included. Some of the
main findings from each study are presented in the next sections.

Figure1l. The PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) flow diagram.
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Kim et al (2016)

withtype2 DM. They wereinstructed to usethe PSDCS, which
integrates a Bluetooth-connected glucometer, a digital food

In this paper [37], the authors introduced a patient-centerd  diary, and a wearable physical activity monitoring device. The

smartphone-based diabetes care system (PSDCYS) for patients

https://diabetes.jmir.org/2023/1/e42389
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primary end point was the change in HbA ;. from baseline after
a 12-week intervention.

The application of the PSDCS to patients with inadequately
controlled type 2 diabetes resulted in a significant HbA .
reduction (from 7.7% to 7.1%) with tolerable safety profiles.
There was no comment on the usability or durability of the
intervention.

Shaw et al (2020)

In this 6-month longitudinal feasibility study [38], the authors
sought to examine the use of multiple mHealth technologiesto
generate and transmit data from diverse patients with type 2
DM in between clinic visits.

The study found that it was feasible for participants from
different socioeconomic, educational, and racial backgrounds
to use and track relevant diabetes-related data from multiple
mHealth devices for at least six months. The study seemed to
suggest that engagement with activity tools (eg, Fitbit
technology) had the most success, while other technological
engagements seemed to wane over time with some different
demographic patterns in the engagement with these tools (eg,
weight and glucose engagement tools).

Zahedani et al (2021)

In this study [39], the authors sought to explore the potential
benefit of CGM combined with a mobile app that links each
individual’s glucose tracing to meal composition, heart rate,
and physical activity in acohort of people without diabetes and
noninsulin- treated people with type 2 diabetes. The primary
end point was the change in time in range (TIR), from the
beginning to the end of a 10-day period of use of the FreeStyle
Libre CGM.

Of those with suboptimal baseline TIR, 58.3% of participants
with type 2 diabetes and 91.7% of healthy or prediabetes
participants improved their TIR by an average of 22.7% and
23.2%, respectively. Predictors of improved response included
no prior diagnosis of type 2 diabetesand lower BMI. Therewas
no commentary on the usability or durability of theintervention.

Discussion

Principal Findings

In an increasingly technology-enabled world, strategies that
harness the benefits of technology have the potential to address
gaps in health care provision and address some of the most
vexing clinical problems with concomitant improvements in
the management of common chronic conditions across a broad
population of patients. This scoping review sought to explore
the evidence for the use of technology in the management of
type 2 diabetes. The focus was on emerging yet increasingly
available technologies in this field, such as smartphone apps
and web applications, FGM, and smartwatch technology. Doupis
et a [41] explored the peer-reviewed literature and found
inconsistent benefits from applications that are automated for
individualized feedback, such as Diabeo, Diabetes Pal and Blue
Star with only Diabeo, using a teleheath-facilitated model
showing benefits in HbA . reduction [41]. The addition of

https://diabetes.jmir.org/2023/1/e42389
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smartwatch technology to help change patient behaviors and
enhance health literacy introduces the opportunity to explore
real-time use of technology in this field. There is increasing
interest from both the private healthcare industry and the
technology sector as well as state sponsored providers due to
the possibility of providing health care at scale with the
continuously reducing cost of some of the technology. This
scoping review focused on the use of FGM, as it is gaining
momentum as an emerging technology in continuous glucose
monitoring with early evidence of benefits in the management
of type 2 diabetes [42-44]. Castellana et a [45], however,
highlight in their meta-analysisthat FGM did not show benefits
in HbA ;. in patientswhen compared with traditional home-based
glucose monitoring. There are several explanations for this
outcome, including thelack of hypoglycemiaand hyperglycemic
alarms and a negative bias at low glucose concentrations,
possibly resulting in the patient inadvertently adapting to higher
glucose concentrations and thus higher HbA ;.

Smartwatch and ItsPotential to Support DiabetesCare

In 2020, 21% of Australians had asmartwatch and the wearables
market is expected to grow by 14.5% annually from 2021 to
2026 [46]. Consumer smartwatches have grasped health research
across a broad range of chronic diseases [34]. This scoping
review highlights the limited studies that have explored the
effect of smartwatch technology and its integration with
continuous glucose monitoring in patents with type 2 diabetes.
Most of the literaturelooking to integrate technology platforms
has focused on popular lifestyle applications and associated
technology, such as Fithit [38]. The early studies by Kim et a
[37] and Shaw et al [38] did not have control groups and had
small sample sizes undermining the validity of the results.
Zahedani et al [39] showed that the integration of data from
FGM and a smartphone-based app is afeasible and multimodal
data collection, with synthesis and feedback to participants
provided by an mHealth app, and can significantly improve
glycemic control, although the participants used the technol ogy
for only 10 days. Furthermore, the study is a honrandomized
observation study opening it to the risk of bias.

Implications for Research

This scoping review clearly highlightsthe need for high quality
studies exploring the effect of emerging technologies in an
integrated fashion on the management of patients with type 2
diabetes. The research into the impact of both FGM and
smartwatches, which are arguably more recent additionsto the
technological toolbox in health care provision for patientsliving
with diabetes, needs further exploration.

Implicationsfor Practice

The provision of mHealth-supported, FGM-enhanced diabetic
care can provide opportunities to improve health literacy and
promote self-management for patientswith type 2 DM and their
treating teams through the data sharing of real-time glucose
control. Theimpact of thisand newer technological interventions
such asweb-based applications and mobile phone or smartphone
appsthat monitor awide range of self-efficacy parameters need
to be explored in a broader cohort of patients with type 2
diabetes. Thereisagreat opportunity to influence hedlth literacy,
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self-efficacy, and overall control of type 2 diabetes and its
complications if these interventions can be delivered in a
sustainable, cost-effective fashion.

Limitations

Thereare several limitationsto the use of emerging technologies
in the management of diabetes. From the patient and clinician
perspective, there are usability and affordability limitations to
much of the proprietary technology available [47]. From a
technology perspective, there is a need for accurate
measurements of physiological parameters, full access to raw
data in real time, and all technological tools on a compatible
platform [48].

This scoping review sought to link the impact of these 3
technological developments as a bundle on behavior- and
lifestyle-related diabetic self-management. Wu et a [49] showed
that in patients with type 2 diabetes, mHealth apps can have a
measurable impact on lifestyle modification, but this was
measured mainly in regard to its impact on HbA . rather than
other measures of self-efficacy and self-management behaviors
[49]. Keller et a [50] showed that structured digital behavior
changeinterventionsinfrequently have high-level evidence data
to support their status as guideline base [50], and only one study
by Quinn et a [51] showed asignificant improvement in diabetic
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control in intervention versus the control group. As mentioned,
thefocuswasmainly on HbA ., and broader measures of health
self-promotion were not measured. There seems to be a
significant gap in the literature exploring the feasibility and
usability of the use of the multipronged technological
interventions and exploring the concept of technological fatigue
in those whose condition is chronic, and thus, the interventions
are expected to be lifelong.

Conclusions

Thisscoping review highlightsthat thereis scant peer-reviewed
literature on the clinical impact of integrated emerging
technologies used for the management of type 2 DM. Asthese
technol ogies become more affordable, itiscrucial that safe and
validated digital health devices are increasingly available as
part of the multimodal care for patients with type 2 diabetes.
These emerging technologies have the potential to provide
quantifiable and reliable data that can assist health professionals
and hopefully prevent costly health complications. High-quality
research needs to ensure that these interventions do not have
unintended consequences of health care fatigue in an aready
at-risk population and that they deliver on the potential for
improved control both in the short term and the longer term
with the appreciation that diabetes is a chronic condition.
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Abbreviations

CGM:: continuous glucose monitoring

DM: diabetes mellitus

FGM: flash glucose monitoring

mHealth: mobile health

PRISMA: Preferred Reporting Items for Systematic Reviews and Meta-Analyses
PSDCS: phone-based diabetes care system

RT-iCGM: real-time interstitial continuous glucose monitoring

TIR: timein range
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Abstract

Background: Diabetes is a major global epidemic and serious public health problem. Diabetes self-management is a 24/7
challengefor peoplewith type 1 diabetesthat influencestheir quality of life (QoL ). Certain apps can support the self-management
of people with diabetes; however, current apps do not meet the needs of people with diabetes appropriately, and their safety is
not ensured. Moreover, there are a multitude of hardware and software problems associated with diabetes apps and regulations.
Clear guidelines are required to regulate medical care via apps. In Germany, apps must undergo 2 examination processes to be
listed in the Digitale Gesundheitsanwendungen directory. However, neither examination process considers whether the medical
use of the apps is sufficient for users' self-management.

Objective: This study aims to contribute to the technology development process of diabetes apps by exploring individual
perspectives on desired features and content of diabetes apps among people with diabetes. The vision assessment conducted isa
first step toward creating ashared vision among all relevant stakeholders. To ensure adequate research and devel opment processes
for diabetes apps in the future, guiding visions from al relevant stakeholders are required.

Methods: Inaqualitative study, 24 semistructured interviews with patients with type 1 diabetes were conducted, among whom
10 (42%) were currently using an app. To clarify the perceptions of people with diabetes regarding the functions and content of
diabetes apps, a vision assessment was conducted.

Results: People with diabetes have concrete ideas of features and content in apps to improve their QoL and allow them to live
as comfortably as possible, such as informative predictions through artificial intelligence, improvementsin signal loss and value
delay through smartwatches, improved communication and information-sharing capabilities, reliable information sources, and
user-friendly and discreet messaging options through smartwatches. In addition, according to people with diabetes, future apps
should show improved sensors and app connectivity to avoid incorrect values being displayed. They also wish for an explicit
indication that displayed values are delayed. In addition, personalized information was found to be lacking in apps.

Conclusions:  People with type 1 diabetes want future apps to improve their self-management and QoL and reduce stigma.
Desired key features include personalized artificial intelligence predictions of blood glucose levels, improved communication
and information sharing through chat and forum options, comprehensive information resources, and smartwatch alerts. A vision
assessment isthefirst step in creating a shared vision among stakehol ders to responsibly guide the development of diabetes apps.
Relevant stakeholders include patient organizations, health care professionals, insurers, policy makers, device manufacturers,
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app developers, researchers, medical ethicists, and data security experts. After the research and development process, new apps
must be launched while considering regulations regarding data security, liability, and reimbursement.

(JMIR Diabetes 2023;8:€38474) doi:10.2196/38474
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Introduction

Background

Diabetes mellitusis amajor public health issue[1]. In 2045, a
total of 700 million people worldwide will be affected by
diabetes [2], whereas currently, 10% of the world population
hastype 1 diabetes (T1D) [3,4]. In particular, T1D carelargely
depends on self-management, which is a 24/7 responsibility
that persists for 365 days per year [5,6]. The continuous
challenge of monitoring blood glucose levels, correcting them
with insulin, and finding metabolic balance reduces the quality
of life (QoL) of people with diabetes [2,7]. Owing to the
different pharmaceutical and supportive needs of people with
diabetes [8], it is one of the most challenging health problems
for the health care system and aso a burden for people with
diabetes themselves [7]. Numerous apps have been devel oped
in the past years to support people with diabetes in managing
their disease [6], and the importance of this topic has been
confirmed by a growing body of literature [6].

Germany isthefirst country in which physicians can prescribe
digital health apps[9]. In 2019, the Digital Supply Act entered
into force in Germany. It alows physicians to prescribe apps
that arelisted in the Digitale Gesundheitsanwendungen (DiGA)
directory by the Bundesinstitut fiur Arzneimittel und
Medizinprodukte. Although there are 341,000 T1D cases [10]
in Germany, no diabetes apps were registered in the DiGA
directory while the study was conducted. The Bundesinstitut
flr Arzneimittel und Medizinprodukte decides via a fast-track
procedure whether an app will be accepted into the DiGA [11].
However, whether the content and features of the app have
sufficient medical benefits for the users is often still
questionable. The legal conditions under which DiGAs are
integrated into the DIGA directory place too little value on
patient benefits[12]. A further prerequisite to be accepted into
the DiGA directory isaConformité Européenne medical product
certification [12,13]. However, in this certification process, the
completeness of the app is also not reviewed [14].

Despite the reported rapid growth of diabetes apps on the market
[6], no diabetes apps were registered in the DIGA while the
study was conducted, and numerous hardware and software
problems need to be solved. First, apps do not fit into the daily
activities of people with diabetes as most diabetes apps do not
integrate the most important diabetes management tasks, such
as physical activity, education, and health feedback [15]. In
addition, the apps do not meet the needs of people with diabetes,
such as user-friendly apps that provide actionable reminders
and consolidate data across peripheral health devices [16].
Second, patient safety is not guaranteed as apps that manage
the health of people with diabetes are mostly unregulated, do
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not ensure evidence of accuracy and clinical validity, show poor
interoperability and standardization, and offer insufficient data
security [6]. Therefore, theimplementation of proper regulations
is needed to ensure the medical use of apps and the security of
the sensitive personal data of people with diabetes. They are
highly interested in using diabetes apps that facilitate their
self-management [17].

The main app features focus on nutritional intake, insulin
injection, and physical activity [18], for example, viafunctions
such as (1) diary of blood glucose measurements, (2) food
database of carbohydrates, (3) bolus calculators for insulin
dosage, (4) warning of too high or too low blood glucoselevels,
and (5) fitness trackers.

To avoid apps being certified and included in the DIGA
directory whose features and content do not ensure medical use
and are not optimally adapted to the needs of people with
diabetes, this study aimed to contribute to the technology
development process of apps by focusing on the perspective of
people with diabetes. This should ensure that future apps that
become available on the market and are possibly listed in the
DiGA directory are optimally adapted to users needs and,
thereby, to their self-management.

Contribution of This Study to the Body of Literature

This study’s specific approach focused on the perspective of
peoplewith T1D and theimprovement of their self-management
via apps. The study responded to a research gap described in
the literature: only alimited number of studies exist that have
explored the use and feature preferences of peoplewith diabetes
concerning apps [16]. Furthermore, it is crucia to involve
patients in defining the most important functions of apps [19]
and have a better understanding of the potential of apps
concerning self-management [15,20]. Future apps need more
featuresto improve diabetic self-management [21,22] and must
be tailored more to diabetic needs [23]. Thus, further research
is needed on future diabetes app development [24].

Contribution of This Study to a Wider Context

This qualitative study aimed to contribute to the technology
development process of diabetes apps by exploring perspectives
on the desired content and features of diabetes apps among
people with T1D. This study was embedded in a complex and
iterative process involving research, technology development,
and implementation of new technologies in the heath care
sector. The specific objective wasto contribute to the technol ogy
development process of diabetes apps by making explicit which
features and content of apps can improve the self-management
and QoL of people with diabetes.
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In the context of health care, this study aimed to provide
needs-based carefor people with chronic diseaseswhile ensuring
maximum security (physical safety and data security). In the
context of health economics, the aim was to reduce the costs of
care for people with T1D by ensuring that optimized
self-management resultsin fewer acute metabolic disorderswith
the need for hospitalization. The long-term goal was cost
reduction viareduced and delayed comorbidities.

Methods

Overview

An exploratory study enabled the assessment of the perspectives
of peoplewith diabetes on self-management using diabetes apps
[25]. In addition, a qualitative research study design fit the
purpose of exploring the visions of people with diabetes
concerning how diabetes apps can improve the diverse aspects
of diabetes self-management. Qualitative semistructured
interviews were conducted with patients with T1D who used
an app and those who did not. Semistructured interviews offered
the opportunity to gain a deep and contextualized insight into
the content and features that participants would like to see in
future apps.

Theoretical Framework

To obtain people with T1D’s perspectives on the features and
content of future diabetes apps, the Responsible Research and
Innovation (RRI)—part of the European Framework
Programmes—was chosen as the research approach. A vision
assessment was used for this purpose.

The RRI approach aimsto open up the research and innovation
process to a wider group of stakeholders to “anticipate and

Figure 1. Vision assessment in the style of Arentshorst et a [26].

Klemme et al

assess potential impacts and societal expectations about research
and innovation” [26]. In doing so, “al stakeholders involved
should work together throughout the research and innovation
process’ [26].

In line with the RRI, a vision assessment is used to actively
include users perspectives in the technology development
process. This can be done by making their visions explicit before
the technology is developed. By opening up the technology
development processto all relevant stakeholders and including
their visions, important contributions can be made to this process
[27]. By considering awider set of facts and values associated
with the technology in the making, its development processis
rendered morelikely to yield aresponsible product. In this study,
a vision assessment was conducted with people with T1D as,
until now, their visions have not been sufficiently integrated
into the research and technology development process of
diabetes apps. A vision assessment provided an opportunity to
explore the underlying assumptions about the expectations and
concerns of people with diabetes. Moreover, it allowed for the
early anticipation of potential negative unintended consegquences.
To date, only the vision of app devel opers has been considered
in app devel opment. I ntegrating the visions of peoplewith T1D
into the awareness-raising process opens the technology
development process to a wider set of relevant stakeholders.
Only when a vision assessment has been carried out with all
relevant stakeholders can the guiding vision be merged into a
shared vision [28]. A shared vision guiding technology
development is more likely to attain societally beneficial
products as it takes into account multiple perspectives. This
study followed the 4 elementsfor avision assessment devel oped
by Arentshorst et a [28] (Figure 1) based on the studies by
Fischer [29,30] and Chilvers and Kearnes [31].

1 Different visions can entail a variety of problem definitions and ways to assess solutions.

Problem definition

Assessing the assumptions underlying a problem definition uncovers values and norms from

which actors look upon reality, perceive facts, and define problems.

This element concerns the challenges and purposes to be fulfilled by new technologies.

2 They result from the specific practice actors are part of. This element refers to the problem
Challenges and purposes  definition, which contextually vindicates the challenges and purposes to be fulfilled.
to be fulfilled

This element explores the relation between the innovation and its contextual aspects.
Examples include the contextin which the innovation will be used, how, by whom

3 (eg,conditions under which the innovation may contribute to solve a problem),

Relevant contextual who will benefit, and who will possibly experience disadvantages. This element also
aspects includes factors that may hamper the realization of the envisaged innovations, that is, barriers.

This element refers to basic assumptions around which visions develop: the preferred state

4 of affairs the vision entails and ideas about what the world should look like.

Basic features of

desirable states
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The 4 elements provide insight into people with T1D’s views
on what features and content of apps are necessary to optimize
their self-management. The model has been validated for
emerging technol ogies (sources). However, when applying this
model in the context of diabetes, it isimportant to keep in mind
that this study was not about the initial development of apps
but about improving existing apps by adding new features and
content. Therefore, the focus of this report was to identify a
future guiding vision based on the perspective of people with
diabetes that contributes to the technological development
process of diabetes apps. Thus, the main research question was
as follows: What are the perspectives of people with diabetes
on the features and content of future diabetes apps?

The 4 elements of a vision assessment are trandated into 4
subquestions: What isthe problem definition in terms of relevant
values and norms according to people with diabetes? What
challenges and purposes are related to apps according to people
with diabetes? What are the relevant contextual aspects of
diabetes apps according to people with diabetes? What are the
ideas of people with diabetes on what their world should ook
like?

Table 1. Sample characteristics.

Klemme et al

Procedure

The recruitment of participantstook place from February 2021
to March 2021. A diabetologist was contacted to connect the
researcher with potential interviewees among their patients. A
purposive sampling strategy hel psidentify and select individuals
who are especially knowledgeable about or experienced with
the phenomenon of interest, in this case, diabetes
self-management using apps [32]. Participants were included
if they mastered the German or English language, had T1D,
used or did not use a diabetes app, and were willing and able
to agree to a voluntary consent form. Contact with potential
participants was initiated with a personalized email request for
a recorded interview with a short description of the research
purpose and central topic. To explore a range of perspectives
of people with diabetes, alarge number of people with diabetes
were interviewed, composed as heterogeneously as possiblein
terms of the apps, age, and sex. Table 1 shows the
sociodemographic data (sex, age, and app) assessed through the
guestionnaire.

ID Sex Age (years) Use of app

RO1 Male 44 CGM? but would prefer an app

R02 Female 32 CGM; prefersit over an app

RO3 Female 43 FreeStyle Libre app

R0O4 Mae 81 CGM; has no smartphone

RO5 Male 65 CGM; has no smartphone

R06 Female 36 Blood glucose self-monitoring; will switch to FreeStyle Libre app
RO7 Female 78 Transplanted

RO8 Female 32 FreeStyle Libre app

R09 Mae 61 CGM; waits for a new sensor that can be connected to an app
R10 Female 47 CGM

R11 Female 40 FreeStyle Libre app

R12 Female 51 Transplanted; could not use sensor because of work condition
R13 Male 26 Blood glucose self-monitoring

R14 Female 42 FreeStyle Libre app

R15 Female 43 CGM but would like to use an app

R16 Mae 25 FreeStyle Libre app

R17 Mae 25 FreeStyle Libre app

R18 Female 24 No app but the patient gets a new insulin pump and then uses app
R19 Male 26 Dexcom app

R20 Mae 23 FreeStyle Libre app

R21 Mae 25 CGM; Dexcom has no compatibility with a phone but the patient wants to use the app
R22 Mae 29 FreeStyle Libre app

R23 Male 28 CGM

R24 Female 24 FreeStyle Libre app

8CGM: continuous glucose monitoring.
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Intotal, 24 individual semistructured interviewswere conducted
with people with diabetes based on a vision assessment until
data saturation was attained. The decision on data saturation
resulted from a consensus among the researchers. A total of
42% (10/24) of the participants used an app for their diabetes
management. Intotal, 29% (7/24) wanted to use an app but were
unable to do so because of circumstances beyond their control.
The remaining 29% (7/24) of respondents did not want to use
an app or had not considered it. Half of the participants (12/24,
50%) were female, and half (12/24, 50%) were male. Overall,
participants were aged between 23 and 81 years. One-third of
the participants (8/24, 33%) had experience with continuous
glucose monitoring, and another third (9/24, 38%) had
experience with the FreeStyle Libre app. Overall, 62% (15/24)
of theinterviewswere conducted at adiabetologist practiceface
to face, and 38% (9/24) of the interviews were conducted via
videoconference because of the restrictions of COVID-19. A
data management plan was created and served as a guide for
this research and the data collection process.

Textbox 1. Definitions of the final analytical themes.

Klemme et al

Analysis

Qualitative analysis was performed by IK in an iterative and
nonlinear manner using the general steps of qualitative data
analysis described by Creswell [32]. This was supported by
ATLASLi (ATLASLi Scientific Software Development GmbH),
a specialized computer software for qualitative research [33].
First, inductive content analysis was applied to organize and
analyze the raw data through an open coding process
(Multimedia Appendices 1 and 2). Subsequently, these codes
were checked against the codebook and deductively created
from thetheoretical framework displayed in Figure 1 (deductive
coding). Newly emerging codes were added, or existing codes
were amended to allow for the inclusion of new insights. Axial
coding was carried out to make connections between codes,
determine relationships, and form a hierarchy among codes.
Through this process of categorization, the final broader
analytical themes were formed. The inductive coding process
did not expand the broader analytical themes of the theoretical
framework used (Textbox 1). Overall, the coding procedure
used a combination of emerging and predefined codes [34].

«  Problem definition: underlying problems that people with diabetes experience with their disease
«  Challenges: problems that people with diabetes experience in self-management using apps

«  Purposes: features that future apps need to entail to solve these problems

« Relevant contextual aspects: app characteristics [3] and technical aids such as apps [28]

« Desirable states: the ideas of people with diabetes about what the world should be like

Ethical Considerations

Before starting the recruitment of participants, aresearch ethics
self-check provided by the Vrije Universiteit Amsterdam Faculty
of Science[35] was conducted that stated that this study did not
require approval from amedical ethics committee.

Before the interviews, participants were informed about the
study’s purpose and the right to withdraw at any time. They
received information from the diabetologist or via email
regarding the research objectives and the confidentiality of their
personal information. Written or verbal voluntary consent for
the recorded interviews was asked for and obtained before the
interviews began. Intervieweeswere alowed to refuse to answer
guestionsor provide sensitiveinformation and end the interview
a any time. The interview design was based on the
operationalization of the 4 subquestions. The interview guide
included a topic list with possible probing questions. The
duration of the interviews ranged from 45 minutes to 1 hour.
Notes were taken during and after the interviews.

The interview recordings were transcribed verbatim with the
participants permission. To ensure the privacy of the
interviewees, the researcher was the only one with accessto the
recordings. The audio recordings were deleted after
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transcription, and the anonymized transcripts are stored securely
for 5years.

Results

Overview

Henceforth, a distinction will be made between users (current
app users) and interviewees (all interviewed participants). The
collected data showed that the main reason why people used an
app for their diabetes management was to improve daily
self-management.  Within the interviews, age, technical
understanding, usability of the sensor (which is attached to the
upper arm), work conditions, and compatibility with the
physician’s practice could be identified as factors influencing
the current use of apps. There were no identified differencesin
the answers from participants of different sex.

Analysis of the interviews resulted in the identification of one
guiding vision on diabetes apps from the perspective of people
with diabetes. Diabetes apps are envisioned to improve people
with T1D’s QoL and enablethemto liveasnormally aspossible
without anticipating stigma.

Anoverview of theresultsis presented in Figure 2. The Results
section isstructured in line with the elements displayed therein.
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Figure2. Results of the vision assessment: elements constructing the vision on diabetes apps from the perspective of peoplewith diabetes. Al: artificial
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Problem Definition and Underlying Values

The main problem that people with T1D experience with their
diabetes is that they wish to live as normally as possible but
they are constantly reminded that they cannot live a carefree
life:

I think as a person with diabetic you are always
between the two poles of absolute control, and | do
not care, | always oscillate between these two poles,
and you never reach one of them, you are always in
between. [R10; female; aged 47 years)|

This is related to the ambivalence that people with diabetes
must endure every day concerning their health. People with
diabetesreported not fedling sick yet having to manage achronic
disease 24/7:

Diabetesisnot areal diseasein comparison to cancer

or dementia, because you can do everything you want.

[R22; male; aged 29 years]
Values such as self-determination, individuality, privacy, and
safety, as well as associated norms, are subject to the
aforementioned ambivalence between feeling healthy and
constantly managing their diabetes. For people with diabetes,
the value of self-determination means that they can live a
self-determined lifein which they have freedom of decision and
action. However, in everyday life, they face problemswith their
blood glucose levels that make it impossible for them to have
complete freedom of decision and action. The value of safety
isimportant as people with diabetes live with a constant fear of
hypoglycemia, which can have deadly conseguences. Thus, they

https://diabetes.,jmir.org/2023/1/e38474

B et people with diabetes

need regular and reliable information on their current blood
glucose levels. Individuality about diabetes means that people
with diabetes do not feel individually supported by their apps
as these are not tailored to their life circumstances. Moreover,
people with diabetes attach great importance to the value of
privacy. However, it isimportant to note that thisvalueisrelated
to the wish not to attract attention to their disease in everyday
life situations rather than to concerns about potential accessto
personal health data generated through apps:

A more discrete sound would be great so not everyone
noticesit and it does not attract everyone's attention.
[R16; male; aged 25 years]

Challenges of Current Appsand Purposesto Be
Fulfilled by New Apps

Challengeswerereported when using appsfor self-management.
These challenges resulted in the purposes that people with
diabeteswould like to seein future apps. First, appswere found
to attract too much attention from other people. Therefore, future
apps, or rather the use of these apps, should not attract the
attention of other people so that people with diabetes do not
have to anticipate stigmatization:

During n school exam, it is very annoying when the
App makes sounds because the professors might think
you are cheating. [R18; female; aged 24 years]

Second, people with T1D could not rely on the reality of the
values displayed in the app. Therefore, people with diabetes
wished that future apps display real-time values that they can
rely on without any delay. Third, people with diabetes missed
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reliable, solid, and personalized information in the apps. Thus,
they wanted to be informed in a personalized and high-quality
manner by future apps continuously. Fourth, they missed
personal exchange options with physicians and other people
with diabetes. Hence, they desired the opportunity to
communicate with physicians and other people with diabetes

via apps.

It would be great to quickly get the information you
need fromyour doctor or other people with diabetes,
especially in tricky or new situations. [R21; male;
aged 25 years)

Relevant Contextual Aspects of Diabetes Apps

Interviewees reported that the following existing app features
and content need to be improved to optimize their
self-management: alarm tone, sensor, and app connection.
Moreover, interviewees reported that the following new app
features and content need to be developed to optimize their
self-management: artificial intelligence (Al), information, and
communication features.

Alarm Tone

Users reported ambivalence toward the alarm tone. It was
reported to be both the most useful feature to prevent hyper- or
hypoglycemiaand the most annoying feature. Most users (9/10,
90%) reported missing featuresto individually select the alarm
tone and decide when to turn it on and off. The alarms were
reported to be the most indiscrete feature as they attract alot of
attention from other people, leading to anticipated
stigmati zation:

When | am at work, | do not want my colleagues to
notice the sounds of the App. The App makes sounds
when | hypoglycaemia. They might think that | am
weak or that | cannot concentrate any longer. [R14;
female; aged 42 years|

Theinterviewees especially expressed thisin situations such as
being at work or at a restaurant or engaging in sports. In
addition, waking up to a harsh tone every night was a reason
why people with diabetes turned off the alarms at night, which
means that they accepted the risk of hypoglycemia. However,
other users said that the alarm during the night was the greatest
feature of the app as it made them feel safe. Users reported
appreciating a feature that would let them individually select
the alarm sounds and time slots when it is on or off. Most
interviewees (17/24, 71%) wished for an installation of an app
on a smartwatch. A vibrating smartwatch was argued to be
superior to an darmtone. In thisway, the potentia of anticipated
stigmati zation would a so be minimized:

| am already wearing a smartwatch and it vibrates
when | get a message. It is inconspicuous and
discreet, and not everyone notices it. Also, a quick
look at the watch and briefly holding the watch in
front of the sensor is more discreet. [R15; femaleg;
aged 43 years]

Sensor and App Connection

Concerns regarding delayed value transmission and signal loss
were widespread among interviewees. All users (10/10, 100%)
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stated that delayed value transmission hampered their
self-management:

| always have to control the system and listen to my
body and compare how | feel to what the App says.
Thisisbecause the sensor measuresthe concentration
of glucose ininterstitial fluid which has a time lag of
sometimes 20 minutes compared to blood glucose
measurements. [R16; male; aged 25 years]

Some interviewees (3/24, 13%) even reported not using an app
as they could not handle the value delay. The delayed values
reportedly made them insecure. Thus, they wished for clear
information about value delay in the app:

If the values always have a delay of 20 minutes, then
it should be written down for you like 20 minutes ago
thiswas your value. But it is not displayed anywhere,
you just have to know it. [R17; male; aged 25 years]

Furthermore, missing values because of signal loss between the
app and the sensor were mentioned repeatedly:

If you leave the phone somewhere then the value
transfer from the sensor to the App does not work
anymore, and you cannot seeyour values. Thisisvery
annoying. [R2; female; aged 32 years]
Moreover, some interviewees (6/24, 25%) stated that an
improved connection between apps and sensors from different
providers would greatly increase individual self-management.
Most interviewees (17/24, 71%) preferred an app installation
on a smartwatch that diminished the problem of signal loss as
the distance between the sensor and the watch is shorter. The
combination of improved value display and reduced signal loss
was said to increase the usability of the app and, thereby, highly
improve the daily self-management of people with diabetes.

Al Features

Many users (7/10, 70%) stated that they adapted to the app and
not the other way around:

The users adapt to the system and not the system to
the user. [R16; male; aged 25 years]

All users (10/10, 100%) indicated that apps lack sufficiency in
ensuring good self-management that suitstheir daily activities.
Concerning stressful situations at work, some interviewees
(8/24, 33%) complained that they forgot to check their values
and, thus, forgot to inject insulin for 2 reasons. First, they did
not have their phone or blood glucose meter device with them
(eg, when aphoneis not allowed at work). Second, blood level
measurement attracts too much attention from colleagues. Some
users (3/10, 30%) stated that they turned the alarms off at work
so that other people would not ask questions or notice them:

| am a teacher and during my break, | always leave
the break room to check my glucose levels. | do not
want other people to notice. Also, during meetings, |
switch off the sound because | do not want others to
think that | cannot concentrate any longer. [R14;
female; aged 42 years|
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Interviewees expressed the wish for an Al on asmartwatch app
that reminds them to check their values or shows them the
prognosis of their blood glucose level.

In addition, during activities such as sports or eating at a
restaurant, usersreported that current apps are not well adapted
to their needs. Some interviewees (5/24, 21%) stated that they
did not try a new sport as they were afraid that they could not
handle their self-management before, during, and after the new
activity. Interestingly, most user (8/10, 80%) reported missing
profound personal information about sportsin the app (content).
They suggested that algorithms and Al should provide hints or
reminders regarding nutrition, insulin dosage, and sports. The
Al should recognize patterns of body stature and fitness level
to provide users with predictions, such as a graph in which one
can see the predicted blood glucose level for a certain sport:

It could predict blood glucose level for sports. So that
I can see how the values will change during the
activity and | can adapt my eating behaviour and
activity to it. [R13; male; aged 26 years]
Furthermore, interviewees repeatedly reported that aprerequisite
for that isthat diabetes apps are connected to other apps:

Prediction is not working at all at the moment. They

should connect the Apple Health App to the diabetes

App and then tell me how much insulin | have to

inject. Or when | do sport the App could give me the

alarma bit earlier and tell me that the values will go

down quicker. [R17; male; aged 25 years]
Someinterviewees (3/24, 13%) said that, in the beginning phase,
they took a scale with them to restaurants to calculate insulin
injections, which wasreported to be an uncomfortable situation
interms of anticipated stigmatization. Most interviewees (17/24,
71%) expressed that aphoto Al calculating the bread unit (BU)
would be easy to integrate into their daily lives and be more
discrete at a restaurant. Newly diagnosed interviewees were
unanimousin the view that thisfeature would be one of the best
featuresto aleviate their daily lives.

I nformation and Communication Features

A recurrent theme in the interviews was that individually
tailored, in-depth, and informative content was missing in the
current apps. In unknown and challenging situations, most
interviewees (17/24, 71%) reported missing well-founded
sources offering reliable and individual information in apps,
which could increase safety in everyday life. For example,
interviewees expressed the wish for more information in the
form of notifications for activities such as sports, traveling, or
consuming alcohol:

It would be useful to enter interests in the App like
Pinterest and thereby get individually tailored
information via natifications. [R17; male; aged 25
years]
In addition, communication was expressed to be important but
still missing. Some interviewees (11/24, 46%) reported that
information exchange and connection with peerswere extremely
important when they were first diagnosed. Communication
features such as chats and forumswere stated to enable enhanced
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information exchange possibilities. Most interviewees (13/24,
54%) preferred adirect chat with their physician over achatbot
toreceivetimely informationin tricky situations. A chat function
with their physician was preferred over a chat with peers:

I would only like to have a quick contact with my
doctor. He knows my history and | trust him. [R19;
male; aged 26 years)
Half of the interviewees (12/24, 50%) considered a forum
feature to be more suitable for their daily life than adirect chat
with peers. Furthermore, some interviewees (5/24, 21%) were
aware that it is difficult to ensure that the available information
in forumsis medically accurate, trustworthy, and up-to-date.

Supporting and Hampering Contextual Aspects

A range of contextual aspects were mentioned by most
interviewees (18/24, 75%) that support or hamper therealization
of future apps features. On the one hand, the main supporting
aspects mentioned were fast technol ogical innovation progress,
digitalization, and Al. These were said to improve app features
and their compatibility with other devices (smartwatches). On
the other hand, interviewees perceived the lack of collaboration
between software and hardware companies as a barrier to the
implementation of innovations. In addition, many interviewees
10/24, 42%) mentioned that data security measures hamper
physician practices in transferring data from the app directly
into their professional software. Thiswasreported asmost likely
to remain a barrier in the future. Interviewees were aware that
integrating Al and the other af orementioned featuresinto future
appswill take sometime as aspects such asregulations, liability
issues, and data security measures are barriers to the
implementation of medical devices.

Interestingly, interviewees did not attach high importance to
the data security of the aforementioned new features. Most
interviewees (17/24, 71%) stated that they did not care about
data security, especially if this hampers the introduction of the
features that would make their self-management easier:

When the added value of the feature outweighs the
supposed disadvantages, | would like to use the new
App features. [R18; female; aged 24 years]

Moreover, most (10/17, 59%) assumed that they were the only
ones thinking that way and stated that most likely otherswould
give ahigher priority to data security than they did:

| personally don't see blood glucose level as super

sensitive data, but most likely other people may see

it quite differently. [R17; male; aged 25 years]
Some interviewees (8/24, 33%) stated that they believed that,
if somebody wants to find out things about them, they will.
Some respondents (7/24, 29%) also stated that they may not
have an overview of the extent to which others could harm them
by accessing their personal data.

Desirable States of People With Diabetes

Theanaysisrevealed 2 desirable states, from which the guiding
vision was developed. According to the interviewees, the
combination of both states leads to an improvement in their
QoL and the feeling of living a normal life. Thus, the
interviewees formulated the following ideas about what the
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technical solutions should look like: (1) personalized
self-management options with new app features and content
and (2) a technological fix for the problem of anticipated
stigmatization of people with diabetes.

First, all the features and contents named by the interviewees
optimized their self-management. Interviewees stated that all
the mentioned features and contents could lead to a more
personalized app that adaptsto their personal and medical needs.
In particular, agorithms and Al could provide them with
individually tailored information in the form of tips, reminders,
and predictions for a wide range of activities. Features and
contents of future apps were reported to open up options to
combine the app with a variety of hardware devices, receive
individually tailored information, and communicate with health
professionals and peers. According to interviewees, al these
features and contents of future apps could lead to an optimized
personalized self-management.

Second, some of the features that interviewees reported should
beincluded in future appsto minimize anticipated stigma. These
are features to individually select alarm tones and time slots
when the alarm is on or off, as well as the possibility to install
an app on a smartwatch that vibrates and does not make any
noise and, therefore, cannot be perceived by others. The
possibility to take a photo of the food to estimate BUs was a so
mentioned. These features make sure that others do not
recognize them as peoplewith diabetes and, thereby, reducethe
belief of people with diabetes that others stigmatize them as
sick.

From these 2 desirabl e states, the guiding vision was devel oped.
According to the interviewees, only the combination of both
leads to an improvement in QoL and living as normally as
possible without anticipating stigma.

Discussion

Principal Findings

Overview

From the perspective of people with T1D, diabetes apps can
improve QoL and enable them to live as normally as possible
without anticipated stigma. Thisguiding vision is connected to
two aspects: (1) the need for personalized self-management
options through new app features and content and (2) the need
for technological fixes regarding the issue of anticipated
stigmatization generated through the sounds and visibility of
self-management activities. In thisregard, people with diabetes
have a clear idea of which features and contents should be
included in future apps to improve self-management. Overall,
six main topics surfaced: (1) improvement of the sensor and
app connection viasmartwatch, (2) innovation of blood glucose
measurement methods, (3) prediction via Al, (4) information
and communication viaforum and chat, (5) alarm tone reduction
by using a smartwatch, and (6) data security.

Improvement of the Sensor and App Connection via
Smartwatch

Signal losses when connecting the sensor and app can be
reduced by using a smartwatch as an in-between solution. The
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distance between the sensor and the app when installed on the
smartwatch isreduced. However, alack of cooperation between
companies, liability issues, and data security measures were
mentioned as possible reasons why only afew companies offer
this solution, which is also confirmed by Freckmann [36].
Participants named data security measures as the main reason
hindering the realization of a sensor-smartwatch connection.
This finding was also confirmed by Cohen [37], who further
states that medical device regulatory procedures are a general
barrier toimplementing new technol ogies. Overall, few authors
have mentioned smartwatchesfor diabetes management support.
For example, Arsand et a [38] concluded that smartwatches
make it easier for people with diabetes to record, monitor, and
analyze their blood glucose levels in everyday life. However,
sofar, userstill need asmartphone asan intermediary to receive
the data on a smartwatch. Moreover, widespread adoption will
only be possible when the af orementioned hindering measures
and regulatory processes are alleviated.

Innovation of Blood Glucose Measurement Methods

App users demanded that apps note that the displayed values
of blood glucose are delayed. Current sensors have atime lag
of 5to 20 minutes [39]. Aware of thisissue, manufacturers are
currently devel oping new waysto measure blood glucoselevels
to improve delayed value transmission, such as mini-sensors
that can be implanted under the fingertip, sensor tattoos, or a
tool that detects blood glucose levels in exhaled air [40].
Moreover, research is also being conducted on how
smartwatches can directly measure blood glucose levels and
transmit them in real time [41].

Prediction via Al

The research results show that predicting blood glucose levels
through algorithms and Al might improve self-management of
various daily activities. However, Kriventsov et a [39] argue
that the challengein Al prediction isthevalue lag. Nevertheless,
Kriventsov et al [39] also state that it is possible to accurately
predict blood glucose fluctuations using personalized machine
learning models [39]. These findings are consistent with those
of Fatehi et al [42], who found that machinelearning algorithms
and Al can provide personalized predictions based on data
models from similar cohorts and patient histories. Therefore,
using Al in future appsto accurately predict blood glucoselevels
would greatly improve the self-management of people with
diabetesin everyday life.

In addition, Maharjan et a [43] proposed an Al-driven
personalized diabetes virtual assistant to support people with
T1D intheir daily activities. The Al could then learn from the
user’s habits, inputs, or questions so that the user receives better
support over time [43]. For example, Vettoretti et a [44]
developed an Al algorithm that can predict future blood glucose
levels based on past glitches and errors. The developed
algorithms learn from the user’s collected data (amount of
exercise, sleep, and stress) and integrate them into the prediction
models [44]. However, Kulzer [45] stated that the capacity of
Al modelsfor decision-making, datasecurity issues, and liability
issues are limited when using Al. This statement is consistent
with the barriers identified by respondents in our study.
Moreover, the intense societal debate on the opportunities and
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risksof Al, including ethics, liability, and data protection, must
be addressed [45].

Finally, the participants desired a photo Al function to help
calculate their BUs. An Al currently in development by the
start-up SNAQ, for example, performs an image-based
nutritional analysisof mealsand cal culatesthe necessary insulin
dosages[46]. Another exampleisan Al for insulin optimization
that can predict the blood sugar level for the next 60 minutes
developed by the start-up Hedia. This Al also detects eating
habits over time and suggests an adjustment tailored to the
individual [47].

I nformation and Communication via Forum and Chat

The interviewees appreciated the possibility of information
exchange with peersviaforums, although they were also aware
that it might be difficult to ensure profound knowledge in these
forums. In accordance with our findings, a study by Jeon and
Park [48] showed that participants self-care motivation
significantly improved by offering a bulletin board in their app
where people with diabetes could share their experiences and
express empathy with others.

A cross-sectional study by Litchman et al [49] suggested that
individualswho participate in web-based communities are more
likely to have improved blood glucose levels and better QoL.
Despite the proven positive effects, Eberle and Ament [50] state
that social features such as forums are not yet present in many
apps. Hence, additional research is needed to explore how forum
use influences users self-management [50]. Furthermore,
research will be needed to determine how engagement in these
forums may affect health outcomes [49].

Our research has also shown that people with T1D wish for a
chat feature in the app to communicate with their physicians
about certain or urgent problems. They did not want to
communicate with other physicians or a chatbot. The findings
of Zhang et a [51] are similar to our research. Moreover, the
participants stated that the feedback has to be on time to be
useful. However, surprisingly, a report by the Center for
Advanced Hindsight found that people with diabetes accepted
achatbot as an expert in a certain domain, and over time, they
became attached to the bot as a friend. The reason for thisis
that a chatbot can provide continuous and reliable support to
the user in atailored manner [51]. The outcomes of the report
by the Center for Advanced Hindsight [52] are somewhat
contrary to our findings. Therefore, more research is needed to
assess Whether people with diabetes would prefer a chat with
their physician or a chatbot and how either of these solutions
can be integrated into the apps to become a reliable source of
information. In this regard, it is to argue whether the findings
are not necessarily contradictory but complementary inthe sense
that, if a chat with a physician is not possible, people with
diabetes will probably settle for a chatbot, which could be
satisfying enough for them. For some people, it could also be
abarrier to approaching aphysician with a(more or lesstrivial)
guestion concerning their health, and as a conseguence, these
people are more comfortable asking a chatbot.
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Alarm Tone Reduction While Using a Smartwatch

App users criticized the sound of the alarm tone of apps while
using the smartwatch, which easily attracts the attention of other
people. Thus, they wanted atechnological fix to minimizetheir
fear of judgment from others (anticipated stigmatization). In
this context, the study by Brazeau et a [53] confirms that
noti ceabl e equipment leadsto the fear of being judged by others,
which is more pronounced among young people and is
associated with lower diabetes-related self-management and
self-efficacy, severe hypoglycemia, and diminished sense of
well-being. Furthermore, the cross-sectional study by Gredig
and Bartel sen-Raemy [54] found that anticipated stigma has a
negative impact on QoL, which isin line with our findings.

Moreover, participants of the studies by Gredig and
Bartelsen-Raemy [54] and Liu et al [55] expressed the wish for
education for the genera public to reduce diabetes stigma.
Furthermore, Gredig and Bartel sen-Raemy [54] concluded that
health care professional s play akey role in changing the stigma
about diabetes, and the authors suggested that health campaigns
for diabetes could be developed similarly to HIV campaigns.
However, to tackle stigma at its roots, a combination of
education of the public, health campaigns, and technology
development could be a halistic approach to tackle the fear of
being judged by others.

Data Security

Another key aspect was data security, which involves safely
managing the information of app users. However, interestingly,
our interviewees did not attach high importance to the data
security of new app features when the added value of a new
feature was high for their self-management. The fact that
interviewees did not attach high importance to data security is
probably dueto alack of experience with adverse events such
as security breaches or hacker attacks. Still, according to Britton
and Britton-Colonnese [56], the safety of people with diabetes
is at risk when cybersecurity is not achieved. Filkins et a [57]
listed the implications that data breaches can have for people
with diabetes. For example, malware can be installed, which
leads to both loss of control of the device and corrupted data,
with severe consequences for people with diabetes. In
conclusion, peoplewith diabetes have to be made aware of these
dangerous consequences.

Moreover, Britton and Britton-Colonnese [56] and Fleming et
al [6] revealed that people with diabetes are often unaware of
what they authorize when they install an app. In addition, when
they want to use a certain app, they have to accept how
manufacturers gather, share, and use their data [56]. These
findings support the need for more digital literacy.

Limitations

This study has limitations resulting from people with T1D and
the apps that they currently use or used in the past. Only the
guiding vision of 1 stakeholder group was assessed and not
those of various other relevant stakeholders. This study was
limited by the use of only interviews because of COVID-19
restrictions. Focus groups are more suited for the construction
of aguiding vision as people do not develop visions or opinions
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in isolation but through discussion and interaction with their
surroundings. Focus groups are better ableto mimic this process.

Although theintervieweeswho did not use apps only had limited
imagination about the potential of apps, some interviewees
(4/24, 17%) only used an app for some time as they had
problems with the sensor app system and stopped using it (eg,
an adlergic reaction to sensor glue). This limited their
imagination because of negative attitudes toward technol ogical
devices.

Furthermore, this report did not focus on all the systems that
are available for diabetes self-management. Examples of what
was not considered in this report are insulin pumps and
automated insulin delivery systems. Finally, interviewees used
different apps. Some used appsin connection with asensor, and
others used apps with a sensor and pump.

Conclusions

Peoplewith T1D have a specific ideaof the features and content
needed in future apps to improve their self-management—and,
thereby, their QoL—and enable them to live as normally as
possiblewithout anticipating stigma. Theseinclude personalized
predictionsviaAl, improvementsin signal loss and value delay

Klemme et al

via smartwatch, improved communication and information
exchange possibilities (chat and forum), profound information
sources, and warning through a vibrating smartwatch.

The vision assessment conducted in this study is a first step
toward creating a shared vision of all relevant stakeholders for
thetechnology devel opment process of diabetes apps. Therefore,
the next step could be to assess the guiding visions of the
relevant stakeholders included in the research and technology
development process. Thereby, their visions are made explicit
and can be integrated into a shared vision. The relevant
stakeholders that should be included are patient organizations;
health care professional s (diabetol ogists, diabetes advisers, and
dieticians); insurers; policy makers; device manufacturers; app
developers; researchers; medical ethicists; and medical data
security specialists. This enables the development process of
future apps to be guided by a rich and shared vision of all
relevant stakeholders, thereby raising thelikelihood of the apps
being societally relevant and responsible. The research and
development processisfollowed by the implementation of new
apps. The implementation requires regulations regarding data
security (Al), liability issues, and reimbursement (the Digital
Supply Act).
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Abstract

Background: Medication nonadherence is a problem that impacts both the patient and the health system.

Objective: The aobjective of this study was to evaluate the impact of a novel smartphone app with patient-response-directed
clinical intervention on medication adherence and blood glucose control in noninsulin-dependent patients with type 2 diabetes
mellitus (T2DM).

Methods: We enrolled 50 participants with T2DM not on insulin with smartphones from arura health care center in Northern
Nevada for participation in this case-crossover study. Participants underwent a standard of care arm and an intervention arm.
Each study arm was 3 months long, for atotal of 6 months of follow-up. Participants had a hemoglobin A, (HbA,.) lab draw at
enrollment, 3 months, and 6 months. Participants had monthly “medication adherence scores’ (MAS) and “ Self-Efficacy for
Appropriate Medication Use Scale” (SEAMS) questionnaires completed at baseline and monthly for the duration of the study.
Our primary outcomes of interest were the changes in HbA ;. between study arms. Secondary outcomes included the evaluation
of the difference in the proportion of participants achieving a clinically meaningful reduction in HbA ;. and the difference in the
number of participants requiring diabetes therapy escalation between study arms. Exploratory outcomesincluded the analysis of
the variation in medication possession ratio (MPR), MAS, and SEAMS during each study arm.

Results: A total of 30 participants completed both study arms and were included in the analysis. Dropouts were higher in
participants enrolled in the standard of care arm first (9/25, 36% vs 4/25, 16%). Participants had a median HbA ;. of 9.1%, had
been living with T2DM for 6 years, had a median age of 66 years, and had a median of 8.5 medications. HbA .. reduction was
0.69% in the intervention arm versus 0.35% in the standard of care arm (P=.30). A total of 70% (21/30) of participants achieved
aclinically meaningful reduction in HbA ;. of 0.5% in the app intervention arm versus 40% (12/30) in the standard of care arm
(odds ratio 2.29, 95% CI 0.94-5.6; P=.09). Participants had higher odds of atherapy escalation whilein the standard of care arm
(18/30, 60% vs 5/30, 16.7%, odds ratio 4.3, 95% CI 1.2-15.2; P=.02). The median MPR prior to enrollment was 109%, 112%
during the study’s intervention arm, and 102% during the standard of care arm. The median real-time MAS was 93.2%. The
changein MAS (1 vs-0.1; P=.02) and SEAMS (1.9 vs -0.2; P<.001) from baseline to month 3 was higher in the intervention
arm compared to standard of care.

Conclusions: A novel smartphone app with patient-response-directed provider intervention holds promise in the ability to
improve blood glucose control in complex non—insulin-dependent T2DM and is worthy of additional study.

(JMIR Diabetes 2023;8:e44297) doi:10.2196/44297
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Introduction

Medication nonadherence is a problem that impacts both the
patient and the health system. Medication nonadherence results
in undesirable clinical outcomes, especialy in patients with
chronic diseases, as well as increases in health care resource
consumption [1]. The International  Society  of
Pharmacoeconomics and Outcomes Research (ISPOR) has
identified that 33%-69% of medication-related hospitalizations
are dueto poor adherence, accounting for up to US $100 billion
in annual health care costs[2,3].

Specifically, medication nonadherence has been identified as a
major problem in the management of patients with type 2
diabetes mellitus (T2DM). Studies have shown only 40%-60%
of patients maintain aproportion of days covered (PDC), defined
as the proportion of days over a given period that a patient has
medication availableto take, of >80%, and only 45% of patients
with T2DM are able to maintain glycemic control during
treatment [1,4,5]. In patients with T2DM, nonadherence has
been correlated with poor glycemic control, exposing patients
to significant long-term complications of the disease [4].
Improvementsin medication adherence in this population have
been shown to improve clinical outcomes as well as reduce
health care costs [6,7].

Specific to the“veteran” population, T2DM affects greater than
20% of veterans compared to 8% of the general population [8].
Studies have shown that 73% of veterans are nonadherent with
their medications [8]. The number of medications and
complexity of their medication regimen were associated with
increased rates of nonadherence [8].

Thus, with the known importance of medication adherence in
problems such as T2DM, considerable research efforts have
been put forth to improve adherence and attendant health
outcomes. Advancesin technol ogy have been shown to improve
medication adherence in awide range of disease states [9-20].
Automated alerts have been shown to improve medication
adherencein patients with hypertension [10]. Smartphone apps
have demonstrated increased patient awareness and improved
medication adherencein T2DM [9,15,17]. Automated reminders,
along with pharmacist intervention, have improved glycemic
control aswell as medication adherencein patientswith diabetes
[6,11]. A limitation of all these studiesisthe use of “medication
possession ratio” (MPR), PDC, or “medication administration
score” (MAYS) as asurrogate marker for medication adherence.
These measures have significant limitations and biastoward an
overestimation of true adherence. Current measures also lack
auditableinformation that could be reviewed by the patient care
team in directing interventions. Due to such limitations with
current technologies, many of these studies have failed to
demonstrate clinically meaningful improvement in patients
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control of chronic disease states [6,9,10]. Within the veteran
population, continued challenges remain in improving
medication adherence and the attendant morbidity of
uncontrolled diabetes.

The purpose of this study was to operationalize a pragmatic
study design to evaluate the impact of a novel smartphone app
that provides customizable medication aerts, real-time auditable
adherence data, and a novel engagement system on medication
adherence and blood glucose control in asingle-site health care
system.

Methods

Study Design

In a pragmatic, quasi-experimental pilot study approach, we
employed acase-crossover design where participants underwent
both astandard of carearm aswell asan intervention arm. Study
participants were assigned in alternating blocks of 5to either a
standard of care arm followed by intervention or intervention
followed by standard of care. Each study arm was 3 months
long, for a total of 6 months of follow-up. Participants had a
hemoglobin A;; (HbA,) lab draw and MPR assessment at
enrollment, 3 months, and 6 months. In addition to structured
lab draws and M PR assessments, participants had the MAS and
“ Self-Efficacy for Appropriate Medication Use Scale” (SEAMYS)
guestionnaires completed at baseline and monthly for the
6-month study duration. For additional information on trial
design, medication adherence scoring measures, participant
recruitment, and sample size determinations, see Multimedia
Appendix 1.

Subject Recruitment

Participants were recruited from the Veterans Affairs Sierra
Nevada Health Care System (VASNHCS) between March and
November 2021. The VASNHCS is a Veterans Affairs (VA)
medical center that provides care to more than 30,000 US
military veterans across a large geographical area comprised
primarily of rural and highly rural communities. The Veterans
Health Administration (VHA) provides comprehensive health
and pharmacy benefits to al enrolled veterans. Potential
participants were identified and recruited using the VHA
corporate datawarehouse. Participants older than 18 yearswith
uncontrolled T2DM on active treatment were identified and
contacted for participation. Potential participantswererecruited
in descending priority according to the number of previous
HbA ;. greater than 8.5% in the last 2 years and were excluded
if they were on insulin or were initiated on insulin during the
study period. Potential participants were aso excluded if they
did not own a smartphone or were unable to download the
smartphone app and create a user account. Therewas no formal
assessment of technology literacy.
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Standard of Care

The VASNHCS provides comprehensive clinical, specialty,
and pharmacy care to al enrolled veterans. Study participants
enrolled in the standard of care arm were provided medication
reconciliation counseling focused on adherence strategies. They
were then instructed to continue to follow up with either their
primary care provider or endocrinologist. Participants' primary
care providers and endocrinol ogists were free to modify their
medications, prescribe new medications, and discontinue
medications in accordance with the VA national formulary and
current clinical practice guidelines.

Intervention

In addition to medication reconciliation and counseling on
medication adherence, participants were provided with a novel
smartphone app, DayaMed Arthur (DayaM edical s Incorporated),
configured with their current medications. The app provided
accurate prompts and reminders to participants to take all
medications as directed and paired with caregivers to notify
them of medication administration status. The app medication
reminders were set up so that they required a participant’'s
response or action to be satisfied. See Multimedia Appendix 2
for additional information on app reminders and the digital
incentivization program.

Clinical Outcomes

Our primary outcomes of interest were the change in HbA
compared between the smartphone app intervention arm and
the standard of care. Secondary outcomes focused on the
evaluation of the difference in proportion of participants able
to achieve a clinically meaningful reduction in A4, defined as
0.5%, and the differences in the proportion of participants that
required escalation of diabetes medication therapy. Therapy
escalation was defined as the addition of a new therapy or an
increase in the dose of an existing therapy to the participant’'s
regimen for the treatment of diabetes. If a participant was
converted from a dipeptidyl peptidase-4 inhibitor (DPP4-I) to
a glucagon-like peptide-1 (GLP-1) agonist, this was aso
considered a therapy escalation. De-escal ation was considered
when a medication dose for the treatment of diabetes was
decreased or discontinued. Exploratory outcomes included
differences in visits for the management of T2DM as well as
the analysis of the variation and changesin MPR, MAS, and
SEAMS during each study arm.
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Statistical M ethods

We used a modified intent-to-treat approach to complete our
analyses. Participants who did not undergo both study arms
were excluded from the analyses. Participantswereincluded in
the analysis regardless of engagement with the study
intervention and care team, provided all lab draws and surveys
were completed. The primary end point of the difference in
mean reduction HbA . between the intervention and control
groupswas eval uated using apaired t test. Secondary outcomes
of the proportion of participants achieving areduction of HbA ;.
of greater than or equal to 0.5% and the proportion of
participants requiring therapy escalation were evaluated using
McNemar's test. Other exploratory outcomes included
descriptive analysis eval uating the baseline and changein MAS
and the changein SEAMS from baseline to completion of each
study arm (intervention and standard of care).

Ethics Approval

This study was reviewed and approved by the University of
Nevada, Reno Institutional Review Board (1655381-2). All
study participants provided written informed consent before the
initiation of any study activities.

Results

Study Population

A total of 50 participantswere enrolled over an 8-month period.
Out of which 9 participants withdrew consent, 4 participants
were lost to follow-up, 4 participants were initiated on insulin,
1 participant was initially diagnosed and initiated on treatment
by the study team, and 2 participants were later identified as
latent-onset type 1 diabetics. Resulting in 30 evaluable
participants (Figure 1) who completed both study arms.
Dropouts were twice as high in participants who were enrolled
in the standard of care arm first compared to the intervention
arm (9/25, 36% vs 4/25, 16%). Only 2 participants dropped out
while actively on the app; both travel ed frequently and struggled
with aerts not adapting to changing time zones. All other
participants withdrew during the standard of carearm, primarily
due to unwillingness to continue monthly surveys and every
3-month lab draw.
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Figure 1. Description of study enrollment and retention.
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Participants had a median HbA ;. of 9.1% (IQR 8.6%-9.6%)
and had been living with T2DM for 6 (IQR 3-10) years with a
median BMI of 30.8 (IQR 28.2-36.3). Participants had
significant comorbidities, most commonly hypertension and
hyperlipidemia. The median age of study participants was 66
(IQR 56.25-73.25) years and al were male. Participants were
on amedian of 8.5 (IQR 6.3-11) medications and 3 (IQR 2-3)
medicationsfor the management of diabetes. The most common
medication classesfor the treatment of diabeteswere biguanides
(29/30, 96.7%) and sulfonylureas (19/30, 63.3%). New novel
medicationswere also used by participantsenrolled in the study,
with 6/30, 20% on a GLP-1 agonist and 11/30, 36.7% on a
sodium-glucose cotransporter-2 (SGLT2) inhibitor. Of note, all
but 1 participant were prescribed statin therapy. Overall, the
evaluable participants were similar to the population which
dropped out or was excluded from analysis in regard to age,
HDbA ;. at basdline, BMI, MPR, time sincefirst T2DM diagnosis,
and comorbidities. The population that dropped out differed on
the median number of total medications (5 vs 8.5; P=.01). The
lower medication burden may have played a factor in
participants' decisions to withdraw from the study. See
Multimedia Appendix 3 for the complete study demographic
table.

Review of Clinical Outcome Results

The average HbA . reduction was 0.69% while participants
were in the smartphone app intervention arm versus 0.35% in
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the standard of care arm (P=.30) (Table 1). The SD in both
groupswas large (0.92% vs 1.30%), pointing toward significant
variation in total HbA,. change by participant, which was
expected. A total of 21/30 (70%) participants achieved a
clinically meaningful reduction in HbA ;. of 0.5% in the app
intervention arm versus 12/30 (40%) in the standard of carearm
(odds ratio 2.29, 95% CI 0.94-5.6; P=.09). A total of 16/17
(94.1%) participants in the intervention first arm achieved an
HDbA ;. reduction greater than or equal to 0.5% while on the
smartphone app intervention, compared to only 4/13 (30.8%)
in the standard of care first arm. A total of 8/13 (72.7%)
participants sustained or improved reductions in HbA ;. when
assigned to the intervention following the standard of carearm.
Conversely, only 9/17 (56.2%) participants sustained or
improved on HbA ;. reductions achieved during theintervention
arm when switched to standard of care. Participants had
statistically significantly higher odds of a therapy escalation
whilein the standard of care arm than while on theintervention
(n=18/30, 60% vs n=5/30, 16.7%; odds ratio 4.3, 95% ClI
1.2-15.2; P=.02). Additionally, 3 participants had therapy
de-escalated while on the intervention, compared to 0
participants while on the control arm. Therapy escalation was
split evenly between participants assigned to the intervention
first and the standard of carefirst (8/17, 47.1% vs7/13, 53.8%).
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Table 1. Comparison of intervention outcomes in case-crossover study of adigital intervention versus standard of care.

Intervention (n=30) Standard of care (n=30) P vaue
Primary effectiveness outcome
Change in HbA ;.2 mean (95% Cl) 0.69 (0.36 t0 1.02) 0.35(-0.12t0 0.82) .30
Secondary effectiveness outcome
=0.5% HbA 1 reduction, n (%) 21 (70) 12 (40) .09
Therapy escalated, n (%) 5(16.7) 18 (60) .02
Therapy de-escalation, n (%) 3(10) 0(0) _b
Visits for T2DMS, median (IQR) 2(1t03) 2(1to3) -
M edication adherence scores
MPRY median (IQR) 112 (100 to 130) 102 (98.5t0 127) 37
RMA® median (IQR) 93.2(79.3t099.1) — —
Changein MASf, mean (95% Cl) 1(0.48t01.52) -0.10 (-0.54t0 0.34) .02
Change in SEAMS?, mean (95% CI) 1.90 (0.86 to 2.94) -0.20 (-0.56 to 0.16) <.001

8HbA ¢ hemoglobin A ;.

®Not available.

°T2DM: type 2 diabetes mellitus.

dMPR: medication possession ratio.

®RMA: real-time medication adherence score.

"MAS: medication administration score.

9SEAMS: self-efficacy of appropriate medication use scale.

The median MPR for the 6 months before enrollment was 109%
for the study population. During the study intervention arm,
MPR was 112% (IQR 100%-130%) and 102% (IQR
98.5%-127%) during the standard of care arm. Despitethe MPR
maintaining above 100% on average, the median real-time
medication adherence (RMA) was estimated to be 93.2% (IQR
79.3%-99.1%). The average baseline MAS was 6 out of 8,
defined as moderate adherence, and the baseline SEAMS was
41.5 out of 45, defined as high confidence. The changein MAS
(1.0 vs -0.1; P=.02) and SEAMS (1.9 vs —0.2 P<.001) from
basdlineto month 3 was higher in the intervention arm compared
to standard of care. Overall, there was significant variation
between the different adherence scores, though most trended
toward moderate to good adherence. MPR and SEAM s appear
to report higher adherence rates, whereas MAS and RMA
reported moderate adherence rates in study participants. The
smartphone app intervention appeared to improve participant
MPR, self-reported adherence rates through the MAS, and
confidence around medication adherence, as reported by
SEAMS. These changes were incremental, but they may
represent more significant improvements in true medication
adherence.

Discussion

Principal Findings

Under conditions of a pragmatic pilot study design, we were
able to demonstrate that a novel smartphone medication
adherence app demonstrated positive effects in improving
medication adherence, patient confidence in their ability to

https://diabetes.jmir.org/2023/1/e44297

adhere to their medication plan, and blood glucose control in a
single-center study among veterans with chronicaly
uncontrolled T2DM. While not achieving statistical significance
for our primary end point, the reduction in HbA ;. while on the
smartphone app trended toward significance, as did the
proportion of participants who achieved aclinically meaningful
reduction in HbA ;.. Additionally, participantsin theintervention
had 4 times lower odds of having an escalation of therapy
compared to the standard of care. Given that the study was a
cross-over design, therapy escalation in participants initially
enrolled in the control arm could have skewed the HbA .
reduction observed in the following intervention arm. However,
the escalation of therapy was split evenly between the app first
and standard of care first intervention groups. Additionally,
HDbA ;. reduction was consistently observed while participants
were on the intervention in both groups. Finally, HbA . levels
appeared to increase when the smartphone app intervention was
removed in the app first group, while HbA . reductions were
increased or sustained in the standard of care first group when
the smartphone app intervention was added (Multimedia
Appendix 4). Collectively, these data corroborate currently
published data, suggest that the intervention has a positive
impact on lowering blood glucose in patients with complex
uncontrolled T2DM, and provide preliminary evidence to
support alarger, more definitive study.

An interesting and unexpected finding in the analysis was the
difference in therapy escalation and de-escalation between the
smartphone app and standard of care observation periods. The
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overal proportion of participants with an escalation of their
diabetes medications during the 3 months of the standard of
care arm was 60% (18/30), compared to 17% (5/30) in the
intervention arm periods. We were unable to find comparative
datawith similarly complex participantsover asimilar duration
of follow-up to compare our findings, though thiswoul d appear
to beaclinically meaningful observation. In aposthoc analysis,
we evaluated a matched retrospective cohort (N=60) in which
medication escalation was observed in 35/60 58.3% of
participants over a 3-month period (Multimedia Appendix 5).
This data suggests that the smartphone app intervention may
impact therapy escalation, which is meaningful in the
management of chronic progressive disease states such as
diabetes. A better understanding of the duration of this effect
on therapy escal ation needs to be evaluated in future studies of
this and other adherence interventions.

In our exploratory objective to evaluate different measures of
medication adherence, we found significant variation in reported
adherence metrics. MPR consistently overestimated adherence
and was not able to provide granularity on adherence patterns.
RMA provided amore accurate review of medication adherence
and an understanding of adherence patterns. Participants
self-reported adherence scoresincreased while on the app, which
was reflective of patient self-reporting during study visits that
the smartphone app increased their confidence in understanding
their medication regimen. This finding supports the current
literature, which has demonstrated that automated reminders
improve participants self-reported adherence scores. In the
intervention first cohort, the improvement in self-reported
medication adherence scores during the intervention arm was
not sustained during the standard of care arm, indicating that
perhaps 3 months of app use are not sufficient to build
long-lasting habits around medication adherence. It is possible
that medication changes during the control arm may have also
contributed to reductionsin self-reported medication adherence
scores. Future research is needed to evaluate the optimal
duration of app engagement (or other medication adherence
interventions) required to build lasting habits and the impact of
new medication changes on established medication adherence
habits.

Limitations

Asthiswasapilot study, inherent limitationsincluded the small
sample size, high rate of dropout, and quasi-experimental
cross-over study design. For this pragmatic point-of-care pilot
study, we successfully enrolled 50 participants over an 8-month
period. Our dropout and exclusion rates were higher than
anticipated, with only 30 participants completing the study and
being included in the final analysis. We believe the complexity
of the population and long-term history of uncontrolled diabetes
contributed to the fact that engagement in the standard of care
armwas minimal and resulted in 7 of 9 participantswithdrawing
from the study and 4 participants being lost to follow-up. It is
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possible that including a nominal incentive in future studies
would increase sustained participation in the standard of care
arm. Lack of patient engagement in care and commitment to
lifestyle modification is aknown challenge in the management
of patients with chronic disease states, including T2DM. Of
note, only 2 participants withdrew consent, and none were |ost
to follow-up while on the smartphone app. This difference in
dropout and lost to follow-up may be dueto participantsfeeling
more engaged with their care and care team while using the
app, which providesdaily alerts, specific notifications, prompts
cals from the study team, and a unique nonmonetary
incentivization system. Additional research is needed to better
understand this difference, as improved engagement using
smartphone apps may provide meaningful improvement in
health outcomes across popul ations. With the small samplesize
of thisstudy, we planned to conduct across-over study to ensure
comparison groups were balanced in subject complexity. The
limitation of this approach is the lack of a truly independent
intervention; however, we felt this trade-off was acceptable in
this first pilot study and ensured groups were similar for
analysis.

Other limitations in our analysis are that the study was
conducted in asingle center in northern Nevada and limited to
the veteran population, and that the treatment and management
of diabetes were managed by the participant’s established
primary care provider or endocrinologist. While our clinical
care setting may not reflect more urban settings, our rural and
highly rural population provides new insights into potential
solutions for this population, which is significantly
underrepresented in research. Deferring the management of
diabetes to the care team alowed for variability in prescribing
practice to potentially impact the results. The VA has a
structured formulary and management guidelines that aim to
ensure consistent quality care across the veteran population.
We fedl that this structure limits the potential impact of
significant interprovider variability.

Conclusions

A novel smartphone app with patient-response-directed provider
intervention holds promise in its ability to improve blood
glucose control in complex noninsulin-dependent T2DM and
isworthy of additional study. This system of intervention may
be a viable solution to reduce the medication burden by being
a noninvasive method of reducing the need for diabetes
medication escalation. RMA provides more granular and
actionable detail on patient medication adherence for the care
team compared to MPR. A smartphone app with built-in
medication al erts can improve patients self-reported medication
adherence scores and confidence in taking their medications.
However, a 3-month duration of use is not sufficient to build
long-lasting improvements in medication adherence or patient
confidence.
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Abstract

Background: TheHypoglycaemia—MEasurement, ThResholdsand ImpaCtS (Hypo-M ETRICS) smartphone app was devel oped
to investigate the impact of hypoglycemia on daily functioning in adults with type 1 diabetes mellitus or insulin-treated type 2
diabetes mellitus. The app uses ecological momentary assessments, thereby minimizing recall bias and maximizing ecological
validity. It was used in the Hypo-METRICS study, a European multicenter observational study wherein participants wore a
blinded continuous glucose monitoring device and completed the app assessments 3 times daily for 70 days.

Objective: The 3 aims of the study were to explore the content validity of the app, the acceptability and feasibility of using the
app for the duration of the Hypo-METRICS study, and suggestions for future versions of the app.
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Methods: Participants who had completed the 70-day Hypo-METRICS study in the United Kingdom were invited to participate
in a brief web-based survey and an interview (approximately 1h) to explore their experiences with the app during the
Hypo-METRICS study. Thematic analysis of the qualitative data was conducted using both deductive and inductive methods.

Results: A total of 18 adults with diabetes (type 1 diabetes. n=10, 56%; 5/10, 50% female; mean age 47, SD 16 years, type 2
diabetes: n=8, 44%,; 2/8, 25% female; mean age 61, SD 9 years) filled out the survey and were interviewed. In exploring content
validity, participants overall described the Hypo-METRICS app asrelevant, understandable, and comprehensive. Intotal, 3 themes
were derived: hypoglycemia symptoms and experiences are idiosyncratic; it was easy to select ratings on the app, but day-to-day
changeswere perceived as minimal; and instructions could beimproved. Partici pants offered suggestions for changes or additional
guestions and functionsthat could increase engagement and improve content (such as providing more examples with the questions).
In exploring acceptability and feasibility, 5 themes were derived: helping science and people with diabetes; easy to fit in, but
moreflexibility wanted; hypoglycemiadelaying responses and increasing completion time; design, functionality, and customizability
of the app; and limited change in awareness of symptoms and impact. Participants described using the app asapositive experience
overall and as having a possible, although limited, intervention effect in terms of both hypoglycemia awareness and personal
impact.

Conclusions: The Hypo-METRICS app shows promise as a hew research tool to assess the impact of hypoglycemia on an
individual’s daily functioning. Despite suggested improvements, participants responses indicated that the app has satisfactory
content validity, overall fitsin with everyday life, and is suitable for a 10-week research study. Although developed for research
purposes, real-time assessments may have clinical value for monitoring and reviewing hypoglycemia symptom awareness and

personal impact.

(JMIR Diabetes 2023;8:e42100) doi:10.2196/42100
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hypoglycemia; diabetes; ecological momentary assessment; smartphone app; content validity; mobile phone

Introduction

Background

Hypoglycemia, or low blood glucose, isacommon complication
of insulin treatment among people with type 1 diabetes mellitus
(T1DM) and insulin-treated type 2 diabetes mellitus (T2DM).
Hypoglycemiacan result in neurocognitive impairment [1] and
can be debilitating, adversely affecting multiple aspects of
quality of life (eg, work life and relationships) for people with
diabetes and their family members[2-4].

The Hypoglycaemia— M Easurement, ThResholdsand ImpaCtS
(Hypo-METRICS) app was developed for research purposes
and uses ecol ogical momentary assessments (EMAS) to capture
theimpact of hypoglycemiaon daily functioning in adultswith
T1DM or insulin-treated T2DM [5,6]. EMA refers to the
repeated assessment of experiences and behavior in rea time
and in the usual environment of the participants [7]. The
Hypo-METRICS app is currently being used for the first time
in the Hypo-METRICS clinical study, a European multicenter
observational study conducted under the Hypoglycaemia -
REdefining SOLutions for better 1iVEs (Hypo-RESOLVE)
project [8]. One aim of the Hypo-METRICS study was to
investigate participants’ experiences and the impact of
hypoglycemia via a smartphone device 3 times per day
(morning, afternoon, and evening check-ins) for 70 consecutive
days. In addition to their usual method of glucose monitoring,
participantswore ablinded continuous glucose monitor (CGM)
to record their glucoselevelsin real timefor research purposes.
The Hypo-METRICS app enablesresearchersto investigate the
impact of hypoglycemiatemporally closer to the occurrence of
the episode or episodes, reducing the risk of recall bias and
confounding variables. Furthermore, by using smartphones,
responses are captured during the participants' day-to-day lives,

https://diabetes.jmir.org/2023/1/e42100

not in a hospital or research laboratory setting, thereby
optimizing ecological validity [7].

The app was designed iteratively, informed by an independent
group of adults with diabetes and a multidisciplinary team of
psychologists, diabetologists, health economists, industry
partners, and members of the Hypo-RESOLVE consortium
patient advisory committee. All stakeholders provided feedback
on the content (questions and response options). Content validity
is “the degree to which the content of an instrument is an
adequate reflection of the construct to be measured” and can be
considered in terms of relevance, comprehensiveness, and
comprehensibility [9]. Although the content validity of the
Hypo-METRICS app was addressed during its development,
the COSMIN (Consensus-based Standards for the Selection of
Health Measurement Instruments) guidelines for exploring the
quality of person-reported outcome measures [9] recommend
that new instruments be subjected to additional content validity
studies in independent samples.

Objectives

The first aim of this study was to explore whether the app is
“fit for purpose” by investigating its content vaidity. The second
aim was to explore the use of the app in the Hypo-METRICS
clinical study in terms of both acceptability (eg, ease of use)
and feasibility (eg, completion multiple times per day over 10

wk). The third aim was to explore participants’ suggestions for
future versions of the app.

Methods

Design
This study was conducted as part of the European
Hypo-METRICS clinical study, initiated in October 2020. The

JMIR Diabetes 2023 | vol. 8 | €42100 | p.123
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study consisted of a short web-based survey (quantitative data)
followed by an interview (qualitative data). This
combined-method design was used to address the research
question. This manuscript followed the COREQ (Consolidated
Criteria for Reporting Qualitative Research) checklist [10]
(Multimedia Appendix 1). Details of the overall 10-week
Hypo-METRICS study have been published previously [5,8].

The Hypo-METRICS App

The Hypo-METRICS app comprises 29 unique items, forming
7 modules, and uses EM A to examine how hypoglycemiaaffects
daily functioning among adults with TIDM or insulin-treated
T2DM [5] (content available in Multimedia Appendix 1). The
app was administered via the uMotif Limited platform [11].
Daily functioning includes sleep quality, overall mood, energy
levels, negative affect, cognitive functioning, fear of high and

Sgholm et d

low glucose levels, social functioning, and work-related
guestions. Additional questions capture details of each episode
of hypoglycemia (including how it was detected and managed;
Multimedia Appendix 1). Participants could only complete each
of the check-ins within predefined time intervals (morning: 6
AM to noon; afternoon: noon to 6 PM; evening: 6 PM to
midnight). Notifications were sent to remind participants to
complete each of the 3 daily check-ins (at 7 AM, 3 PM, and 9
PM). Thefull details of the Hypo-METRICS app devel opment
have been described previously [5].

In addition to the check-ins, other featureswereincluded in the
app for other research purposes, including the Motif, which
participants were asked to complete after each hypoglycemic
episode—and which was used to document hypoglycemic
symptoms—by moving the Motif dider to record their response
(Figure 1 and Multimedia Appendix 1).

Figure 1. Screenshots of the Hypo-METRICS app on the uMoatif Limited platform (left: Motif for recording symptoms; middle and right: check-ins

for describing daily functioning and hypoglycemia).

Extrermel y
badly

Study Participants and Recruitment

Participants from clinical sites in the United Kingdom were
eligible to participate if they (1) had completed the 70-day
Hypo-METRICS clinical study (key inclusion criteria were
having TADM or insulin-treated T2DM and at | east one episode
of hypoglycemiain the past 3 months [8]), (2) had accessto a
computer and internet, and (3) were willing to complete a
web-based survey and a semistructured interview. Participants
were approached (viaemail or telephone or at the clinic) by the
research team and invited to take part. Purposive sampling was
used to recruit a heterogeneous subsample of participants (eg,
across sexes, types of diabetes, age groups, and check-in
completion rates). Participants were not compensated for taking
part in theinterviews.

https://diabetes.jmir.org/2023/1/e42100
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Data Collection

Participants who expressed interest in the interview study
received an email including the participant information sheet
and provided written consent for participation. Participants
sociodemographic and clinical characteristics were collected
from the Hypo-METRICS REDCap (Research Electronic Data
Capture; Vanderbilt University) database. Typically, afew days
beforetheir interview, participants completed a brief web-based
survey via Qualtrics (Qualtrics International Inc) reflecting on
their overall experiences with the Hypo-METRICS app,
including (1) motivation to fill in the check-ins, (2) relevance
of the check-in questions, (3) understandability of the check-in
questions, (4) ease or difficulty of learning how to use the
check-ins, (5) design or look of the check-ins, and (6) overall
ability to capture the true impact of hypoglycemia (see questions
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and scalesin Multimedia Appendix 1). Each of these questions
could be rated on a scale of 0 to 10, with higher ratings
indicating amore positive experience. The survey was devel oped
by a core group of the investigators (US, NZ, MB, CH, JS, PC,
and FP) and assessed by the remaining coauthorsto confirmits
face validity.

A semistructured interview guide was devel oped to explore (1)
the content validity of the app and (2) acceptability and
feasibility (Multimedia Appendix 1). The interview guide was
developed based on similar studies[12], the Mobile App Rating
Scale[13], and the COSMIN content validity manuals[9]. All
interviews were conducted in English via Zoom (Zoom Video
Communications) and audio recorded with the participants
permission. During the interviews, the participants viewed the
app items via a shared screen to help them remember the
content. The researcher (US) who led the interviews was a
Doctor of Philosophy student (University of Southern Denmark,
Odense) at the time of the interviews and received additional
training on conducting qualitative research as part of his Doctor
of Philosophy training. He had previously conducted cognitive
debriefing interviews as part of the trandation of the
Hypo-METRICS app [5] and received communication training
as part of hismedical degree. No participants had any previous
interactions with US, only knowing that he was a member of
the Hypo-METRICS team. The second researcher (NZ), who
was present during the interviews, is an experienced qualitative
researcher and has had training in qualitative research
throughout her Master of Sciencein Health Psychology and has
received further training in qualitative research through the
University of Oxford Medical Sociology and Health Experiences
Research Group.

In line with the aims and deductive methods of the proposed
analysis, the authors followed the procedure recommended by
Halcomb and Davidson [14], which consists of extensive field
note taking in lieu of full verbatim transcription [15-17].
Researcher USinterviewed the participantswhile NZ took field
notes and assisted with prompt questions. After completing the
first 2 interviews, NZ and US amended the interview guide
based on the initial field notes. After each interview, NZ
reviewed the field notes and added to them. Next, USand JLA
listened to the audio-recorded interviews one or more time or
times to ensure that the field notes represented the interactions
in the interview. They added verbatim quotes that were useful
to illustrate participants' feedback and amended the notes if
necessary. Recordings and notes were saved on a code-secured

https://diabetes.jmir.org/2023/1/e42100
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external hard drive. The notes and findings were not returned
to the participants for comments. During the data collection
period, US and NZ met with the wider research team to discuss
preliminary findings and amendments to the interview guide.
Most of the conversations during the interviews were centered
on the 3 check-ins, but participants also shared their experiences
with the Motif. If not specified, the descriptions in this paper
refer to the check-ins.

Data Analysis

Descriptive statistics were used to summarize participants
demographic and clinical characteristics as well as their
responses to the web-based survey. These data were presented
as numbers and percentages or means and SDs. The notes from
the semistructured interviews were uploaded to NVivo (version
11; QSR International) to perform coding and thematic analysis.
A deductive approach (theory driven using the research aims
described previously) for the initial analysis was followed.
Despite this deductive approach (in particular for aim 1), an
inductive processto identify themeswas used following general
principles of theiterative process outlined by Braun and Clarke
[18]. Aninitia coding framework was agreed upon by US and
NZ and followed by independent double coding of 20% of the
interview notes. Candidate themes were discussed and revised
by al authors, and a consensus was reached on the themes to
include. Developers' perspectives on the suitability of the
proposed changes were drafted by US and reviewed and
amended by the remaining coauthors.

Ethical Considerations

Ethics approval was obtained from the South Central—-Oxford
B Research Ethics Committee (20/SC/0112).

Results

Overview

Of the 49 participants from the Hypo-METRICS study who
were approached, 18 (37%) adults with diabetes were
interviewed (T1DM: n=10, 56%; 5/10, 50% female; mean age
47, SD 16 years, T2DM: n=8, 44%; 2/8, 25% female; mean age
61, SD 9 years, Table 1). The interview duration ranged from
2910 81 (mean 53, SD 15) minutes. All participants completed
the brief web-based survey before the interviews.

A total of 8 themes were derived from the interview data and
organized by study aim (Textbox 1).
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Table 1. Participant characteristics.

Characteristic Type 1 diabetes (n=10) Type 2 digbetes (n=8)
Sex (female), n (%) 5 (50) 2(25)
Age (years), mean (SD) 47 (16) 61 (9)

Recruitment site, n (%)

Cambridge 1(10) 0(0)

King's College London 3(30) 4 (50)

Dundee 0(0) 1(12)

Sheffield 6 (60) 3(38)
Employment, n (%)

Full time 5 (50) 3(39)

Part time 1(10) 1(12)

Unemployed (but not actively looking for work) 1(10) 0(0)

Retired 3(30) 4 (50)
Impaired awareness of hypoglycemia (Gold score of >4), n (%) 5 (50) 1(12)
Diabetes duration (y), mean (SD) 26 (16) 16 (8)
HbA 1 (mmol/mol), mean (SD) 58.06 (13.54) 57.19 (20.77)
HbA 1 (%), mean (SD) 7.46 (1.24) 7.38(1.90)

Glucose monitoring modality, n (%)

Flash 5 (50) 2(25)
Finger prick 5 (50) 6 (75)

App check-in completion rates (%), mean (SD)
Morning check-ins 85.14 (9.48) 86.43 (10.66)
Afternoon check-ins 75.29 (11.35) 86.79 (11.16)
Evening check-ins 85.00 (7.66) 94.64 (5.70)
Total completion rate 81.81 (8.37) 89.29 (8.76)

Web-based survey ratings®, mean (SD)

Motivation to use the check-ins 7.80 (1.62) 8.88 (1.13)
Relevance of the check-in questions 7.20 (1.93) 8.50 (1.41)
Understandability of the check-in questions 7.80 (2.15) 8.75 (1.28)
Ease or difficulty of learning how to use the check-ins 7.40 (2.22) 9.38 (0.74)
Design or look of the check-ins 7.50 (1.43) 8.75(1.16)
Overall ability to capture the true impact of hypoglycemia 6.60 (1.65) 7.38 (1.60)

3possible ratings: 0 to 10. Higher ratings indicate more positive experiences. The full questions and response options are available in Multimedia
Appendix 1.
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Textbox 1. Themes by study aim.

Sgholm et d

Aim 1: exploring content validity

e  Theme 1.3: instructions could be improved

«  Theme 2.1: helping science and people with diabetes
o  Theme 2.2: easy tofit in, but more flexibility wanted

o Theme 2.4: design, functionality, and customizability of the app

«  Theme 2.5: limited change in awareness of symptoms and impact

Aim 3: suggestions for future versions of the app

«  Theme 1.1: hypoglycemia symptoms and experiences are idiosyncratic

«  Theme 1.2: easy to select ratings on the app, but day-to-day variation was perceived as minimal

Aim 2: exploring the feasibility and acceptability of using the Hypo-METRICS app

«  Theme 2.3: hypoglycemia delaying responses and increasing completion time

Exploring Content Validity

Overview

The mean responses to the web-based survey questions were
all >6.50 on the scale from 0 to 10 (Table 1), with individual
scores ranging from 3 to 10. Multimedia Appendix 2 provides
an overview of the web-based survey topics, together with
suggested changes by participants (mentioned during the
interviews), followed by the Hypo-METRICS app devel opers
comments on the suitability of implementing the suggested
changes.

Hypoglycemia Symptoms and Experiences Are
Idiosyncratic

The quantitative data from the cognitive debriefing survey
showed that participantswith TIDM and T2DM generally found
the check-in questions relevant (mean rating 7.20, SD 1.93 and
8.50, SD 1.41, respectively) and easy to understand (mean rating
7.80, SD 2.15 and 8.75, SD 1.28, respectively).

In terms of daily functioning, participants' views regarding the
relevance of the questions varied. Although some participants
could pinpoint certain areas that were not relevant to them (eg,
“1 certainly have no fear of having a hypo” or “I rarely feel
anxious’), generally, they “could see why the questions were
being asked” and appreciated their potential relevanceto others.
Some expressed that rel evance was context specific:

[The questions] weren’'t necessarily relevant to me at that
particular moment, but they could beif | were [having], or had
just had a hypo.

Participants expressed that it was “important” that the app
“covered both mental well-being and physical well-being” and
generally that the app “acknowledged” how hypoglycemia can
“cause other symptomslike grumpinessor forgetfulness’ instead
of focusing only on whether it happened. Although most
participants mentioned that some of the listed symptomsin the
Motif were not personally relevant to them, generally, they
considered its content relevant. Most participants could mention
at least some symptoms listed on the Motif that they had when
experiencing hypoglycemia, but others explained that “it just
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didn’t capture very many” of their symptoms. One participant
explained that some of the symptoms on the Motif seemed quite
“severe” and less common.

Overal, when asked about the understandability of the
questions, participants found that the questions were “clear,”
“easy,” “straightforward,” “ self-explanatory,” and “ made sense.”
A few questions were considered more difficult to interpret or
difficult to differentiate, and some participants expressed how
they had to use their “gut feeling” or “guess what we mean”
and how they felt “worried” that their interpretation was giving
the wrong data (see examples in Multimedia Appendix 2).
Regarding the Motif, participants generally understood what
the symptoms were, but some expressed difficultiesin judging
whether they experienced a certain symptom—"heart
palpitations...I didn't know if | had them”—and also whether
an experienced symptom was due to hypoglycemia or another
underlying condition.

When asked whether there were other areas of daily life that
were affected by hypoglycemia according to the participants
own experiences, several participants indicated that the app
covered all therelevant areas. For example, a participant stated
the following:

| could not think of anything [elsg], | thought it pretty
well covered it. Just saying “ how bothersome was it
today” ...that's a really good question that sort of
covers everything.

Examples of changes suggested by participants to improve
content validity are presented in Multimedia Appendix 2.

Easy to Select Ratings on the App, but Day-to-Day
Variation Perceived as Minimal

For most participants, selecting ascore (to represent the impact
of hypoglycemia on their daily functioning) was perceived as
a“pretty easy” and “quick” task, and they felt “fairly certain”
in selecting their responses:

| don't think it was difficult to choose the
answer...there is no right or wrong answer, there is
only a personal answer.
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The scale from 0 to 10 was described as appropriate. One
participant explained their approach to scoring as follows:

| think there was [a] dlight tendency to just record
how | felt, rather than trying to analyzewhy | felt like
that. But that is probably okay, because it’s for the
medical professionals to analyze.

Others had reservations about whether they had understood the
meaning of the question sufficiently when providing their scores:

...it was easy enough to put a number in, it was more
about what the questions was getting at.

Regarding the following question—*How anxious do you feel
right now?’—1 participant said the following:

I’mjust not very good at monitoring that myself.

Interms of how the hypoglycemic episode was detected, several
participants mentioned how the“| just knew” option wasreally
useful:

That is exactly how you feel, even if you don’t have
symptoms.

Participants described difficulties with questions requiring the
exact time of day or length of time to be reported.

Participants described that their responses “werefairly similar”
and “ consistent” and would not necessarily “change from one
time to the other” and they just “put the same numbers in.”
However, despite responses generally being perceived as “all
quite the same,” participants also explained that they could
experience small changes if they had hypoglycemia and how
episodes could make them “feel moretired” and “irritable” and
makeit “harder to concentrate,” indicating that they experienced
changes in relation to hypoglycemia. A participant explained
how they thought they “ cameto understand the questions better”
with time:

..what do you mean by anxiety becomes clearer in
your head after doing it for 3 or 4 weeksthanitisat
day one.

When asked about what would generally reflect a meaningful
change on the response scales from 0 to 10, participants
expressed that a 1-point change was probably not a substantial
change, but it was described that “it might have subconsciously
reflected that | was more worried one day or the other”
Although participants generally attempted to answer all
guestions, the “skip question” option was described as
“important” for questions that were not applicable, such as
questions related to work for those who were retired.

I nstructions Could Be | mproved

Participants expressed mixed views on the instructions (both
verbal and written) given at the study sites. Some found them
to be “beneficial” and good “to make sure you knew what was
what” and that the instructions had just the right amount of
detail without “leading the witness;” othersfound that they were
“left withit” or the instructions were given “ quite quickly” and
they hadto rely ona*“trial and error approach.” Some explained
that they probably could have “figured out the app eventually”
and it was quite “ self-explanatory” but that, if no introduction
was given, it would have taken longer to become familiar with
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the app. Severa participants explained that more detailed
instructions or examples, either given at the study sites or
directly provided in the app, would be beneficial to understand
the purpose behind the questions more clearly:

In some ways | wasn't too sure what you would
actually get fromthe information | was giving you—it
didn’'t seem very sort of precise to me.

| think sometimes | was second guessing what you
were getting at.

A participant explained how they would have liked some
instructions on when to fill out the Motif:

...should I do it as I’'m coming out of the hypo...or
when I’ m fully recovered?

In addition, several participants did not seem awarethat azoom
function was available to ease the use of the dider in the Motif
flower.

An overarching point was that, despite most of the questions
being generic, that is, asked without a specific reference to
hypoglycemia (eg, “How anxious do you feel right now?’),
several participants described that they thought they were
supposed to answer with hypoglycemiain mind:

...you don't necessarily know what is due to a hypo
and what is due to something else.

LMwhat is your mood now?”  well, it's so
difficult...there are so many external factors...how do
I think about that in relation to hypos...and it also
depends on where you are in your life.

Exploring the Feasibility and Acceptability of Using
the Hypo-METRICS App

Helping Science and People With Diabetes

Participants expressed that their motivation to take part in the
study and use the app was driven by their desireto help science,
researchers, or other people with diabetes:

| am always interested in taking part in research,
because | think it is what you should do.

Some found that their motivation to report details was higher
after experiencing hypoglycemia. Using the blinded CGM was
mentioned as a motivating factor asit offered participants who
did not use it as their usual method of glucose monitoring the
opportunity to obtain amore detailed overview of their glucose
variations after completing the study. The voucher and Fitbit
(given to study participants for taking part in the 10-week
Hypo-METRICS study) were not key motivators but considered
anice gesture.

Easy to Fit in, but More Flexibility Wanted

Although motivation to use the app over the course of the study
generaly seemed high, variations occurred. Work or other
commitments could make it challenging to find time for every
check-in. The afternoon check-in was more frequently
mentioned as challenging to fit in when “being busy with the
day.” Some found it useful to structure a “routine” around
compl eting the app assessments (eg, “ before getting out of bed”
or “with meals’). Generally, people who worked from home or
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who were retired found it easier to find the time to complete
the assessments compared with those who worked outside the
home or with more variable schedules. Thiswas al so supported
by the fact that scores on the brief web-based survey were, on
average, higher among adults with T2DM (a higher proportion
of whom were retired).

Some participants found the check-in timings too “rigid,” and
missing a check-in could be associated with “guilt” and
“pressure” A participant expressed that it would be beneficial
to make it clearer that it “was not a crime to miss a check-in.”
Adding some more flexibility around the timings and a bit of a
“buffer beyond the cut-off time” was described as having
potential to improve engagement with the app. In contrast, other
participants suggested reducing the check-in timings (ie,
shortening the time intervals) to increase motivation for timely
completion as longer intervals made it “easier to put it off.”

In terms of study duration, some “missed it when it stopped”
(ie, when the study ended) and could have continued for longer;
particularly, retired participants generally seemed to find it easy
to fit in as part of their day. Others reported finding it a bit
“monotonous’ or becoming “bored” and starting tofill it out in
a more “automatic’ manner. However, they were still able to
“persevere’ asthey “could understand the sense of why wewere
doing it” Most reported that they spent a few minutes
completing each check-in (maximum 15 min), which they found
acceptable.

Hypoglycemia Delaying Responses and I ncreasing
Completion Time

Hypoglycemiacould extend thetime spent compl eting check-ins
because of the direct effects of the episode (eg, “your brain is
working a bit slower”) and because there were more details to
report. Many participants expressed that it was necessary to
delay the completion of the Motif “ maybe 20 minutes’ or longer
before adding details about symptoms, either because they were
“busy trying to treat” their hypoglycemiaor because of feeling
“disoriented” or “confused” from the hypoglycemic episode
itself.

Design, Functionality, and Customizability

Intermsof functionality and design, the quantitative data (scale
from 0-10) showed that participants generally found the check-in
functionalities easy to use (T1DM: mean rating 7.40, SD 2.22;
T2DM: meanrating 9.38, SD 0.74) and liked thedesign (T1DM:
mean rating 7.50, SD 1.43; T2DM: mean rating 8.75, SD 1.16).

Participants described the design of the app and its functions
as“positive,” “straightforward,” “easy,” “fine,” “ pretty simple,”
“readable” and “well designed.” Participants who did not
consider themselves* particularly tech savvy” said thefollowing:

..even | could manage the app and the
check-ins...Assuming someone is able to read and
write, | think they are actually very easy to use.

However, some expressed that they did not like the “touch
technology” and that a computer keyboard would be easier for
them. When asked if they had any suggestions for changes to
the design of the check-ins, one participant said the following:
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No, | would keep it exactly asit is—it isvery simple
touse. It’sliterally one question on each page, so you
don't get confused by anything and you're not
distracted by anything else...I really liked the design
of the app.

Some technical issues were raised, athough these were
considered minor and did not seem to cause major disruptions
to check-in completion, for example, experiences of being asked
to compl ete check-insthat the parti cipants had al ready submitted
and a longer loading time (ie, time to load each page) as the
study progressed. Some participants explained how important
it was to have study site contacts:

Initially | didn’t know how to do the settings...I’ mnot
atech man. So, | had to call them and get this thing
sorted out. Once | was on the move, | was fine.

Several participants liked the design of the Motif flower, that
it “wasn't just tick boxes,” describing it as “engaging,” “very
eye catching,” and “clever” Some preferred the Motif to the
check-ins, particularly when they had multiple hypoglycemic
episodes to record. However, several participants described the
dlider onthe Motif as“fiddly” and “chunkier.” One participant
commented that they tried to avoid hypoglycemiaso they would
not need to complete the Motif. Those finding the Motif slider
problematic did not seem to know that azoom option (that made
the dlider larger) was available. Several participants explained
how the Motif setup was very “innovative” and, as the sliders
were easy to use, it allowed them to fill out details in the Motif
at the time of the episode despite still feeling affected by it.

Participants generally expressed how customizability would be
beneficial in terms of both functions (eg, customizing
notifications and time intervals) and content (eg, option to
remove content that would never be applicableto theindividual,
such aswork productivity for retired participants).

Limited Changein Awareness of Symptoms and | mpact

Most participants did not report any change in either their
perception or experiences of symptoms of hypoglycemia
(physical and emational) or routine treatment of hypoglycemia
from using the app. However, some participants experienced
changes, both positive and negative. Some of these changes
were related specifically to physical symptoms:

..it made me reflect on if | was experiencing
symptoms.

...it did make you think “ oh goodness yes, actually |
did not realise | also had that symptom.”

For some, using the app led to increased awareness of how
hypoglycemia affected their emotional well-being:

| thought it was quite nice it was talking about mood
and how well you got on with other people and things
like that...I know | do get really annoyed and really
grumpy, and | would think “oh it's just me, I'mjust
a really grumpy person,” but actually...a few times,
it is because I'm a hit low or a bit high, so it was
really nice “ oh, I'm not such a horrible person.”

For others, the change in awareness also extended into how
hypoglycemia could affect significant others:
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It did make me think about the impact of hypos, not
just on me, but on my friends and family as well.

One participant explained anegative emotional impact of using
the app and highlighted theimportance of informing partici pants
of opportunities for support servicesif needed:

...doing constant questionnaires about it [diabetes]
and thinking about it regularly, | think | got really
upset about the long-term health complications. It
did really start to get to me over the 10 weeks, and |
had to remind myself that was because | was
constantly thinking about it due to the app.

Suggestions for Future Versions of the App

Across each theme, participants made several suggestions for
improvements. Multimedia Appendix 2 summarizes them and
includes the app developers' perspectives on the suitability of
the proposed changes. The summary follows the structure of
the interview guide (ie, within the topics in which they were
discussed).

Discussion

Principal Findings

This study investigated users experiences with the
Hypo-METRICS smartphone app, atool developed for research
purposes to explore the impact of hypoglycemia on daily
functioning in real life among people with T1DM and
insulin-treated T2DM. The app allowsfor the collection of data
during daily life and temporally closer to the hypoglycemic
episodes as they occur. Overall, participants seemed to find the
content relevant, understandable, and comprehensive, suggesting
satisfactory content validity. Responding to questions was
generaly considered easy, and the response options were
appropriate. Some participants indicated that they experienced
only minimal fluctuations in ratings over time, querying how
useful the thrice daily check-ins would be to the researchers.
Some participants suggested that the instructions could be
improved to aid their general understanding of the purpose of
the study and the meaning of certain questions. Overall, the
interviews suggest that participants had a positive experience
using the app as part of a research study, and the interviews
support the feasibility of investigating the impact of
hypoglycemia on daily functioning with multiple daily
assessments and use of smartphone technology. The time
investment (a few minutes for most participants) required to
complete the check-ins was considered acceptable. A few
additional functionalities were suggested to further increase
motivation and minimize the potential for automatic responses.
The interviews also revealed a potential, although limited,
intervention effect, with some participants reporting greater
awareness of hypoglycemic symptoms as well as greater
awareness of the impact of hypoglycemia on their own
emotional well-being and on other people.

Theinterviewsyielded suggestionsfor how to improve the user
instructions given by the research staff at the study sites or
provided within the app itself. A total of 5 examples of
insufficient instructions are highlighted in this paragraph. First,
most of the app questions were designed to be generic (eg, “How
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isyour mood right now?’) asit was expected that people would
find it challenging to know whether their mood was attributable
to hypoglycemia or to other factors (eg, work or sleep [5,19]).
However, some participants indicated that they thought the
question asked about the impact of hypoglycemia specifically,
likely as they knew they were taking part in a study on
hypoglycemia. In-app instructions, for example, a brief video
when loading the app for the first time, could be considered to
instruct participants to respond without reference to
hypoglycemia. Second, participants who expressed difficulties
in understanding certain questions also indicated that they had
to rely on their own interpretation of the questions. A more
thorough briefing of the questions, including a statement that a
participant’s own interpretation of their thoughts and emotions
when answering the questions was expected (ie, that thereisno
right or wrong answer), could potentialy have increased
participant trust in their responses. Third, participants expressed
concerns about the value of their dataasthey perceived minimal
changes from one check-in to another. Future iterations of the
app could include advice to reassure participants that all data
are valid and useful regardless of the between-check-in
variations in responses (eg, “Please select the score that best
describes your experience in the moment. For some questions,
you may have experienced little or no change over time, whereas
for others, there may be larger changes in experiences. All
experiences are valuable, and there are no right or wrong
answers’). Fourth, informing participants that the check-in
intervals were selected to minimize recall bias and missing
occasional responses was okay could potentially have reduced
the frustration that participants experienced from the “rigid”
time intervals. Previous studies using eye-tracking technology
have shown that some participants do not read instructions in
detail [20]; thus, future versions of the app could explore the
use of in-app videos or more examples in relation to the
questions or embedding instructions into the questions or
response options as alternative ways of including more guidance
to support participants and minimize participant frustration
instead of only providing lengthy instructions at study start.
Fifth, comments from participants also revealed that, if they
understand why the data are being collected and how the data
can help them or others, participants will be motivated to put
in the effort even for alonger time. As participants described
higher motivation to complete the check-ins on days with
hypoglycemia, the risk of reporting bias should be explored
further (eg, comparing completion rate based on the presence
or absence of hypoglycemia).

The interviews also addressed the challenges of relying on
self-report when ng theimpact of acondition that acutely
affects cognitive functioning. Participants explained difficulties
concentrating or focusing on completing the Motif during
hypoglycemic episodes. Future iterations of the app could
consider exploring cognitive functioning using more objective
(ie, not self-report) tasks, as done in other EMA studies [21]
(eg, assessing visual-spatial attention and processing speed by
selecting matching cards shown on the screen). The cognitive
impairment described by participants further suggests that
reducing the recall period even further is difficult as the person
with diabetes needs to prioritize treatment over answering
questions in the Motif. Future studies could consider using
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CGM-prompted assessments with varying durations from the
onset of the hypoglycemic episode to assess the durational
effects of both symptomatic and asymptomatic hypoglycemia.

The design of the Hypo-METRICS study was observational,
but interviews with users revealed some potential intervention
effects of completing the app assessments multiple times daily
for 70 consecutive days. Participants explained how being asked
about hypoglycemia symptoms made them reflect more on the
symptomsthey experienced. Thiseffect will be further assessed
using the quantitative Hypo-METRICS data collected. These
observations align with those of previous pilot studiesthat used
apps to capture hypoglycemic symptoms [22,23]. Existing
hypoglycemia awareness training and educational programs
[24,25] could consider implementing app-based assessments,
such as the Motif, to explore the Motif’s additive effect on
restoring awareness. Participants’ descriptions of more atypical
symptoms of hypoglycemia suggest a need for customizability
in assessing hypoglycemia symptoms. The importance of
customizability for participants acceptability in EMA studies,
in terms of both functions (eg, timing of assessments) and
questions (eg, hypoglycemia symptoms), has been similarly
described in other EMA studies[26].

Participantsin this study described how using the app gave them
more insights into how hypoglycemia affects them (eg, their
mood) and how it can affect other people, including family and
friends. A recent systematic review described how hypoglycemia
can negatively affect family members emotional well-being
and their relationship with the person with diabetes and how
greater involvement of family membersin clinical care could
prevent or reduce conflicts [3]. Participants using the app not
only reflected more on but aso had more opportunities to
discussthedaily impact of hypoglycemiawith significant others.
For future studies, researchers could consider developing a
“family member” version of the app or ask family membersto
actively take part in responding to the app to explore the
potential value for the person with diabetes or the family
member.

A recent qualitative study with peoplewith TIDM explored the
areas most important to an individual’s quality of life and
described how hypoglycemia affects the following domains:
relationships and social life, work and studies, leisure and
physical activity, everyday life, deep, sex life, physical health,
and menta health [27]. Although some of these may not be
suitable to include in an app focused on daily assessments (eg,
the subdomain “employment prospects’), others could be
considered as amendments for future versions of the
Hypo-METRICS app either as separate questions or as changes
to or examples within existing questions, including driving,
dietary freedom, spontaneity, and relationships or socia life.
Interestingly, participantsin this study made no mention of their
“sex life” inthe context of hypoglycemiaduring their interviews.
Thisis generally atopic that people can find uncomfortable or
embarrassing to talk about [28,29] and suggeststhe importance
of also exploring the comprehensiveness of questionnaires in
written and anonymous formats.

Some interview participants described the importance of
studying the impact of hypoglycemia on both physical and
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psychological aspects, whereas others found the impact of
hypoglycemiaon aspects of their daily functioning to be limited
(eg, “I certainly have no fear of having ahypo”). Past research
has consistently shown that severe episodes (requiring assistance
from others for recovery) have negative physica and
psychological impacts, whereas the findings for self-treated
episodesare mixed [2]. Mixed evidencefor self-treated episodes
might be due to between-person variation, aswas a so expressed
by interview participants in this study. This aligns with recent
discussions regarding how some people with diabetes can
experience that their mental health is closely related to their
glucose fluctuations, whereas for others, they seem unrelated,
and therapeutic approaches need to be considered based on
individuals unmet needs [30]. Longitudinal monitoring of
behavior, glycemic values, and mental health could be used to
identify individuals' needs. Although implementation of eHealth
inclinical practice has previoudy proved challenging, app-based
tools have the potential to improve self-management, guide
scheduling of in-person visits (ie, triage and prioritizing those
who need more frequent visits or a referral to psychologists),
and reduce costs [31-33]. Furthermore, some people can be
hesitant to address mental health issues directly with their health
care professionals, and apps might provide a safe opportunity
for people to describe their experiences [34].

Recent systematic reviews have concluded that more work is
needed to better understand how self-treated hypoglycemia
affects the person with diabetes, including domains such as
anxiety, mood, and sleep quality [2,35]. Furthermore, the
accuracy of effect sizes has been questioned because of recall
bias and lack of ecological validity [2,35]. Other app-based
studies have focused on theimpact of hypoglycemiaon domains
such as cognitive functioning, physical activity, mood, and
diabetes distress [21,36-38]. However, to our knowledge, the
Hypo-METRICS app isaunique tool for enabling (1) multiple
daily assessments of the impact of hypoglycemia on a broad
range of daly functioning domains, (2) detailed daily
assessments of person-reported hypoglycemia (including how
episodes were detected and managed); and (3) an intensive
multiweek (eg, 10-wKk) investigation of hypoglycemiaawareness
and impact, which can be matched to CGM traces. Earlier
findings have shown high completion rates and satisfactory
psychometric properties of the Hypo-METRICS app [39], and
this combined-method approach further supports the content
validity, acceptability, and feasibility of the app, enabling
innovative future research studies of personalized, real-world,
detailed assessments of awareness, management, and impact of
hypoglycemia among adults with TIDM and T2DM.

A key strength of this study is that experiences were assessed
among participants who had used the Hypo-METRICS app for
an extensive period and in the context of their day-to-day lives
rather than only in short-duration piloting. The detailed interview
guide developed before the interviews ensured overall
uniformity in the questions and topics addressed across all the
interviews. The purposive sampling strategy enabled balanced
representation across sex, age, and type of diabetes; however,
as expected, fewer participants with lower app completion
(<168/210, <80% check-ins; ie, the participants could compl ete
3 daily check-insfor 70 days) wererecruited. Only participants
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from the UK sites of the Hypo-METRICS study wereincluded
intheinterviews, and the transferability of the findingsto other
non—English-language sites included in the Hypo-METRICS
study islimited. Although verbatim transcripts, compared with
the notes used in this study, can help other researchers assess
the data analysis, others argue that the cross-checking should
be from the audio recordings and not from transcripts that may
include errors [14]. As participants were answering other
guestionnaires during the study period in addition to the
Hypo-METRICS check-ins and Matif, this may have biased

Sgholm et d

Conclusions

This study explored users experiences with the
Hypo-METRICS app. Overadl, the findings suggest that
participants had positive experiences using the app; that the
content was relevant, understandable, and comprehensive; and
that the app isafeasible and acceptabl e tool to assess the impact
of hypoglycemiaon daily functioning. For future versions, some
modifications and customizability of functions and content
could be implemented to increase engagement and content
validity. Theinterviewsfurther revealed apotential intervention

participants overall experience. Despite participants perceiving
limited variation in their ratings over time, this needs to be
examined empirically, and work is required to determine the
minimal important differencesin app ratings [40].

effect, suggesting some improved awareness of hypoglycemia
symptoms and impact, which warrants further investigation for
futureresearch and clinical care. Meanwhile, these data suggest
that the Hypo-METRICS app in its present form provides a
relevant, acceptable, and feasible new tool for assessing the
impact of hypoglycemiaon people’s daily lives.
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Abstract

Mobile health (mHealth) apps can be an evidence-based approach to improve health behavior and outcomes. Prior literature has
highlighted the need for more research on mHealth personalization, including in diabetes and pregnancy. Critical gaps exist on
the impact of personalization of mHealth apps on patient engagement, and in turn, health behaviors and outcomes. Evidence
regarding how personalization, engagement, and health outcomes could be aligned when designing mHealth for underserved
populationsis much needed, given the historical oversightswith mHealth design in these populations. Thisviewpoint ismotivated
by our experience from designing a personalized mHealth solution focused on Medicaid-enrolled pregnant individuals with
uncontrolled type 2 diabetes, many of whom al so experience ahigh burden of social needs. We describe fundamental components
of designing mHealth solutions that are both inclusive and personalized, forming the basis of an evidence-based framework for
future mHealth design in other disease states with similar contexts.

(JMIR Diabetes 2023;8:e46654) doi:10.2196/46654
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: to care regimens, and patient self-management and behavior
Introduction modifications for various chronic conditions, including type 2
Mobile health (mHedlth) apps have the potential to be an  diabetes (T2D), asthma, obesity, and hypertension [1-3]. A
evidence-based approach to improve heath behavior and recent systematic review of mHealth usefor diabetes (both type
outcomes. Some research studies have demonstrated that 1 diabetes and T2D) and obesity concluded that mHealth had

mHeal th canimprove health care accessand delivery, adherence & beneficial effect on outcomes, including hemoglobin A,
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(HbA ) reduction (-0.3% to —0.5%). The review, however,

noted that personalizing different components of mHealth to
end users was particularly an unaddressed need [4].

An app, for example, can personalize educational content to a
patient based on their clinical severity, lifestyle preferences,
and socia needs (eg, safe housing). Personalization can be
abstractly defined asa" process which changesthe functionality,
interface, content, or distinctiveness of a system to increase its
personal relevance” [5]. Prior research and theoretical
frameworks have emphasized that personalization is an
important determinant of engagement, which in turn is a
determinant of health outcomes [6-8]. We define engagement
in the context of this paper as patient interaction and behavior
with a mHealth app and their care, including actions such as
time spent with the app and using information from the app to
communicate with care team members.

There are important theoretical and practical knowledge gaps
existing in thelink among mHealth personalization, engagement,
and health outcomes for pregnant individuas living with
diabetes. Evidence gaps exist in how these 3 areas could be
aligned when designing mHealth apps for populations that
experience significant adverse social determinants of health
(SDoH) burden, including Medicaid-insured pregnant
individuals with poor glycemic control [9,10]. In the spirit of
Eyleset a [11], our paper collectively integrates various aspects
of user-centered design (UCD) in mHealth tools that have been
previously studied in silos. We use our ACHIEVE (successfully
achieving and maintaining euglycemia during pregnancy for
type 2 diabetes through technology and coaching) solution as
the basis to address these knowledge gaps by proposing an
evidence-based framework for designing mHealth apps that is
both inclusive and personalized. This framework demonstrates
how the design, implementation, and evaluation of such tools,
driven by the principles of UCD, can be collectively undertaken
for any digital health tool.

The ACHIEVE solution focuses on the development of a
mHealth solution to improve glycemic control for
Medicaid-eligible pregnant individual swith uncontrolled T2D.
Briefly, our ACHIEVE solution is a multicomponent system,
including a mHealth app, provider dashboard, continuous
glucose monitoring (CGM), and care team coaching for medical
and social needs[12]. Thissolution empowersMedicaid-eligible
pregnant individuals with T2D to achieve glycemic contral,
improve access to care, and acquire patient education and
support. Each subcomponent of the proposed solution is
grounded in Socia Cognitive Theory, and emphasizes an
individual’s skills, knowledge, beliefs, and self-efficacy to
achieve glycemic control [13,14]. Current mHeath apps
designed for individualswith T2D outside of pregnancy perform
well on education and information functions, but poorly on
engagement [4,15]. Few existing apps in both pregnancy and
diabetes provide comprehensive evidence-based educational
content, tracking tools, UCD, and integration with electronic
health records or CGM data to support care team monitoring
[15,16].

The novelty of our approach with the ACHIEVE mHealth
solution addresses 2 specific areas. personalization with a
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clinically high-risk population and closing digital health
inequities that exist among specific underserved populations,
such as pregnant individuals who experience a high burden of
unmet social needs. Our experiences with designing a
personalized mHealth solution with a diverse high-risk patient
population could be adapted to similar popul ations and contexts.
Based on our approach, we describe individual components of
designing mHealth solutions that form the basis of an
evidence-based framework for future mHealth apps that are
both inclusive and personalized. We first provide background
information on the ACHIEVE solution and then describe its
components within the context of the study population.

Background

Pregnancy With T2D

Poorly controlled T2D increases the risk of adverse pregnancy
outcomes for the mother and the infant, including severe
maternal morbidity, fetal growth abnormalities, preeclampsia,
preterm birth, and neonatal intensive care unit admission
[17-20]. Glycemic control decreases the risk of these
complications[17-19]. Theincreasing insulin resistance during
pregnancy in addition to experiencing a high burden of socia
needs (eg, inadequate transportation, food insecurity, and lack
of access to quality health) care make it difficult to maintain
glycemic control in pregnancy [20]. Medicai d-insured pregnant
individuals with T2D are less likely to access preconception
care and have worse glycemic control as measured by HbA
and hence, are more likely to experience adverse pregnancy
outcomes [21]. The clinical management of T2D in pregnancy
includes strict and maintained pharmacotherapy and lifestyle
changes to maintain glycemic control [22]. Medicaid-insured
pregnant individuals with T2D experience significant barriers
to successful diabetes management, including self-monitoring
of blood glucose (SMBG), frequent changes in insulin dosing,
inadequate resources to adhere to prescribed treatment plans,
and a high burden of unmet social needs [23-25]. Disparities
arising from these challenges manifest through inadequate
glycemic control, lack of attendance at prenatal visits,
insufficient engagement with care plans, and treatment
nonadherence [26,27].

Multimodal Data I ntegration for Pregnant I ndividuals
Who Have Social Needs and Are Living With T2D
With Poor Glycemic Control

Patient-reported outcomes (PROs) that capture both physical
and psychological symptoms can support the delivery of more
patient-centered care [28]. The collection of PROs allows for
ecological momentary assessment, which facilitates repeated
assessments of patients[29,30]. Our prior research hasindicated
that most patients in our study population do not adequately
and accurately complete their glucose logs based on SMBG
[12]. Integration of PROs into prenatal care delivery has the
potential to improve glycemic control for Medicaid-eligible
pregnant individuals with T2D [31]. Such an approach can
elucidate problems in achieving and maintaining glycemic
control, allow for monitoring T2D self-care, improve
patient-care team communication, and enable successful T2D
self-management. Many of these tasks can be seamlessly
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performed by a CGM device that can be linked to a mHealth
app and provider dashboard. Advances in CGM can better
characterize the glycemic response of pregnant individualswith
T2D by identifying individualized glycemic patterns [32,33].

T2D in pregnancy disproportionately affects Medicaid-eligible
individuals who are more likely to experience a high burden of
socia needs [34]. Outside of pregnancy, individuals with T2D
who experience more social needs are at higher risk of
complications resulting from inadequate glycemic control
[35,36]. T2D management in pregnancy isexpensive, with >US
$7000 in excess pregnancy-related costs alone [37]. Over 40%
of pregnant individuals in the United States receive prenatal
care through public health insurance such as Medicaid [ 38,39].
Early and maintained prenatal care improves pregnancy
outcomesfor T2D [40]. Medicaid-eligible pregnant individuals
encounter multiple barriers including unmet social needs that
preclude timely diabetes and prenatal care [24,41]. Based on
the determinants of health model, clinical care alone for this
high-risk population is not sufficient, given the extent to which
socia needsinfluence health outcomes[42]. Social needs, such
as food security, adequate housing, a safe environment, and
access to health care, influence health outcomes and glycemic
control [19]. When social needs are not met, T2D management
becomesincreasingly difficult [36,43].

An Integrated mHealth Solution for M edicaid-Eligible
Pregnant Individuals With T2D That IsInclusive and
Per sonalized

mHealth can be used as part of a multicomponent solution to
achieve glycemic control for Medicaid-eligible pregnant
individualswith T2D and poor glycemic control. Mobile phone
ownership exceeds 90% among reproductive-age
Medicaid-enrolled women [44]. mHealth apps can improve
timely care delivery, tailor patient education and support, and
provide convenient communication between the patient and
care team [45]. Pregnant individuals are interested in engaging
in alternative prenatal care models[46], which can reduceracial
and ethnic disparitiesin pregnancy outcomes[41]. In addition,
a linked provider dashboard can facilitate regular contact
between patients and providers and improve patient outcomes
[47]. The value of mHealth apps for health-based solutions in
diabetes outside of pregnancy has been demonstrated [48,49],
and resultsinimproved HbA ., morejudicious health care usage,
better PROs [50-53], and better postintervention patient
engagement [54]. Thereisalack of apps that encompass all of
thefunctions necessary to improve pregnancy and diabetes care
and management, so people in this population may have to
separately manage these 2 complex conditions using multiple
apps or systems. In addition, management needs for those with
only T2D may differ, as diet, blood glucose, and medication
recommendationswill not be considering the needs of agrowing
pregnant woman and fetus.

CGM makes it easier for individuals to monitor their glucose
values without needing to check finger stick values and may
also detect periods of elevated glucose values, such as
postprandial blood glucose levels and subclinical nocturnal
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hypoglycemic events, that are associated with adverse pregnancy
outcomes[55,56]. For pregnant individual swith type 1 diabetes,
research has demonstrated that the use of CGM rather than
SMBG improves neonatal outcomes [57]. However, CGM has
not been widely tested for pregnant individuals with T2D. Our
prior work demonstrated that Medicaid-eligible pregnant
individuals with T2D prefer CGM to SMBG [12]. When
provided with CGM, pregnant individuals with T2D express
high levels of satisfaction [58]. Patients are more likely to
benefit from mobile technology if they understand CGM data,
meaningfully displayed through an app, and how to actively
respond to it to achieve their glycemic goals [59-62].

Integrating a mHealth app with a provider dashboard can
enhance team-based coaching and patient engagement. Few
existing apps provide comprehensive evidence-based educational
content, tracking tools, UCD, and integration with electronic
health records or CGM [15,16]. The UCD approach specifies
the needs of end-users, and involves end-users in a co-design
process to develop mHealth apps that meet their requirements
and represents a digitally inclusive approach to using mHealth
apps [63]. mHealth apps that are comprehensive, personalized,
and integrated within care team workflows are more likely to
be effective [15], increase patient uptake [64], and maintain
patient and provider engagement over time [64,65].
Provider-facing bidirectional dashboards linked to data from
the mHealth app can offer comprehensive diabetes information
to care teams, including timely clinical aerts about glycemic
control, psychosocial issues, and treatment plans [66].
Dashboards can facilitate team-based provider coaching and
feedback [67], including working with the patient's agenda,
recognizing patient beliefs, values, and readiness for change;
and helping with behavioral modification [68,69]. Outside of
pregnancy, such an approach has improved glycemic control
among adults with T2D [48] and adherence to evidence-based
diabetes care among young L atinx youthsliving with T2D [66].

In sum, the motivation behind the development of our
ACHIEVE solution was a call to action for our team to build
multifaceted systems around mHealth apps that manifest as
“digital ecosystems’ within which patients engage with their
health and their care. We present the key components of the
design of this multifaceted solution below.

Evidenced-Based Framework for mHealth
Personalization

Overview

We identified 4 components (Figure 1) that are vital for the
design of the ACHIEVE solution and represent areas of
consideration for designing mHealth appsthat are both inclusive
and personalized, especialy for populations such as
Medicaid-enrolled pregnant individual swith uncontrolled T2D.
We describe each component below for our proposed
evidence-based framework. Evidence collected for the
development of the ACHIEVE solution and our framework is
based on research activities approved by our institutional review
board.
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Figure 1. Evidence-based framework to design mHealth apps that are both inclusive and personalized. mHealth: mobile health.
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In a UCD approach, end users influence the final design.
End-user involvement in the design process |eadsto safer, more
efficient, and more effective products with greater acceptance
and success [63,70]. Recent research among publicly insured
populations highlights the importance of UCD as a means to
extend the benefits of digital health technologies such as
mHealth to clinically high-risk populations who experience a
high burden of social needs[10].

We established a user-centered design work group (UCDWG)
composed of 10 members from three stakeholder groups: (1)
health care providers (physicians and certified diabetes care and
education speciaists [CDCES]) who care for pregnant
individuals with T2D; (2) Medicaid-eligible individuals with
T2D who have previoudly given birth; and (3) community-based
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stakeholders, including community health workers (CHWSs) and
licensed social workers. The purpose of the UCDWG was to
guide the adaptation and refinement of the solution.

ACHIEVE UCD activities involve iterative phases that gather
feedback from the UCDWG and an advisory group (Figure 2).
UCDWG members review multiple versions of the prototype
during focus groups and interviewsto ensure that aspects of the
solution align with personas, which represent examples of
individuals who match the study population. The members
provide feedback on the features of the app and dashboard,
focusing on usability, usefulness for the population, benefits,
and barriers to each feature. The key user-centered principles
that we emphasize during our activities involve empathy for
the user, consistency in design and goals, context of the user,
and reducing the cognitive load of the tools. The feedback
gathered is used to further refine the app and dashboard to meet
the needs of the end users. These activities helped us identify
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different aspects of personalization: functional (collectively by
patient personas and providers), interface (collectively by patient
and collectively for types of providers), content (individually
and collectively for patient and collectively for types of
providers), and distinctiveness (individually and collectively

Fareed et d

for patient and collectively for types of providers). For example,
regarding content-based personalization, patients will receive
different education information based on their reported PROs
and clinical and social needs history.

Figure 2. Depiction of theiterative phases of user-centered design activitiesinvolved in the ACHIEVE solution. SOP: standard operating procedures;

UCDWG: user-centered design work group; UX: user experience.
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User specificationsidentified during the UCD sessions are used
to create and test rule-based algorithms. Inputs for our rules
include identification of frequent out-of-range blood glucose
values, commonly reported unmet social needs by patients, and
care coordination challenges. The purpose of the algorithmsis
to determine the ideal clinical care (eg, adhere to specific
diabetes medication treatment) or social need pathways and
PROs to deploy for a specific individual and at a specific time.
If a patient has financial constraints to purchase medication,
which affects adherence, then a CHW will enroll them in a
social needs pathway to address these financial concerns and
the algorithm will subsequently assess whether medication
adherence and related unmet social needs continue to persist
(see Figure 3 for a genera example). The algorithms
recommendationswill be evaluated for consistency by CDCES
who are a part of the team of providers, using proficiency and
efficiency scores[71]. Clinical informatics experts on the study
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team will conduct a heuristics evaluation of the algorithm based
on Bertini’s heuristics tool [72].

Other UCD-based activities include usability testing of the
integrated ACHIEVE solution and the use of a modified
think-aloud approach that focuses on understanding
sociotechnical aspects[73]. Thethink-aloud approach involves
asking members of the UCDWG to respond to task scenarios
and open-ended questions while working on the solution. The
think-aloud sessionsfacilitate the identification of informational
elements necessary to support effective implementation of
technology systems|[74,75] and thosethat preclude user-friendly
design [76]. Findings from the think-aloud sessions informed
the subsequent refinements to the ACHIEVE solution. Our
feasibility study of the ACHIEVE solution prototype, using a
UCD approach, indicated a favorable response to the usability
of the prototype among both patients who are pregnant and
living with diabetes and providers, including maternal
fetal-medicine physicians and CDCES [12].
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Figure 3. Anexamplerule-based algorithm. CDCES: certified diabetes care and education; HUB: Central Ohio Pathways HUB at Health Impact Ohio;

mHealth: mobile health.
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Design Solution Components Grounded in a
Conceptual Framework

We based our solution on a conceptual framework (Figure 4)
guided by Social Cognitive Theory [13], which posits that the
successful performance of abehavior dependson anindividua’s
behavioral capability and cognitive and environmental
influences on behavior via three domains: (1) skills, (2)
knowledge and beliefs, and (3) self-efficacy. Our solution
provides patients with educational information that clearly
explains how behavior change can achieve a target HbA ;. of
<6.5% prior to delivery (knowledge and beliefs), which is the
primary clinical outcome. The solution devel ops patients' skills
to engage with the diabetes care team by collecting and
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RenderX
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synthesizing detailed glycemic information via CGM and the
provider dashboard to better communicate with the diabetes
care team (skills). Team-based coaching that uses CGM data,
PROs, and clinical care and socia need pathways will help the
patient better adhere to T2D care. Closing the loop (eg, having
the CHW document the patient securing healthy food through
a food pantry) will ensure that a patient's new skills yield
meaningful outcomes and enhance their confidence
(self-efficacy). In the context of our study, we work with the
Central Ohio Pathways HUB at Health Impact Ohio (HUB)
which is a generalizable, regional coordination entity that
contracts with care coordination agencies that employ CHWSs,
who are trained and certified by the HUB, to assess the social
needs of individualsand connect them to community resources.
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Figure4. lllustration of the conceptual framework of the ACHIEVE solution for T2D, guided by the Social Cognitive Theory. The model outlines the
pathway from monitoring and managing T2D to improved clinical outcomes, influenced by intermediate behavioral outcomes and various moderating
factors. CGM: continuous glucose monitoring; HUB: Central Ohio Pathways HUB at Health Impact Ohio; T2D: type 2 diabetes.
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individuals with uncontrolled T2D. This solution collects
real-time patient PRO and CGM datausing amHealth app. Data
Overview aretransferred to adigital health platform, which displays data
on aprovider dashboard. Rule-based algorithmsfacilitate prompt
recommendations on care goals and pathways for the patient
and provider (Figure 5).

Design a M ulticomponent mHealth Solution

ACHIEVE integrates new and existing technologiesto develop
an innovative ecosystem for Medicaid-eligible pregnant
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Figure 5. Diagram and table detailing the integrated ACHIEVE solution for managing uncontrolled T2D in Medicaid-€ligible pregnant individuals.
The system-based solution combines real -time patient-reported outcomes and continuous glucose monitoring data collection viaa mHealth app with a
provider-facing digital health platform. The system'sfunctionalities, tailored care goals, and pathway recommendations are grounded in clinical guidelines.
The table breaks down the components of the system, their subcomponents, and the implications for patients according to the Social Cognitive Theory.
ADA: American Diabetes Association; CGM: continuous glucose monitoring; EHR: Electronic Health Record; HIT: Health Information Technology;
HUB: Central Ohio Pathways HUB at Health Impact Ohio; mHealth: mobile health; PRO: patient reported outcome; SCT: Socia cognitive theory;

T2D: type 2 diabetes.
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mHealth App

The mHealth app provides diverse functions, including
education, reminders, clinical care goals, clinical care or social

https://diabetes.jmir.org/2023/1/e46654

RenderX

need pathway recommendations, CGM dataand PROsreporting
and monitoring, messaging and videoconferencing, and a
calendar function. Content is based on clinical guidelines for
T2D in pregnancy as per the American Diabetes Association
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and the American College of Obstetricians and Gynecol ogists
[22,77]. Patients will be directed to appropriate resources and
web-based learning to help them navigate the app and its
resources. PROsin the mHealth app will be embedded to address
health and social needs, and rule-based algorithmswill provide
tailored care goas, show care pathways, and establish the
frequency of elicited PROs. PROs, including social needs
screening, will be performed through the app (Section 508
compliant). Follow-up questionswill use arule-based algorithm
and a pre-established frequency.

Continuous Glucose Monitoring Device

Patientswill be provided with DEXCOM G6 PRO CGM sensors
and transmitters. The Dexcom G6 CGM system is accurate and
safein pregnant individuals with diabetes[78]. Patientswill be
taught how to place and remove CGM sensors by a nurse and
will be given sensors to change themselves at home every 10
days. Of note, the DEXCOM G6 PRO can be applied asapatch
on the abdomen, arm, or upper buttocks, is well-tolerated in
pregnancy, and does not require calibration [78]. Our mHealth
app will allow for wireless synchronization with the CGM sensor
so that data are seamlessly reported back to the health care team
[79,80].

Digital Platform

A robust digital platform will be developed that integrates with
Research Electronic Data Capture (REDCap) and algorithms
that can adjust the PRO collection protocol based on defined
parameters. For instance, if a social need is identified, the
platform will automatically increase the frequency of outreach
until it isaddressed or thereisamanual override by acareteam
member or the patient. This platform alows for the integration
of our ACHIEVE mHealth app and dashboard (using a
SMART-Fast Health care Interoperability Resources [FHIR]
interface). The platform will integrate electronic health record
(EHR) datainto the provider dashboard and updateit over time.
It can use rule-based a gorithms to synthesize data reported by
pregnant individuals and their care team, tailoring care in real
time based on changing clinical and social needs. The CHW
will integrate their coordination system with the digital platform
viaa2-way application programming interface (API) that will
allow for the bidirectional communication of structured and
unstructured data about a patient’s health status (eg, trends in
HbA,. or CGM data such as time in range and comorbid

conditions), social needs, and demographics.

Provider Dashboard

The ACHIEVE solution will include a bidirectional dashboard
that displays information about individuals, including priority
care goals and pathways, and recommendations generated via
thedigital platform. Health care team members can access the
dashboard embedded within a portal to modify or update
information and close the loop on patient tasks. The dashboard
will present recommendations for patient goals and pathways
provided by the digital platform algorithms. Providers can use
these recommendations or manually select onesfor the patient.
Providers can sequence goals and pathways by level of
complexity. Both the CHW and the health care team can perform
ongoing assessments of social need pathway selections and
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assess recurring needs through the provider dashboard.
Documentation of unstructured data will involve information
about social need pathways that have not been completed and
the reason why, as well as any resources that were used to help
support the patients needs. Unique dashboard views and access
to functions will be developed based on the care team role.

Community Health Worker and Social Need Pathways

Patients will be screened at enrollment and throughout the
solution for social needs using asurvey adapted from validated
instruments, such as the Accountable Health Communities
Health-Related Social Needs Screening Tool. The questionnaire
includes 26 questions addressing living situations, food security,
transportation, uses, safety, financial strain, employment, family
and community support, education, physical activity, substance
abuse, mental health, and disabilities [50]. The care team will
refer patients with affirmative responses to the HUB through
the provider dashboard to address unmet social needs (eg, food
insecurity, housing, and employment). HUB CHWswill perform
comprehensive socia needs assessments and connect patients
to community resourcesthrough social need pathways, adefined
action plan addressing patient needs which is recorded and
tracked. For example, this approach will be used to connect a
patient who identifiesasliving in afood desert to afood pantry,
which will provide multiple food options and access to fresh
produce (trackable by both the CHW and diabetes care team).
Linking thedigital platformto the CHW isanovel digital health
approach using mHealth that can be replicated across health
systems. The CHWSs can interact with the direct lived
experiences of patients as individuals embedded within the
community.

Team-Based Coaching

Our solution design will involve prespecified roles for health
careteam membersaddressing clinical care (physician, CDCES,
and nurse) and social needs (CHW) for T2D carein pregnancy.
Patients will receive core training by the CDCES to carry out
tasks with the tools with the aid of web-based resources and
videos. The primary goals of the care team and CHW will be
to support the patient with active problem-solving, to motivate
engagement with the ACHIEVE solution, and to accomplish
care pathway objectivesrelated to glycemic control. The CDCES
will be available to patients via videoconferencing and
messaging and can message the CHW. Both the CHW and
CDCES will monitor the dashboard for social needs. If thereis
aneed identified, areferral will bemadetoinitiate asocial need
pathway and the patient’s progress will be documented.

System | ntegration

The mHealth app will be updated for the iOS (Apple) and
Android (Google; CGM and PROSs) operating systems and the
EHR will beintegrated with the digital platform and the provider
dashboard. Health Language Seven and Clinica Quality
Language will be used to facilitate integration with the EHR
system. Data collection will commence once a patient has
concurrently activated their mHealth app and CGM device, as
demonstrated in Figure 6. The dataare sent in JavaScript Object
Notation format to the digital platform using a Representational
State Transfer API. The platform has an integrated REDCap
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web server. The transferred data will be converted to a
pre-established schema and stored in a MySQL (Oracle
Corporation) database. The required data fields from the EHR
will beintegrated within the platform using the FHIR protocol
for EHR data integration or exchange. Continuous data
processing and execution of adaptable rule-based algorithms
will be performed using standard R software (R Core Team)
packages. The data exchange between the digital platform,
mHealth app, and dashboard will occur with the aid of

Fareed et d

Representational State Transfer APIsat multipletimeresolutions
(real time, hourly, daily, and weekly). All endpoints and APIs
will be secured via transport layer security, and access tokens
under the APIs will be used to ensure the secure exchange of
data. All users (patients and providers) will access the system
for the ACHIEVE solution using an OAuth (version 2.0; Internet
Engineering Task Force) compliant identity and access
management system.

Figure6. Schematic representation of the data flow within the ACHIEVE solution. Thediagram highlightsthe integration of the CGM device, mHealth
app, and EHR system with the digital platform (REDCap) and provider dashboards. API: application programming interface; CGM: continuous glucose
monitoring; FHIR: SMART-Fast Health care Interoperability Resources; HL7: Health Language Seven; HUB: Central Ohio Pathways HUB at Health
Impact Ohio; mHealth: mobile health; OSUMC: Ohio State University Medical Center; REDCap: Research Electronic Data Capture.
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Solution Evaluation Using a Hybrid I mplementation
Study Design

ACHIEVE involvesahybridtrial type 1 study [81], and consists
of 3aims; aim 1, use UCD practicesto adapt our mHesalth app
solution and provider dashboard to our target population; aim
2, conduct a randomized controlled tria of the solution versus
the current standard of care. This trial will assess whether the
multicomponent solution (mHealth app with CGM, provider
dashboard, and care team coaching) can achieve glycemic
control (HbA,.<6.5%) by the end of the pregnancy prior to
delivery versus current standard care; and aim 3, conduct a
multistakeholder evaluation using mixed methods to identify
barriers and facilitatorsto theimplementation and uptake of the
solution and its subcomponents, including patient and careteam
engagement, experience, and satisfaction. An
effectiveness-implementation hybrid study design, such as
ACHIEVE, supports the identification of problems with the
delivery of the solution during the clinical trial, which can
trandate to vital considerations (eg, barriers or facilitators and
modifications to maximize uptake and use) for subsegquent
real-world implementation.

Limitationsto Consider

Technological, end user acceptance, and scalability are examples
of challengesthat will need to be mitigated through the design,
implementation, and evaluation of digital health tools. The use
of user-centered design principles and afocus on the context of
implementation are 2 examples of approaches that help to
systematically address such challenges and these approaches
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need to be instilled from the beginning of the design process
and maintained throughout the study, as suggested by our
framework. Some challenges, however, may need to be
addressed over the long-term at the policy level (eg, making
the internet accessible to everyone in a community, including
individuals who face financia barriers). Our framework and
the evidence that can be generated from it provide information
to raise awareness of these priority issues both at the community
and policy levels. Lessons learned from our experience with
integration will also form the foundation for additional work
that will need to be done to integrate our solution across EHR
systems among hospital systems and community-wide.

Conclusions

We present an evidenced-based framework for mHealth design
that isinclusive and personalized for individuals who live with
high-risk clinical conditions and experience a high burden of
social needs. Our framework is informed by our experiences
with designing the multicomponent ACHIEVE solution,
including mHealth, a provider dashboard, and team-based
coaching, for Medicaid-eligible pregnant individuals with
uncontrolled T2D, many of whom experience a high burden of
social needs. ACHIEVE addresses prior challenges in using
mHealth solutions that include a lack of comprehensive and
adaptive evidence-based educational content, closed-loop
integration with external sensors, and personalization for
individuals who experience obstacles to using a mHealth
solution. Our solution moves beyond simpletailoring of mHealth
apps based on design specifications typically collected from
homogeneous patient populations, including those who do not
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experience a high burden of adverse SDoH (both clinical and to influence their engagement. Our approach presents an
nonclinical) [9]. The ACHIEVE solution will be capable of opportunity for apps among other populations that experience
personalizing care based on shifting clinical and social need ahigh burden of adverse SDoH.

contextsfor an individual and provide them with dynamic goals

Acknowledgments

This work was supported by the Department of Biomedical Informatics, The Ohio State University, Agency for Healthcare
Research and Quality (grant RO1HS028822).

Conflictsof Interest
None declared.

References

1
2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

MHealth: New Horizons for Health Through Mobile Technologies. Geneva: World Health Organization; 2011.

Goya S, Cafazzo JA. Mobile phone health apps for diabetes management: current evidence and future devel opments. QIM
2013;106(12):1067-1069 [ FREE Full text] [doi: 10.1093/gjmed/hct203] [Medline: 24106313]

Rho MJ, Kim HS, Chung K, Choai 1Y. Factorsinfluencing the acceptance of telemedicine for diabetes management. Cluster
Comput 2014;18(1):321-331. [doi: 10.1007/s10586-014-0356-1]

Wang Y, Min J, Khuri J, Xue H, Xie B, Kaminsky LA, et a. Effectiveness of mobile health interventions on diabetes and
obesity treatment and management: systematic review of systematic reviews. IMIR Mhealth Uhealth 2020;8(4):e15400
[FREE Full text] [doi: 10.2196/15400] [Medline: 32343253]

FanH, Poole MS. What is personalization? Perspectives on the design and implementation of personalization ininformation
systems. J Organ Comput Electron Commer 2006;16(3-4):179-202. [doi: 10.1080/10919392.2006.9681199]

Cao W, Milks MW, Liu X, Gregory ME, Addison D, Zhang P, et al. mHealth interventions for self-management of
hypertension: framework and systematic review on engagement, interactivity, and tailoring. IMIR Mhealth Uhealth
2022;10(3):e29415 [ FREE Full text] [doi: 10.2196/29415] [Medline: 35234655]

Short CE, DeSmet A, Woods C, Williams SL, Maher C, Middelweerd A, et al. Measuring engagement in eHealth and
mHealth behavior change interventions: viewpoint of methodologies. JMed Internet Res 2018;20(11):€292 [FREE Full
text] [doi: 10.2196/jmir.9397] [Medline: 30446482]

Sundar SS, Bellur S, JiaH. Motivational technologies: atheoretical framework for designing preventive health applications.
In: Bang H, Ragnemalm EL, editors. Persuasive Technology: Design for Health and Safety. Berlin, Heidelberg: Springer
Berlin Heidelberg; 2012.

Lyles CR, Wachter RM, Sarkar U. Focusing on digital health equity. JAMA 2021;326(18):1795-1796. [doi:
10.1001/jama.2021.18459] [Medline: 34677577]

Lisker S, Sarkar U, AguileraA, Lyles CR. Operationalizing academic-industry partnershipsto advance digital health equity:
lessons learned. J Health Care Poor Underserved 2022;33(4S):152-172 [FREE Full text] [doi: 10.1353/hpu.2022.0164]
[Medline: 36533464]

EylesH, Jull A, Dobson R, Firestone R, Whittaker R, Te Morenga L, et al. Co-design of mHealth delivered interventions:
asystematic review to assess key methods and processes. Curr Nutr Rep 2016 Jul 4;5(3):160-167. [doi:
10.1007/s13668-016-0165-7]

Fareed N, Swoboda C, Singh P, Boettcher E, Wang Y, Venkatesh K, et al. Developing and testing an integrated patient
mHealth and provider dashboard application system for type 2 diabetes management among medicaid-enrolled pregnant
individuals based on a user-centered approach: mixed-methods study. Digit Health 2023;9:20552076221144181 [FREE
Full text] [doi: 10.1177/20552076221144181] [Medline: 36644662]

BanduraA. Social Foundations of Thought and Action: A Socia Cognitive Theory. Englewood Cliffs, NJ, US: Prentice-Hall,
Inc; 1986.

BanduraA. Social foundations of thought and action: asocial cognitivetheory. In: Marks DF, editor. The Health Psychology
Reader. London, United Kingdom: SAGE Publications Ltd; 2002:94-106.

Tassone C, KeshavjeeK, PaglialongaA, MoreiraN, Pinto J, Quintana Y. Evaluation of mobile appsfor treatment of patients
at risk of developing gestational diabetes. Health Informatics J 2020;26(3):1983-1994 [FREE Full text] [doi:
10.1177/1460458219896639] [Medline: 31912754]

Womack JJ, Anderson LN, Ledford CIW. Presence of complex and potentially conflicting information in prenatal mobile
apps. Health Promot Pract 2020;21(2):238-245. [doi: 10.1177/1524839918796216] [Medline: 30146903]

Davidson AJF, Park AL, Berger H, AoyamaK, Harel Z, Cohen E, et al. Association of improved periconception hemoglobin
Alc with pregnancy outcomes in women with diabetes. JAMA Netw Open 2020;3(12):€2030207 [FREE Full text] [doi:
10.1001/jamanetworkopen.2020.30207] [Medline: 33355674]

https://diabetes.jmir.org/2023/1/e46654 JMIR Diabetes 2023 | vol. 8 | 46654 | p.146

(page number not for citation purposes)


https://europepmc.org/abstract/MED/24106313
http://dx.doi.org/10.1093/qjmed/hct203
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24106313&dopt=Abstract
http://dx.doi.org/10.1007/s10586-014-0356-1
https://mhealth.jmir.org/2020/4/e15400/
http://dx.doi.org/10.2196/15400
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32343253&dopt=Abstract
http://dx.doi.org/10.1080/10919392.2006.9681199
https://mhealth.jmir.org/2022/3/e29415/
http://dx.doi.org/10.2196/29415
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35234655&dopt=Abstract
https://www.jmir.org/2018/11/e292/
https://www.jmir.org/2018/11/e292/
http://dx.doi.org/10.2196/jmir.9397
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30446482&dopt=Abstract
http://dx.doi.org/10.1001/jama.2021.18459
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34677577&dopt=Abstract
https://muse.jhu.edu/article/873638
http://dx.doi.org/10.1353/hpu.2022.0164
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36533464&dopt=Abstract
http://dx.doi.org/10.1007/s13668-016-0165-7
https://journals.sagepub.com/doi/10.1177/20552076221144181?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
https://journals.sagepub.com/doi/10.1177/20552076221144181?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1177/20552076221144181
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=36644662&dopt=Abstract
https://journals.sagepub.com/doi/10.1177/1460458219896639?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub  0pubmed
http://dx.doi.org/10.1177/1460458219896639
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31912754&dopt=Abstract
http://dx.doi.org/10.1177/1524839918796216
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30146903&dopt=Abstract
https://europepmc.org/abstract/MED/33355674
http://dx.doi.org/10.1001/jamanetworkopen.2020.30207
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33355674&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR DIABETES Fareed et al

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

35.

36.

37.

38.

39.

40.

41.

Davidson AJF, Park AL, Berger H, AoyamaK, Harel Z, Cook JL, et al. Risk of severe maternal morbidity or death in
relation to elevated hemoglobin Alc preconception, and in early pregnancy: a population-based cohort study. PLoS Med
2020;17(5):€1003104 [EREE Full text] [doi: 10.1371/journal .pmed.1003104] [Medline: 32427997]

Finneran MM, Kiefer MK, Ware CA, Buschur EO, Thung SF, Landon MB, et al. The use of longitudinal hemoglobin Alc
values to predict adverse obstetric and neonatal outcomes in pregnancies complicated by pregestational diabetes. Am J
Obstet Gynecol MFM 2020;2(1):100069. [doi: 10.1016/j.ajogmf.2019.100069] [Medline; 33345983]

Kampmann U, Knorr S, Fuglsang J, Ovesen P. Determinants of maternal insulin resistance during pregnancy: an updated
overview. J Diabetes Res 2019;2019:5320156 [FREE Full text] [doi: 10.1155/2019/5320156] [Medline: 31828161]
Ingtitute of Medicine (US), Committee to Study Outreach for Prenatal Care. In: Brown SS, editor. Prenatal Care: Reaching
Mothers, Reaching Infants. Washington (DC): National Academies Press (US); 1988.

American Diabetes Association Professional Practice Committee. Management of diabetes in pregnancy: standards of
medical carein diabetes-2022. Diabetes Care 2022;45(Suppl 1):S232-S243 [FREE Full text] [doi: 10.2337/dc22-S015]
[Medline: 34964864]

Easter SR, Rosenthal EW, Morton-Eggleston E, Nour N, Tuomala R, Zera CA. Disparitiesin care for publicly insured
women with pregestational diabetes. Obstet Gynecol 2017;130(5):946-952. [doi: 10.1097/A0G.0000000000002252]
[Medline: 29016514]

Lorch SA, Enlow E. Therole of socia determinantsin explaining racial/ethnic disparitiesin perinatal outcomes. Pediatr
Res 2016;79(1-2):141-147 [FREE Full text] [doi: 10.1038/pr.2015.199] [Medline: 26466077]

Gabbe SG, Mestman JH, Freeman RK, Goebelsmann UT, Lowensohn RI, Nochimson D, et a. Management and outcome
of pregnancy in diabetes mellitus, classes B to R. Am J Obstet Gynecol 1977;129(7):723-732. [doi:
10.1016/0002-9378(77)90388-x] [Medline: 607804]

Mullins CD, Blatt L, Gbarayor CM, Yang HWK, Baguet C. Health disparities: a barrier to high-quality care. Am JHealth
Syst Pharm 2005;62(18):1873-1882 [FREE Full text] [doi: 10.2146/8jhp050064] [Medline: 16141106]

LeeJ, Callaghan T, Ory M, Zhao H, Bolin JN. The impact of medicaid expansion on diabetes management. Diabetes Care
2020;43(5):1094-1101 [FREE Full text] [doi: 10.2337/dc19-1173] [Medline: 31649097)

Kirchheiner K, Nout R, Lindegaard J, Petri¢ P, Limbergen EV, Jirgenliemk-Schulz IM, et a. Do clinicians and patients
agree regarding symptoms? A comparison after definitive radiochemotherapy in 223 uterine cervical cancer patients.
Strahlenther Onkol 2012;188(10):933-939. [doi: 10.1007/s00066-012-0156-6] [Medline: 22895624]

Colombo D, Fernandez-Alvarez J, Patané A, SemonellaM, Kwiatkowska M, Garcia-Palacios A, et al. Current state and
future directions of technology-based ecological momentary assessment and intervention for major depressive disorder: a
systematic review. J Clin Med 2019;8(4):465 [FREE Full text] [doi: 10.3390/jcm8040465] [Medline: 30959828]

Doherty K, Balaskas A, Doherty G. The design of ecological momentary assessment technologies. Interact Comput
2020;32(3):257-278 [ FREE Full text] [doi: 10.1093/iwcomp/iwaa019]

Ancker JS, Mauer E, Kalish RB, Vest JR, Gossey JT. Early adopters of patient-generated health data upload in an electronic
patient portal. Appl Clin Inform 2019;10(2):254-260 [EREE Full text] [doi: 10.1055/s-0039-1683987] [Medline: 30970383]
Merino J, Florez JC. Precision medicine in diabetes: an opportunity for clinical translation. Ann N Y Acad Sci
2018;1411(1):140-152 [FREE Full text] [doi: 10.1111/nyas.13588] [Medline: 29377200]

Feghali MN, ScifresCM. Novel therapiesfor diabetesmellitusin pregnancy. BMJ2018;362:k2034. [doi: 10.1136/bmj.k2034]
[Medline: 30012851]

Venkatesh KK, Germann K, Joseph J, Kiefer M, Buschur E, Thung S, et al. Association between socia vulnerability and
achieving glycemic control among pregnant individualswith pregestational diabetes. Obstet Gynecol 2022;139(6):1051-1060.
[doi: 10.1097/A0OG.0000000000004727] [Medline: 35675602]

Kurani SS, Heilen HC, Sangaralingham LR, Inselman JW, Shah ND, Golden SH, et al. Association of area-level socioeconomic
deprivation with hypoglycemic and hyperglycemic crisesin US adultswith diabetes. JAMA Netw Open 2022;5(1):€2143597
[FREE Full text] [doi: 10.1001/jamanetworkopen.2021.43597] [Medline: 35040969]

Hill-Briggs F, Adler NE, Berkowitz SA, Chin MH, Gary-Webb TL, Navas-Acien A, et al. Social determinants of health
and diabetes: ascientific review. Diabetes Care 2020;44(1):258-279 [ FREE Full text] [doi: 10.2337/dci20-0053] [Medline:
33139407]

Law A, McCoy M, Lynen R, Curkendall SM, Gatwood J, Juneau PL, et a. The additional cost burden of preexisting medical
conditions during pregnancy and childbirth. JWomens Health (Larchmt) 2015;24(11):924-932. [doi: 10.1089/jwh.2014.4951]
[Medline: 26244900]

Financing maternity care: Medicaid's role. Medicaid and CHIP Payment and Access Commission. URL: https://www.
macpac.gov/publicati on/financing-maternity-care-medicaids-role/ [accessed 2021-03-11]

Farietta TP, Lu B, Tumin R. Ohio's M edicaid expansion and unmet health needs among |ow-income women of reproductive
age. Matern Child Health J 2018;22(12):1771-1779. [doi: 10.1007/s10995-018-2575-1] [Medline: 30006730]

Allen AJ, Snowden JM, Lau B, Cheng Y, Caughey AB. Type-2 diabetes mellitus: does prenatal care affect outcomes? J
Matern Fetal Neonatal Med 2018;31(1):93-97. [doi: 10.1080/14767058.2016.1276558] [Medline: 28076991]

Gadson A, Akpovi E, Mehta PK. Exploring the social determinants of racial/ethnic disparitiesin prenatal care utilization
and maternal outcome. Semin Perinatol 2017;41(5):308-317. [doi: 10.1053/j.semperi.2017.04.008] [Medline: 28625554]

https://diabetes.jmir.org/2023/1/e46654 JMIR Diabetes 2023 | vol. 8 | 46654 | p.147

(page number not for citation purposes)


https://journals.plos.org/plosmedicine/article?id=10.1371/journal.pmed.1003104
http://dx.doi.org/10.1371/journal.pmed.1003104
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32427997&dopt=Abstract
http://dx.doi.org/10.1016/j.ajogmf.2019.100069
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33345983&dopt=Abstract
https://doi.org/10.1155/2019/5320156
http://dx.doi.org/10.1155/2019/5320156
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31828161&dopt=Abstract
https://diabetesjournals.org/care/article/45/Supplement_1/S232/138916/15-Management-of-Diabetes-in-Pregnancy-Standards
http://dx.doi.org/10.2337/dc22-S015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34964864&dopt=Abstract
http://dx.doi.org/10.1097/AOG.0000000000002252
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29016514&dopt=Abstract
https://www.nature.com/articles/pr2015199
http://dx.doi.org/10.1038/pr.2015.199
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26466077&dopt=Abstract
http://dx.doi.org/10.1016/0002-9378(77)90388-x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=607804&dopt=Abstract
https://europepmc.org/abstract/MED/16141106
http://dx.doi.org/10.2146/ajhp050064
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16141106&dopt=Abstract
https://europepmc.org/abstract/MED/31649097
http://dx.doi.org/10.2337/dc19-1173
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31649097&dopt=Abstract
http://dx.doi.org/10.1007/s00066-012-0156-6
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22895624&dopt=Abstract
https://www.mdpi.com/resolver?pii=jcm8040465
http://dx.doi.org/10.3390/jcm8040465
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30959828&dopt=Abstract
https://academic.oup.com/iwc/article/32/3/257/5897245
http://dx.doi.org/10.1093/iwcomp/iwaa019
https://europepmc.org/abstract/MED/30970383
http://dx.doi.org/10.1055/s-0039-1683987
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30970383&dopt=Abstract
https://europepmc.org/abstract/MED/29377200
http://dx.doi.org/10.1111/nyas.13588
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29377200&dopt=Abstract
http://dx.doi.org/10.1136/bmj.k2034
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30012851&dopt=Abstract
http://dx.doi.org/10.1097/AOG.0000000000004727
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35675602&dopt=Abstract
https://europepmc.org/abstract/MED/35040969
http://dx.doi.org/10.1001/jamanetworkopen.2021.43597
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35040969&dopt=Abstract
https://europepmc.org/abstract/MED/33139407
http://dx.doi.org/10.2337/dci20-0053
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33139407&dopt=Abstract
http://dx.doi.org/10.1089/jwh.2014.4951
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26244900&dopt=Abstract
https://www.macpac.gov/publication/financing-maternity-care-medicaids-role/
https://www.macpac.gov/publication/financing-maternity-care-medicaids-role/
http://dx.doi.org/10.1007/s10995-018-2575-1
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30006730&dopt=Abstract
http://dx.doi.org/10.1080/14767058.2016.1276558
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28076991&dopt=Abstract
http://dx.doi.org/10.1053/j.semperi.2017.04.008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28625554&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR DIABETES Fareed et al

42.

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Schroeder SA. Shattuck lecture. We can do better—improving the health of the American people. N Engl J Med
2007;357(12):1221-1228 [FREE Full text] [doi: 10.1056/NEJMsa073350] [Medline: 17881753]

Patel MR. Social determinants of poor management of type 2 diabetes among the insured. Curr Diab Rep 2020;20(11):67
[FREE Full text] [doi: 10.1007/s11892-020-01354-4] [Medline: 33150501]

Medicaid and digital health: findings from the Deloitte 2018 survey of US health care consumers. Deloitte Insights. URL:
https.//www?2.del oitte.com/us/en/insi ghts/industry/public-sector/mobil e-heal th-care-app-features-for-patients.html [accessed
2021-05-21]

Anderson-LewisC, Darville G, Mercado RE, Howell S, Di Maggio S. mHealth technology useand implicationsin historically
underserved and minority populations in the United States: systematic literature review. IMIR Mhealth Uhealth
2018;6(6):€128 [FREE Full text] [doi: 10.2196/mhealth.8383] [Medline: 29914860]

Peahl AF, Novara A, Heiser M, Dalton VK, Moniz MH, Smith RD. Patient preferences for prenatal and postpartum care
delivery: asurvey of postpartum women. Obstet Gynecol 2020;135(5):1038-1046 [FREE Full text] [doi:
10.1097/A0G.0000000000003731] [Medline: 32282598]

Reed ME, Huang J, Brand RJ, Neugebauer R, Graetz |, Hsu J, et al. Patients with complex chronic conditions: health care
use and clinical events associated with access to a patient portal. PLoS ONE 2019;14(6):e0217636 [FREE Full text] [doi:
10.1371/journal .pone.0217636]

Quinn CC, Shardell MD, Terrin ML, Barr EA, Ballew SH, Gruber-Baldini AL. Cluster-randomized trial of amabile phone
personalized behavioral intervention for blood glucose control. Diabetes Care 2011;34(9):1934-1942 [FREE Full text] [doi:
10.2337/dc11-0366] [Medline: 21788632]

Dixon-Shambley K, Gabbe PT. Using telehealth approachesto address social determinants of health and improve pregnancy
and postpartum outcomes. Clin Obstet Gynecol 2021;64(2):333-344. [doi: 10.1097/GRF.0000000000000611] [Medline:
33882522]

Quinn CC, Butler EC, Swasey KK, Shardell MD, Terrin MD, Barr EA, et al. Mobile diabetes intervention study of patient
engagement and impact on blood glucose: mixed methods analysis. IMIR Mhealth Uhealth 2018;6(2):€31 [FREE Full text]
[doi: 10.2196/mhealth.9265] [Medline: 29396389]

Quinn CC, Swasey KK, Torain JM, Shardell MD, Terrin ML, Barr EA, et al. An mHealth diabetesintervention for glucose
control: health care utilization analysis. IMIR Mhealth Uhealth 2018;6(10):€10776 [FREE Full text] [doi: 10.2196/10776]
[Medline: 30322839]

Hunt CW. Technology and diabetes self-management: an integrative review. World J Diabetes 2015;6(2):225-233 [FREE
Full text] [doi: 10.4239/wjd.v6.i2.225] [Medline: 25789104]

Pal K, Eastwood SV, Michie S, Farmer AJ, Barnard ML, Peacock R, et al. Computer-based diabetes sel f-management
interventions for adults with type 2 diabetes mellitus. Cochrane Database Syst Rev 2013;2013(3):CD008776 [ FREE Full
text] [doi: 10.1002/14651858.CD008776.pub2] [Medline: 23543567]

Lee MK, Lee DY, Ahn HY, Park CY. A novel user utility score for diabetes management using tailored mobile coaching:
secondary analysis of arandomized controlled trial. IMIR Mhealth Uhealth 2021;9(2):e17573 [FREE Full text] [doi:
10.2196/17573] [Medline: 33625363]

OMalley G, Wang A, Ogyaadu S, Levy CJ. Assessing glycemic control using CGM for women with diabetesin pregnancy.
Curr Diab Rep 2021;21(11):44. [doi: 10.1007/s11892-021-01415-2] [Medline: 34735626]

Law GR, Alngji A, Alrefaii L, Endersby D, Cartland SJ, Gilbey SG, et a. Suboptimal nocturnal glucose control isassociated
with large for gestational age in treated gestational diabetes mellitus. Diabetes Care 2019;42(5):810-815 [FREE Full text]
[doi: 10.2337/dc18-2212] [Medline: 30765428]

Feig DS, Donovan LE, Corcoy R, Murphy KE, Amiel SA, Hunt KF, et a. Continuous glucose monitoring in pregnant
women with type 1 diabetes (CONCEPTT): a multicentre international randomised controlled trial. Lancet
2017;390(10110):2347-2359 [ FREE Full text] [doi: 10.1016/S0140-6736(17)32400-5] [Medline: 28923465]

Poulter SE, Meloncelli N, Mack M. Use of a smartphone-based, interactive blood glucose management system in women
with gestational diabetes mellitus: a pilot study. Diabetes Res Clin Pract 2022;185:109224. [doi:
10.1016/j.diabres.2022.109224] [Medline: 35122904]

Liberman A, Barnard K. Diabetestechnol ogy and the human factor. Diabetes Technol Ther 2019;21(S1):S138-S147 [FREE
Full text] [doi: 10.1089/dia.2019.2511] [Medline: 30785329]

Borges U, Kubiak T. Continuous glucose monitoring in type 1 diabetes. J Diabetes Sci Technol 2016;10(3):633-639 [FREE
Full text] [doi: 10.1177/1932296816634736] [Medline: 26961974]

Kubiak T, Mann CG, Barnard KC, Heinemann L. Psychosocial aspects of continuous glucose monitoring: connecting to
the patients experience. J Diabetes Sci Technol 2016;10(4):859-863 [FREE Full text] [doi: 10.1177/1932296816651450]
[Medline: 27234808]

Polonsky WH, Hessler D. What are the quality of life-related benefits and losses associated with real-time continuous
glucose monitoring? A survey of current users. Diabetes Technol Ther 2013;15(4):295-301. [doi: 10.1089/dia.2012.0298]
[Medline: 23427866]

Farao J, MdilaB, Conrad N, Mutsvangwa T, Rangaka M X, Douglas TS. A user-centred design framework for mHealth.
PL0S One 2020;15(8):€0237910 [FREE Full text] [doi: 10.1371/journal.pone.0237910] [Medline: 32813711]

https://diabetes.jmir.org/2023/1/e46654 JMIR Diabetes 2023 | vol. 8 | 46654 | p.148

(page number not for citation purposes)


https://www.nejm.org/doi/full/10.1056/NEJMsa073350
http://dx.doi.org/10.1056/NEJMsa073350
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17881753&dopt=Abstract
https://europepmc.org/abstract/MED/33150501
http://dx.doi.org/10.1007/s11892-020-01354-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33150501&dopt=Abstract
https://www2.deloitte.com/us/en/insights/industry/public-sector/mobile-health-care-app-features-for-patients.html
https://mhealth.jmir.org/2018/6/e128/
http://dx.doi.org/10.2196/mhealth.8383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29914860&dopt=Abstract
https://europepmc.org/abstract/MED/32282598
http://dx.doi.org/10.1097/AOG.0000000000003731
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32282598&dopt=Abstract
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0217636
http://dx.doi.org/10.1371/journal.pone.0217636
https://europepmc.org/abstract/MED/21788632
http://dx.doi.org/10.2337/dc11-0366
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21788632&dopt=Abstract
http://dx.doi.org/10.1097/GRF.0000000000000611
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33882522&dopt=Abstract
https://mhealth.jmir.org/2018/2/e31/
http://dx.doi.org/10.2196/mhealth.9265
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29396389&dopt=Abstract
https://mhealth.jmir.org/2018/10/e10776/
http://dx.doi.org/10.2196/10776
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30322839&dopt=Abstract
https://www.wjgnet.com/1948-9358/full/v6/i2/225.htm
https://www.wjgnet.com/1948-9358/full/v6/i2/225.htm
http://dx.doi.org/10.4239/wjd.v6.i2.225
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25789104&dopt=Abstract
https://europepmc.org/abstract/MED/23543567
https://europepmc.org/abstract/MED/23543567
http://dx.doi.org/10.1002/14651858.CD008776.pub2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23543567&dopt=Abstract
https://mhealth.jmir.org/2021/2/e17573/
http://dx.doi.org/10.2196/17573
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33625363&dopt=Abstract
http://dx.doi.org/10.1007/s11892-021-01415-2
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=34735626&dopt=Abstract
https://eprints.whiterose.ac.uk/142293/
http://dx.doi.org/10.2337/dc18-2212
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30765428&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0140-6736(17)32400-5
http://dx.doi.org/10.1016/S0140-6736(17)32400-5
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28923465&dopt=Abstract
http://dx.doi.org/10.1016/j.diabres.2022.109224
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=35122904&dopt=Abstract
https://www.liebertpub.com/doi/10.1089/dia.2019.2511
https://www.liebertpub.com/doi/10.1089/dia.2019.2511
http://dx.doi.org/10.1089/dia.2019.2511
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=30785329&dopt=Abstract
https://europepmc.org/abstract/MED/26961974
https://europepmc.org/abstract/MED/26961974
http://dx.doi.org/10.1177/1932296816634736
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26961974&dopt=Abstract
https://europepmc.org/abstract/MED/27234808
http://dx.doi.org/10.1177/1932296816651450
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27234808&dopt=Abstract
http://dx.doi.org/10.1089/dia.2012.0298
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23427866&dopt=Abstract
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0237910
http://dx.doi.org/10.1371/journal.pone.0237910
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32813711&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR DIABETES Fareed et al

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.

Mahmood A, Kedia S, Wyant DK, Ahn S, Bhuyan SS. Use of mobile health applications for health-promoting behavior
among individuals with chronic medical conditions. Digit Health 2019;5:205520761988218 [FREE Full text] [doi:
10.1177/2055207619882181] [Medline: 31656632]

McKay FH, Wright A, Shill J, StephensH, Uccellini M. Using health and well-being appsfor behavior change: asystematic
search and rating of apps. IMIR Mhealth Uhealth 2019;7(7):€11926 [FREE Full text] [doi: 10.2196/11926] [Medline:
31274112]

Welch G, Zagarins SE, Santiago-Kelly P, Rodriguez Z, Bursell SE, Rosal MC, et al. Aninternet-based diabetes management
platform improves team care and outcomes in an urban Latino population. Diabetes Care 2015;38(4):561-567 [FREE Full
text] [doi: 10.2337/dc14-1412] [Medline: 25633661]

Mao AY, Chen C, Magana C, Bargjas KC, Olayiwola JN. A mobile phone-based health coaching intervention for weight
loss and blood pressure reduction in anational payer population: aretrospective study. IMIR Mhealth Uhealth 2017;5(6):e80
[FREE Full text] [doi: 10.2196/mhealth.7591] [Medline: 28596147]

Dossey BM, Hess D. Professional nurse coaching: advancesin national and global healthcare transformation. Glob Adv
Health Med 2013;2(4):10-16 [FREE Full text] [doi: 10.7453/gahm|.2013.044] [Medline: 24416681]

Nelson TA, Anderson B, Bian J, Boyd AD, Burton SV, DavisK, et al. Planning for patient-reported outcome implementation:
development of decision toolsand practical experience across four clinics. JClin Transl Sci 2020;4(6):498-507 [FREE Full
text] [doi: 10.1017/cts.2020.37] [Medline: 33948226]

Or CK, Holden RJ, Valdez RS. Human factors engineering and user-centered design for mobile health technology: enhancing
effectiveness, efficiency, and satisfaction. In: Duffy VG, Ziefle M, Rau PLP, Tseng MM, editors. Human-Automation
Interaction: Mobile Computing. Cham: Springer International Publishing; 2022:97-118.

Cho I, Kim E, Choi WH, Staggers N. Comparing usability testing outcomes and functions of six electronic nursing record
systems. Int J Med Inform 2016;88:78-85. [doi: 10.1016/j.ijmedinf.2016.01.007] [Medline: 26878766]

Joyce G, Lilley M, Barker T, Jefferies A. Mobile application usability: heuristic evaluation and evaluation of heuristics.
In: Amaba B, editor. Advancesin Human Factors, Software, and Systems Engineering. Cham: Springer International
Publishing; 2016.

Chandran S, Al AS, Ahmad E. Exploring user centered design in healthcare: aliterature review. 2020 Presented at: 2020
4th International Symposium on Multidisciplinary Studies and Innovative Technologies (ISMSIT); 17 November 2020;
Istanbul, Turkey. [doi: 10.1109/ismsit50672.2020.9255313]

Yen PY, Bakken S. Review of health information technology usability study methodologies. JAm Med Inform Assoc
2012;19(3):413-422 [FREE Full text] [doi: 10.1136/amiajnl-2010-000020] [Medline: 21828224]

Fan M, Shi S, Truong KN. Practices and challenges of using think-aloud protocols in industry: an international survey. J
Usability Stud 2020;15(2):85-102 [FREE Full text]

Nielsen J. User interface directions for the web. Commun ACM 1999;42(1):65-72 [FREE Full text] [doi:
10.1145/291469.291470]

American College of Obstetricians and Gynecologists. ACOG committee opinion no. 736: optimizing postpartum care.
Obstet Gynecol 2018;131(5):€140-e150 [FREE Full text] [doi: 10.1097/A0G.0000000000002633] [Medline: 29683911]
Castorino K, Polsky S, O'Malley G, Levister C, Nelson K, Farfan C, et al. Performance of the Dexcom G6 Continuous
Glucose Monitoring System in pregnant women with diabetes. Diabetes Technol Ther 2020;22(12):943-947 [EREE Full
text] [doi: 10.1089/dia.2020.0085] [Medline: 32324061]

Overview. Dexcom API. URL: https://devel oper.dexcom.com/overview [accessed 2021-05-21]

Kumar RB, Goren ND, Stark DE, Wall DP, Longhurst CA. Automated integration of continuous glucose monitor datain
the electronic health record using consumer technology. J Am Med Inform Assoc 2016;23(3):532-537 [FREE Full text]
[doi: 10.1093/jamia/ocv206] [Medline; 27018263]

Landes SJ, McBain SA, Curran GM. Reprint of : an introduction to effectiveness-implementation hybrid designs. Psychiatry
Res 2020;283:112630 [FREE Full text] [doi: 10.1016/j.psychres.2019.112630] [Medline: 31722790]

Abbreviations

API: application programming interface

HbA1c: hemoglobin Alc

CDCES: certified diabetes care and education specialists
CGM: continuous glucose monitoring

CHW: community health worker

EHR: electronic health record

FHIR: SMART-Fast Health care Interoperability Resources
HUB: Central Ohio Pathways HUB at Health Impact Ohio
mHealth: mobile health

PRO: patient-reported outcome

REDCap: Research Electronic Data Capture

https://diabetes.jmir.org/2023/1/e46654 JMIR Diabetes 2023 | vol. 8 | 46654 | p.149

(page number not for citation purposes)


https://journals.sagepub.com/doi/10.1177/2055207619882181
http://dx.doi.org/10.1177/2055207619882181
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31656632&dopt=Abstract
https://mhealth.jmir.org/2019/7/e11926/
http://dx.doi.org/10.2196/11926
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31274112&dopt=Abstract
https://europepmc.org/abstract/MED/25633661
https://europepmc.org/abstract/MED/25633661
http://dx.doi.org/10.2337/dc14-1412
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25633661&dopt=Abstract
https://mhealth.jmir.org/2017/6/e80/
http://dx.doi.org/10.2196/mhealth.7591
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28596147&dopt=Abstract
https://europepmc.org/abstract/MED/24416681
http://dx.doi.org/10.7453/gahmj.2013.044
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24416681&dopt=Abstract
https://europepmc.org/abstract/MED/33948226
https://europepmc.org/abstract/MED/33948226
http://dx.doi.org/10.1017/cts.2020.37
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=33948226&dopt=Abstract
http://dx.doi.org/10.1016/j.ijmedinf.2016.01.007
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26878766&dopt=Abstract
http://dx.doi.org/10.1109/ismsit50672.2020.9255313
https://europepmc.org/abstract/MED/21828224
http://dx.doi.org/10.1136/amiajnl-2010-000020
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21828224&dopt=Abstract
http://uxpajournal.org/wp-content/uploads/sites/7/pdf/JUS_Fan_Feb2020.pdf
https://dl.acm.org/doi/10.1145/291469.291470
http://dx.doi.org/10.1145/291469.291470
https://journals.lww.com/greenjournal/fulltext/2018/05000/acog_committee_opinion_no__736__optimizing.42.aspx
http://dx.doi.org/10.1097/AOG.0000000000002633
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=29683911&dopt=Abstract
https://europepmc.org/abstract/MED/32324061
https://europepmc.org/abstract/MED/32324061
http://dx.doi.org/10.1089/dia.2020.0085
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=32324061&dopt=Abstract
https://developer.dexcom.com/overview
https://europepmc.org/abstract/MED/27018263
http://dx.doi.org/10.1093/jamia/ocv206
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27018263&dopt=Abstract
https://linkinghub.elsevier.com/retrieve/pii/S0165-1781(19)32168-7
http://dx.doi.org/10.1016/j.psychres.2019.112630
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=31722790&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR DIABETES Fareed et al

SDoH: socia determinants of health
SMBG: self-monitoring of blood glucose
T2D: type 2 diabetes

UCD: user-centered design

UCDWG: user-centered design work group

Edited by SLi; submitted 20.02.23; peer-reviewed by TN Nguyen, BG Patra, S Sulaiman, SKheiringjad, Z Shan; comments to author
24.05.23; revised version received 21.06.23; accepted 02.08.23; published 12.10.23.

Please cite as:

Fareed N, Swoboda C, Wang Y, Srrouse R, Hoseus J, Baker C, Joseph JJ, Venkatesh K

An Evidence-Based Framework for Creating Inclusive and Personalized mHealth Sol utions—Designing a Solution for Medicaid-Eligible
Pregnant Individuals With Uncontrolled Type 2 Diabetes

JMIR Diabetes 2023; 8: e46654

URL: https://diabetes.jmir.org/2023/1/e46654

doi:10.2196/46654

PMID: 37824196

©Naleef Fareed, Christine Swoboda, Yiting Wang, Robert Strouse, Jenelle Hoseus, Carrie Baker, Joshua J Joseph, Kartik
Venkatesh. Originally published in IMIR Diabetes (https://diabetes.jmir.org), 12.10.2023. Thisis 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 IMIR Diabetes, is
properly cited. The complete bibliographic information, alink to the original publication on https://diabetes.jmir.org/, as well as
this copyright and license information must be included.

https://diabetes.jmir.org/2023/1/e46654 JMIR Diabetes 2023 | vol. 8 | 46654 | p.150
(page number not for citation purposes)

RenderX


https://diabetes.jmir.org/2023/1/e46654
http://dx.doi.org/10.2196/46654
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=37824196&dopt=Abstract
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR DIABETES Sze & Kow

Original Paper

Perspectives and Needs of Malaysian Patients With Diabetes for
a Mobile Health App Support on Self-Management of Diabetes:
Qualitative Study

Wei Thing Sze™?, MSc; Suk Guan Kow!, BPharm

1Faculty of Pharmacy, SEGi University, Selangor, Maaysia
2Department of Biomedica Informatics, The University of Tokyo, Tokyo, Japan

Corresponding Author:

Wei Thing Sze, MSc

Faculty of Pharmacy

SEGi University

9, Jalan Teknologi, Kota Damansara
Selangor, 47810

Malaysia

Phone: 60 178246960

Email: weithing@gmail.com

Abstract

Background: Effective self-management of diabetesis crucial for improving clinical outcomes by maintaining glucose levels
and preventing the exacerbation of the condition. Mobile health (mHealth) has demonstrated its significance in enhancing
self-management practices. However, only 20% of Maaysians are familiar with mHealth technologies and use them for health
management.

Objective: Thisstudy aimsto explore the perceived benefits and challenges, needs and preferences, and willingness of patients
with diabetes to use mHealth apps for self-management of diabetes.

Methods: The study involved one-on-one semistructured online interviews with atotal of 15 participants, all of whom were
aged 18 years or older and had been diagnosed with diabetes for more than 6 months. An interview guide was devel oped based
on the constructs of the Technology Acceptance Model (TAM), the Health Information Technology Acceptance Model (HITAM),
and the aesthetics factor derived from the Mobile Application Rating Scale. All interviews were recorded in audio format and
transcribed verbatim. The interview content was then organized and coded using ATLAS.i version 8. Thematic analysis was
conducted in accordance with the recommended guidelines for analyzing the data.

Results. From the interviews with participants, 3 key themes emerged regarding the perceived benefits of using mHealth app
support in diabetes self-management. These themes were the ability to track and monitor diabetes control, assistance in making
lifestyle modifications, and the facilitation of more informed treatment decision-making for health care professionals. The
interviews with participants revealed 4 prominent themes regarding the perceived barriers to using mHealth app support for
diabetes self-management. These themeswere alack of awareness about the availability of mHealth support, insufficient support
in using mHealth apps, the perception that current mHealth apps do not align with users’ specific needs, and limited digital literacy
among users. The interviews with participants unveiled 4 key themes related to their needs and preferences concerning mHealth
app support for diabetes self-management. These themeswerethe desirefor educational information, user-friendly design features,
carbohydrate-counting functionality, and the ability to engage socially with both peers and health care professionals. The majority
of participants expressed their willingness to use mHealth apps if they received recommendations and guidance from health care
professionals.

Conclusions: Patients generally perceive mHealth app support as beneficial for diabetes self-management and are willing to
use these apps, particularly if recommended by health care professionals. However, several barriers may hinder the utilization of
mHealth apps, including alack of awareness and recommendati ons regarding these apps from health care professionals. To ensure
the effective development of mHealth app support systemsfor diabetes self-management, it is crucial to implement user-centered
design processes that consider the specific needs and preferences of patients. This approach will help create appsthat are tailored
to the requirements of individuals managing diabetes.
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Introduction

Background

Diabetesisrapidly becoming one of the most prevalent diseases
worldwide in the 21st century. Approximately 537 million
people across the globe are affected by diabetes, with an
estimated 6.7 million deaths directly linked to the condition in
2021[1]. In Malaysia, the National Diabetes Registry recorded
the enrollment of nearly 1.7 million patients, with 902,991
actively managed diabetes cases reported at the close of 2020.
The majority of these patients were diagnosed with type 2
diabetes mellitus (T2DM) at 99.33%, followed by type 1
diabetes mellitus at 0.59%, and other types at 0.06%. Among
the ethnic groups, the Maay community had the highest
prevalence of diabetes, followed by the Chinese, Indians, and
other ethnic groups [2]. T2DM s recognized as the most
prevalent form of diabetes and has emerged as a significant
public health issuein Malaysia. Therising prevalence of T2DM
can be attributed to variousfactors, including unhealthy dietary
habits, excessive carbohydrate intake, and a lack of physical
activity [3]. Patients with inadequate diabetes management face
an elevated risk of both mortality and morbidity. The chronic
complications linked to diabetes, including neuropathy,
retinopathy, cardiovascular disease, stroke, and the necessity
for foot amputations, can substantially diminish patients' quality
of life[4].

To prevent the worsening of the disease, diabetes
salf-management is crucial for individualswith diabetes. Patients
are encouraged to make lifestyle changes and adopt healthier
habits to maintain better control over their blood glucose levels
[5]. In recent years, there has been rapid development in
products and services aimed at self-care for diabetes[6]. Digital
health tools have evolved to facilitate disease management,
offering personalized functions for self-management and
enabling communication between patients and hedth care
professionals [7,8]. Wearable devices and mobile apps have
demonstrated their ability to enhance patients’ blood glucose
levels, encourage self-management behaviors, improve
medication adherence, and increase clinical satisfaction [9,10].

Self-M anagement Among Patients With Diabetes

Diabetes self-management is strongly encouraged among
patientswith diabetes asit hasthe potential to lower hemoglobin
A (HbA;) levels, consequently reducing the risk of
exacerbations and long-term complications [11-13]. It has the
potential to alleviate the burden on health care providers by
promoting self-monitoring at home among patients [14,15].
Self-management behaviors encompass glucose monitoring,
maintaining ahealthy diet, engaging inregular physical exercise,
adhering to medication regimens, risk reduction, developing
coping skills, and problem-solving [16]. However, the practice
of self-care among patients with diabetes in Malaysiaremains
relatively low. It has been reported that many patients are
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noncompliant with medication adherence, physically inactive,
and have unhealthy eating habits, all of which contribute to the
deterioration of their blood glucoselevels[17]. Potential barriers
to self-care practices are a lack of knowledge and skills in
diabetes self-management, insufficient counseling, a low
perception of the severity of the disease, a lack of motivation
and support, and financial constraints [18-20].

Moabile Health Support in Self-M anagement

Mobile health (mHealth) is defined as “the use of mobile and
wireless technologies to support the achievement of health
objectives’ [21]. mHeath technologies are typicaly
patient-facing and are available on patients mobile devices.
Some of the mHealth devices are smartphones, wearable activity
trackers, wireless-connected scales, blood pressure cuffs, pulse
oximeters, and glucometers. Patients have been able to gain a
deeper understanding of their health condition and make
adjustments o their lifestyle habits through the use of mHealth
[22]. mHedlth aids in various aspects of self-management by
collecting user hedth data and offering personalized
information, instructions, graphical representations, guidance,
and reminders [23]. However, it has been reported that only
20% of Malaysians are familiar with mHealth and actively use
it [24]. The limited adoption of mHealth can be attributed to
various factors, including usability concerns, perceived
complexity in usage, and the absence of integration with
electronic health records[25,26]. Additional factors contributing
to this situation are cost-related concerns, internet connectivity
issues, a lack of knowledge and skills, the perception of the
limited usefulness of digital devices, and concerns about data
security. These factors can potentially influence patients
attitudes and behaviors regarding digital health interventions

[27].

Patients' Per spectives on Using mHealth Support for
Disease M anagement

Numerous studies have explored patients' perspectiveson using
mHealth support for disease management. Some of these studies
have indicated that most patients, particularly the younger
generation and frequent computer users, expressastrong interest
in using mHealth for disease management [28-30]. Patients
have described the ease of communication with clinicians,
enhanced comprehension of their disease conditions, fewer
frequent hospital visits, and an overall improvement in wellness
and quality of life as benefits resulting from the use of mHealth
[31-33]. However, older individuals have expressed their lack
of familiarity with technology operations and a preference for
traditional methods involving manual recording of results[28].
Additionally, they, like others, have raised concerns regarding
data privacy, challenges in accessing data, the absence of
personalized features, and financial constraints, al of which
have been highlighted in previous studies [28,34].
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Justification for Research

Previous research has examined the views and perceptions of
Malaysian patients regarding general mHealth support for
various health conditions [24,35], but there has been limited
focus on its specific usage among patients with diabetes.
Moreover, there is a dearth of knowledge concerning patients
needs and preferences for mHealth interventions, as previous
studies in Malaysia have primarily concentrated on patients
perceptions and experiences with mHealth [24,28,36]. Recent
research has revealed that as many as 80% of participants in
mHealth interventions engage at only aminimal level [37], and
approximately one-quarter of downloaded health apps are used
just once [38]. Hence, researchers must delve into how the
intervention can align with users’ needs and preferences by
gaining a profound qualitative understanding of the target
population. A comprehensive understanding of patients' needs
and preferences will enable developers to design mHealth
features that are not only usable but also engaging [39]. This
step aligns with the “empathize with the target users’ phasein
the design thinking process and frequently serves astheinitial
stage in the development of mHealth interventions [40].

Study Objectives

Thisstudy aimsto investigate the perceived benefitsand barriers
of using mHealth apps among Malaysian patientswith diabetes.
The study also aims to uncover their specific needs and
preferences for mHealth apps in the context of self-managing

diabetes. Furthermore, we sought to determinetheir willingness
to embrace mHealth apps asatool for diabetes self-management.

Methods

Study Design and Recruitment of Participants

This research utilized an exploratory, qualitative design using
a phenomenological approach. In-depth, one-on-one,
semistructured qualitative interviews were conducted between
September 2021 and November 2021. The study adhered to the
guidelines outlined in the COREQ (Consolidated Criteria for
Reporting Qualitative Research; Multimedia Appendix 1)
checklist in both its design and reporting. Participants were
recruited via advertisements posted on social media platforms.
We used purposive sampling, specifically utilizing the maximum
variation sampling method, to ensure a diverse representation
of patients across various demographics, including age, gender,
ethnicity, incomelevel, and educationa background, to capture
awiderange of perspectives. Because of challengesin recruiting
patients of Indian ethnicity, we applied a snowball sampling
method to reach this population. This involved leveraging the
social networks of existing participants, who recommended
potential participants for the study. Inclusion criteria for
participation were as follows. individuals diagnosed with
diabetes for more than 6 months, aged 18 years or older,
proficient in English, and capable of accessing the internet and
using the Zoom web conferencing tool (Zoom Video
Communications, Inc.). Participants were provided with a
comprehensive briefing to address any concerns or queriesthey
may have had regarding the study. An information sheet was
provided to participants, and their formal consent to participate
in the study was obtained. Additionally, participants were
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offered a 10 Malaysian Ringgit (US $2.12) e-wallet gift token
as compensation for their time.

Positionality of the Research Team

WTS, a pharmacist with extensive experience in delivering
medication education and counseling to patients with diabetes
from various Maaysian ethnic backgrounds, brought valuable
insights into the study. Her wealth of experience enabled her
to empathize with the experiences and challenges encountered
by patients with diabetes, which in turn influenced her
perspectives during the data analysis phase. It is important to
note that WTS did not conduct the interviews during the data
collection process but played asignificant rolein theinterpretive
analysis of the interview transcripts.

SGK'’s positionality as a trainee pharmacist, coupled with her
direct experiences of engaging with patientswith diabetesfrom
diverse cultural backgrounds, enabled her to establish a
connection with the patients' perspectives and requirementsin
diabetes self-management. In her role as an interviewer, SGK
established a persona rapport with the participants and
effectively empathized with their lived experiences. This
connection was instrumental in shaping her engagement with
the data during the analysis process.

Interview Guide

We developed a semistructured interview guide (Multimedia
Appendix 2), drawing inspiration from Anderson et al [11]. The
interview questionswere rooted in the constructs of “ Perceived
ease of Use” and “ Perceived Usefulness’ from the Technology
Acceptance Model (TAM) [41], personal and social factors as
outlined in the Health Information Technology Acceptance
Model (HITAM) [42], and the aesthetics factor derived from
the Mobile Application Rating Scale (MARS) [43]. TAM
evaluates a user’s attitude toward adopting a technology,
comprising Perceived Usefulness and Perceived Ease of Use.
HITAM, by contrast, extends the TAM concepts by
incorporating the Health Belief Model [42]. HITAM isdesigned
to describe the attitude and behavioral intentions of health
consumerswhen they encounter health information technol ogy.
HITAM is particularly well-suited for our research, given its
comprehensive consideration of various facets of health
behaviors. It encompasses behavioral, personal, social, and
information technology factors, including health status, health
beliefs and concerns, subjective norms (socia pressure within
the diabetes community), health information technology
reliability (the demonstrability of results through direct
experience with the technology or information gathered from
other consumers), and heath information technology
self-efficacy (confidencein using mHealth). Conversely, MARS
evaluates app quality based on 4 constructs: engagement,
aesthetics, functionality, and the quality of information [43].
Asthe quality of apps significantly impactsthe user experience,
we incorporated these MARS constructs into our interview
guide.

We also incorporated additional questions into the interview
guide to delve into participants’ acceptance factors regarding
the use of digital health tools (eg, “What form of information
would you find most useful?’) [11]. This question yielded
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comprehensive insightsinto participants needs and preferences
regarding mHealth support. We conducted a pilot test to assess
the suitability of the interview questions and to help the study
researcher become proficient in guiding the conversation
effectively.

Data Collection

One-on-one semistructured interviewswere conducted by author
SGK using Zoom. No prior relationship existed between the
interviewer and participants before the interviews. Demographic
information, including age, gender, ethnicity, type of diabetes,
duration of diabetes, employment status, and educational level,
was collected. Before the interviews, participants were shown
a 5-minute video presentation explaining the use of mHealth
apps in diabetes. This presentation aimed to ensure that
participants had aclear understanding of the conceptsand ideas
related to the use of mHealth apps for self-managing diabetes.
During theinterviews, information regarding patients’ perceived
benefits and barriers, aswell astheir needs and preferences for
using mHealth app support in diabetes self-management, was
explored in accordance with theinterview guide. Theinterviews
involved asking open-ended questions, with the interviewer
also posing follow-up and probing questions to encourage
participants to provide comprehensive responses. On average,
the interviews lasted approximately 45 minutes. All interviews
were recorded in audio format and subsequently transcribed
verbatim by the researcher immediately after each interview.
The interviewer also took field notes during and immediately
after the interviews. We did not discover any new, pertinent
codes or themes emerging from the interview transcript of
participant 13. Consequently, we decided to conclude the
recruitment process after collecting data from a total of 15
interviews [44,45].

Data Analysis

Theinterview content was systematically organized and coded
using ATLASLi (ATLASL Scientific Software Development
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GmbH), version 8. The data were then subjected to thematic
analysis, following the guidelines outlined by Braun and Clarke
[46]. BothWTSand SGK independently coded all the transcripts
using NVivo software (QSR International). Initially, they read
the transcripts multiple times to become thoroughly acquainted
with the data. Subsequently, they independently coded the
transcripts, creating initial codes based on meaningful
paragraphs and grouping them under potential themes if they
shared similar contexts. The coders engaged in coding meetings
to discuss the codes and resolve any discrepancies that arose
during the coding process. The codebook underwent refinements
through iterative reviews of new codes and themes derived from
additional interviews. Ultimately, the final set of themes was
determined through consensus among all the researchers.
Transcripts were not returned to the participants for comments
or corrections, hor were participants asked to provide feedback
on the findings.

Ethical Consider ations

Thisstudy received approval from the SEGi University Research
Ethics Committee (approval number
SEGIEC/SR/FOP/29/2021-2022). Participant confidentiality
was upheld through the use of study codes. Participation in the
study was entirely voluntary, and participants were informed
that they had the option to withdraw at any point. Data access
was dtrictly limited to the study researchers. The ethics
procedures of this study adhere to the principles outlined in the
Declaration of Helsinki.

Results

Demographics of Participants

A total of 15 participants were recruited for the study. Detailed
demographic characteristics of the participantsare presented in
Table 1. Notably, less than half of the participants (6/15, 40%)
wereusing digital health support for diabetes self-management.
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Table 1. Participant characteristics.
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Participant characteristics

Values (N=15), n (%)

Use of a mobile health app for self-management
Yes
No
Age (years)
18-30
31-40
41-50
51-60
61-65
>65
Gender
Female
Male
Race
Chinese
Indian
Malay
Diabetestype
Typel
Type 2
Duration of diabetes
6 months-2 years
2-5years
>5 years
Working status
Employed
Unemployed
Education level
Primary education
Secondary education
Tertiary education
Diabetes management
Lifestyle modification only
Ora medication only
Oral medication and insulin

Insulin only

6 (40)
9 (60)

427
2(13)
1(7)
3(20)
0(0)
5(33)

8 (53)
7(47)

6 (40)
4(27)
5(33)

3(20)
12 (80)

1(7)
4(27)
10 (67)

9 (60)
6 (40)

0(0)
7(47)
8 (53)

3(20)
8 (53)
1(7)

3(20)

Per ceived Benefits of Using mHealth App Support

Overview

Theinterview with participantsrevealed 3 key themesregarding
the perceived benefits of using mHealth app support in diabetes
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self-management: tracking and monitoring diabetes control,
aiding in lifestyle modification, and facilitating improved
treatment decision-making for health care providers (Figure 1).
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Figure 1. Generated themes on the perspectives and needs of Malaysian patients with diabetes on mobile health (mHealth) apps for diabetes
self-management.
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©
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Theme 1: Tracking and Monitoring Diabetes Control ~ Theme2: Assistin Lifestyle Modification

Themajority of participants believed that using an mHealth app  The support provided by mHealth apps can play a significant
could assist them in tracking and monitoring their diabetes ol in facilitating lifestyle modifications for individuals with
control effectively. They were confident that they could diabetes. A majority of participants expressed the belief that
effortlessly record and monitor their health data, allowing them  they could establish dietary goals and targets by monitoring
to revisit previous records and observe their health trends at  their blood glucose trends using these apps. Additionally,

their convenience. participants felt that they could practice diabetes
self-management independently, without the need for external
I like it when there's a wealth of data there, you can reminders or assistance.
kind of look back and see what's your average? What ]
is your trend? What are your habits? [Participant 1, When | view the data on the app, | want themto reach
Female, age 18-30 years, mHealth app user] a certain level or goal. [Participant 1, Female, age

18-30 years, mHealth app user]
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| cannot depend on other people to control my
diabetes or to remind me of what to do every day. The
app can help me build a habit, like a new lifestyle.
[Participant 9, Male, age 51-60 years, mHealth app
nonuser]

When my blood sugar level is high from the app, |
will start to do something...Next day | will cut down
alot of carbsand then do more exercises. [ Participant
11, Female, age 65 years and above, mHealth app
nonuser]

Theme 3: Facilitate Better Treatment Decision-Making
for Clinicians

Participants were confident that mHealth apps could assist health
care professionals in making more informed decisions about
their treatment plans. They could readily share and discusstheir
health records with health care providers, thanks to the data
stored in these apps.

By checking the data with our doctor, we can discuss
with our doctor onthetrend. [Participant 4, male, age
18-30 years, mHealth app nonuser]

With more data, | think doctors can make better
treatment decisions. [Participant 7, Female, age 18-30
years, mHealth app user]

Barriersand Challengesto the Adoption of mHealth
Support

Overview

During the interviews with participants, 4 distinct themes
surfaced concerning the perceived barriers to using mHealth
support for diabetes self-management. These included a lack
of awareness regarding the availability of mHealth support,
insufficient support in the usage of mHealth technology, the
inadequacy of current mHealth apps to cater to users' specific
needs, and limited digital literacy.

Theme 1. Lack of Awareness on the Availability of
mHealth Apps

Our findingsindicated that asignificant portion of non—mHealth
users were unaware of the availability of mHealth app support
for diabetes management. Participants expressed that they had
no prior knowledge about the existence of mHeath apps
designed for diabetes self-management, and as aresult, had not
considered using such apps for managing their diabetes.

| don't know that diabetes apps exist. [Participant 5,
Male, age above 65 years, mHealth app nonuser]
W, in thefirst place nobody has recommended me.
This is the first time | hear of it, | have very little
knowledge of this actually. [Participant 14, Female,
age 18-30 years, mHealth app nonuser]

Theme 2: Lack of Recommendation and Information
on Using mHealth Apps

Conversely, participants also conveyed that there was a
noticeable absence of recommendations and information
regarding the use of mHealth apps. They reported that health
care professionals, primarily doctors, provided guidance on
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medications and lifestyle modifications but did not suggest or
endorse any mHealth apps or other digital health resources for
managing diabetes.

No the doctor didn’t mention it, so far no. [Participant
5, Male, age above 65 years, mHealth app nonuser]

Nobody has informed me, not even the clinic that |
go to. They have not informed me anything.
[Participant 11, Female, age 65 years and above,
mHealth app nonuser]

Theme 3: Current mHealth Apps Not Specific to Users
Needs

Several participants had negative experiences with mHealth
apps, primarily due to the perception that these apps did not
cater specifically to their individual needs. They described the
current apps as having limited options and functionalities for
personalized diabetes self-management. These limitations
encompassed the absence of certain critical information, the
requirement for users to manually input data, and diet
recommendations in the apps that were not tailored to the local
context.

I remembered that some apps have carbohydrates
counting, but they are not very specific yet, for
example, for rice, only brown rice and white arelisted
on the app. [Participant 15, Female, age 51-60 years,
mHealth app user]

We can set the sugar intake limit or a range that we
want...But the application did not specify the limit for
pregnant or normal patients. \We need to set the limit
ourselves. [Participant 12, Female, age 31-40 years,
mHealth app user]

Theme 4: Poor Digital Literacy

Furthermore, limited digital literacy emerged as a significant
barrier to the adoption of mHealth apps, particularly among the
older generation. Older participants expressed that they were
not accustomed to using digital technology, leading to
difficulties in operating newer technologies such as mHealth
apps. They mentioned that they lacked the knowledge and skills
required to use mHealth apps and often preferred using basic
mobile phones instead.

| am not computer user, so | prefer the simpler
method. [Participant 8, Male, age above 65 years,
mHealth app nonuser]

I'm an old school I'm not used to tech stuffs.
[Participant 9, Male, age 51-60 years, mHealth app
nonuser]

| use the normal phone, | didn't use smartphone.
[Participant 2, Female, age 51-60 years, mHealth app
nonuser]

Needsand Preferences Toward mHealth App Support

Overview

During the interviews with participants, 4 distinct themes
emerged concerning their needs and preferences regarding
mHealth app support for diabetes self-management. These
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included the desire for educational information, user-friendly
design features, features related to carbohydrate counting, and
the opportunity for social engagement with peers and health
care professionals.

Theme 1: Provision of Educational | nformation

Participants offered several suggestions to enhance the design
of digita heath solutions aimed at facilitating diabetes
self-management. Primarily, they expressed a preference for
mHealth apps to include educational content, particularly
information related to diet, glucose control, and hypoglycemia
management. Furthermore, participants emphasized that it would
be beneficial if these apps offered dietary advice, specifying
which foods to include and avoid while alowing users to set
targets for achieving desired glucose levels. Additionally, they
suggested the inclusion of Asian recipes within the apps
alongside Western recipes, ensuring a more culturally relevant
and diverse selection.

| prefer the appsto offer education, such aswhat type
of food isbetter and what type of food | should avoid...
[Participant 6, Male, age 65 yearsand above, mHealth
app nonuser]

| prefer to know the range of healthy blood glucose
level, and then maybe some info on the hypoglycaemia
management. [Participant 12, Female, age 31-40
years, mHealth app user]
A lot of the apps for diabetes have recipes, but they
are mostly Western recipes. If they have Malaysian
or Asian types of recipes, that would be good.
[Participant 13, Female, age 31-40 years, mHealth
app user]
Nevertheless, participants also reported that
educational messages are less desirable.

repetitive

Sometimes the apps keep on sending the same thing
(the educational text messages). | mean these things
are all very similar. It's just like maybe | read them
(the educational text message) before, so they are no
more interesting to me. [Participant 3, Male, age
41-50 years, mHealth apps user]

Theme 2: User-Friendly Design Features

Some partici pants expressed the desirefor different digital health
devices and apps to be able to interoperate and communicate
with each other seamlessly. They aso emphasized the
importance of personalized functionswithin the apps, including
options to access information through videos, articles, or by
sharing information and engaging with peers in a forum-style
environment.

If these devices can communicate with each other,
then it's perfect... [Participant 7, Female, age 18-30
years, mHealth app user]

| prefer reading the article and see the video, because

| don't like to see pictures... [Participant 10, Male,
age 65 years and above, mHealth app nonuser]

Participants also expressed adesire for reminder and notification
features within mHealth apps. They were interested in using
apps that could assist them in monitoring their health and
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provide alerts or notifications when their heath was not
well-controlled. Additionally, they highlighted the need for
medication reminders, particularly for those who were managing
multiple medications and had busy schedules.

It will be good when | have low blood sugar, a
message pop up to informme something, like whether
| have certain symptoms..Like a notification
reminder... [Participant 1, Female, 18-30 years,
mHealth app user]

...for patientswho take a | ot of medication, reminders
for themwill bereally good. [Participant 4, male, age
18-30 years, mHealth app nonuser]

Theme 3: Carbohydrate Counting

Furthermore, participants recommended the inclusion of a
carbohydrate-counting feature in mHealth apps. Many
participants emphasi zed the importance of being able to monitor
their food intake and track their diet as a crucial aspect of
diabetes self-management.

If we can put a picture of our meal in the app...which
can scan how much carbohydrate is there through
the picture...that would be a very big bonus point for
all of us. [Participant 4, male, age 65 yearsand above,
mHealth app nonuser]

I would like to know what kind of food (and they)
contains how much carbs. [Participant 9, Male, age
51-60 years, mHealth app nonuser]

Theme 4: Social Engagement With Peers and Health
Care Professionals

Finally, participants expressed a preference for mHealth apps
to include engaging features that facilitate effective
communication between health care professionals and other
patients. In their daily lives, participants often sought advice
and shared experiences with their friends with diabetes when
facing challenges in diabetes management. Additionally, some
participants found it challenging to consult with doctors in
between appointments. Therefore, participants suggested
incorporating more opportunities for interaction with fellow
patients with diabetes and health care professional s through the
mHealth appsto address these needs and enhance their diabetes
self-management experience.

...with friends that also have diabetes, we also discuss
among our selves how to go about improving diabetes.
[Participant 5, Male, age 65 yearsand above, mHealth
app nonuser]

...the limitation for meis that we only see the doctor
every three months. So in between if whatever
happened, it is hard to ask my doctor. [Participant 7,
Female, age 18-30 years, mHealth app user]

Willingnessto Use mHealth Support for Diabetes
Self-M anagement

Currently, less than half of the participants are using mHealth
apps to support their diabetes management. However, most
participants expressed astrong willingnessto embrace mHealth
app support in the future. The majority of participantsindicated
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their readiness to use mHealth app support provided they
received appropriate guidance and recommendations.
Furthermore, participants exhibited a positive attitude toward
using mHealth apps, especially when these apps proved to be
beneficial in managing their diabetes conditions.

I wouldn’'t mind to usethe app if it can help to manage
my diabetes level. [Participant 6, Male, age above 65
years, mHealth app nonuser]

| think it will be a very good support. [Participant 8,
Male, age above 65 years, mHealth app nonuser]

Yeah, | don't mind doing that, if there is somebody
to recommend or introduce to me. [Participant 11,
Female, age above 65 years, mHealth app nonuser]

Discussion

Perceived Benefits of Using Digital Health Support

In general, participants held a positive perception of mHealth
app interventions, considering them as beneficial for enhancing
their diabetes management. Thisviewpoint alignswith existing
evidence that suggests an association between the utilization of
digital health support and the potential improvement in diabetes
self-management among individualswith diabetes[47]. Patients
can acquire amore comprehensive understanding of how various
factors impact their blood glucose levels by tracking their data
and visualizing trends through mHealth apps [48]. Additionally,
these apps facilitate easy recording of blood glucose readings
compared with traditional paper-based methods [49]. Itisworth
noting that frequent monitoring of blood glucose trends is
recognized as beneficial for achieving better glycemic control
[25].

In this study, we observed that patients expressed enthusiasm
for using mHealth apps dueto their potential to support lifestyle
modification. Thisalignswith findings from a study conducted
by Fleming et al [50], who reported that patients were more
motivated to engage in glucose monitoring and make lifestyle
modifications when using digital health support. From the
patients' standpoint, mHealth apps enabled them to share their
health data with health care professionals. The utilization of
mHealth apps can support health care professionals in making
more informed clinical decisions by providing accessto patient
data. Studies have shown that the use of mobile appsfor clinical
decison support can lead to improvements in the
appropriateness of diagnoses and clinical outcomes [51].

Barriersand Challengesto the Adoption of mHealth

Patients' perceived barriers and challenges related to the
adoption of mHealth apps primarily center on the limited options
and functionalities offered by the apps, as well as issues with
app usability. This includes the inconvenience of having to
manually input health datainto the app. An assessment of free
Android health care apps unveiled that the majority of mHealth
apps only supported manual data entry, highlighting the
prevalent need for users to input their health information
manually [52]. Fu et a [53] proposed the enhancement of user
satisfaction by integrating Health Behavior Theory into the
design and development of digital health technology.
Additionally, the concern about poor digital literacy was
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particularly notable among older participants. The older
generations frequently voiced challenges related to navigating
mHealth apps and generally reported experiencing fewer benefits
from mobile app usage compared with younger generations
[14,54]. Devel opers should exercise specia carewhen designing
mHealth apps for older individuals. Considerations should
include factors such asfont size, color contrast, button visibility,
and theinclusion of helpful tips and explanationsto ensure that
these apps are accessible and user-friendly for older users[55].

There was a clear lack of awareness among patients regarding
the availability of mHealth support. Most patients had never
received guidance from health care professionals on the use of
mHealth apps for diabetes self-management. Research has
shown that the absence of patient-health professional interactions
isasignificant barrier to the adoption of mHealth technology.
A study by Biruk and Abetu [56] reported limited knowledge
about digital health support for disease management among
health care professionalsin North West Ethiopia. Therefore, it
is essential to educate health care professionals about the
advantages of incorporating mHealth interventions into the
management of chronic diseases as afirst step.

Patients Needsand Preferences Towar d Digital Health
Support

Our study also highlights opportunities for improvement in the
design and functionality of mHeath apps for diabetes
management. One of the key recommendations that emerged
from the findings was the need for the provision of educational
information within these apps. Studies have demonstrated that
numerous mHealth apps do not offer sufficient educational
information to users [25]. It is worth noting that education
provided within mHealth apps can enhance self-care practices
[57]. Additionally, patients frequently encountered difficulties
in calculating the carbohydrate content of their meals and
expressed a preference for appsto include afeature that allows
them to scan imagesfor calorieinformation. Thisis particularly
significant because carbohydrate-counting features, enhanced
by image recognition and artificial intelligence technology, can
significantly improve the accuracy of measuring carbohydrate
intake [58].

The majority of participants responded positively to the
suggestion of incorporating reminders and notifications into
mHealth apps. Reminders and notifications have proven
effective in assisting patients in adhering to their medication
regimens [59]. A recent study revealed that reminders for
diabetes-rel ated appointments, medication adherence, screening,
and routine laboratory tests had a substantial impact on the
clinical outcomes of the patients [60]. The IDF (International
Diabetes Federation) Europe has aso recommended the
inclusion of SM S text messages or notification features within
mHealth apps, recognizing their importance in preventing
long-term complications among patients with diabetes [61].

Patient-provider interactions facilitated by digital technology
can significantly enhance the quality of care for patients. This
includes assistance in coordinating care, providing information
about medical conditions and treatment decisions, aiding in
disease management, and supporting the learning of health
behavior changes [62]. Additionally, wireless communication
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and integration between various apps and devices are crucial
for health data collection, storage, and sharing with health care
professionals.

Limitations of the Study

The recruitment method for participantsin this study primarily
involved advertising through social media. It is important to
note that this recruitment approach may have attracted
participantswith ahigher level of technology literacy. However,
it is worth mentioning that even with this bias, 60% (9/15) of
the study participants had never used mHealth apps for
self-management of diabetes, indicating that asignificant portion
of the sample had limited prior experience with such technology.
While this study used maximum variation sampling to recruit
adiverse group of participants, it is noteworthy that a majority
of the participantswere from urban regionsinthe Klang Valley.
These areas typically have stable internet connectivity and
higher levels of technology literacy. As a result, the study
findings may not fully represent the experiences and
perspectives of the Malaysian popul ation with diabetesresiding
in rural regions. Additionally, due to constraints in time and
resources, snowball sampling was applied to recruit patients
with diabetes of Indian ethnicity. This may have introduced
some limitations in the diversity of the participant poal. It is
worth acknowledging that the snowball sampling method may
have introduced certain biases into the study. While it is
recogni zed that this method does not guarantee sample diversity
[63], the research team made efforts to promote sample
heterogeneity through the primary sampling method, which was
purposive sampling during recruitment.

Another limitation of this study was the recruitment of
English-speaking patients. Maaysia has a multilingual
population, with Malay, Chinese, English, and Tamil being the
main spoken languages. Because of resource constraints, the
study was limited to recruiting patients who could understand
and converse in English. As aresult, the study might not have
captured the important perceptions of Malaysian individuals
who do not primarily speak English, particularly regarding their
perceived benefits, needs, and preferences related to using
mHealth support. This limitation should be considered when
interpreting the study’s findings.

Implications for Practice and Future Research

The findings of this study indicate that the majority of
participants held a positive perception regarding the use of
mHealth for self-management of diabetes. Nonetheless, it is
crucial to emphasize the importance of education and training
to ensure that patients, particularly older individuals, can
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effectively use mHealth technology for their diabetes
management needs. To address the needs of individuals with
low technology literacy, it is essential to develop mHealth app
designsthat are simple and easy to navigate. Thisuser-friendly
approach can significantly facilitate the usage of mHealth apps
among this population. Furthermore, the study has highlighted
various barriers to using mHealth support and has suggested
the incorporation of user-centered design features to address
these challenges effectively. This emphasis on user-centered
design is crucial for meeting the needs of individuals in their
daily tasks, ultimately contributing to improved patient health
outcomes [64]. Additionally, the study underscores the vital
role of health care providers in promoting the use of mHealth
among their patients. When health care providers actively
encourage patients to engage in self-management at home
through mHealth, it is likely that more patients will adopt and
benefit from these digital tools.

Future research could extend its focus to include patients from
rura areas to provide a more comprehensive understanding of
mHealth usage in diverse settings. Additionally, exploring the
impact of factors such as behavioral characteristics, health
literacy, cultural differences, and socioeconomic disparities on
patients engagement with mHealth support would offer valuable
insights. Furthermore, investigating clinicians perceptions
regarding the use of mHealth support in patient care could
provide awell-rounded perspective on the integration of these
technologies into health care practices.

Conclusions

In summary, this study offers valuable insights into the
perspectives of Malaysian patients with diabetes regarding the
use of mHealth support for diabetes self-management. The
participants’ willingness to embrace mHealth app support was
motivated by their recognition of the perceived benefits and
recommendations from health care providers. These perceived
benefits encompassed the ability to track and monitor diabetes
control, aid in lifestyle modifications, and facilitate more
infformed treatment decision-making for hedth care
professionals. Significant barriers to the adoption of mHealth
app support are a lack of awareness about the availability of
mHealth apps, insufficient recommendations and information
on using these apps from health care providers, limited digital
literacy among users, and apps that may not align with the
specific needs of individual users. The study has also shed light
on the patients requirements for future mHealth apps,
emphasizing the importance of incorporating engagement
features, user-friendly designs, educational information, and
carbohydrate-counting functionality in these apps.
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Abstract

Background: Gestational diabetes mellitus (GDM) is an increasing health risk for pregnant women as well as their children.
Telehealth interventions targeted at the management of GDM have been shown to be effective, but they still require health care
professionals for providing guidance and feedback. Feedback from wearable sensors has been suggested to support the
self-management of GDM, but it is unknown how self-tracking should be designed in clinical care.

Objective: Thisstudy aimed to investigate how to support the self-management of GDM with self-tracking of continuous blood
glucose and lifestyle factors without hel p from health care personnel. We examined comprehensive sel f-tracking from self-discovery
(ie, learning associations between glucose levels and lifestyle) and user experience perspectives.

Methods: We conducted a mixed methods study where women with GDM (N=10) used a continuous glucose monitor (CGM;
Medtronic Guardian) and 3 physical activity sensors. activity bracelet (Garmin Vivosmart 3), hip-worn sensor (UKK Exsed),
and electrocardiography sensor (Firstbeat 2) for aweek. We collected data from the sensors, and after use, participants took part
in semistructured interviews about the wearable sensors. Acceptability of the wearable sensors was evaluated with the Unified
Theory of Acceptance and Use of Technology (UTAUT) questionnaire. Moreover, materna nutrition data were collected with
a 3-day food diary, and self-reported physical activity data were collected with alogbook.

Results: Wefound that the CGM wasthe most useful sensor for the self-discovery process, especially when learning associations
between glucose and nutrition intake. We identified new challenges for using data from the CGM and physical activity sensors
in supporting self-discovery in GDM. These challenges included (1) dispersion of glucose and physical activity datain separate
applications, (2) absence of important trackable features like amount of light physical activity and physical activities other than
walking, (3) discrepancy in the data between different wearable physical activity sensors and between CGMsand capillary glucose
meters, and (4) discrepancy in perceived and measured quantification of physical activity. We found the body placement of
sensors to be akey factor in measurement quality and preference, and ultimately a challenge for collecting data. For example, a
wrist-worn sensor was used for longer compared with a hip-worn sensor. In general, there was a high acceptance for wearable
SENSOrs.
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Conclusions: A mabile app that combines glucose, nutrition, and physical activity datain a single view is needed to support
self-discovery. The design should support tracking features that are important for women with GDM (such as light physical
activity), and data for each feature should originate from a single sensor to avoid discrepancy and redundancy. Future work with

alarger sample should involve evaluation of the effects of such amobile app on clinical outcomes.

Trial Registration:

(JMIR Diabetes 2023;8:e43979) doi:10.2196/43979

KEYWORDS

Clinicaltrials.gov NCT03941652; https://clinicaltrials.gov/study/NCT03941652

gestational diabetes; self-management; self-tracking; wearable sensor; mobile application; self-discovery; behavior change; user

experience

Introduction

Background

Gestational diabetes mellitus (GDM), defined as hyperglycemia
first recognized during pregnancy, is an increasing global
challenge currently affecting approximately 8%-23% of
pregnancies depending on the continent [1]. GDM has
considerable health effects asit increasesthe risk for short- and
long-term health disadvantages among both the mother and
child [2]. Although GDM is a temporary condition that lasts
until the birth of the child, it increases the later risk of type 2
diabetes for mothers by over 7 times [3]. Hedlthy lifestyle
choices help in GDM management, with nutrition being the
primary factor affecting glucose levels[4], and physical activity
[5-9], stress[10], and sleep [11] also have impacts on glucose
homeostasis. However, women with recently diagnosed GDM
do not adequately know how their own lifestyle choices
influence glucose levels [12,13], although they need to adapt
to the new situation quickly [14]. Given that pregnancy usually
lasts approximately 40 weeks and GDM is diagnosed after 12
to 28 weeks of pregnancy, any health intervention designed for
managing GDM can be used for a limited time (for
approximately 12-28 weeks). On the other hand, women with
GDM show extra motivation for managing diabetes owing to
the child [13,15], and pregnancy represents an exceptional
opportunity for lifestyle changes[16].

A recent meta-analysis of eHealth interventions targeted to
women with GDM showed that interventions providing weekly
or more frequent feedback from health care professionals to
women with GDM have the potential to improve glycemic
control [17]. Typically, in these interventions, women with
GDM can communicate with the study interventionistsremotely
[18,19]. For example, arecent study by Miremberg et al [18]
revedled a statistically significant improvement in glycemic
control among women with GDM when systematic feedback
was provided by study personnel (every evening the participants
received individualized feedback via email from the clinical
team regarding their daily glycemic control). However, mobile
health (mHealth) interventions without such substantial input
from health care professionals are limited and have not been
shown to be effective [20,21]. We expect that the effectiveness
of mHealth interventions can be increased with comprehensive
self-tracking through wearable sensors by providing more
insights for women with GDM into learning associations
between lifestyle and glucose levels [22,23], a process known
as self-discovery (eg, [24]).
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To establish knowledge on how self-tracking with wearable
sensors (including glucose levels and lifestyle) should be
designed to support self-management in GDM, we explored the
usage of continuous glucose monitors (CGMs) and 3 types of
wearable sensors for measuring physical activity. The overall
am was to examine how wearable sensors can support
self-discovery and behavior change, and how women with GDM
experience them.

Wear able Sensorsfor Supporting Self-Discovery for
Women With GDM

Wearable sensors (eg, fitness trackers) have been included in
investigations on the management of noncommunicable diseases,
such as diabetes, migraine, and multiple sclerosis [25-32].
Moreover, in pregnancy, arecent review showed that wearable
sensors have the potential to support physical activity among
pregnant women, decrease gestational weight gain, predict
neonatal outcomes, and support monitoring of fetal heart rate
and movements [33]. However, there are no studies where the
focusison investigating how different wearable sensors (eg, in
terms of body placement) and their data can support
self-discovery. Traditionaly, studies on personal discovery in
diabetes management have been based on the data that users
enter into an app [34] or write in a paper-based journal [24].

The personal discovery of understanding medical conditions
with self-tracking data has gained a lot of attention
[24,25,27,29,35-37]. Persona discovery is an iterative and
complex process consisting of multiple stages[24,26,35]. These
stages include finding potential features that may affect the
desired outcomes, forming hypotheses, and evaluating their
impacts on outcomes [24,38]. In diabetes, successful
self-management requires knowledge of how one's activities
and lifestyle (eg, nutrition, physical activity, sleep, and stress)
affect glucose levels. To help people with diabetes in
self-discovery, self-tracking with wearable sensors together
with glucose monitoring may provide a useful tool. However,
therole of self-tracking of activities and lifestyle together with
glucose levels using wearable sensors in the self-discovery
processislargely unknown. For example, while physical activity
and sleep have been found to influence glucose levels[6,8,11]
and a handful of wearable sensors for measuring physical
activity and deep are availablefor salf-tracking, the applicability
of wearable sensors in supporting the understanding of people
with diabetes about how their own lifestyle choices affect
glucose levelsislargely unknown.

JMIR Diabetes 2023 | vol. 8| e43979 | p.166
(page number not for citation purposes)


http://dx.doi.org/10.2196/43979
http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR DIABETES

Women with GDM represent an interesting user group to study
self-discovery, as they have not been managing their condition
for long. The design of supporting the discovery phase becomes
an especially important part of the management of GDM, as
“coming to terms with GDM” and learning new strategies for
self-regulation are important phasesin GDM self-management
[13,15]. Qualitative studies have reported feelings of failure,
anxiety, loss of control, and powerlessness after receiving a
GDM diagnosis [13,14]. However, women with GDM
experience “a steep learning curve,” and they move from the
initial shock of the diagnosis to acceptance and active
management of their condition [39].

For women with GDM, it istypical to find associations between
nutrition and blood glucose by trying out different foods and
measuring glucose afterward [13,39,40]. The behavior where
patientstry to establish hypotheses between daily activitiesand
changes in disease-specific outcomes has been identified as a
stage-based discovery process [24,35,38].

The framework from Mamykina et al [24] has been formulated
to explain the discovery process between daily activities and
changes in blood glucose levels. According to the framework
[24], self-discovery consists of thefollowing 4 stages: (1) feature
selection (individuals identify activities that they believe have
an impact on outcomes, eg, blood glucose in the context of
diabetes); (2) hypothesis formulation (individuals formulate
suspected associations with activities and outcomes); (3)
hypothesis evaluation (individuals observe new information
about their condition and evaluate how it fitsto already collected
data); and (4) goa specification (individuals formulate future
goals based on identified relationships between features and
outcomes).

Multiple studies have emphasized the importance of automatic
data collection in diabetes apps [22,41], although thisisrarely
found in apps used in diabetes research [22,41]. Current
standards emphasize the necessity of self-tracking glucoselevels
in diabetes management [5], and measurement of blood glucose
levels has been found to be the most important feature of aGDM
app [42]. However, the requirement of manually entering blood
glucose values has decreased significantly for collecting glucose
data [42,43]. Glucose measurements can be performed
automatically and more frequently with CGMs. CGMs have
been found to be acceptable among women with GDM [44-47].
However, recent research suggests that a CGM a one does not
improve glycemic control [45,48] or decrease macrosomia[47].
Onereasonisthat the cause and effect between lifestyle choices
and glucose levels are not clear for women with GDM after
receiving adiagnosis [13-15,39,40].

While self-discovery frameworks have been critiqued for
expecting too rational and coherent behavior from people using
self-tracking [25] (users are not scientists [49]), the trial and
error aspect (hypothesis formulation and evaluation) has been
identified as typical behavior among women with GDM
[13,39,40]. Moreover, the framework by Mamykina [24] aso
considers the iterative nature of self-discovery, which is
important in the context of GDM, as the development of
pregnancy has an impact on glucose control [50]. Objectively
and automatically measured and constantly available data
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obtained through wearable sensors can be expected to support
self-discovery [26,27].

User Experience With Wear able Sensors for Women
With GDM

Self-tracking is often mentioned as an effective behavior change
technique [51], for example, shown as increased physical
activity among people with type 2 diabetes [52]. Thus, we
investigated the possibilities and challenges of self-tracking
with wearabl e sensors beyond self-discovery. Wearable sensors
have the potential to facilitate the management of GDM, as
thereis proof that lifestyle interventions using wearable sensors
can be effective among pregnant women. For example, Chan
and Chen [53] reported in their review that interventions with
wearable devices for increasing physical activity were more
effective than those without wearable devices among pregnant
women.

Physical activity is one of the cornerstones in the management
of GDM [5,7], but the automatic collection of physical activity
data has gained minimal attention in GDM apps[22]. Thiswas
emphasized in astudy by Skar et a [42] who asked women with
GDM to manually enter their physical activity datainto an app,
but no participant entered the data, preventing the collection of
any physical activity data. This is understandable as pregnant
women often have limited energy for monitoring their own
behavior, since they already have a lot to do and deal with
[40,54]. Rigla et a [55] enabled tracking of physical activity
for women with GDM by recording the activity with an
accelerometer in a mobile phone. However, recording required
manual start and stop by pressing buttons in a mobile app, and
participantsrecorded their physical activity only approximately
once a week on average. Even engagement with automatic
self-tracking has been shown to decrease among people with
type 2 diabetes and type 1 diabetes [56]. For example, Bohm
et a [56] reported that the number of active users of CGMs
dropped by over 20% after 20 weeks, and similarly, active users
of automatic physical activity tracking dropped by over 30%
after 20 weeks.

The other issue to consider in addition to the automaticity of
tracking iswhat types of physical activitiesare possibleto track.
Carolan et a [15] noted that although walking is commonly
advised for women with GDM by diabetes educators and
midwives, it can be painful for many. However, automatic
self-tracking beyond steps is more challenging. Arsand et a
[30] found that the largest problem for people with type 2
diabetesto track their physical activity wasthat wearable sensors
did not support the measurement of other activities, such as
cycling and swimming, which are common physical activities
among pregnant women [57]. More recent studies implied that
wearable sensors have till rather low validity in tracking
physical activities beyond walking and running, such as
bicycling and resistance training [58].

Studiesinvestigating the practical challenges of wearable sensors
for self-tracking among women with GDM are largely lacking.
Asdescribed above, only few studies have enabled sdlf-tracking
of physical activity among women with GDM [42,55], and in
the case of self-tracking of other lifestyle factors (eg, sleep and
stress) with wearable sensors, no studies have investigated
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self-discovery among women with GDM. In the context of
pregnancy, automatic self-tracking of lifestyle (eg, nutrition,
physical activity, and symptoms) has been argued to help in
countering pregnancy-related health risks [59,60]. However,
some women perceive pregnancy medicalization and state that
they lack control over their own bodies even without multiple
wearable sensors[13,54]. The use of sensors can further increase
the feeling of losing a normal pregnancy [13]. Moreover, it is
unclear how the sensors fit pregnant women whose physical
and mental conditions are different from those of the general
population. Pregnancy causes several lifestyle changes (eg, diet
limitations), physical changes (eg, difficulty moving,
contractions of the uterus, and increased waist size and heart
rate), seeping disorders, and tiredness. The effect of differences

Textbox 1. Research questions.

Kyto et d

in these conditions on self-tracking with wearabl e sensors should
be investigated.

Methods

Research Design

We conducted amixed methods study wherewomen with GDM
(N=10) used avariety of wearable sensorsand their mobile apps
for a week. Our primary aim was to examine how wearable
sensors can support the self-management of GDM. We studied
this with 2 research questions (RQs) as shown in Textbox 1.
We investigated how self-tracking with wearable sensors can
support or inhibit self-discovery (RQ1) and how women with
GDM experience wearable sensors (RQ2). The study was
performed in Finland.

»  Research Question 1. How self-tracking with wearable sensors (not only continuous glucose monitors) can support or inhibit the self-discovery
of women with gestational diabetes mellitus (GDM)? We investigated the role of wearable sensors at each stage of the self-discovery process
(feature selection, hypothesis formulation, hypothesis evaluation, and goal setting), as described in the section Wearable Sensors for Supporting

Self-discovery for Women With GDM.

»  Research Question 2: How do women with GDM experience wearabl e sensors? Although wearabl e sensors have been investigated with pregnant
women and people with type 1 or type 2 diabetes, the knowledge of how women with GDM perceive wearable sensorsisless known, as described
in the section User Experience With Wearable Sensors for Women With GDM.

Ethical Consider ations

The study was performed in compliance with the Declaration
of Helsinki and was approved by the Ethics Committees of
Helsinki Central Hospital (September 14, 2006; Dnro
300/E9/06). The study was registered at Clinicaltrials.gov
(NCT03941652).

Sensors

Continuous Glucose

Medtronic Guardian Connect CGM with an Enlite sensor
(Medtronic; Figure 1) can continuously measure tissue glucose.
A flexible filament is inserted just under the skin to measure
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glucose levels in interstitial fluid every 5 minutes. Values are
sent to the Medtronic Guardian app viaBluetooth. If aBluetooth
connectionisnot possible, the CGM system transmitter collects
the datafor severa days. Medtronic requires calibration of the
sensor through fingertip blood glucose measurements 2 times
a day. The overall mean absolute relative difference has been
reported to be 13.6% [61].

The Medtronic CGM was attached to the skin by a study nurse.
This was because participants wished to wear the CGM on the
arm and they could not attach the CGM to the skin using only
one hand. Currently, CGMs do not alow tracking of lifestyle
data, and additional sensors are needed to support tracking
beyond glucose.
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Figure 1. The wearable sensors used in the study: (1) Firstbeat, (2) Medtronic Guardian Connect, (3) Vivosmart 3, and (4) Exsed.

Physical Activity

We chose to use multiple physical activity sensors to study
which sensor or combination of sensors should beused interms
of wearing comfort and provided data. Details are provided in
Figure 1 and Table 1. Exsed (UKK-Institute) was worn on the
hip and provided data about standing and sitting. The data
analysiswas based on validated MAD-APE algorithms[62,63].
These analyses have been employed in popul ation-based studies
of Finnish adults [64,65]. Vivosmart 3 (Garmin) was worn on
thewrist and provided data about intensity minutes. Vivosmart
3 has been shown to measure stepswell at slow walking speeds
(mean absolute percentage error was 1.0%) [66], which is
important as walking speed is affected by pregnancy [67].

Physical activity sensors aso varied in terms of how visible
they were to others nearby. Exsed could be worn in a discreet
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manner so that others would not see it, whereas Vivosmart 3
was worn on the wrist and was more conspicuous. This
physicality has been shown to be aprominent issue for wearable
sensors [49].

The heart rate variability (HRV) sensor Firstbeat Bodyguard 2
(Firstbeat Technologies) was added to explore the validity of
physical activity and sleep data recorded with physical activity
sensors. Thedeviceisableto continuously measure beat-to-beat
HRV with an error of <3 ms and a detection rate of >99.9% as
compared with clinical-grade el ectrocardiography [68].

Due to incompatibility issues between different operating
systems and sensors, the participants were given an iPod touch
with the sensor apps preinstalled. The participants were able to
use their own mobile phoneswith Vivosmart 3, as we found no
incompatibility issues in the Garmin Connect app prior to the
study.
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Table 1. Wearable sensors worn by the participants (participants wore al sensors simultaneously).
Sensorname  Type Dataprovided Wearability Components User interface Waterproof ~ Worn by each
participant
Medtronic  CGM Interstitial fluid Typically wornon  Enlite sensor: flexi- None. Data access Yes, up to Mean=94% of
Guardian glucosevalue  the areaof the ab- ble filament mea- through amobileapp 2.5 meters  thetime (23 h
Connect every 5minutes domen, whichisat  suresglucose levels (Medtronic Guardian  forupto 30 and 3 min/day)
CGM&with least 5cmfromthe ininterstitial fluid; ~ Connect). Theappen-  minutes
an Enlite navel, but partici- ~ Guardian Connect  ables viewing thetime
sensor pantswished for at-  transmitter: Blue-  seriesof glucosevalues,
tachment to theup-  tooth and the viewing range
per arm. can be changed from 1
hour to 1 day. Usersin-
sert the calibration val-
uestwice aday, and it
ispossibleto add carbo-
hydrates and physical
activitiesto the time-
line.
Garmin Activity Steps, intensity  Worn on the wrist Bluetooth Smart, Touch screen, and data  Yes, up to Mean=93% of
Vivosmart 3  tracker minutes, stairs  with an adjustable  ANT+, 3D ac- accessthroughamobile 50 minutes  thetime (22 h
climbed, heart  plastic strap. celerometer, optical  app (Garmin Connect). and 30 min/day)
rate, sleep dura- heart rate sensor The app enables view-
tion, deep quali- (green LED), baro-  ing of many kinds of
ty, stress, and metric dtimeter, and  information about the
calorie con- ambient light sensor  recorded data, and the
sumption time span of the graphs
can be varied between
1 day and 1 year.
Exsed Activity Duration of Worn on a belt Bluetooth, 3D ac- None. Data access Yes, up to Mean=83% of
tracker physical activi- around thehip oron celerometer,andgy- through amobileapp 30 meters thetime (19 h
ty, sedentary aclip attached to roscope (Exsed2). The app visu- and 55 min/day)
behavior, leep  trousers, and worn alizestherecorded data
sensor, sitting,  on the wrist during onadaily graph and a
standing, bresks nighttime. weekly graph.
in sitting, steps,
sleep duration,
and sleep quali-
ty
Firstbeat HRVP sen-  Stress,recov-  Thedeviceisat- 3D accelerometer None. Dataare provid- No Mean=93% of
Bodyguard2 g, ery, duration of tachedtothechest  and beat-to-beat ed in a PDF after the thetime (22 h
physical activi- with 2 disposable heart rate measurement period. and 30 min/day)
ty withintensi-  clinical-grade elec-
ties, HRV, heart  trocardiography
rate, excesspos-  electrodes.
texercise oxy-
gen consump-
tion, respiration

rate, and others

8CGM: continuous glucose monitor.

PHRV: heart rate variabil ity.

Recruitment and Data Collection

Our goal was to recruit 10 women with GDM from maternity
and antenatal clinics in the Helsinki Metropolitan Area
(Finland). The goal for the number of participantsis similar to
that in multiple qualitative studies on women with GDM [12].
The clinic nurse asked women with GDM at least at 24
gestational weeks about their interest in participation. If
interested, the study nurse contacted the mother with more
information about the study and confirmed eligibility. The
exclusion criteria were type 1 or type 2 diabetes, use of
medication that can influence glucose metabolism (eg, oral
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corticosteroids, metformin, and insulin), diagnosis of GDM in
previous pregnancies, current substance abuse, presence of a
severe psychiatric disorder, significant difficulty in cooperating
(eg, inadequate Finnish language skills), and significant physical
disabilities that would prevent the use of a smartphone or
moving without aid. Data were collected using the following
procedure. After obtaining informed consent, we collected
background information (eg, age, pregnancy weeks, and
familiarity with mobile apps) through a questionnaire.

Participants were asked to wear wearabl e sensors (seethe section
Sensors) for 6 days and nights, after which they were
interviewed in their native language (Finnish). The length of
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the usage period was decided based on the battery life of the
transmitter of the CGM, which was 6 days. To compare data
from wearable sensorswith their perception of physical activity
and dleep, participantsfilled out alogbook for physical activity
and sleep (duration in hours) for 6 days. For physical activity,
participants were asked to write down the type of activity,
duration, and intensity (light, moderate, or vigorous). The
perceived intensity levelswere defined according to descriptions
by Norton et a [69]. Moreover, Firstbeat used the sameintensity
categorization as provided in [69]: 20%-40% of maximal oxygen
consumption (VO, max) is considered light physical activity,
40%-60% of VO, max is considered moderate physical activity,
and over 60% of VO, max is considered vigorous physical
activity. Vivosmart 3 shows the intensity of physical activity
as intensity minutes, which is gathered when physical activity
at a moderate level is performed for at least 10 consecutive
minutes. Physical activity at a vigorous level doubles the
gathered intensity minutes. Explicit thresholds for moderate
and vigorous activities are not provided in the documentation.
Exsed did not provide data regarding the intensity of physical
activity.

One of the most prominent features is tracking and managing
diet, as this is the primary factor that affects glucose levels.
However, wearable eating detection systems are not able to
detect the macros of food [70,71]. As such, wearable sensors
were not used to measure diet, and participants kept a diet
logbook for 3 days during the study period. We chose to gather

Textbox 2. Main interview questions regarding the wearable sensors.

Kyto et d

diet datafor 3 days, because keeping afood diary is laborious
and it has been shown that diet data for 3 days provide valid
results[72].

Before starting the measurement period, participants were met
by an experimenter and a study nurse. In the meeting,
participants provided written consent, filled in a background
guestionnaire, and were instructed on how to use the sensors.
They were given contact information in case they faced
problemsin using the sensors. Finally, at the end of the meeting,
participants filled in a technology acceptance questionnaire
based on the Unified Theory of Acceptance and Use of
Technology (UTAUT) [73], which has been widely used for
eva uating the acceptance of technol ogy in diabetes management
[74]. After the usage period, participants filled out the same
UTAUT questionnaire and took part in a semistructured
interview, which was audio-recorded. At first, we asked
guestions concerning all the sensors, such ashow they impacted
theusers daily lives. After this, we asked questions concerning
each sensor, such as what the users were able to discover from
the data, how the data impacted their daily behavior, what data
they valued, and what challenges they had with each sensor.
See Textbox 2 for the main interview questions. Interviews
were conducted in quiet places that were easiest for the
participants to arrive at and were conducted in their mother
tongue. Interviews lasted approximately 1 hour on average.
After a 15-minute break, participants continued with an
interview about a prototype GDM application (results are
reported elsewhere [23]).

Main questions about self-discovery

«  Hasthe usage of the sensors influenced your behavior? If yes, how?

Main questions about the user experience

«  What factors influenced wearing the sensors?

«  Have you made deductions based on the data from the sensors and their apps? If yes, what kind of ?

« Doyou think that the <sensor name> would help you to manage blood glucose? Please justify.
« Hastheinformation from the sensors or their apps been confusing or unclear? If yes, what?

« Didyou fed that the information from the sensors described your behavior truthfully?

. Havethe sensors or their apps caused you any discomfort or inconvenience? If yes, which sensors or apps and how?

«  Think about your experience with the sensors and their apps. How would you improve them?

Analysis

Interviews were transcribed, and 2 researchers familiarized
themselves with the interviews by reading the transcripts. The
analysis was performed according to the framework method,
which isarecommended approach for multidisciplinary health
research [75]. We used self-tracking of blood glucose, diet,
physical activity, sleep, and stress as initial codes. Coding was
implemented with Atlasti by employing emergent theme
analysis of the data collected [76], resulting in 66 codes
altogether. These codes were combined into larger categories,
which are presented and discussed in rel ation to the main themes
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of the study (ie, self-discovery and experiences with wearable
Sensors).

Quotes provided in the results were translated into English
intelligent verbatim, a process whereby filler words such as*“ er”
areremoved during translation. Log filesfrom the sensorswere
used to determine how much the participants wore them, how
data from the sensors correlated with self-reported data, and
whether there were differencesin data between the sensors. The
statistical significance of differences in data between sensors
was computed with the Friedman test, and correl ations between
automatically measured and self-reported data were cal culated
with Spearman or Pearson correlations, depending on the test
for normality (Shapiro-Wilk). Finally, we triangulated among
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these data sources (interviews, data from the sensors, and
logbooks) to understand how self-tracking with wearable sensors
should be designed to support self-discovery.

Results

Participants

Ten women with GDM (Table 2) were recruited. We had a
variety of participants in terms of age (minimum 24 years,
maximum 40 years). Participants were familiar with mobile

Kyto et d

apps and measuring glucose, but they had less experience with
using wearable physical activity sensors, as depicted in Table
2. The same participants participated in another study after this
study [23]. The mean age of the participants was 33.6 years,
which issimilar to that of women with GDM in Finland (mean
32.5, SD 5.3 years) and inthe Helsinki area (mean 33.1, SD 5.1

years) [77]. The mean BMI of the participants was 25.7 kg/mz,
which isin the range of the mean BMI of women with GDM

in the Helsinki area (mean 27.1, SD 6.0 kg/mz) and in Finland
(mean 28.5, SD 6.3 kg/m?) [77].

Table 2. Participant demographics and their experience with mobile apps and sensors.

ID Age(years)  Weeksof gesta= BMI beforepreg- How many min- | amusedtous- |amusedtous- | am familiar
tion nancy (kg/m2) utes per dgy do  ing various mo- ?ng physical activ-  with measuring
youexerciseata pjje gpps? ity sensors (such  pjood glucose®
moderate level? as Fithit, Vivos-
mar, and Polar)?
1 36 35.0 222 150 4 3 5
2 32 333 30.1 4 4 2 4
3 40 31.2 231 120 4 2 4
4 24 33.7 29.8 240 5 2 5
5 31 35.6 26.0 3 4 2 4
6 31 30.3 210 210 5 1 4
7 32 36.6 20.2 3 2 1 5
8 36 37.0 254 120 5 5 5
9 35 34.8 229 120 5 1 4
10 39 28.1 36.6 150 5 5 5
Mean 33.6 33.6 25.7 25.7 4.3 24 45

8For the statements, the Likert scale ranged from 1 (strongly disagree) to 5 (strongly agree).

Factor s Supporting Self-Discovery (RQ1)

Continuous Glucose Monitoring

While participants were familiar with measuring their glucose
levels (Table 2), they learned new things owing to continuous
monitoring.

I wish | had this [CGM] when | got the GDM
diagnosis, so | would have got some knowl edge of the
glucose curve. [Participant #9]

They learned new causalities between food and glucose levels.

| think it is better to have the data from 24 hours.
Then you can see what happens in between.
Nowadays, | eat nuts because | know that when |
started eating nuts, my blood glucose started to be at
a good level. [Participant #1]

Improved glucose control was hoted in Participant 2, who started
monitoring glucose levels continuously and learned to adjust
eating accordingly.

I had a coupl e of hypers [ hyperglycemia], but | think
with normal measurementsthosewould not be noticed
because they were irregular...especially the hypers
in the morning...At first, | was like | don't have any
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problemwith them[glucoselevels] but when you had
that continuous measurement | figured out that it is
not actually the case. [Participant #2]

The CGM facilitated monitoring the variability of glucose, and
among 7 of the 10 participants, the variability of glucose values
decreased, which was calculated as atrend in the variability of
glucose using LAGE (large amplitude of glucose excursions)
[78]. The CGM not only supported self-discovery but also
improved motivation to change the diet.

...you are ableto seeit [ glucose] for thewholeday...it
motivates for changing the diet. [ Participant #2]

While participants had extra costs from wearing the CGM (see
the section Wearing the CGM on the Arm) and calibration (see
the section Needed Effort Using the Sensors), most of the
participants would have liked to continue using the CGM, as
they got used to it.

Numerical Affirmation for Assumed Cause and Effect

Haf of the participants (5/10) discussed that they found
numerical evidence for the assumptions they had before the
study.

These sensors have confirmed my assumptions what
are the most important factors to control blood
glucose and GDM and weight management in the
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future..so the regular eating is of paramount
importance for me. [Participant #10]

Moreover, thisincluded more specific causalities that had been
assumed before using the sensors, as Participant 9 found
evidencefor an association between physical activity and blood
glucose.

If you move or plan to move, then you can eat food
which has more carbs...so | have been following if |
do something | can eat a little bit more...this kind of
normal thing that | kind of had thought before...but
now it was more like you can actually see it.
[Participant #9]

Factor s Inhibiting Self-Discovery (RQ1)

Most of the participants (7/10) did not discuss finding cause
and effect between physical activity and glucose levels. For
example, Participant 9, who was data-oriented, tried to figure
out the causalities.

WEl I, maybe the information fromthe activity bracel et
was useful, as | have never used such a device before
and | aminterested in numbers...and thisinformation
connected to what is happening in my blood
glucose...so | tried to figure out connections.
[Participant #9]
Asthe self-discovery process seemed to be tedious for many of
the participants, they would have liked to receive clear
instructions on how to changetheir behaviors. Some participants
wished to see important data being highlighted.

| wished | could have seen highlighting or other
markings, what to |ook for fromthe data. [ Participant
#10]

As such, the current tools did not support establishing links
between glucose levels and physical activity. In the following
text, we discuss issues that inhibited self-discovery.

Lack of Trackable Features

Participants had less physical activity than recommended during
the measurement period, as measured with Firstbeat. According
to the recommendation, pregnant women should have at |east
150 minutes of moderate physical activity in aweek [79], but
according to Firstbeat, the participants had approximately 7
minutes per day of moderate physical activity (Figure 2). In
most cases, the lack of physical activity was explained by being
in the third trimester of pregnancy.
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Unfortunately, | did not have much physical activity
as| get pain from normal walking...l was tempted to
do more, but my condition did not allow it.
[Participant #2]
Thus, without enough physical activity, it was difficult to
interpret the effect on glucose.

As the intensity levels of physical activity were difficult to
quantify and recognize, the participants had only very little
understanding of what the physical activity shown as intensity
minutes meant.

They were very confusing, | did not follow them

actively, one day | just realized that | have got more

of them, but | did not have any clue what they are

based on. On oneday | became unwell in a shop, and

| noticed that | had received intensity minutes because

my heart rate had increased...but it was not something

nice. [Participant #4]
The number of intensity minutes varied a lot between
participants, as 1 participant did not gain intensity minutes at
all during the measurement period and 1 participant gained 145
minutes (the goal being 150 minutes per week). Moreover,
Vivosmart 3 required physical activity to last 10 consecutive
minutes to be counted, which was not often the case for
participants as their physical activities were performed for
shorter periods, such aswalking the stairs.

Whiletheintensity of physical activity wasdifficult to recognize
and the intensity minuteswere not achieved much or understood
well, steps were easily understood, and step goals provided by
sensor applications were achieved more often. However, half
of the participants (5/10) did not care about the goal, aswalking
was perceived to be tedious.

| did not care about the step goals, before pregnancy
| could have challenged myself, but now I go for a
walk which feels good and that’s it. [ Participant #5]

Three of the 10 participants discussed the importance of the
possibility of tracking swimming and water running, as these
were the only exercises they were able to perform well.

For a gestational diabetespatient, swimmingisalmost
the only sport that you can pretty normally do, so the
sensor should definitely be one that encourages you
to move, especially to swim. [Participant #1]

Thishighlightstheimportance of the waterproofness of physical
activity trackers and the possibility of tracking swimming for
women with GDM.
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Figure 2. Duration and intensity of daily physical activity as measured with Firstbeat (heart rate variability) and as self-reported. A substantial portion
of physical activity that heart rate variability measured to be light was perceived as moderate.
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Difficulty of the Quantification of Self-Tracking Data

We expected the quantified information through wearable
sensors to help in forming hypotheses, as an abstraction to
quantifiable units (eg, from afast walk to the heartbeat) is often
required at the hypothesisformulation stage [24]. However, the
discrepancy between perceived and measured quantification
and clearly erroneous quantification with wearable sensors
imposed significant challengesfor hypothesisformulation. This
study showed a significant difference between measured and
perceived quantification of physical activity. Participants
interpreted the intensity of physical activity as higher than it
was measured, that is, participants perceived light activity as
moderate activity. This can be seen in Figure 2, which shows
a high proportion of physical activity being light, as measured
with Firstbeat. The participants self-reported their overall
duration of physical activity rather similarly to Firstbeat. In fact,
therewas a statistically significant correlation between Firstbeat
and self-reports (Spearman rgg=0.43; P<.001) in terms of the
duration of physica activity. However, the participants
categorized the intensity (intensity was instructed according to
[69]) of physical activity differently than Firstbeat. There were
no statistically significant correlations between self-reported
values and the values from Firstbeat when looking at each
intensity within the categories.

In general, the participants had difficulties in interpreting what
is counted as physical activity.

At this point of pregnancy you move allittle, and tasks
like fetching the mail is already pretty tough...so it is
abit difficult to say what is counted as exercising and
what is not. [Participant #4]

https://diabetes.jmir.org/2023/1/e43979
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As such, perceiving physical activity as more intense than
measured might lead to incorrect conclusions about its effect
on glucose levels.

Contradicting Self-Tracking Data

Differences in the data provided by the sensors caused
significant challenges for self-discovery. Regarding physical
activity, there were statistically significant differences in the
number of steps between the devices, as evaluated with the
Friedman test (x%,=16.22; P=.008). These differences were not
explained by the differencesin how long the sensorswere worn,
as Vivosmart 3 and Firstbeat were worn for similar durations,
but Vivosmart 3 (mean 7191 steps/day) provided twice as many
steps as Firstbeat (mean 3519 steps/day). Exsed was in the
middle with a mean of 6307 steps/day. Firstbeat required a
longer continued movement to start the counter, whereas
Vivosmart 3 started counting the steps immediately. It is
probably amore desirable strategy to also count the steps during
small transitions (eg, in the home), as there were only a few
pregnant women who exercised. However, Vivosmart 3 counted
movement as steps, even though the participants had not walked.

When | woke in the morning, | had several hundred
steps, although | had not walked that much during
the night. [Participant #1]

Contradictory data between sensors were not only limited to
steps, as there was no significant correlation in the duration of
moderate physical activity between Firstbeat and the amount
of intensity minutesin Vivosmart 3 (Spearman r5;=0.22; P=.12).

Regarding sleep, there was a statistically significant difference
in the length of sleep between the devices, as evaluated with
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the Friedman test (x%,=17.27; P<.001). Exsed showed
significantly less sleep (mean 7.2 h/night) compared with
Vivosmart 3 (mean 7.8 h/night) and Firstbeat (mean 8.0 h/night).
These differences raised a lot of questions among participants
and decreased the credibility of the data. These responses on
contradictory data also reflect the UTAUT responses on
incompatibility (see the section General Acceptance Based on
the UTAUT). Three participants found that the data provided
by the sensors they normally use (activity bracelets by Fitbit,
Polar, and Suunto) varied significantly in terms of physical
activity and sleep.

In addition, 6 of the 10 participants discussed differences
between continuous glucose measurements taken from tissue
and fingerstick measurements taken from the blood. The
reported differences varied a lot. Some participants reported
that the differences were significant.

...a couple of times it [Medtronic] showed that the
glucose was low, but it wasn't that low...at one time
it [Medtronic] showed 2.8 [mmol/I], but it was 5.3
[mmol/l, as measured from fingertip]. [Participant
#4]
On the other hand, some reported that the differences were
minor.

| don’t think they differed much...looking at the graph
you were able to see an increase after eating and
during night time it was low, so they seemed to be
pretty accurate. [Participant #6]

Nevertheless, the differences decreased the credibility of glucose
monitoring data.

...the values were somewhat different than taken from
fingertip...so it made me think how much | can trust
this data. [Participant #9]

However, the use of multiple sensors supported gathering alot
of data from many perspectives, with the potentia to increase
understanding.

Challengesin Self-Tracking of Sleep

As pregnancy decreases the quality and length of sleep [80],
sleep information could be valuable for women with GDM, as
they learn to understand their sleeping disorders. Five of the 10
participants mentioned information about sleeping to be
particularly interesting.

On Thursday night | slept two hours and six minutes,
soit was pretty interesting to get that kind of readings,
but I think it is positive in the sense that it proves that
I am not becoming crazy but instead slept too little.
[Participant #10]

Moreover, these participants discussed that they wereinterested
in the quality of sleep.

It was interesting to look at the sleep graph...so in
theearly night | had slept deeper and lighter towards
the morning, and how you have woken or not woken
up. [Participant #9]
However, 2 of the 10 participants did not want to get feedback
about their sleeping as they knew they had slept too little.
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| have not had any possibilities to influence my
sleeping during the past month, so it could be a bit
depressing information that you have dept
lousy...\Wll, | know that already. [Participant #1]

Thus, seeing sleep data was clearly a matter of personal
preference.

Participants sometimes had difficulties in estimating at what
time they had fallen asleep; thus, objectively measured sleep
has the potential to provide unbiased information for the
self-discovery process. In general, participants self-reported
duration of sleep (mean 7.8 h/night) correlated with the duration
of sleep measured with the wearabl e sensors Firstbeat (Pearson
r,,=0.58; P<.001), Vivosmart 3 (Pearson r,,=0.57; P<.001),
and Exsed (Pearson r43=0.55; P=.001). Moreover, sleep data
gathered through sensors were more comprehensive as
participants sometimes forgot to mark the waking and sleeping
times in the logbook.

Nevertheless, participants were not ableto link their sleep with
glucose values, athough they tried to increase their
understanding of how to manage glucose values.

I ammost interested in the quality of sleep and stress
levels. And how and if they impact the glucose
somehow...my fasting glucose values don’t seem to
be within the limits no matter what, so it is the same
whatever | eat, so | fedl that they are always high.
[Participant #8]

Challengesin Self-Tracking of Stress and Recovery

In general, al participants were curious about their stresslevels
and how these levels were linked to glucose levels. However,
most of them (7/10) had difficulties interpreting the stress data
provided by Vivosmart 3. Preghancy increases the resting heart
rate and decreases the HRV [81], which has been used as a
measurement for stress [82]. The decrease in HRV due to
pregnancy most likely caused Vivosmart 3 to interpret standing
as stress, athough participants did not feel stressed.

The stress data was confusing. | did not understand
how it figured out that | had been very stressed that
day. | stood a lot at my workstation, so | wondered if
itisso silly that it thinks that | amterribly stressed if
| stand. [Participant #3]

However, 3 of the 10 participants valued the stress data from
Vivosmart 3 as it helped them know whether they recovered
from stress.

There was one day when | was using a computer and
I had meetingsfor the whole day, it was very stressful
for the body, even though I did not do anything
physically...these stress sensors sort of gave me
information on what is enough rest for recovery, this
was new to me. [Participant #9]

Seeing themselves being described as stressed did not seem to
make them more stressed but sometimes helped to distinguish
between stress and rest.
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| was ableto look at the stresslevel, so it concretized
when | am like resting and when the stress is high.
[Participant #7]
Participant 8 discussed that the stress reading from the sensor
could be used as an objective valuelike body temperature, which
would make a partner understand the condition.

...at home| can show, look how stressed | am...so you
should take care of the child while I'm resting.
[Participant #8]
Thus, stress data were valued by other means than supporting
the self-discovery of glucose levels.

Toward Better Tools for Supporting Self-Discovery

Although the participants had received their GDM diagnosis
some weeks prior to the study’s measurement period, they were
still inthe discovery phase[38], meaning that they werefiguring
out the factors affecting their glucose levels. We found many
instances that followed the chosen self-discovery framework
[24]. Over haf of the participants (7/10) found causalities
between nutrition and glucose values in continuous glucose
monitoring, and 3 of the 10 participants found causalities
between physical activity and glucose values in continuous
glucose monitoring. However, these causalities were based on
gained experience (ie, the food that was just eaten or the walk
that was just taken) and CGM data, but not on the data from
lifestyle sensors. This indicates that establishing causalities
based on self-tracking data through wearable sensors appears
to be too challenging, and better tools (or more support from
health care professional s) for interpreting the self-tracking data
through wearable sensors are needed. In this study, 6 of the 10
participants commented that they would have liked to have
added information in asingle app, which would have decreased
the amount of redundant data shown.

So that the same information would not be entered in
many places, but also the same or overlapping
information would not be presented to the user, so
you should have one app. [Participant #10]

Thiswas also reflected by Participant 9.

Sothat all theinformationisvisiblein one place, and

there won't be many links and sources. So, the

challenging thing was what | should write on the

paper, what | see on the bracelet...so there should be

one place and one way to show this information.

[Participant #9]
The other issue was that participants had to enter the blood
glucose values taken from their fingertips into the Medtronic
app, aswell aswrite them down with apen and paper and report
these values to a health care professional. This requires double
marking of blood glucose values, which can decrease the
motivation to track glucose values in the GDM application in
the long term [42]. As such, participants indicated that they
wished to have a single application where all the data from
lifestyle sensorsand the CGM are gathered. Thiswould decrease
the amount of redundant and contradictory data, as participants
were confused by the differences in the data provided by
multiple sensors.
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Experiences of Wearing the Sensors (RQ2)

Wearing the CGM on the Arm

Most of the participants (8/10) preferred wearing the CGM on
the arm instead of near the navel. One reason was that
participants did not like to attach the sensor near the baby.

Now when you fed with your hands your baby

moving, it would fee somehow weird if there was

something inthat place during pregnancy. [ Participant

#6]
Other reasons were that the abdomen was sore and the sensor
would bevisibleto self and others. However, wearing the CGM
on the arm caused problems with glucose measurement during
the night, as the participants slept on the glucose sensor, which
caused the sensor readings to drop below the alarm limit, and
this woke up most of the participants (8/10). The participants
had to turn off theiPod to silence the alarm, which caused some
of the glucose measurements to be missing from the sensor.
Thus, the participants could not sleep on the side where the
sensor was placed. We tried to avoid this by asking on which
side the participant typically sleeps and attaching the sensor on
the other side, but thisdid not always help as some participants
dept on both sides.

At this stage of pregnancy...you must sleep on both
sides, they are the only posesin which you can sleep,
so the position hasto be something el se than that [the
arm]... [Participant #1]
While most participants (9/10) preferred not to wear the glucose
sensor near the navel, Participant 10 preferred that option.
However, this participant hit the glucose sensor at various
places, such as a car seat.

For example, | hit it [glucose sensor] on the car seat
every time | got in the car or got out of the car it
hurt...so | wonder if there is a better place for it.
[Participant #10]

Infact, 3 of the 10 participants reported the issue of hitting the
Sensor on various objects, causing some pain in the arm. As
such, there was no optimal place where this CGM could be
placed. An issuewith the stickers holding the CGM isthat they
can beloosened when swimming, which was animportant hobby
for 3 participants. In fact, the stickers holding the CGM were
loosened in 1 participant, and the sensor got detached when
swimming. Therefore, stickers as a fastening mechanism for
sensors should be avoided in the long run.

...Six days s pretty heavy, so you do not want to take
them all with you, so | think, especially when there
are these glues, so | would not like to wear them for
very long. [Participant #1]

Wearing the Lifestyle Sensors

Overall, the participants wore the sensors over 80% of thetime
(ie, over 19 h/day), as shown in Table 1. Participants wore the
sensors, except when they were showering or swimming.
Sometimes they forgot to wear the sensors, and this was
especialy the case with Exsed (hip worn), which required a
change of position before and after sleeping. In fact, there was
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astatistically significant difference in measurement durations,
as evaluated with the Friedman test (x%=8.124; P=.04). A
post-hoc test using Bonferroni correction [83] revealed that data
from Exsed were acquired for a significantly (P=.03) shorter
time (mean 83% of the time) than from the Vivosmart 3 activity
bracelet (mean 93% of the time). No other differences were
found between the sensors in terms of measurement durations.
The Exsed hip sensor operated with batteries during the whole
period and did not require charging; however, the Vivosmart 3
sensor was worn more. Participants had only limited wearing
issues with Vivosmart 3. Two participants discussed that it
caused some swelling, but no other issueswereraised. Thiswas
different from Exsed worn on the hip. Information regarding
the preference of Exsed was obtained from 9 participants. Of
the 9 participants, 4 preferred to wear Exsed on a clip, 2
preferred to wear it with abelt, and 3 did not have a preference.
The primary reason participants preferred wearing Exsed on a
clip was that it was difficult to adjust the tightness of the belt.
When the belt was loosg, it easily moved around.

It rolled all the time and fell down, so it was a bit
irritating. [Participant #10]
Moreover, if it was tight, it pressed uncomfortably.

The belt pressed even more [than the clip], | do not
know how much it could have been | ooser. [Participant
#8]

The belt was used if no place was available for the clip.

| am wearing a skirt or dress, so the belt has been
more natural. [Participant #5]

Participants also had issues with the clip, asit chafed the skin.

As | have this belly, it [Exsed] is irritating on the
waist. ...I had to fix its [Exsed] position and move it
soif | amsitting it isunder pressure. [Participant #2]

In fact, 5 of the 10 participants reported that they had some
issues with wearing Exsed with either the clip or belt. Assuch,
pregnancy decreased the feasibility of using a hip sensor for
tracking physical activity. However, the hip sensor was
perceived as unnoticeable by some participants as it did not
have auser interface and it was worn in the trousers.

You did not noticeit at all, so sometimes| forgot that
| needed to put it on when | took my trousers off.
[Participant #4]

Needed Effort Using the Sensors

The requirement to calibrate the CGM twice a day was found
to be tedious.

It [calibration] was needed surprisingly
often...although it did not bother me during the week,
but inthelong termit could become anissue, all those
calibrationsif you are somewhere [ e sethan home] ...
[Participant #2]
This influenced the sleep of Participant 4, as this participant
needed to wake up in the mornings to calibrate the sensor.
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On some mornings, it was irritating that it notified
me half an hour before calibration, | thought I could
have slept half an hour more. [Participant #4]

Theother issuesthat needed substantial effort from participants
were keeping the nutrition diary and filling the physical activity
logbooks. These would not be feasible in the long term.

Writing the diaries took a lot of time. | could not
manage that every day. [Participant #3]

These responses support the findings from [42] that the
requirement of manually entering physical activity reducesthe
amount of datasignificantly inthelong run among women with
GDM. Even manual start/stop for recording exercises was not
used much, asit was easily forgotten.

..it was very difficult to remember to mark the
activities, like starting the activity and stopping the
activity. [Participant #10]

General Acceptance Based onthe UTAUT Questionnaire

Responses to the UTAUT questionnaire (see results in
Multimedia Appendix 1) showed good acceptance of sensors
before and after usage. For example, participants agreed with
the statement “I would find using the sensors as a good idea”
(before: mean 6.0, after: mean 6.1; out of 7, where 7 is“ strongly
agree”). Participants felt that wearable sensors supported
behavior change, and they agreed with the statement “Using
the sensors will improve my possibility to make a concrete
improvement in my lifestyle” (before: mean 6.0, after: mean
5.9; out of 7, where 7 is “strongly agree’). Participants
mentioned that being able to see trends could guide their
behavior related to diet and physical activity.

Acceptance was not affected by the usage of the sensors, as
there was no statistically significant difference in acceptance
before and after usage (evaluated with the Wilcox signed-rank
test). Thelargest difference between before and after usagewas
in the statement “ The sensors are not compatible with the other
sensors | use for self-tracking.” Before usage, the study
participants disagreed with the statement (mean 2.5), but after
usage, they dlightly agreed (mean 4.5). Only the participants
who were using other self-tracking sensors responded to this
statement, so the sample size was too small to conduct a
meaningful statistical test. However, the responses in the
interviews reflected the change in responses on incompatibility.

| found differences in both activity sensors [ Exsed
and Vivosmart 3] compared to this my own Polar,
which was on my other hand. | changed its settings
to correspond with the right arm...it [Polar] gave
different readings on activity and steps, although the
length of a step was set to the same. It was so
mysterious why they differed so much. [Participant
#10]
Degspite this incompatibility with the participants’ existing
self-tracking devices, the use of wearable lifestyle sensors
together with the CGM was acceptable.
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Discussion

Principal Findings

Thisisthefirst study that aimed to investigate how to support
self-management of GDM with wearable sensorsin addition to
CGMs. Regarding self-discovery (RQ1), we found that the
CGM supported the learning of the associations between blood
glucose and nutrition, but the wearable sensors measuring
physical activity, sleep, and stress did not provide significant
support for the learning. The challengesincluded the dispersion
of data among multiple apps, missing trackable features, such
as type and intensity of physical activity, and a lack of
GDM-gpecific goals for behavior. From the user experience
perspective (RQ2), this study highlighted that the benefits
overcame the discomfort and effort when wearing the sensors.
There were differences in sensor preference, and a wrist-worn
sensor was preferred over a hip-worn sensor and was worn for
longer. In general, this study further emphasizes the findings
[22,43] that self-tracking among women with GDM should be
highly automatic. We discuss these results in the following
sections with respect to each RQ.

Supporting Self-Discovery With Wear able Sensor s
(RQ1)

Feature Selection

Starting from feature selection (ie, identification of activities
that have an impact on blood glucose), this study highlighted
the need to tailor the available features and their presentation
with respect to GDM. Women with GDM had difficulties in
interpreting and accessing the physical activity features. The
activity bracelet required users to perform physical activity at
amoderate level for 10 consecutive minutes to be able to see
the duration of physical activity, which was not often the case
for the women with GDM as they performed small activities,
such as short walks. In fact, 2 participants did not achieve
intensity minutesat all. This might mean showing light physical
activity, for example, in terms of steps. However, there are no
official health recommendations for steps among pregnant
women, and thus, showing the duration of moderate or vigorous
physical activity with respect to health recommendations (150
min/week of physical activity at a moderate level [79]) would
be afeasible feature on aweekly basis.

Although we used multiple distinct types of wearable sensors
for measuring physical activity, there was a lack of automatic
recognition of physical activities (ie, swimming and water
running) that are important for women with GDM. This
challengewill decreasein the future asthe automatic recognition
of diverse types of physical activities is improving. However,
this challenge of automatic recognition of features related to
nutrition will remain for along time. To cover a wide variety
of features, MacLeod et al [27] suggested the use of manual
tracking as an aid to automatic tracking. This approach allows
tracking alarge number of features. However, qualitative studies
emphasize that pregnant women are typically overwhelmed
[54,84] and that women with GDM face considerable time
pressures [84]. As such, we argue that automatic self-tracking
isespecially important for these user groups. In this study, most
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effortswere required to keep afood diary with a pen and paper,
and less demanding methods were requested. Chung et al [85]
proposed a lightweight photo-based food diary to support the
collection of nutrition data for clinical visits of patients with
irritable bowel syndrome. This photo-based diary approach
appears to be promising for women with GDM aswell. Peyton
et a [54] suggested that self-monitoring of pregnant women
can be supported and encouraged, in addition to photographic
journals, by using simple designs, such as reminders, and by
keeping the techniques for user data input simple. Data
collection techniques that are undemanding (eg, checkboxes
instead of long text) support a quantifiable format, which is
needed in the hypothesis formulation process [24].

Hypothesis Formulation

With respect to hypothesis formulation (ie, formulation of
suspected associations with activities and blood glucose),
participants experienced difficultiesin the quantification of the
self-tracking data on physical activity, sleep, and stress. Still,
most of the participants were interested in monitoring stress,
which plays asignificant role in the lives of women with GDM
[13,86], and sleep, which allows following sleeping disorders
dueto pregnancy. Thus, thisquantified information about stress
and sleep provided valueto the participantsin terms of providing
information about their condition, being part of documentary
tracking [49]. As such, participants were interested in
monitoring their sleep and stress rather than changing them.
Thiswas oppositeto nutrition and physical activity, whichwere
more related to goal-driven tracking [49], and their features
(although not based on self-tracking data) were an integral part
of the self-discovery process.

Theresults of this study indicate that quantification by sensors
needs to match with quantification by the user so that
meaningful hypotheses can be formulated. For physical activity,
misperception of intensity is problematic as the rate of change
of glucose levels depends on the intensity of physical activity
[87], and perceiving physical activity differently may lead to
wrong conclusions about itseffect. Thisfinding of adiscrepancy
in the perceived and measured intensity of physical activity is
inline with the finding in a previous report [88], where women
with GDM estimated the amount of vigorous physical activity
to be higher than that measured with a hip-worn accel erometer.
Theseresults are oppositeto the results of aprevious study [32],
where users with type 2 diabetes reported a high correlation
between self-reported physical activity and the duration of
vigorous activity measured with an activity bracelet. This
indicates that the di screpancy between perceived and measured
physical activity is more prominent among pregnant women
than among people with type 2 diabetes. This would mean that
the intensity levels should be more clearly defined for women
with GDM, and providing feedback during the activity (eg,
“Now you are swimming at the moderate level.”) would be a
good approach. Moreover, the quantification of features with
wearable sensorswas unrdliable, for example, participants could
not rely on stress data, which were affected by decreased HRV
dueto pregnancy. Thus, we agree that more advanced techniques
arerequired to differentiate between the decreased HRV caused
by pregnancy and decreased HRV due to stress [59].
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Hypothesis Evaluation

For hypothesis evaluation (ie, evaluation of how the latest
information about associations fits with existing knowledge),
we observed the challenges of scattered and conflicting data.
At this stage, we expected that having the wearable sensors
would have facilitated hypothesis evaluation, as there is more
data available and its quantified form enables quantitative
comparison against existing data. However, we found 2 major
reasons why this stage was difficult for the participants. First,
the data were scattered across different apps, making
comparisons between lifestyle and glucose tedious. The
dispersion of data has been identified asachallengein personal
informatics [26,89,90], and this study further emphasized that
there should be integrative tools to support self-discovery.
Second, the datawere contradictory between sensorsin multiple
ways. For example, there was a statisticaly significant
difference in the number of steps and the duration of sleep
between sensors. Moreover, the discrepancies between CGM
and fingerstick measurements caused confusion regarding how
much participants could rely on CGM data. The discrepancies
in data were not limited to the given sensors but extended to
participants’ existing sensors (see the section General
Acceptance Based onthe UTAUT). Thesediscrepanciesdirected
the attention of women with GDM from self-discovery to
eva uation of these differences. Whilethe use of multiple sensors
potentially increasesthereliability of the data, the use of asingle
sensor for each lifestyle variable would be more appropriate to
support reflection. Then, the attention of the user would not be
on looking at differencesin the data between sensors, but rather
on eval uating theimpact of activitieson glucose levels between
instances, such as small variations in meals and physical
activities. Moreover, the relative differences in data within a
single wearable sensor would provide useful information.
However, we acknowledge that trackable features may be
unknown for peoplewith chronic illnesses, especially in poorly
understood conditions [27]. Thus, figuring out the relevant
features may require the use of multiple wearable sensors to
gather various aspects of chronic illnesses. However, in that
case, the data from multiple sensors should not be conflicting
but rather supportive for increasing the understanding of the
chronic condition.

Goal Setting

The goal for women with GDM is simple. The fasting glucose
value in the morning should be less than 5.5 mmol/L, and the
glucose value 1 hour after ameal should be under 7.8 mmol/L.
However, thisis avery high-level goal, which participants try
to transform into concrete behavioral goals. For the goal
specification (ie, identification of future goals based on activities
and outcomes) phase in self-discovery, we found that
participants primarily created goal s based on continuous glucose
monitoring and experience. Of all thetarget behaviors, changing
the diet was the one that the participants seemed to be the most
optimistic about, and they could name several ways of changing
it. For example, Participant 1 defined agoal of eating nutsin a
meal as the participant figured out that this helps to keep the
glucose level below the maximum limit. To helpin goal setting,
this participant with GDM should know how many nuts or how
many grams of nuts to include in the meals and should have a
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tool to track this goal, which should be developed following a
goal-directed self-tracking approach [91]. Transformation of
goals defined by the participants (eg, eating more nuts by
Participant 1) into features, which are possible to track with
wearable sensors, is still amajor challenge.

Goals provided by wearable sensors (eg, 150 min/week of
physical activity at a moderate or vigorous level) are related to
general guidelines and are not specific to the management of
GDM. This decreasestheir value for women with GDM. Some
limitations are part of every chronic illness, and individuals
with a chronic illness should not be pushed too hard to achieve
the goals, asthereis arisk of causing goal frustration [92], if
it isimpossible to achieve the goals due to implications from
their illness. The goals should be concrete (eg, “walking for 30
min at a moderate level would decrease your glucose levels’)
and trackable with wearable sensors. Another type of goal
specification we observed was that participants defined goals
to collect further evidence for their hypothesis. For example,
for Participant 3, the goal was to climb stairs to see whether
thishad areal impact on glucoselevels. Again, thisgoal should
be trackable. Half of the participants (5/10) discussed that they
would bewilling to change behaviorsfor physical activity. One
reason was that physical activity was measured in a
straightforward way (ie, steps) and was experienced as more
tangible by the participants than the target behaviors related to
sleep and recovery (seethe section Challengesin Self-Tracking
of Sleep and the section Challenges in Self-Tracking of Stress
and Recovery).

One way to approach this would be to provide options for
concrete goal's, where women with GDM could choose the most
preferred goals. Having such a set of options for goals would
ease the tracking with wearable sensors, as the number of
trackable features and goal s could be narrowed down to certain
options. Harrison et a [93] suggested having practical options
for goals for encouraging physical activity among women with
GDM, astheauthorsfound that women with GDM wish to have
clear goalsfor physical activity while still retaining autonomy.
We made similar observationsfor nutrition goals. The requested
goals did not only include what to eat considering the diet
limitations (eg, due to pregnancy) but also when to eat. This
reflects the wish of people with type 2 diabetes, who have
experience with continuous glucose monitoring, to have more
knowledge on the effect of meals on temporal glucose patterns
[94]. While we made the same observation, the women with
GDM wished to have concrete suggestions on how to influence
these glucose patterns by the content and timing of the meals.

Experiences of Self-Tracking With Wear able Sensors
(RQ2)

We learned that the body placement of sensorsis a key factor
in acceptability, quality of measurements, and preference, and
ultimately a challengefor collecting data. Wearing the physical
activity sensor on the wrist, instead of on the hip, has several
benefits for pregnant women. Half of the participants (5/10)
had issues with wearing the sensor on the hip, as it moved
around or chafed the skin when sitting. The drawback of a
wrist-worn sensor isthat it is not possible to recognize whether
the user is sitting or standing. A sensor worn on the hip can
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recognize this [63]. However, the regulation of sitting and
standing relates more to long-term health and health risks[95]
rather than to the management of GDM. The sensor on thewrist
was worn significantly more than the sensor on the hip,
providing more data to the user. Although the hip-worn sensor
was used less than the activity bracelet, it was still worn for
more than 10 hours a day, which is the minimal duration to
obtain credible data [96].

Wrist-worn sensors are particul arly feasiblefor pregnant women,
as bracelets can be adjusted with respect to swelling. This is
not the case with activity rings, such as Oura, which are not
easily worn during pregnancy owing to swelling of the fingers
[97]. Whilethere are wearability issueswith wrist-worn devices
among pregnant women, such as smartwatchesif they are heavy
[97], the activity bracelet used in the study did not raise issues
beyond dlight irritation of the skin. This finding has evidence
from along-term study conducted with asimilar activity bracelet
among pregnant women [98].

The lifestyle sensors were highly accepted among women with
GDM. This result extends the finding by Scott et al [46] that
CGMs are highly accepted in self-tracking during pregnancy.
Women with GDM seem to be less concerned about using
wearabl e sensors compared with people having chronic illnesses,
such as chronic heart patients who have had feelings of
uncertainty, fear, and anxiety [99]. In our study involving
women with GDM, the clear purpose of the wearable sensors
(supporting self-discovery and healthy behavior) could have
increased the acceptability of the sensors. Thiswasthe opposite
in the case of heart patients, where the purpose of the sensors
was to gather “self-tracking of activity datain relation to their
embodied condition and daily practices of dealing with achronic
heart condition” [99]. Thus, clear framing of the purpose of
wearable sensors and supporting the goals of the user (in this
case, management of glucose levels) with wearable sensors
seem to increase the acceptability of self-tracking.

Although the data provided by the CGM was highly valued
among participants, most of the participants (8/10) had issues
wearing the CGM. Most of the participants (9/10) preferred
wearing the CGM onthearm, instead of having it near the navel,
whichisthe primary placement location for the sensor. Wearing
the sensor on the arm caused false alarms of glucose levels
dropping too low because women with GDM slept on top of
the sensor. As such, if the CGM is worn on the arm, a more
robust sensor that can overcome pressure issues is needed as
pregnant women tend to sleep on their side, at least when over
30 weeks into gestation [100]. Moreover, due to placement on
the arm, the participants could not attach the sensor themsel ves.
This decreases the feasibility of using this CGM in the long
term, as the CGM needs to be recharged once a week and the
sensor can detach, for example, due to swimming (see the
section Wearing the CGM on the Arm).

To support self-management, having a single “output” (ie, a
GDM application where all the collected data would be shown
in a single view; see the section Toward Better Tools for
Supporting Self-discovery) also induces the question of having
asingle“input” (ie, awearable sensor that collectsall the data).
A feasible approach would be adding lifestyle tracking
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capabilities to continuous glucose monitoring. This kind of
sensor does not exist yet. An integrated sensor would decrease
the problems of wearing and managing multiple sensors, and
the data would be recorded in synchrony and without
discrepancies, thus helping in establishing the causalities
between lifestyle and glucose levels. Moreover, having asingle
sensor would remove the technical work required to integrate
data from multiple cloud services [101]. Ultimately, this
integrated sensor would be worn on the wrist. Having a
wrist-worn sensor would overcome the difficulties associated
with wearing the CGM behind the arm (which can cause false
alarmsduring the night) and wearing the physical activity sensor
on the hip. However, noninvasive glucose tracking from the
wrist shows poor accuracy resulting from movement, exercise,
and sweating [102]. Thus, an optimal solution for a single
wearable sensor is yet to be devel oped.

While we focused on self-discovery without the help of health
care professionals, they were very often mentioned. The
continuous data collected by the wearable sensors provide an
opportunity for remote monitoring and feedback by health care
professionals [60]. The participants discussed the importance
of having contact with a diabetes nurse, so that they can share
the datawith them and discussthe data provided by the glucose
sensor. Thisisin line with previous findings that people with
a chronic illness need help from experts in the self-discovery
process[24,27] and in behavior change. Thisisfurther supported
by reviews on technological support for diabetes management,
which emphasize the importance of 2-way communication
between peoplewith diabetes and health professionals[103,104].
Further, self-tracking with wearable sensors can increase the
completeness of the self-tracking data presented to health care
professionals [105] and can increase the perceived usefulness
of the sensors [103,104]. Thus, at this stage, having a 2-way
channel between women with GDM and diabetes nurses (eg,
through atext chat as suggested by 1 participant) would be a
crucial factor in supporting the management of GDM.

Although no wearable sensor other than the CGM supported
self-discovery, the sensors increased self-awareness of one's
own lifestyle, and women with GDM believed that this would
help them to improve their habits. Thus, wearable sensors have
the potential to support behavior changefor women with GDM,
asself-tracking itself has been found to be an effective behavior
technique among people with type 2 diabetes [52]. However,
participants discussed that behavior change should befacilitated
with recommendations, which would be formulated either
automatically based on self-tracking dataor manually by health
care professionals, and further, the use of artificial intelligence
approaches can increase the understanding of cause-and-effect
relationships [55,106]. This understanding can be used for
setting personal goalsfor lifestyle changes among women with
GDM [107], which were highly requested by the participants
of this study.

Study Limitations and Future Research

We acknowledge that the number of participants could have
been higher. However, the main approach of this study was
qualitative, and we believe that the number of participants was
enough as no new codes emerged after 8 interviews, indicating
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the saturation of data Moreover, the same number of
participants has been used in qualitative studies on experiences
of GDM (eg, [14]). Quantitative investigations on the acceptance
of self-tracking among women with GDM would require a
longer usage period with more participants.

Women with GDM wore multiple wearable sensors at the same
time in this study, which might have affected their acceptance.
Degspite this, responses to the UTAUT questionnaire in this
study reflected high acceptance of wearable sensors. The high
acceptance could have been influenced by the fact that the
participants volunteered for the study, and thus, they showed
at least some interest in self-tracking and were not afraid of
pricking their skin. In fact, 1 participant did not want to
participate as this participant heard that the study involves skin
pricking. Therefore, the acceptability could be biased, and this
is similar to studies investigating the acceptability of CGMs
among women with GDM [44-47].

The self-discovery process of GDM is challenging and
demanding, which currently takes a considerable amount of
time. Carolan-Olah et al [84] investigated how the teaching of
GDM could be improved, particularly among women with
multiethnic and low socioeconomic backgrounds. Cultural
differences may pose aneed for different trackable features for
GDM, for example, water activities among women (eg,
swimming and water running) are lessfeasiblein some cultures
[108].

This study focused on CGMs and wearable physical activity
sensors. As nutrition is an important factor in the management
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of GDM, future work should investigate the use of wearable
sensorsfor nutrition tracking. At the current stage, they are not
able to detect the intake of macronutrients (eg, carbohydrates)
[70,71,109], and thus, their support for self-discovery is
expected to be limited. However, research on wearable and
nutrition collection methods is very active and should be
considered in the future.

We have designed a mobile app according to the results of this
study, and we will conduct along-term clinical evaluationin a
randomized controlled trial to explore the effect of
comprehensive self-tracking with amaobile app on glucose levels
[110].

Conclusions

We have provided the results of a user-centered design process
of a mobile heath intervention for supporting the
sdlf-management of GDM. Our holistic approach for supporting
the self-management of GDM with mobile technology included
investigations of wearable sensors and a mobile app from
self-discovery (learning) and user experience perspectives. We
showed multiple issues that inhibit self-management, such as
inadequate support for self-tracking physical activity, data
discrepancy, and challenges wearing the CGM. One magjor
challenge was the scatteredness of self-tracking data. To support
learning further, visualization with guidance through tips and
recommendations should be designed to increase the ability of
women with GDM to manage diabetesin their pregnancy. The
design should consider pregnancy-specific wearability
challenges and requirements for data gathering and
representation proposed in this paper.
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Abstract

Background: Reduced or delayed medical follow-ups have been reported during the COVID-19 pandemic, which may lead to
worsening clinical outcomesfor patientswith diabetes. The Japanese government granted specia permission for medical ingtitutions
to use telephone consultations and other remote communication modes during the COVID-19 pandemic.

Objective:  We aimed to evaluate changes in the frequency of outpatient consultations, glycemic control, and renal function
among patients with type 2 diabetes before and during the COVID-19 pandemic.

Methods: Thisisaretrospective single-cohort study conducted in Tokyo, Japan, analyzing results for 3035 patients who visited
the hospital regularly. We compared the frequency of outpatient consultations attended (both in person and via telemedicine
phone consultation), glycated hemoglobin A, (HbA,.), and estimated glomerular filtration rate (eGFR) among patientswith type
2 diabetes mellitus during the 6 months from April 2020 to September 2020 (ie, during the COVID-19 pandemic) with those
during the same period of the previous year, 2019, using Wilcoxon signed rank tests. We conducted a multivariate logistic
regression analysis to identify factors related to the changes in glycemic control and eGFR. We also compared the changes in
HDbA ;. and eGFR from 2019 to 2020 among tel emedi cine users and telemedicine nonusers using difference-in-differences design.

Results:  The overall median number of outpatient consultations attended decreased significantly from 3 (IQR 2-3) in 2019 to
2 (IQR 2-3) in 2020 (P<.001). Median HbA . levels deteriorated, though not to a clinically significant degree (6.90%, IQR

6.47%-7.39% vs 6.95%, IQR 6.47%-7.40%; P<.001). The decline in median eGFR was greater during the year 2019-2020
compared to the year 2018-2019 (-0.9 vs —0.5 mL/min/1.73 m2; P=.01). Changes in HbA ;. and eGFR did not differ between

patients who used telemedicine phone consultations and those who did not. Age and HbA ;. level before the pandemic were

positive predictors of worsening glycemic control during the COV1D-19 pandemic, whereas the number of outpatient consultations
attended was identified as a negative predictor of worsening glycemic control during the pandemic.
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Conclusions: The COVID-19 pandemic resulted in reduced attendance of outpatient consultations among patients with type 2
diabetes, and these patients also experienced deterioration in kidney function. Difference in consultation modality (in person or
by phone) did not affect glycemic control and renal progression of the patients.

(JMIR Diabetes 2023;8:42607) doi:10.2196/42607

KEYWORDS

glycemic control; renal progression; telemedicine; phone consultations; COVID-19; diabetes mellitus; type 2 diabetes

Introduction

In April 2020, the Japanese government declared a state of
emergency in response to COVID-19, affecting the nation’s
habitsand lifestyle. Thisdeclaration resulted in variousimpacts,
including social distancing and restrictions on daily movement,
such as going out [1]. Diabetes mellitus (DM) is a known risk
factor of severe COVID-19, and patients with DM have been
encouraged to take precautions [ 2,3]. It wasreported that drastic
lifestyle changes during COV1D-19 worsened glycemic control
[4], and the overwhelming of health care systems caused a
deterioration of chronic medical conditions[5]. Reports showed
reduced or delayed hospital visits, with fear of catching the
infection preventing patients from continuing in-person hospital
visits [6-9]. Management of DM during the pandemic was
critically important because patients with diabeteswere reported
to have higher probabilities of hospital admissions and deaths
dueto COVID-19infection, compared to those without diabetes
[10]. Evidence & so showed that patientswith DM were observed
to experience progression of chronic kidney disease over ashort
period of time, warranting close monitoring of kidney function
among these patients [11].

Telemedicine has expanded in many countries during the
pandemic [12-14] to maintain access to health care services.
The University of Tokyo Hospital started telemedicine
consultation for the first time, using voice-only phone
consultations, after Japan’s Ministry of Health, Labour, and
Welfare granted specia permission for medical care via
telephone calls and other remote communi cation modes during
the COVID-19 pandemic. With telemedicine consultations,
physicians reviewed patients’ health conditions through phone
interviews, provided lifestyle advice, and prescribed patients
usual medicines for refill when health status was stable. When
the physicians determined a need for further examinations, the
patients were asked to visit the hospital for blood tests and
physical examinations.

Before the pandemic, Japan’s government adopted a
conservative strategy toward telemedicine, and the use of
telemedicine for medical consultation has been limited [15].
Miyawaki et al [16] performed atel emedicine use survey among
Japanese working-age population during COVID-19 and

https://diabetes.jmir.org/2023/1/e42607

discovered a lower use rate of telemedicine, which was 4.7%.
It was unknown if this newly introduced telemedicine model
was well implemented among patients with diabetes, who were
predominantly older patients. As continuity of careisimperative
among patients with diabetes, there is a need to examine the
utility of telemedicine among these patients aswell asitsimpact
toward disease control, such as glycemic control and rena
function [17].

The primary objective of this study was to evaluate changesin
thefrequency of outpatient consultations, glycemic control, and
renal function among astudy cohort of patientswith type2 DM
before and during the early phase of the COVID-19 pandemic
(ie, April to September 2020). We also aimed to investigate the
utilization rate of telemedicine via phone consultation. Next,
we compared the glycemic control and renal function among
telemedicine users and telemedicine nonusersduring COVD-19.

Methods

Study Design

This is a single-center retrospective cohort study conducted at
The University of Tokyo Hospital in Tokyo, Japan. The
evaluation periodswere from April to September 2019 and from
April to September 2020.

Study Population

Before the pandemic, patients usually visited the hospital every
1 to 3 months to check their hemoglobin A,; (HbA,.), blood
glucose, and similar metrics. During the pandemic, most patients
continued with in-person hospital visits, though some chose
telemedicine phone consultation in addition to in-person hospital
visits. Asthefocus of our study was theimpact of telemedicine
use on disease management in adults, we excluded patientswho
were aged <20 years, transferred to other hospitals, had
incomplete records, or experienced outcomes beyond routine
disease management (eg, hospitalization, death, and changein
diagnosis; Figure 1). We defined telemedicine users as patients
who attended a telemedicine phone (voice) consultation with
physicians at |east once during the pandemic and telemedicine
nonusers as patients who did not attend a telemedicine phone
(voice) consultation with physicians at al.
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Figure 1. Recruitment of study population. eGFR: estimated glomerular filtration rate; HbA 1.: hemoglobin A4¢; ICD-10: International Classification
of Diseases, Tenth Revision; T1IDM: type 1 diabetes mellitus;, T2DM: type 2 diabetes mellitus. * The excluded categories may have overlaps, as one

patient could potentialy fall into multiple categories.

(N=5420)

Patients who regularly visit the Department of Diabetes and Metabolic Diseases
in The University of Tokyo Hospital in 2019 and 2020

v

(n=57)
(N=5036)

Patients with /CD-10 codes for T2DM, E11 (n=3746) or unspecified diabetes, E14 (n=1233) and HbA,, 6.5% or more
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Died (n=8)
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<20 years of age (n=5)
Hospitalized (n=916)
Transferred to other hospitals (n=175)

Diagnosed as T1IDM (/CD-10 code E10; n=309)
Diagnosed as malnutrition-related diabetes mellitus (/CD-10 code E12;

Diagnosed as other specified diabetes mellitus (/CD-10 cade E13; n=237)
Diagnosed as gestational diabetes mellitus (0244; n=18)

who are estimated not to be diabetes (n=326)

Without measurements of HbA;, (n=203)

Without measurements of eGFR (n=226)

Analyzed patient with T2DM

(n=3035)

Data Collection Procedures

Demographic, clinical, and laboratory datawere extracted from
electronic health records. We extracted complications using the
International Classification of Diseases, Tenth Revision
(ICD-10) codes registered in the electronic hedlth records,
including dyslipidemia, hypertension, cardiovascular disease,
chronic kidney disease, cognitive impairment, and malignancy
(Table S1 in Multimedia Appendix 1). We collected age, sex,
and medical comorbidities as the participants baseline
characteristics.

Statistical Analysis

We analyzed the frequency of outpatient consultations (including
in-person and telemedicine phone consultations), HbA,,
estimated glomerular filtration rate (eGFR), and urine
albumin-creatinine ratio (UACR), comparing data from April
to September 2020 with data from April to September 2019
using Wilcoxon signed rank tests, while changes in dipstick
proteinuria were compared using the McNemar test. We used
a definition of clinically significant deterioration of HbA . as
an elevation of HbA ;. by more than 2% of the median value of
HbA . in 2019[18]. To evaluate the changein therate of decline
of eGFR, we compared the change of eGFR from 2019 to 2020
(AeGFR 2019-2020) with that of the previous year's change
(AeGFR 2018-2019) using the Wilcoxon signed rank test. In
addition, we conducted amultivariate logistic regression analysis
to identify factors related to the changes in glycemic control
and eGFR. We also compared the changesin HbA ;. and eGFR

https://diabetes.jmir.org/2023/1/e42607
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from 2019 to 2020 among telemedicine users and telemedicine
nonusers using difference-in-differences design. Data are
presented as mean (SD) or median (IQR). Values of P<.05were
defined as statistically significant. Statistical analyses were
performed using IMP Pro 16 (SAS Institute Inc).

Ethical Approval

The study protocol was approved by the Research Ethics
Committee of The University of Tokyo (2020267Nl). Informed
consent by participants were obtained by opt-out approach.

Results

Characteristics of Study Participants

We identified 5036 patients who visited the Department of
Diabetes and Metabolic Diseases at 1 to 3 monthsintervalsin
2019 and 2020, consisting of 3746 patients with ICD-10 code
E11 (type 2 DM), 1233 with ICD-10 code E14 (unspecified
DM), and 57 with HbA,. levels of 6.5% or higher. After
excluding patients who did not fulfil the inclusion criteria, the
remaining 3035 patients were included as the study cohort
(Figure 1).

The characteristics of the study patients are shown in Table 1.
The median age of patients was 70 (IQR 61-77) years, with
37.3% (1131/3035) being female. Dyslipidemia (2406/3035,
79.3%) and hypertension (2079/3035, 68.5%) were the 2 main
comorbidities. Telemedicine userswere morelikely to befemale
compared with telemedicine nonusers (141/297, 47.5% vs
990/2738, 36.2%; P<.001).
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Table 1. Characteristics of study participants.
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Variables Overall (N=3035) Telemedicine users (n=297, 9.8)  Telemedicine nonusers (n=2738, 90.2) P value®
Age, median (IQR) 70 (61-77) 71 (61-78) 70 (61-77) 17
Female gender, n (%) 1131 (37.3) 141 (47.5) 990 (36.2) <.001
Comorbidities, n (%)
Dyslipidemia 2406 (79.3) 235 (79.1) 2171 (79.3) .95
Hypertension 2079 (68.5) 196 (66) 1883 (68.8) 33
Cardiovascular disease 1734 (57.1) 160 (53.9) 1574 (57.5) 23
Malignancy 1714 (56.5) 171 (57.6) 1543 (56.4) 69
Chronic kidney disease 1235 (40.7) 112 (37.7) 1123 (41) 27
Cognitive Impairment 149 (4.9) 10(3.4) 139 (5.1) 17

@Analysis was performed using Wilcoxon rank sum test.

Phone-Based Telemedicine Consultation Among
Outpatients With Diabetes

The total median number of outpatient consultations (both
in-person and telemedicine phone consultations) was 4 (IQR
3-4) among telemedicine users, of which the median number
of telephone-based tel emedicine consultationswas 1 (IQR 1-1).
Thetota median number of outpatient consultationswas 2 (IQR
2-3) among telemedicine nonusersin 2020, significantly lower
than that of telemedicine users (P<.001).

Evaluation of Changesin the Number of Outpatient
Consultations, Glycemic Control, and Renal Function
Among Outpatients With Diabetes Between the Time
Before the Pandemic and the Early Stages of the
Pandemic

Table 2 and Table 3 present the changes in frequency of
outpatient consultations, HbA ., eGFR, UACR, and dipstick
proteinuria among the study patients before and during the
COVID-19 pandemic. The overall median number of outpatient
consultations decreased significantly from 3 (IQR 2-3) in 2019
to 2 (IQR 2-3) in 2020 (P<.001). The frequency of outpatient
consultations was between 3-4 for 63.9% (n=1938) of the
patients before the pandemic, which issignificantly higher than
that during the pandemic (n=1354, 45.6%; P<.001). Themedian
HbA ;. level of 6.95% (IQR 6.47%-7.40%, 95% CI 6.90-6.97)
in 2020 (during the pandemic) increased (P<.001) compared
with themedian HbA ;. level of 6.90% (IQR 6.47%-7.39%, 95%
Cl 6.88-6.94) in 2019 (before the pandemic) among the same
cohort of patients, but theincrease wasnot clinically significant.

https://diabetes.jmir.org/2023/1/e42607

The median eGFR levels declined dlightly in 2020 compared
to 2019. The declinein median eGFR was significantly greater
in the period of 2019-2020 (0.9, IQR—4.0t0 2.1, 95% CI —1.2

to —0.8 mL/min/1.73 m?) compared to 2018-2019 (-0.5, IQR

—3.410 2.3, 95% Cl -0.7 to 0.3 mL/min/1.73 m%, P=.01). To
examine whether the declinein eGFR wastransient or sustained
in nature, we also analyzed the eGFR of the study cohort for
theyear 2021. We found that the median eGFR declined further
in 2021. The decline in the median eGFR was significantly
greater inthe period of 2020-2021 (1.4, IQR—7.4t0—1.4, 95%

Cl —1.5 to —1.1 mL/min/1.73 m?) compared to the period of
2018-2019 (Table S2 and S3 in Multimedia Appendix 1).

The median UACR levels increased significantly (19.0, IQR
11.0-60.5, 95% CI 17.0-21.0 g/gCr; P<.001) during the
pandemic in 2020. In dipstick proteinuria tests, the number of
patients with negative proteinuria decreased from 2076/2737
(75.8 %) patients in 2019 to 1842/2798 (65.8 %) patients in
2020. The number of patients with overt proteinuriaincreased
from 564/2737 (20.6 %) patientsin 2019 to 625/2798 (22.3 %)
patientsin 2020 (P<.001).

The adjusted logistic regression analysisindicated that age and
HbA . level during 2019 were positive predictors of worsening
glycemic control during COVID-19 in 2020, wheress the
number of outpatient consultations attended was identified as
a negative predictor of worsening glycemic control (odds ratio
0.89, 95% Cl 0.82-0.96; P=.004). Thelogistic regression model
also indicated the decline of eGFR (AeGFR) and urinary
proteinuria during 2019 as positive predictors of worsening
glycemic control during the COV1D-19 pandemicin 2020 (Table
4).
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Table 2. Comparison of frequency of outpatient consultations attended (both in person and telephone-based), glycated hemoglobin A1 (HbA o),
estimated glomerular filtration rate (eGFR), and urinary abumin creatinine ratio (UACR) among patients with diabetic kidney disease before and during

the COVID-19 pandemic.

Variables Before pandemic (2019) During pandemic (2020) Difference (2020- P vaue
2019), median (95%
Cl)
Median (IQR) 95% Cl Median (IQR) 95% Cl
Number of outpatient consultations 3 (2to 3) 30t03.1 2(2t03) 26t02.7 0(0to0) <.0012
attended (N=3035)
HbA 1 (%; N=3035) 6.90 (6.47t07.39) 6.88106.94 6.95(6.47t07.40) 690t06.97 0.033(0.017t00.050) < p12
eGFR (mL/min/1.73 mz; N=3035) 66.1(54.5t077.3) 65.1t066.9 64.7 (53.7t0 76.0) 64.0t0 65.4 -0.92 (-1.17t0-0.75) <0012
AeGFR? (mL/min/1.73 m2: N=2946) -05(34t023) -07t0-03 -09(40to21) -12t0-08 -033(067t00.00) 12
UACR (g/gCr; n=858) 19.0(9.0t051.8) 17.0t020.7 19.0(11.0t060.5) 17.0t021.0 1.0(0.5t02.0) <.0012

8Analysis performed using Wilcoxon signed rank tests.
bThe change of eGFR from 2019 to 2020.

Table 3. Percentages of outpatient consultations attendance (both in person and tel ephone-based) and percentages of patients with negative, trace, and
positive proteinuria for dipstick proteinuria tests among patients with diabetic kidney disease before and during the COVID-19 pandemic (N=3035).

Variables Before pandemic (2019) During pandemic (2020) P vaue
Freguency of outpatient consultations attended, n (%) _a
1 72 (2.4) 197 (6.5)
2 1025 (33.8) 1484 (48.9)
3 1204 (39.7) 879 (29.9)
>4 734 (24.2) 475 (15.7)
Dipstick proteinuriatests, n (%) <.001°
Negative 2076 (75.8) 1842 (65.8)
Trace 97 (3.5) 331(11.8)
Positive (1 to 4) 564 (20.6) 625 (22.3)
aNot applicable.

bAnalysis performed using the McNemar test.
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Table 4. Oddsratios (ORs) for deterioration of glycemic control and estimated glomerular filtration rate (eGFR) during the COVID-19 pandemic.

Variables Glycemic control® eGFRP
Mode! 1 Model 2° Model 1 Model 2°
CrudeORs(95% pygued AdiustedORs pygued Crude ORs pPvaued Adjusted ORs P valued
) (95% Cl) (95% ClI) (95% ClI)
Age 1.01(1.00-1.02)  <.001 1.01(1.00-1.02) .002 1.00(0.99-1.00) .84 1.00 (0.99-1.01) .65
HbA ¢ in 2019 1.11(1.01-1.22) .02 1.19(1.07-1.32) .001 0.95(0.87-1.04) .25 1.01(0.88-1.15) .94
AeGFR in 2019 0.99 (0.98-1.01) A7 1.00(0.98-1.01) .56 0.64(0.62-0.66) <.001 0.64 (0.62-0.67)  <.001
Urinary proteinuriain  1.00 (0.82-1.21) .97 1.03(0.84-1.26) .61 1.06(0.88-1.28) .03 147(1.13-1.90)  .007
2019
Number of outpatient 0.90 (0.85-0.97)  .004 0.89(0.82-0.96) .003 0.96(0.90-1.02) .22 0.96 (0.87-1.06) .41

consultations attended
in 2020

@Deterioration of glycemic control is defined by elevated hemoglobin A1 (HbA 1) level more than 2% from the baseline.
PDeterioration of eGFR is defined as larger eGFR decline in 2019-2020 compared to 2018-2019.

“Multivariable regression analysis adjusted for the following: age; sex; HbA . in 2019; AeGFR in 2019; urinary proteinuria in 2019; the number of
visitsin 2020; use of telemedicine; and I nternational Classification of Diseases, Tenth Revision codesfor chronic kidney disease, cardiovascular disease,

cognitive impairment, dyslipidemia, hypertension, and malignancy.
dAnalysis was performed using multivariable logistic regression.

Comparison of Glycemic Control and Renal Function
During the Early Stages of the Pandemic Between
Telemedicine Users and Telemedicine Nonuser s

Difference-in-differences anayses showed no significant
differences in the change of median HbA . (0.01%, 95%ClI

—-0.14 to -0.16; P=.90) and eGFR (0.6, 95% Cl -0.1 to 1.4

mL/min/1.73m? P=.10) between telemedicine users (n=297)
and telemedicine nonusers (n=2738; Table 5).

Table 5. Difference-in-differences analysis to compare glycated hemoglobin A1 (HbA1c) and estimated glomerular filtration rate (eGFR) between

telemedicine and telemedicine nonusers during the COVID-19 pandemic.

Telemedicine users (n=297), median

(IQR)

2019 2020

Telemedicine nonusers (n=2738), medi-

an (IQR)
2019

Difference-in-differences analysis

2020 Estimates (95%Cl) P value®

HbA 1 (%) 6.90 (6.30-7.38)  6.90 (6.40-7.42)

66.8 (55.7-78.6)  65.7 (54.9-77.4)

eGFR (mL/min/1.73 m%)

6.90 (6.50-7.39)
66.0 (54.4-77.1)

6.95(6.50-7.40)  0.01(-0.14t00.16) .90

64.5(536-75.8) 0.6 (-0.1t0 1.4) <10

8Analysisis done using difference-in-differences technique.

Discussion

Principal Findings

In this study, we evaluated changes in the frequency of
outpatient consultations, glycemic control, and renal function
among a study cohort with type 2 DM before and during the
early phase of the COVID-19 pandemic (ie, April to September
2020). We aso investigated the utilization rate of telemedicine
viaphone consultations and compared the glycemic control and
renal function among telemedicine users and nonusers during
the COVID-19 pandemic. Our study reveal ed that the frequency
of outpatient consultations showed a statistically significant
reduction during the COVID-19 pandemic. Therewasadecline
in glycemic control during the first 6 months of the pandemic,
although the difference was not clinically significant. Our cohort
of patients a so experienced acceleration in the sustained decline
of renal function during the pandemic over a period of 2 years

https://diabetes.jmir.org/2023/1/e42607

(2020 and 2021). Next, our study shows that the proportion of
the cohort of patients who used telemedicine consultations was
only 9.8% (297/3035). Glycemic control and rena function of
telemedicine users did not differ much from those who did not
attend phone tel emedicine consultations during the COVID-19
pandemic.

Comparison to Prior Work

The decrease in frequency of outpatient consultations from 3
(IQR 2-3) visitsbefore the pandemicto 2 (IQR 2-3) visitsduring
the early phase of the pandemic is considered clinically
significant in the context of diabetes care. As patients with
well-controlled diabetes typically attend outpatient follow-up
visits every 3 months, missing 1 appointment could result in a
disruption of continuity of care. Furthermore, it has been
reported that missing the last scheduled primary care
appointment is associated with an increased risk of hospital
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admission among patients with diabetes who were recently
hospitalized [19,20].

Although there was a decline in glycemic control during the
first 6 months of the pandemic, the differencewasnot clinically
significant, as reported previously [21]. Nevertheless, older
patients and patientswith poor glycemic control should be given
extraattention, aswe found that advancing age and HbA ;. level
are associated with worsening glycemic control during
COVID-19. Treatment intensification may not have been
properly implemented in patients with poor glycemic control
due to reduction in outpatient visits. From our study, we also
discovered that a reduction in attendance of outpatient
consultations was significantly associated with declining
glycemic control during COVID-19. Our findings aligned with
the evidence that showed the importance of continuity of care
in improving glycemic control among patients with diabetes
[22].

Our cohort of patients also experienced an acceleration in the
sustained decline of renal function during the pandemic over
the period of 2 years (2020 and 2021). Our findings also align
with those of another study that reported a significant decline
in the frequency of physician appointments and a significant
increase in the mean creatinine levels among patients with
diabetes during the COVID-19 pandemic [23]. Furthermore,
since deterioration of rena function during COVID-19 is
associated with urinary proteinuria before the pandemic, this
group of patients should be closely monitored. Continuity of
care from physicians has been shown to reduce renal progression
among patients with diabetes [24]; therefore, consistent and
regular outpatient care isimportant for them.

Telemedicine can be implemented by various modalities [25].
In Japan, 72.9% of thetelemedical first visitsin September 2020
were reported to be via phone calls, and the prevalence of
telemedicine useis till quite low, asisthe case with this study
[26,27]. Our study shows that the proportion of the cohort of
patients who used telemedicine consultations was only 9.8%
(297/3035), and the number of telephone consultations used
was only 1 over the 6-month study period. Due to consistent
report of low utilization rate of telemedicine shownin our study
as well as other studies, there is a need to increase patients
awareness of the availability of telemedicine consultation
services and educate patients on how to use and benefit from
telemedicine consultations. Understanding patients' barriersto
using telemedicine is important, as it has been reported that
some older patients were unready for telephone visits because
of difficultiesin hearing and communication or dementia[28].
Moreover, as telemedicine was not yet widespread in Japan
beforethe COVID-19 pandemic [15], it was possible that health
care providers were unfamiliar with the safety and efficacy of
implementing telemedicine consultations, and thus, hesitant to
provide them.

Our results show that the glycemic control and renal function
of patients who attended phone tel emedicine consultations did
not differ much from those who did not attend phone
telemedicine consultations during the COVID-19 pandemic.
Our results correspond with those of a study that revealed that
the difference in consultation modality (in person or by phone)
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did not affect glycemic control [29]. Although phone
consultation during the pandemic allowed the telemedicine users
to have more frequent contact with physicians compared with
the telemedicine nonusers, the benefits on the improvement of
glycemic control and renal function progression were limited,
as shown in our study. This could be due to the infrequent use
of phone consultations among the telemedicine users in our
study cohort. Another study that implemented weekly phone
consultations showed significantly improved overall glycemic
control and lipid profile of patientswith diabetes[30]. Moreover,
an average frequency of once in 6 months for telemedicine
consultations via phone alone may not be sufficient for
physicians to assess patients' clinical progression. Compared
with phone consultations, video consultations provide some
aspects of physical examination and amore personal connection
between cliniciansand patients[31]. Telemedicine consultation
could be coupled with remote monitoring using home self-test
kits and self-care assistance via smart phone—based mobile
health (mHealth) interventions. In addition to real-time feedback
to patients, mHealth facilitates information exchange and
interactions between patients and health care providers [32].
Furthermore, the use of smart phone—based mHealth apps is
associated with increased patient satisfaction with telemedicine
appointments [33]. The combination of different telemedicine
modalities may improve quality of care.

Limitations

There are some limitationsin our study. Medical consultations
are covered by health insurancefor every resident in Japan; our
results may not generalize to countries using different health
insurance systems. As data were only collected from a single
tertiary medical institution located in an urban region in the
capital city, generalizability to other Japanese settings should
be interpreted with caution due to differences in telemedicine
facility and patient management style during COVID-19. The
study was limited to the first half year of the pandemic. BMI,
blood pressure, and lipid contral, critical for the progression of
diabetic complications, were not assessed. Decline of renal
function is affected by aging, gender, medication therapy, and
genetic background [34], and eGFR and HbA ;. could be affected
by changes in medications. These factors were not considered
in our analyses. Thereisapossibility that COVID-19 infection
may cause proteinuria and acute kidney injury [35]; however,
we do nhot have access to information of COVID-19 diagnosis
among the study cohort during the study period.

In this study, we only compared the frequency of outpatient
consultations before and during the early phase of the pandemic;
we did not examine the frequency of other diabetes-related
preventive services. We did not examine patient-reported
outcomes of diabetes. The small sample size of telemedicine
users and the limited number of telemedicine consultations
among tel emedicine users may affect the results of our findings;
therefore, the findings should be interpreted with caution.

Additionally, this study refers to data during the early phase of
the COVID-19 pandemic and may not be applicable to the
current phase of the pandemic. Asthe pandemic entersitsthird
year with several countries announcing plansto transition from
pandemic control to endemic management of COVID-19 [36],
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the Japanese government has also loosened COVID-19
restrictions. As of March 2023, the Japanese government has
issued an official statement to discontinue the previous
deregulations on the use of telemedicine for medical
consultations, which will take effect in August 2023 [37].
Nevertheless, this study offers valuable insights on the utility
of telemedicine outpatient consultations for patients with

Sankoda et al

Conclusions

The COVID-19 pandemic led to declines in outpatient
consultations among patients with type 2 DM in Japan.
Glycemic control of patients was well maintained, but patients
experienced rapid declines in rena function during the
pandemic. These clinica outcomes did not differ between
patients who used telemedicine phone consultations and those

diabetes. who did not. Further studies are needed to explore the

effectiveness of different modalities and frequencies of
telemedicine consultations for patients with diabetes.
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