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ABSTRACT

Introduction: The lack of effective, scalable
solutions for lifestyle treatment is a global
clinical problem, causing severe morbidity and
mortality. Digital tools could enable broad
utility, but long-term metabolic outcomes and
the influence on quality of life are unclear.

Methods: We developed a new method for
lifestyle treatment that promotes self-reflection
and iterative behavioural change, provided as a
digital tool, and evaluated its effect on gly-
caemic control in patients with type 2 diabetes
with HbA1lc below 52 mmol/mol (n = 297). As a
secondary analysis, its effect on quality of life
(using SF-12) was examined in both participants
with and without diabetes (total n = 1914). The
tool was evaluated during a 12-week random-
ization period to assess the existence of effect,
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with a subsequent open-label follow-up to study
long-term outcomes.

Results: Participants were randomized to wait
or access the intervention tool. The mean dif-
ference in HbAlc was 2 mmol/mol (95% CI — 4
to 0; P=0.02) after 12 weeks in participants
with type 2 diabetes. The groups were then
merged to enable all participants to use the tool.
The mean HbAlc reduction from baseline in
patients with type 2 diabetes using the tool was
2 mmol/mol compared with matched controls
(95% CI —3 to 0; P=0.005). In users with
HbAlc above 45 mmol/mol, the mean differ-
ence between the groups was 4 mmol/mol
(95% CI — 7 to — 2). The improvements were
sustained during the follow-up of 1year on
average. Users of the tool also had improved
quality of life from baseline to 6 months,
mainly observed in non-diabetic participants.
Conclusion: The tool does not require in-per-
son reinforcement or increased healthcare
resources, and the marginal cost is fundamen-
tally lower than pharmacological treatment and
most existing lifestyle interventions. The results
therefore open a new means for self-managed
lifestyle treatment with long-term metabolic
efficacy that can benefit large numbers of
people.

Trial Registration: ClinicalTrials.gov NCT04
624321 and NCT05006508.
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Key Summary Points

Why carry out this study?

Lifestyle treatment is currently limited by
the associated need for large healthcare
resources, and there is a severe clinical
need for low-cost patient-centric solutions
with sustained efficacy.

We developed a new digital tool with
very low marginal cost per patient to be
used without the need for in-person
reinforcement or increased healthcare
activities and evaluated its effect on
glycaemic control and quality of life.

What was learned from the study?

Participants using the tool had improved
metabolic control compared with
randomized controls during 12 weeks and
compared with matched controls during a
follow-up of 1 year on average.

The tool was also shown to improve
physical and mental aspects of quality of
life, especially in participants without
diabetes.

The tool was provided as a stand-alone
support under conditions that were as
similar as possible to routine clinical
conditions, which may reduce adherence
compared with stricter regimes but
increases the general significance of the
results by demonstrating what can be
expected in real-life situations over
extended time.

INTRODUCTION

Lifestyle-related diseases such as type 2 diabetes
(T2D) are major causes of death and disability

[1]. Structured lifestyle treatment is currently
limited by the associated costs and need for
large healthcare resources. Digital tools could
potentially complement drug treatment and
traditional lifestyle programmes, but most
solutions require intensified healthcare activi-
ties or user fees, which preclude broad applica-
tion. In light of the increasing number of
afflicted individuals, it is necessary to find new
means to support lifestyle self-management
that can meet individual preferences in content
and timing and reach many patients at low cost
[2-4]. This is, however, currently hampered by
several important knowledge gaps [5].

First, data on long-term effects (> 6 months)
are scarce [5-8], and recent meta-analyses have
shown declining metabolic response to digital
lifestyle interventions after 6 months [5-11].
Second, digital tools are often combined with
coaching or intensified healthcare contacts,
making it difficult to specifically assess the
effect of the digital component and apply the
results to a broad range of settings [5, 8-11]. In
fact, one of the major limitations to structured
lifestyle support, whether traditional or digital,
is that it currently requires increased efforts by
healthcare professionals or costs for the indi-
vidual patient, and less than one out of ten
individuals with diabetes take part in such
programmes [3]. Third, it is unclear whether
tools aimed at managing metabolic control can
also improve quality of life and be applicable to
broader population groups, including individ-
uals without diabetes [5, 9, 11-13].

Here we evaluated a new self-managed life-
style tool that is scalable and does not require
additional healthcare resources. We hypothe-
sized that glycated haemoglobin (HbAlc),
reflecting long-term blood glucose, would
decrease in patients with T2D exposed to the
tool, both compared to randomized wait list
controls and matched controls. We also aimed
to assess the effects of the tool on quality of life
in both individuals with diabetes and without
diabetes.
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METHODS

Overall Study Description

We developed a new lifestyle treatment on the
theoretical foundation of self-affirmation [14]
and implemented it as a digital tool to enable
broad applicability. The tool is web-based and is
used as a stand-alone continuous support
without requirement of additional healthcare
activities. It is available in English and Swedish
and is provided for free via academic
institutions.

We conducted a clinical study (approved by
the regional ethics review committee of
Gothenburg, Sweden; no. 651/16, approved on
22 August 2016, and subsequent amendments)
to test the hypothesis that glucose control
would improve in patients with T2D using the
digital tool. As a secondary analysis, we inves-
tigated its effect on quality of life in both par-
ticipants with diabetes and those without. At
study start, participants were randomized to
access the tool or wait for 12 weeks (4:1 ratio).
The groups were then merged to enable all
participants to use the tool during an extended
open-label period.

The study aimed to investigate metabolic
outcomes and quality of life under conditions
that were as similar as possible to real-life set-
tings. After an initial screening visit, partici-
pants did not attend any further study visits but
were followed at their primary care unit with
analysis of metabolic control according to clin-
ical routine. Participants also completed ques-
tionnaires on quality of life. In case of technical
questions, they could contact a study coordi-
nator, who also responded to requests to clarify
content in a general manner without providing
personal advice. The study was structured to
assess (1) comparisons from baseline to
12 weeks between participants randomized to a
control group or to access the tool; (2) open-
label comparisons from baseline to end of fol-
low-up between users of the tool and matched
controls; and (3) changes in quality of life in
both participants with and without diabetes.

The study was performed according to the
Declaration of Helsinki and later amendments.

All participants provided written informed
consent.

Enrolment and Study Procedures
for Metabolic Assessments

Patients older than 35 years in the Scania region
(southern Sweden) with prior documentation of
T2D were invited to screening visits at Scania
University Hospital, Malmo, Sweden. Diabetes
mellitus was diagnosed in routine healthcare on
the basis of the World Health Organization
(WHO) criteria (fasting plasma glucose
> 7.0 mmol/l or 2-h post-load plasma glucose
> 11.1 mmol/l or HbA1C > 48 mmol/mol).
Exclusion criteria for the glycaemic assessments
were type 1 diabetes, maturity-onset diabetes of
the young, secondary diabetes, other condi-
tions, treatments or participation in clinical
studies that in the judgement of the investiga-
tor could affect the evaluation, or conflicts of
interest (such as association with the study
team, funders, authorities, universities or other
public or private bodies).

Participants were recruited via letters sent to
patients with a known history of type 2 diabetes
in the ANDIS (All New Diabetics in Scania)
registry or by advertisements. Individuals who
were interested in taking part contacted the
study personnel via telephone, regular post,
email or through a dedicated web page and were
invited to a screening visit for analysis of
HbAlc. A few participants had difficulties
attending the university hospital because of
travel issues and instead had their initial
screening of HbAlc at a primary care unit.
Patients with poor glycaemic control (HbAlc
> 52 mmol/mol; standard glycaemic treatment
target according to current guidelines [1]) were
invited to further physical visits (as described in
NCT04624321), the results of which will be
reported elsewhere. Patients with HbAlc
< 52 mmol/mol were included in the present
study and followed prospectively with clinical
data (as described in NCT05006508).

Participants received travel reimbursement
for the screening visit. No other financial
incentives were provided. Participants were
managed by their ordinary healthcare providers
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throughout the study. They received usual care
according to routine diabetes management and
treatment based on the general guidelines from
the European Association for the Study of Dia-
betes and the American Diabetes Association
[1]. The open-label assessments include, how-
ever, only participants who did not change
antihyperglycaemic medication during the fol-
low-up period in order to evaluate the effect of
the tool in addition to stable pharmacological
treatment conditions.

Healthcare providers and study personnel
were not involved in the participants’ activities
on the tool. The participants used it at their
preferred pace but received written recommen-
dations within the tool to complete a theme at
least every other week. The recommended fre-
quency of use intended to enable sufficient time
to implement changes between sessions while
maintaining awareness of the questions and
being exposed to the different areas covered by
the tool. Participants received regular emails to
prompt continuous usage but no reinforcement
by study personnel, as we wanted to assess the
natural usage pattern and resultant outcomes
that can be expected in real-life situations over
extended time without the need for increased
healthcare support.

Enrolment and Study Procedures
for Assessments of Quality of Life

In addition to the study participants with T2D
in the Scania region, participants were enrolled
from across Sweden for assessments of quality of
life. Individuals above 35 years of age with or
without T2D were eligible to take part in these
assessments. Participants were recruited via
advertisements. Individuals who were inter-
ested in taking part contacted the study per-
sonnel via telephone, regular post, email or
through a dedicated web page. They received a
letter with detailed study information and a
form for written informed consent, which was
sent to the study centre in case they wanted to
participate.

Randomization Procedures

After formal inclusion, either at a screening visit
(patients with T2D in the Scania region) or fol-
lowing the submission of a written informed
consent (participants across Sweden with or
without T2D), participants received an intro-
ductory email with a secure web link to a per-
sonal study account and instructions on how to
get started. By clicking the link, they set a
password, completed a baseline questionnaire,
and were randomized via a web-based system to
have immediate access to the tool or wait for
12 weeks. In this manner, allocation was con-
cealed to both participants and study personnel
at inclusion (whether participants were even-
tually assigned to the tool or usual care was,
however, open-label).

Participants randomized to wait received
usual care via their ordinary healthcare provi-
der. After 12 weeks they received an email
message with a link to complete the question-
naire once again and were then able to access
the tool.

The randomization sequence (block size of
eight, unknown to study personnel) was gen-
erated by external statisticians, who had no
contact with participants or study personnel. It
was uploaded by external technical staff to the
web-based allocation system. Thus, the genera-
tion of the random sequence, participant
enrolment by study personnel, and the web-
based system for allocation to randomization
groups were clearly separated.

Selection of Matched Controls

After the initial 12-week period, all study par-
ticipants had access to the tool during an
extended follow-up. The development of glu-
cose control in participants with T2D in the
Scania region was compared with matched
controls on usual care. Controls were selected
from patients with T2D in the ANDIS registry.
ANDIS was approved by the regional ethics
review committee (584/2006 and 676/2012) and
aims to register all incident cases of diabetes in
Scania, which is one of the largest regions in
Sweden with 1,200,000 inhabitants in both
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rural and urban areas and a wide distribution of
socioeconomic background. Approximately
26,000 patients with diabetes (more than 90%
of the estimated number of eligible cases in the
region) are included as of December 2021.
Prospective data on metabolic variables and
medication are obtained via the Swedish
National Diabetes Registry and clinical registries
on drug prescription and laboratory tests.

The controls were matched 1:1 with study
participants on gender, age (at the index date),
body mass index (BMI) and HbAlc. The index
date was selected at random among all regis-
trations meeting the requirements for available
follow-up time (6-18 months within which the
HbAlc measurement nearest 365 days after the
index date was selected) with no medication
change during follow-up.

The Intervention Tool

We developed a digital tool on the theoretical
foundations of self-affirmation and motiva-
tional interviewing [13, 14]. Self-affirmation
theory postulates that perceived threats to one
domain (e.g. sedentary behaviour) can be
managed more effectively by reflecting on
strengths in other domains. From that broader
perspective people may regard changes to
specific behaviours as less threatening to overall
self-integrity, leading to a less defensive atti-
tude. Self-affirmation is associated with both
greater intentions for behavioural change and
actual behavioural change [15-17]. The princi-
ples of motivational interviewing (MI) were
incorporated in the tool to promote reflection
on ambivalence and commitment to change,
which has been shown to increase intrinsic
motivation [18]. To enable this without a tra-
ditional interviewer, the digital tool contains a
large number of questions to stimulate self-re-
flection. Self-reflection may support autonomy
[12] and has played an important role in, for
example, later forms of cognitive behavioural
therapy [19]. It has, however, not been of major
focus in diabetes self-management.

The detailed development of the tool will be
described elsewhere. In brief, the tool was
developed in an iterative manner with repeated

testing by patients, including feedback on
usability and content. Based on the feedback
and observations of user behaviour, a complete
digital tool was developed (in Drupal, ver-
sion 7). The tool is web-based with a responsive
design to enable patients to use it via their own
computer, tablet or mobile phone. All data are
transferred via secure protocols and stored on
secure servers.

The tool is composed of 80 different themes,
focusing on diet and exercise but also a range of
other areas, including stress management,
decision-making, social interactions, loneliness,
and negative automatic thoughts. Previous sys-
tematic reviews have highlighted the impor-
tance of including defined behaviour change
techniques (BCT) [5]. We therefore based the
themes on the comprehensive theoretical
framework and taxonomy proposed by Michie
and colleagues [20], which has been widely
accepted [5]. Each theme of the tool incorpo-
rates 2-4 BCT (24 BCT are used altogether).
TableS1 in the Supplementary Material
describes the different BCT, and Table S2 pre-
sents the full list of themes in the tool.

A theme takes approximately 10-30 min to
complete and contains one or more of the fol-
lowing components:

e A self-assessment test with automated feed-
back, aiming to raise awareness of current
behaviour.

e An exercise such as evaluating short- and
long-term benefits and losses associated with
health-related goals, in order to identify
willingness and barriers to change. Other
exercises may involve time prioritization,
mindful eating, and methods to cope with
distress and automatic thoughts.

e Informative texts (approximately 500-800
words per text) on topics of relevance to
health and lifestyle-related diseases. Texts
are based on international consensus recom-
mendations for lifestyle management [1, 21].

The various themes allow users to see how
different areas are connected and how problems
in one domain, e.g. unhealthy eating, could be
managed by changes in other domains, e.g.
stress coping. As the initial development pro-
cess identified a need to frame lifestyle
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management within a larger perspective, we
also include a set of themes covering the dif-
ferent aspects of existential health that the
WHO has proposed [22-24]. These themes aim
to stimulate questions on overall life context
and how it relates to current habits and disease
coping (Table S2).

At each login, users select a theme they
consider to be of relevance. At the end of the
theme, they ask a question to themselves to
promote reflection on how the information and
insights from the theme could be implemented
in daily life. This methodology is in line with
self-affirmation theory and MI [14, 18]. It aims
to facilitate sustainable lifestyle changes by
raising general awareness of current priorities
and helping patients explore different options
and choose their own course of action.

The tool is supposed to be used as a contin-
uous support without a finite number of ses-
sions, and users are encouraged to return to the
tool within 2 weeks and are then given the
opportunity to comment briefly in a diary on
whether they have done any behavioural
changes. They select a new theme or revisit one
they have previously found valuable. Users can
refine earlier questions or ask new ones, in order
to stimulate continuous reflection as they pro-
ceed through the tool.

The tool is maintained and provided via
academic institutions (University of Gothen-
burg, Sweden). It is technically prepared for
multiple languages with a language select
function and is currently available in English
and Swedish. The yearly expenses related to the
tool consist of server cost (€0.12 per user), email
expenses (€0.21 per user), as well as adminis-
tration and technical personnel for user
requests, continuous updates and improve-
ments to the tool (€6.34 per user). These num-
bers are based on current actual costs for
providing the service to 50,000 users (including
the participants in the present and other
ongoing studies).

Clinical Study Outcomes

The primary study variable was HbA1lc in blood.
Screening values were obtained at the study

centre or at primary care units, and subsequent
outcome data were obtained from routine clin-
ical measurements of HbAlc in primary care.

The short form-12 (SF-12) health survey was
used to assess quality of life. It was completed at
baseline and after the 3-month randomization
period as well as 6 months after accessing the
tool. The distinct components of the survey can
be summarized as a physical health score and a
mental health score, with higher values imply-
ing better health [25]. The SF-12 questionnaire
was separate from the tool and completed by
participants via their study account online
using a reminder system including emails that
were sent when a new questionnaire was to be
completed. Participants were instructed to
complete the questionnaire on their own to
avoid observer bias.

Baseline Data

The following baseline data were collected
electronically before completing the first ques-
tionnaire: age, sex, BMI, prevalence of T2D,
time since diabetes diagnosis, known diabetic
complications (retinopathy, neuropathy,
nephropathy and diabetic foot disease) and
current glucose-lowering treatment in case they
had T2D, as well as comorbidities. At quarterly
intervals during follow-up, the participants with
T2D were requested to report any changes in
glucose-lowering medication.

Statistics

Primary endpoints
The two primary endpoints were:

e The change of HbAlc relative to baseline
compared between participants randomized
to wait and randomized to access the tool.
Comparisons between randomized controls
and participants with immediate access to
the tool were performed for participants
with T2D in the Scania region who had an
HbAlc measurement obtained in routine
care within 30-180 days after study inclu-
sion, utilizing the measurement nearest to
90 days after inclusion. Participants were
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included in the analysis independent of
frequency of using the tool according to
the intention to treat principle. No imputa-
tion was done for missing values in patients
who lacked clinical data within the time
window. The change of HbAlc relative to
baseline at inclusion was compared between
randomization groups using a two-sided
independent ttest. We needed 90 partici-
pants in the intervention group and 23 in
the control group to ensure at least 80%
power at alpha = 0.05 to detect a significant
difference between the groups, assuming
that the true treatment effect of the tool is
2 mmol/mol with a standard deviation of
3 mmol/mol for the change of HbAlc. (The
standard deviation for the change of HbAlc
during 12 weeks was estimated from patients
in the ANDIS cohort with baseline HbAlc
< 52 mmol/mol.)

¢ The change of HbAlc from baseline to end of
follow-up in participants using the tool
compared to matched controls.
For analysis from baseline to end of follow-
up, the baseline HbA1c at inclusion and the
HbAlc measurement obtained in clinical
care nearest to 365 days after inclusion
within a window of 18 months after inclu-
sion were used. The HbAlc data were
obtained via clinical data, which were made
available continuously for ANDIS patients.
The reported follow-up time in the study
refers to time from baseline to time of
measurement of the HbAlc value used in
the analysis for each patient, i.e. the actual
period that was being analysed. Participants
who completed at least one theme on the
tool were included in the analyses and
compared to matched controls. Only study
participants and matched controls with no
reported changes to glucose-lowering medi-
cation during the follow-up period were
used. The change of HbAlc was compared
between study participants and matched
controls (1:1 ratio) by a two-sided indepen-
dent t test. We needed 142 participants using
the tool and 142 matched controls to have
80% power at alpha =0.05 to detect a
significant difference between the groups,
assuming that the true treatment effect of

the tool is 5 mmol/mol with a standard
deviation of 6 mmol/mol for the change of
HbAlc. (The standard deviation for the
change of HbAlc per year was estimated
from observations of patients in ANDIS).
Adjustments were made for age, sex and BMI
using a linear regression model with group
assignment as independent variable, HbAlc
as dependent variable, and age, sex and BMI
as covariates. Adjustment was made for
diabetic complications using presence of
known complications as a binary covariate
in the linear model. Moreover, comorbidities
were reported by participants in conjunction
with questionnaires and classified manually
into different disease categories (see Table 1).
Adjustment was made for comorbidities
using a categorical variable for the different
comorbidities as a covariate in the linear
model.

Secondary Endpoints

Secondary endpoints included the change of
HbAlc from baseline to end of follow-up in
participants using the tool compared with study
participants who did not use the tool. As
another secondary analysis we specifically
assessed the outcomes in individuals with
HbA1c above 45 mmol/mol by comparing users
of the tool with matched controls as well as
users of the tool with participants not using the
tool. These analyses were done by two-sided
independent Student’s f test.

The change of SF-12 scores from baseline to
3 months was analysed between randomized
controls and participants with immediate access
to the tool by a two-sided independent f test.
The intraindividual change of SF-12 scores from
baseline to 6 months was analysed by paired
two-sided ttests (no SF-12 data were available
from the matched controls).

Summary statistics are generally presented as
point estimates with 95% CI. The widths of the
intervals have not been adjusted for multiplic-
ity. Statistical analyses were performed using
IBM SPSS (v26).
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Table 1 Baseline characteristics of participants with T2D in randomization groups

Characteristic Tool (N = 112) Usual care (N = 27)
Female sex (%) 44 32
Age (years) 63 (9) 65 (11)
Diabetes duration (years) 3.1(1.9) 3.3 (2.0)
Body mass index® (kg/m?) 30 (6) 28 (4)
Glycated haemoglobin level (mmol/mol) 45 (8) 43 (6)
Glucose-lowering medication (%)

None 20 19

Oral only 76 73

Oral and insulin 2 4

Insulin only 1 3
Known diabetic complications (%)" 10 4

Reported comorbidities (%)°

Psychiatric 0 0
Reaction to severe stress leading to sick leave 0 2
Orthopaedic 7 5
Gastrointestinal and hepatic 0 0
Arrythmias 1 3
Cardiovascular disease (incl. myocardial infarction, stroke, severe heart failure) 2 8
Cancer 1 0
Pulmonary 1 0
Neurological 0 0
Rheumatological 0 0
Thyroid 1 0

Data are 7 (%) or mean (SD). Percentages may not total 100 because of rounding

*The body mass index is the weight in kilograms divided by the square of the height in metres

PInclude known retinopathy, neuropathy, nephropathy or diabetic foot discase

“Comorbidities were reported by participants in conjunction with questionnaires, classified manually into different discase
categories and presented as presence in % of cases

RESULTS baseline to end of follow-up were compared

between users of the tool and matched controls.
First, we assessed the effects on HbAlc from Third, the effects on quality of life were inves-
baseline to 12 weeks between randomization tigated in both individuals with and without

groups. Second, the changes of HbAlc from diabetes.
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Assessed for eligibility (n=696,
of which 667 at study centre
and 29 at primary care units)

| Enrolled (n=324) |

Excluded (n=372)

HbA1c >= 52 mmol/mol (n=370)
Previous pancreatectomy (n=1)
Participation in test sessions (n=1)

S Assigned to tool (n=257) Assigned to usual care (n=67)
'g ¢ Clinical routinedataavailable * Clinicalroutinedataavailable
c for analysis within stipulated for analysis within stipulated
= time window 30-180 days after time window 30-180 days after
_g inclusion (n=112) inclusion (n=27)
£
o
T
=
©
) ! !
Merged randomization groups (n=324)
3 * Excluded from analysis because of medication changes (n=27)
g
o
i :
7
b3
L0
S Observational assessments (n=297)
* Usingthetool (n=191)
* Non-users(n=106)
Reported reasons for not using the tool: lack of time, family problems,
personal problems, forgotto use it, asense that their diabetes was
already under good control

Matched controls on
usual care not exposed
to the tool

\ 4

Fig. 1 Study profile as CONSORT diagram for assess-
ments of glucose control. A total of 324 individuals were
randomized to usual care or to access the tool (ratio 1:4).
Comparisons between randomized controls and partici-
pants with immediate access to the tool were performed
for participants with T2D in the Scania region who had an
HbAlc measurement obtained in routine care within
30-180 days after study inclusion, utilizing the measure-
ment nearest to 90 days after inclusion. Participants were
included in this analysis independent of frequency of using
the tool. After 12 wecks, the randomization groups were
merged to enable all participants to use the tool during a

Glucose Control in Participants with T2D
Randomized to the Tool or Usual Care
for 12 Weeks

A total of 667 individuals with T2D attended
screening visits for analysis of HbAlc. Of those,
295 had HbA1lc below 52 mmol/mol and were
enrolled. Another 29 individuals were included
after HbAlc screening at their primary care unit
because of inability to attend screening visits at
the study centre (Fig. 1).

follow-up period of 359 days on average. For analysis from
baseline to end of follow-up, the baseline HbAlc at
inclusion and the HbAlc measurement obtained in
clinical care nearest to 365 days after inclusion within a
window of 18 months after inclusion were used. Partici-
pants who completed at least one theme on the tool were
included in the analyses and compared to matched
controls. Only study participants and matched controls
with no reported changes to glucose-lowering medication

during the follow-up period were used

We aimed to evaluate the intervention in a
setting that was as similar as possible to ordi-
nary clinical conditions by observing the
metabolic outcomes in participants with T2D
who had access to the tool in addition to usual
care.

The existence of effect was investigated by
randomizing the participants to access the tool
immediately or wait for 12 weeks (ratio 4:1).
Follow-up data from routine clinical measure-
ments were available for 139 participants within
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the stipulated time window (average 100 days
between inclusion and follow-up measurement
[interquartile range 65-134]; Table 1). The
average HbAlc decreased by 1 mmol/mol rela-
tive to baseline (95% CI — 2 to 0; n=112) in
participants with access to the tool. In partici-
pants randomized to wait, average HbAlc
increased by 2 mmol/mol relative to baseline
(95% CI 0-3; n=27). The mean difference
between the groups was — 2 mmol/mol (95% CI
—4to 0; P =0.02).

Glucose Control from Baseline to End
of Follow-up in Users of the Tool
Compared with Controls

We also aimed to assess more long-term out-
comes. The randomization groups were merged
after the initial 12-week period to enable all
patients to use the tool during an extended
open-label period (Fig. 1). Twenty-seven partic-
ipants had reported medication changes during
the follow-up period and were therefore exclu-
ded from analysis. All remaining 297 partici-
pants had a routine clinical measurement of
HbAlc within 18 months after inclusion; the
value nearest to 1year after inclusion in the
study was used for comparisons. The average
time between inclusion and final HbAlc mea-
surement was 359 days (interquartile range
288-432). A total of 106 participants never used
the tool despite having access to it (Table 2).
Reported reasons included lack of time, a sense
that their diabetes was already under good
control, and personal or family issues that
received higher priority. Those who used the
tool (n=191) did on average complete 13
themes during follow-up.

Comparison Between Users of the Tool

and Non-users

The change of HbAlc from baseline to end of
follow-up was compared between participants
who used the tool and participants who did not
use it. Those who used it had a 1 mmol/mol
average reduction of HbAlc (95% CI — 1.4 to

0.4, n=191), while HbAlc increased by
2mol/mol on average in non-users (95% CI
0.7-2.7; n = 106). The mean difference between
the groups was — 2 mmol/mol (95% CI — 4 to
—1; P=0.02; P =0.001 after adjusting for age,
sex and BMI; P = 0.001 after adjusting for dia-
betic complications and P = 0.002 after adjust-
ing for comorbidities).

Comparison Between Users of the Tool

and Matched Controls

The users of the tool were also compared with
matched controls (Table 3). Average HbAlc
increased by 1 mmol/mol in the matched con-
trols over a similar time period (95% CI 0-2),
and the mean difference between users of the
tool and matched controls was — 2 mmol/mol
95% CI —3 to 0; P=0.005; P=0.004 after
adjusting for age, sex and BMI).

Effect in Participants with Higher Baseline
HbAIc

The study participants had a broad range of
HbAlc (interquartile range 39-47 mmol/mol).
In order to assess the effect of the tool in
patients with less optimal glucose control, we
specifically studied those with HbAlc above
45 mmol/mol as a secondary analysis. Users of
the tool with HbAlc above 45 mmol/mol at
baseline demonstrated an HbAlc reduction of
3 mmol/mol during follow-up (95% CI — 5 to
—1). The corresponding change in non-users
was 1 mmol/mol (95% CI — 2 to 3). The mean
difference  between  the  groups  was
— 4 mmol/mol (95% CI — 7 to 0; P = 0.03). This
was paralleled by a — 4 mmol/mol mean differ-
ence between users of the tool and matched
controls at HbAlc above 45 mmol/mol (95% CI
—7 to —2; P=0.003). Overall, there was an
association between high baseline HbAlc and
larger HbAlc reduction in users of the tool
(P < 0.001 using linear regression) but not in
matched controls (P=0.7; P<0.001 when
exposure to the tool and baseline HbAlc were
evaluated as an interaction term in the linear
model).
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Table 2 Baseline characteristics of participants with T2D in long-term follow-up

Characteristic Users Non-users All
(N =191) (N = 106) (N =1297)

Female sex (%) 44 38 42
Age (years) 63 (9) 62 (10) 63 (10)
Diabetes duration (years) 3.0 (1.9) 3.1 (1.7) 3.0 (1.8)
Body mass index* (kg/m?) 29 (6) 30 (6) 29 (6)
Glycated haemoglobin level (mmol/mol) 43 (6) 44 (7) 44 (7)
Glucose-lowering medication (%)

None 22 29 24

Oral only 75 68 73

Oral and insulin 1 1 1

Insulin only 1 0 1
Known diabetic complications (%)° 5 8 6

Reported comorbidities (%)°

Psychiatric 1 0 1
Reaction to severe stress leading to sick leave 1 1 1
Orthopaedic 8 7 7
Gastrointestinal and hepatic 0 1 1
Arrythmias 2 1 2
Cardiovascular disease (incl. myocardial infarction, stroke, severe 3 3 3
heart failure)

Cancer 1 1 1
Pulmonary 1 1 1
Neurological 0 0 0
Rheumatological 0 0 0
Thyroid 1 0 1

Data are 7 (%) or mean (SD). Percentages may not total 100 because of rounding

*The body mass index is the weight in kilograms divided by the square of the height in metres

®Include known retinopathy, neuropathy, nephropathy or diabetic foot disease

“Comorbidities were reported by participants in conjunction with questionnaires, classified manually into different discase
categories and presented as presence in % of cases
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Table 3 Baseline characteristics of users of the tool and matched controls with T2D

Characteristic Users (N = 191) Matched controls (N = 191)
Female sex (%) 44 44

Age (years) 63 (9) 63 (10)

Body mass index® (kg/m?) 29 (6) 29 (5)

Glycated haemoglobin level (mmol/mol) 43 (6) 42 (5)

Data are # (%) or mean (SD)

*The body mass index is the weight in kilograms divided by the square of the height in metres

Assessment of Quality of Life in Both
Individuals with Diabetes and Those
Without Diabetes

There is currently a lack of knowledge of the
effects of digital interventions on quality of life
[2, S]. In addition to studying the effects of the
tool on metabolic control, we therefore inves-
tigated its influence on quality of life. For these
analyses, participants from all over Sweden were
enrolled, also individuals without diabetes
(n=1914 in total, of which 880 had T2D;
Table 4). The SF-12 questionnaire was com-
pleted at baseline and after the 3-month ran-
domization period as well as 6 months after
accessing the tool. The questionnaire measures
perceived general health, feelings and ability to
perform daily activities. The individual compo-
nents are subsequently combined to an overall
physical health score and a mental health score
[25].

Perceived general health was improved at
3 months relative to baseline in those random-
ized to access the tool (n = 1512) compared with
randomized controls (n = 402; mean difference
0.08 a.u. on a S5-point Likert scale [95% CI
0.01-0.16]; P = 0.045). The mean difference in
overall SF-12 scores between the groups did not
reach statistical significance at 3 months.

Next, we analysed the intraindividual
change in participants between baseline and
6 months of access to the tool and observed a
statistically significant improvement in both
the overall physical health score (P < 0.001)
and mental health score (P = 0.006; data from
baseline as well as 6 months were available from
1149 participants, of which 530 had T2D). This

was accompanied by improvements in the
components of SF-12 that reflect perceived
general health, energy, disturbance by pain, and
the ability to perform work or other daily tasks
despite physical or mental distress.

It is of note that the participants without
diabetes reported better physical health score at
baseline compared with participants with T2D
but poorer mental health score (Table 4). The
improvements of overall health scores from
baseline to 6 months were mainly observed in
individuals without diabetes. Perceived general
health and the ability to perform work or other
daily activities despite physical problems were
the components that reached statistically sig-
nificant improvements in participants with
T2D.

DISCUSSION

This study demonstrated improved HbAlc in
participants with T2D using the new digital
tool. The improvements were observed during a
12-week randomization period relative to ran-
domized wait list controls and during a subse-
quent follow-up period of 1year on average
when users of the tool were compared with both
non-users and matched controls, respectively.

The tool adds a new facet to lifestyle man-
agement by its emphasis on self-reflection. A
major asset is also the ability to utilize the tool
in healthcare as a complement to usual care
without the need for additional personnel
resources.

All HbAlc measures during follow-up were
obtained in routine clinical care rather than at
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Table 4 Bascline characteristics of participants in quality of life assessments
Characteristic With T2D Without T2D All
(N = 880) (N = 1034) (N = 1914)
Female sex (%) 48 90 71
Age (years) 61 (10) 47 (9) 54 (12)
Body mass index® (kg/m?) 30 (6) 27 (5) 28 (6
Baseline physical SF-12 health score” 41.6 (8.3) 43.8 (7.7) 42.8 (8.0)
Baseline mental SF-12 health score 48.1 (10.7) 39.5 (11.5) 434 (11.9)
Reported comorbidities“—no. of cases
Psychiatric 7 13 20
Reaction to severe stress leading to sick leave 11 48 59
Orthopaedic 33 26 59
Gastrointestinal and hepatic 4 3 7
Arrythmias 4 3 7
Cardiovascular disease (incl. myocardial infarction, stroke, severe 13 3 16
heart failure)
Cancer 2 2 4
Pulmonary 3 2 5
Neurological 2 1 3
Rheumatological 4 4 8
Thyroid 0 10 10

Data are 7 (%) or mean (SD). Percentages may not total 100 because of rounding. The participants with T2D include both

patients from the Scania region involved in glycaemic assessments and patients with T2D outside of the Scania region
“The body mass index is the weight in kilograms divided by the square of the height in metres

®The distinct components of the SE-12 survey can be summarized to a physical health score and a mental health score, with

higher values implying better state

“Comorbidities were reported by participants in conjunction with questionnaires, classified manually into different disease

categories and presented as number of cases

study visits. While this procedure only permits
blood sampling at less distinct intervals, it is
nonetheless a strength in this particular case, as
it reduces the risk for influence at study visits
(‘placebo’) and helps assess the effects of the
tool on its own in a setting that is as close as
possible to a real clinical context. It also enabled
us to obtain long-term outcome measures from
all 297 participants, including non-users, which
is important since high attrition is usually a

major problem in studies of digital interven-
tions [26, 27].

The metabolic improvement in response to
the tool was sustained during the entire follow-
up of 1 year on average, making this one of the
longest investigations of digital lifestyle treat-
ment to date [9-11]. The study has also a
number of limitations. No adjustment was
made for multiple comparisons, and the vari-
ables should therefore be interpreted on the
basis of the overall pattern of outcomes. A
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fundamental problem with lifestyle studies is
selection bias because of variation in initial
motivation between patients [28]. In particular,
differences in initial motivation may influence
the comparisons between participants using the
tool and non-users. It is therefore important
that statistically significant differences in
change of glycaemic control were also observed
between users of the tool and randomized
controls and between users of the tool and
matched controls. We adjusted for a number of
potential confounders such as age, sex and BMI
as well as complications and comorbidities
between users and non-users, but we cannot
exclude that unmeasured confounders may
have affected the outcomes.

The average effect of the intervention was
2 mmol/mol compared with controls, with a
pronounced effect in patients with poorer glu-
cose control (4 mmol/mol average reduction of
HbA1lc in users of the tool relative to matched
controls at HbAlc above 45 mmol/mol). The
sustained improvement during 1year in
response to the tool is of interest in light of
previous meta-analyses that have shown initial
effects of lifestyle programmes that decline after
6 months [9-11]. In a Cochrane report, the
average HbA1c reduction in response to digital
interventions with follow-up time ranging from
1 to 12 months was 2.3 mmol/mol, with effects
observed predominantly in patients with HbAlc
above 52 mmol/mol [5]. It is also of note that a
recent traditional behavioural intervention
programme with group-based sessions in indi-
viduals with HbAlc between 42 and
47 mmol/mol led to a 1.3 mmol/mol reduction
of HbAlc [29]. Moreover, it may be of relevance
to compare our results with a recent pharma-
cological intervention study, which showed a
2 mmol/mol reduction of HbAlc over 6 months
in response to sulfonylureas, dipeptidyl pepti-
dase 4 inhibitors or sodium-glucose trans-
porter 2 inhibitors added to metformin in
patients with relatively well-controlled diabetes
(i.e. similar to our cohort) [30]. This indicates
that the glycaemic effect of using the tool in
this patient group appears to be on par with
common antihyperglycemic drugs.

A 2 mmol/mol average HbAlc reduction in
individuals with baseline HbAlc below

52 mmol/mol, as observed in response to the
tool, would according to an estimation from the
Norfolk cohort result in 10% reduction of dia-
betes-attributable death in the population [31].
Furthermore, it is well established that early
glucose-lowering interventions may reduce
beta-cell load and prevent beta-cell exhaustion,
thereby reducing the risk for subsequent loss of
glycaemic control [32]. Interestingly, it was
shown in the VERIFY study that treatment fail-
ure (HbAlc > 52 mmol/mol) occurred in 44% of
patients with combination therapy and 62% of
those with metformin monotherapy within a
S-year period [33]. The digital tool could there-
fore offer a new low-cost means to further
reduce glucose levels and help prevent or delay
glycaemic dysregulation.

As a secondary analysis, the tool was shown
to improve physical and mental assessments of
quality of life, especially in individuals without
diabetes, suggesting that it may be useful to
broader population groups in addition to
managing metabolic health. It is of note that
the initial mental health score was significantly
lower in the individuals without diabetes than
in participants with T2D, possibly because
individuals without diabetes who wanted to
take part in the study had needs in other health
domains, as suggested by the higher numbers of
severe stress reactions reported in those partic-
ipants (Table 4). This could potentially explain
the larger improvement in quality of life that
was observed in the participants without
diabetes.

In order for digital lifestyle solutions to be
scalable and broadly applicable, it is essential
that efficacy does not depend on in-person
reinforcement or increased healthcare activities
[9, 34]. We therefore provided the tool as a
stand-alone support under conditions that were
as similar as possible to routine clinical condi-
tions. While this may reduce adherence com-
pared with stricter regimes, it increases the
general significance of the results by demon-
strating what can be expected in real-life situa-
tions over extended time. Approximately 36%
(106 of the 297 participants) did not use the
tool during the long-term follow-up. These rates
are comparable with what has previously been
observed in meta-analyses of digital tools
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[26, 27]. We found, however, a significant dif-
ference in glycaemic change between random-
ization groups (when participants were
included independent of use), suggesting that
the tool has broad utility even when adherence
is variable. The tool is provided for free to the
individual patient via academic institutions,
and the marginal cost is fundamentally lower
than pharmacological treatment and existing
lifestyle intervention programmes. Clinical
applicability is consequently much less sensitive
to variation in compliance. The tool may also
release resources for other forms of lifestyle
support to patients for whom digital solutions
are not relevant [21].

CONCLUSIONS

The study presents a self-reflective approach to
lifestyle treatment that has previously been
lacking. Patients with T2D using the tool had
improved long-term metabolic control with a
pronounced effect in those with poorer ini-
tial glucose control. The tool also improved
both physical and mental aspects of quality of
life, in particular in individuals without dia-
betes. In view of the severe clinical need for
scalable patient-centric solutions, the findings
offer a new means for affordable lifestyle man-
agement with sustained efficacy that could
benefit a large number of patients.
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