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Abstract

Background Type 2 diabetes and prediabetes represent significant global health challenges, with physical activity
(PA) being essential for disease management and prevention. Despite the well-documented benefits, many individu-
als with (pre)diabetes remain insufficiently active. General practitioners (GP) provide an accessible platform for deliver-
ing interventions; however, integrating PA interventions into routine care is hindered by resource constraints.

Objectives The ENERGISED trial aims to address these barriers through an innovative GP-initiated mHealth interven-
tion combining wearable technology and just-in-time adaptive interventions.

Methods The ENERGISED trial is a pragmatic, 12-month, multicentre, randomised controlled trial, assessing a GP-
initiated mHealth intervention to increase PA and reduce sedentary behaviour in patients with type 2 diabetes

and prediabetes. The primary outcome is daily step count, assessed via wrist-worn accelerometry. The primary analysis
follows the intention-to-treat principle, using mixed models for repeated measures. Missing data will be handled
under the missing-at-random assumption, with sensitivity analyses exploring robustness through reference-based
multiple imputation. The trial incorporates the estimand framework to provide transparent and structured treatment
effect estimation.

Discussion This statistical analysis plan outlines a robust approach to addressing participant non-adherence, proto-
col violations, and missing data. By adopting the estimand framework and pre-specified sensitivity analyses, the plan
ensures methodological rigour while enhancing the interpretability and applicability of results.

Conclusions The ENERGISED trial leverages innovative mHealth strategies within primary care to promote PA in indi-

viduals with (pre)diabetes. The pre-specified statistical framework provides a comprehensive guide for analysing trial
data and contributes to advancing best practices in behavioural intervention trials for public health.
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Background

The rising prevalence of type 2 diabetes and prediabe-
tes presents a major public health challenge globally [1].
Physical activity (PA) is a cornerstone in managing diabe-
tes and delaying its onset in at-risk populations, offering
significant benefits such as improved glycaemic control,
reduced insulin resistance, and lower cardiovascular risk
[2—4]. Despite these benefits, many individuals with (pre)
diabetes remain insufficiently active [5-7]. Primary care
settings, where most of these patients receive care, pro-
vide a valuable platform for implementing effective PA
interventions [8, 9]. However, the integration of such
interventions into routine practice is rare, often con-
strained by barriers such as limited time, resources, and
scalability [10, 11]. These barriers highlight the need for
innovative, scalable interventions that can be integrated
into routine care to address the insufficient PA levels in
patients with (pre)diabetes.

The ENERGISED trial seeks to bridge these gaps by
introducing an innovative mHealth intervention deliv-
ered in primary care. Combining the credibility and
accessibility of general practitioners (GPs) with the scal-
ability of mHealth technologies, the intervention uses
wearable devices and just-in-time adaptive interventions
(JITAI) to facilitate behaviour change. By integrating
brief advice delivered by GPs with an automated text-
messaging program, initially supported with phone coun-
selling, the trial aims to address traditional barriers and
promote sustained patient engagement and adherence to
PA goals [12, 13].

Objectives
We designed the ENERGISED randomised controlled
trial to evaluate the effectiveness of a GP-initiated
mHealth intervention aimed at increasing physical activ-
ity (PA) and reducing sedentary behaviour. The trial
assesses changes in physical behaviour and clinical out-
comes over 12 months in adults with prediabetes and
type 2 diabetes, comparing this intervention to an active
control involving self-monitoring with an activity tracker.
The trial was designed as a pragmatic trial to ensure that,
if effective, the intervention could be seamlessly inte-
grated into routine clinical practice [12].

The ENERGISED trial design has been described in
detail in a published protocol [12]. While the protocol

briefly outlines the planned statistical analyses, detailed
primary statistical analyses must be pre-specified to
ensure transparency, prevent data-driven decisions, and
minimise the risk of selective reporting of outcomes [14].
This article presents the statistical analysis plan (version
1.0) for the ENERGISED trial, finalised in January 2025,
prior to the conclusion of data collection in April 2025.
No preliminary analyses were conducted before finalising
the statistical analysis plan to ensure that its development
was not influenced by any trial data.

In addition to detailing the statistical analyses, this
paper introduces updates to the published protocol and
their justifications to reflect changes that occurred dur-
ing the trial. These updates include the incorporation of
the estimand framework [15], which provides a clear def-
inition of the treatment effect of interest, consistent with
the study objectives and enhancing the interpretability
and robustness of the planned analyses [16].

This statistical analysis plan follows the Guidelines for
the Content of Statistical Analysis Plans in Clinical Trials
[17] and adheres to the Principles and Recommendations
for Incorporating Estimands into Clinical Study Protocol
Templates [18], serving as a comprehensive reference for
the planned analyses of the ENERGISED trial.

Methods

Estimands

The ENERGISED trial employs the estimand framework
to clearly define the treatment effect of interest, ensuring
transparency and robustness in the statistical analyses.
The framework aligns with the trial’s pragmatic nature
and provides a structured approach to addressing inter-
current events and their impact on the interpretation of
results.

Primary estimand

Population The population consists of adults with pre-
diabetes or type 2 diabetes recruited through participat-
ing GP practices in the Czech Republic. Eligible patients
are regular mobile phone users and able to walk indepen-
dently. Notably, patients living in residential or nursing
homes or those with co-morbid conditions that would
seriously affect their ability to walk independently are not
eligible for the trial. The full eligibility criteria are detailed
in the Patient eligibility section.
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Intervention A GP-initiated mHealth intervention inte-
grating self-monitoring with an activity tracker, auto-
mated text messaging, and initial phone counselling,
designed to promote PA and reduce sedentary behaviour.
The intervention is described in detail in the Intervention
and control groups section and in the previously pub-
lished paper on intervention development [13].

Comparator A GP-initiated active control involving
self-monitoring with an activity tracker alone, without
additional text messaging or phone counselling.

Outcome The primary outcome is the daily step count,
assessed via accelerometry over 7 consecutive days at the
12-month follow-up.

Intercurrent events and strategies:

(a) Treatment policy strategy: All intercurrent events
(i.e. those occurring after treatment assignment and
before primary outcome assessment), except for
death, are handled using the treatment policy strat-
egy. Under this strategy, the analysis proceeds as if
participants continued with their assigned treat-
ment, regardless of their adherence to the inter-
vention or protocol violations. For example, events
such as GPs failing to deliver the intervention as
planned or participants discontinuing their involve-
ment in text messaging or phone counselling do not
warrant participant exclusions or adherence-based
adjustments. This approach reflects real-world con-
ditions and aligns with the pragmatic nature of the
trial [19]. We recognise that missing data may be
correlated with intercurrent events such as non-
adherence, potentially introducing bias [20]. To
mitigate this risk, GPs were trained to emphasise
the importance of providing follow-up data, even
when patients did not fully adhere to the interven-
tion. The robustness of this strategy will be further
assessed through sensitivity analyses, specifically
by conducting analyses limited to adhering partici-
pants, to explore the potential impact of non-adher-
ence on the results.

(b) Principal stratum strategy: Death is addressed using
the principal stratum strategy, yielding an estimate
of the survivor average causal effect. Under this
approach, the analysis is restricted to participants
who survive until the end of the follow-up period,
excluding deceased participants from the dataset.
This strategy enables the estimation of treatment
effects within the principal stratum of survivors,
offering a meaningful interpretation of outcomes in
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this subgroup. We acknowledge that this approach
assumes that death is not influenced by the assigned
treatment arm, an assumption necessary for the
validity of the principal stratum estimand. In the
context of our trial, this assumption appears plau-
sible: the intervention promotes increased physi-
cal activity, which is unlikely to materially alter the
risk of death over a 12-month period. Moreover, the
12-month mortality rate among adults with predia-
betes and uncomplicated type 2 diabetes managed
in primary care is very low, further supporting the
appropriateness of the strategy. Given these con-
siderations, the exclusion of deceased participants
is considered preferable to imputing unobservable
outcomes, enabling a clear and methodologically
sound estimation of the treatment effect among
survivors.

Summary measure The treatment effect is defined as
the between-group mean difference in change from base-
line to 12 months for the outcome of interest, estimated
using a mixed model for repeated measures (MMRM).

Secondary estimands

Secondary estimands are defined similarly to the primary
estimand, differing only in the outcome of interest, where
secondary outcomes, as detailed in the Outcome defini-
tions section, replace the daily step count. Furthermore,
secondary estimands are specified for all outcomes with
the summary measure reflecting changes from baseline
to 3 months and baseline to 6 months, respectively.

These estimands ensure alignment between the study
objectives and the statistical analyses, enhancing the
interpretability and relevance of the trial results for real-
world application [21].

Trial design

The ENERGISED trial is a 12-month pragmatic, mul-
ticentre, parallel-group, randomised, controlled, supe-
riority trial [12]. The trial protocol was approved by the
Ethics Committee of the General University Hospital in
Prague (reference number: 49/20), and the trial is regis-
tered at ClinicalTrials.gov (identifier: NCT05351359, reg-
istered: 28/04/2022, https://clinicaltrials.gov/ct2/show/
NCT05351359).

The trial recruited adults with prediabetes and type
2 diabetes through GP practices across multiple sites.
Recruitment began in April 2022 and was initially
expected to conclude in December 2023. However,
slower-than-anticipated recruitment rates, partially
due to the COVID-19 pandemic, led to a delay, with
recruitment ultimately completed in April 2024.
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Initially, 21 GP practices participated in the trial,
but to limit further delays, additional practices were
included during the trial period. In total, 28 GP prac-
tices participated in patient recruitment.

The 12-month follow-up is expected to conclude in
April 2025, at which point the final analysis will be
performed. No interim analyses were planned prior to
this.

Patient eligibility

To be eligible for the trial, patients had to meet the fol-
lowing inclusion criteria at randomisation: (1) diagno-
sis of prediabetes or type 2 diabetes according to the
Czech guidelines for GPs [22, 23], i.e. fasting plasma
glucose 5.6—-6.9 mmol/l, or 2-h plasma glucose of 7.8—
11.0 mmol/I after ingestion of 75 g of oral glucose load
for the diagnosis of prediabetes, and fasting plasma glu-
cose >7.0 mmol/l, or 2-h plasma glucose>11.1 mmol/l
after ingestion of 75 g of the oral glucose load for the
diagnosis of type 2 diabetes; (2) age 18 years or older;
(3) followed for prediabetes/diabetes by a participat-
ing GP practice. Of note, in the Czech Republic, only
uncomplicated type 2 diabetes patients with glycated
haemoglobin (HbAlc) <53 mmol/mol and not taking
insulin are commonly followed by a GP; other type 2
diabetes patients are usually followed by a specialist-
diabetologist; (4) regular users of a mobile phone (not
necessarily a smartphone), able and willing to answer
calls and read text messages as part of the study; (5)
able and willing to wear and use a wrist-worn Fitbit
activity tracker for the study duration; and (6) pro-
vided written informed consent before any assessment
related to the study.

Patients were excluded from the trial if they were (1)
unable to walk independently for any reason; (2) preg-
nant; (3) having a household member already recruited
for this study to avoid contamination; (4) living in a
residential or nursing care home where the imposed
regime could interfere with the intervention; or (5)
having any co-morbid conditions that would seriously
affect their adherence to the trial procedures (e.g. active
malignancy; recent (<3 months) myocardial infarction,
coronary artery bypass graft, or cerebrovascular acci-
dent; renal disease requiring dialysis; neurological con-
dition (e.g. Parkinson disease); cognitive impairment,
or significant hearing or visual impairment; hip or
knee joint replacement within 3 months; major surgery
planned within the next 12 months). Additionally, as all
study materials and intervention tools were available
only in Czech, patients were excluded if they lacked
sufficient proficiency in the Czech language to compre-
hend and engage with the study procedures effectively.
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Sample size

To detect a difference of 1000 steps/day at 12 months
between groups, with a power of 80%, using a two-sided
0.05 significance level (alpha), and anticipating a stand-
ard deviation of 3000 steps/day [24-26], 143 subjects
per group (286 in total) were needed. The sample size
calculation was performed using G*Power software, ver-
sion 3.1.9.6. To account for an expected attrition rate of
approximately 15% [24—26], the trial aimed to recruit 340
patients. Ultimately, 343 patients were recruited into the
trial, with 172 assigned to the intervention group and 171
to the control group.

Screening and recruitment

According to the published protocol, each of the origi-
nal 21 GP practices was expected to recruit at least 17
patients, with a maximum of 24 patients to ensure bal-
anced representation across practices. However, due to a
smaller-than-expected number of recruits in some prac-
tices, adhering to this rule would have further delayed
recruitment, even after the number of participating GP
practices was expanded to 28. To address this, the maxi-
mum limit was increased to 30 patients per practice.

At the start of recruitment, GP practices were pro-
vided with a random selection of 24 patients, strati-
fied by sex (female:male in a 1:1 ratio) and condition
(prediabetes:diabetes in a 1:2 ratio), from the pool of all
their prediabetes and type 2 diabetes patients. They were
instructed to evaluate eligibility criteria, record reasons
for ineligibility for those who did not meet the criteria,
and introduce the study opportunistically to eligible
patients during routine health check-ups. Once a GP
practice exhausted this initial selection, they were offered
a new random selection of 12 patients from their original
pool, a process that was repeated as necessary.

Patients who agreed to participate signed written
informed consent, while GPs documented reasons for
refusal for those who declined.

Randomisation and blinding
Patients were randomly allocated in a 1:1 ratio to either
the intervention or the active control group. The ran-
domisation was performed centrally by the principal
investigator using a computer-automated randomisation
system within the REDCap electronic data capture tools
[27] to ensure adequate allocation concealment. The trial
used a randomisation scheme stratified by prediabetes/
type 2 diabetes condition and sex to ensure equal repre-
sentation in both groups.

Due to the nature of the study protocol, neither patients
nor investigators could be blinded, as both were aware of
the allocation due to their active roles in the intervention.
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The statistician responsible for developing the statistical
analysis plan was, however, blinded to group allocation.
Participating GPs who conducted all assessments were
also blinded to group allocation unless they specifically
inquired about a patient’s allocation (something they
were discouraged from doing).

Intervention and control groups

At the start of the study, all patients received a wearable
activity tracker, Fitbit Inspire 2 [28], from their GPs and
were instructed to wear it for the duration of the study.
All patients also received brief PA advice from their GPs,
which included an educational leaflet on PA and exercise
and a prescription outlining specific PA goals. Specifi-
cally, the GPs recommended that patients self-monitor
their daily step count using the Fitbit and increase it by
at least 3000 steps over their baseline (determined dur-
ing the first week of Fitbit wear) through intentionally
brisk walking, gradually over a period of at least 6 weeks
[9, 29]. Additionally, patients were advised to interrupt
prolonged sitting with short bouts of walking or exercise
every 30 min [4, 30].

Patients in the intervention group received an addi-
tional mHealth intervention incorporating JITAI prin-
ciples [31], delivered through the HealthReact platform,
which facilitated the integration of wearable data, just-
in-time prompts, and automated messaging to support
behaviour change [12, 13]. During the first 6 months, this
intervention was initially supported with phone coun-
selling (lead-in phase). For the subsequent 6 months,
the intervention transitioned to being fully automated
without human support (maintenance phase). The inter-
vention was developed with input from (pre)diabetes
patients following the mHealth development and evalu-
ation framework, as previously reported [13]. In brief,
the mHealth intervention delivered six types of text mes-
sages employing various behaviour change techniques:
(1) Just-in-time prompts to increase walking pace, trig-
gered when the patient was walking for 5 consecutive
minutes. (2) Just-in-time prompts to interrupt sitting,
sent after 30 min of prolonged sitting. (3) Personalised
interim reviews of weekly step goals, delivered on Friday
evenings. (4) Personalised weekly feedback and encour-
agement, provided on Sunday evenings. (5) Reminders of
personalised action plans, tailored to each patient’s goals.
(6) Occasional short educational messages emphasis-
ing the importance of PA in (pre)diabetes management.
Patients without smartphones or those unable to reliably
sync their Fitbit data did not receive just-in-time or per-
sonalised messages. Instead, they were provided with an
adapted mHealth intervention featuring static general
messages, matched in the total number of text messages
and the behaviour change techniques employed.
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To facilitate adoption of the mHealth intervention,
two trained counsellors, recruited from among uni-
versity students, contacted patients by phone at the
start of the intervention and at months 1, 2, 3, 4, 5, and
after the 6-month assessment (seven calls in total, each
lasting 10-20 min). The counsellors supported the
implementation and personalisation of the mHealth
intervention, employed various behaviour change tech-
niques, and worked to enhance patients’ adherence to the
intervention.

Patients in the active control group also received brief
PA advice, an educational leaflet, and a prescription with
PA goals from their GPs at baseline. They were provided
with a Fitbit tracker to self-monitor their daily steps and
were encouraged to achieve the recommended goal of an
additional 3000 daily steps. However, they did not receive
the mHealth intervention, including text messaging or
counselling support.

Progress through the trial

The progress of all participants through the trial, from
the screening phase to the 12-month follow-up, will be
summarised and reported using a CONSORT flow dia-
gram [32]. The investigators will make every reasonable
effort to ascertain the reasons for losses to follow-up and
will summarise these reasons by trial group at each time
point. In particular, the timing and level of consent with-
drawal will be presented within the flow diagram. Con-
sent withdrawal will be categorised as withdrawal from
the intervention (further detailed as withdrawal from
Fitbit wear, text messaging, or phone counselling), with-
drawal from follow-up (specifically from accelerometry
assessment), or complete withdrawal from the trial.

Statistical analysis

Baseline patient characteristics

Baseline patient characteristics will be presented both
overall and separately for the two randomised groups.
These characteristics will include age, sex, condition
(prediabetes/type 2 diabetes), marital status, education
level, employment status, smoking status, alcohol intake,
anthropometric measures (height, weight, body mass
index, waist circumference), fasting plasma glucose, gly-
cated haemoglobin, blood pressure, lipid profile (LDL,
HDL, total cholesterol, triacylglycerides), performance
in the 30-s sit-to-stand test, patient-reported outcomes
(symptoms of anxiety and depression assessed using the
Hospital Anxiety and Depression Scale (HADS) [33],
health-related quality of life using the 12-Item Short
Form Health Survey (SF-12) [34], chronotype using the
Morningness-Eveningness Questionnaire (MEQ) [35],
and health literacy using the European Health Literacy
Survey (HLS-Q12) [36]), accelerometry-assessed physical
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behaviour (daily step count, peak 30-min cadence [37],
daily minutes of moderate-to-vigorous physical activity
(MVPA), sedentary time, time in sedentary bouts>30
min, average acceleration, and intensity gradient [38]),
accelerometry-assessed sleep metrics (sleep time, sleep
window, sleep onset, wake time, and sleep efficiency
[39]), comorbidities, and current medications.

Categorical data will be summarised using numbers
and percentages. Continuous data will be summarised
using mean and standard deviation (SD) for normally dis-
tributed data and median and interquartile range (IQR)
for skewed data. Statistical significance tests will not be
performed for baseline characteristics.

Adherence

Adherence to the intervention will be assessed based on
the percentage of participants who were non-adherent by
either (1) refusing or being unable to use the Fitbit activ-
ity tracker, (2) refusing or being unable to receive text
messages, or (3) failing to engage in at least 4 out of the 7
planned phone counselling sessions.

Additionally, the number of participants without
smartphones or those unable to reliably sync their Fit-
bit—who therefore received the adapted intervention
using static general messages instead of just-in-time per-
sonalised messages—will be reported for each month of
the intervention. However, this is not considered non-
adherence, as the adapted intervention is provided in
accordance with the protocol (see the Intervention and
control groups section).

Protocol violations

The pre-defined major protocol violations include (1)
failure to randomise eligible and consenting participants,
(2) GPs’ failure to provide participants with the activ-
ity tracker and brief advice, (3) investigators’ failure to
deliver text messages or provide phone counselling to
participants in the intervention group, (4) erroneous pro-
vision of the intervention to participants in the control
group, and (5) failure to collect baseline and 12-month
accelerometry data or collecting 12-month data more
than 6 months after the scheduled term (these will not be
used and will be treated as missing data).

The pre-defined minor protocol violations include but
are not limited to (1) enrolment of ineligible participants,
(2) variations in the timing of the intervention, with
delays of up to 6 weeks post-randomisation tolerated, (3)
variations in the timing of assessments, with assessments
conducted within 6 weeks of the scheduled date toler-
ated, (4) non-adherence to the intervention as defined
in the Adherence section, (5) erroneous provision of text
messages, (6) non-compliance with data collection proce-
dures, and (7) failure to complete any of the assessments.
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Most major and minor protocol violations are consid-
ered intercurrent events and will be addressed using the
treatment policy strategy in accordance with the trial’s
estimands. However, failure to randomise eligible and
consenting participants (major violation 1) and enrol-
ment of ineligible participants (minor violation 1) rep-
resent pre-randomisation events and are therefore not
considered intercurrent events. Furthermore, protocol
violations leading to missing data (major violation 5,
minor violation 7) are not considered intercurrent events
but will be handled through the predefined missing data
strategy.

The number and percentage of participants with major
and minor protocol violations will be summarised by
treatment group, with details of the type of violation pro-
vided. No formal statistical testing will be undertaken.

Analysis population
The primary analysis for all trial estimands will follow
the intention-to-treat principle, including all participants
as originally assigned, regardless of protocol violations,
adherence to the intervention, or withdrawal from the
study (unless participants fully withdraw their consent
for the use of previously collected data). Participants who
die before the 12-month follow-up will be excluded from
the analyses, consistent with the principal stratum strat-
egy adopted for handling death within the defined esti-
mand. Given that the MMRM, used in the analysis (see
Analysis methods section), implicitly imputes missing
values based on observed data, participants with missing
data at any of the follow-up measurements (i.e. at 3, 6, or
12 months) will still be included in the primary analysis
as long as they have at least one follow-up measurement.
However, participants with no follow-up data (i.e. miss-
ing all outcome measurements at 3, 6, and 12 months)
will not contribute to the model and will therefore be
excluded from the analysis. The extent and distribution of
missing data will be transparently reported.

Sensitivity analyses will include reduced populations,
such as complete-case analyses, as described in detail in
the Sensitivity analyses section.

Outcome definitions
Outcomes will be assessed at baseline and at 3, 6, and 12
months after randomisation. The primary outcome is the
average daily step count, assessed via accelerometry over
7 consecutive days. All other outcomes are secondary.
The daily step count was chosen as the primary out-
come because it directly reflects the main goal for study
participants in both the intervention and control groups,
who are recommended to increase their daily step count
by at least 3000 steps above their baseline level (see Inter-
vention and control groups section). Other physical
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behaviour outcomes include the peak 30-min cadence,
reflecting participants’ goal to increase walking cadence,
as well as total sedentary time and time spent in seden-
tary bouts>30 min, reflecting the goal of interrupting
prolonged sitting. Additionally, average acceleration and
intensity gradient will be assessed. These metrics capture
both overall activity levels and the distribution of activity
intensities, thereby enabling a more detailed analysis of
the intervention’s impact on participants’ activity behav-
iours [38]. Finally, minutes of MVPA will be evaluated
for comparison with other studies, as this measure is fre-
quently used as an outcome in PA interventions.

All these outcomes will be derived from accelerometry
data collected using ActiGraph wGT3X-BT devices worn
on the non-dominant wrist for seven consecutive days,
24 h a day. Data were collected at 100 Hz time resolution.
Raw accelerometer data (gt3x) will be processed using
the open-source R-package GGIR version 3.1-11 or
newer, following standard procedures. These procedures
include detection of non-wear periods and calculation
of the average magnitude of dynamic acceleration cor-
rected for gravity (Euclidean Norm minus 1 g) over 5-s
epochs [40, 41]. Non-wear periods will be imputed using
GGIR’s default settings. Measurements will be excluded
if the post-calibration error exceeds 0.01 g or if fewer
than 3 days of valid wear (defined as>10 h per day) are
recorded [42]. Additionally, for the calculation of average
acceleration and intensity gradient, measurements will be
excluded if data lack coverage for each 15-min period of
the 24-h cycle [38].

Minute-level step counts will be calculated using the
revised Verisense algorithm within GGIR [43, 44]. For the
daily step count, minute-level steps will be aggregated for
each valid wear day, and the mean across all valid wear
days will be calculated. For the peak 30-min cadence
(expressed in steps/min), minute-by-minute step data
will be rank-ordered from highest to lowest for each valid
wear day; the highest steps/min for 30 min (not neces-
sarily consecutive) will be selected and averaged for each
valid wear day, and finally, the mean across all valid wear
days will be calculated. Average acceleration and inten-
sity gradient will be derived using GGIR, following the
procedures described by Rowlands et al. [38]. Minutes of
MVPA will be calculated using an acceleration threshold
of 100 milligravity units (mg) [45]. To remove extraneous
signals related to random wrist movement, only activi-
ties lasting>1 min (where 80% of the activity was>100
myg threshold criteria) will be classed as MVPA, in line
with previous research using wrist-worn accelerometers
[46, 47]. Total sedentary time and time spent in sedentary
bouts >30 min will be calculated using an acceleration
threshold of<40 mg [48], excluding sleep time deter-
mined using automated sleep detection [39].
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Other secondary outcomes are detailed in the pub-
lished trial protocol [12] and include anthropometric
measures (body mass index and waist circumference),
fasting plasma glucose, glycated haemoglobin, blood
pressure, lipid profile (LDL, HDL, total cholesterol, tria-
cylglycerides), performance in the 30-s sit-to-stand test,
symptoms of anxiety and depression assessed using the
HADS, and health-related quality of life measured with
the SF-12.

Outcome values will be reported for each follow-up
time point, separately for the intervention and control
groups, as means and standard deviations, with transpar-
ent reporting of the number of participants contribut-
ing data at each time point. Additionally, changes from
baseline to each follow-up time point will be presented
as means and standard deviations, separately for the
intervention and control groups, to ensure that the data
can be easily utilised in future meta-analyses. However,
the between-group differences will not be reported to
avoid confusion with the treatment effects, which are
addressed using MMRM as detailed in the Analysis
methods section.

Analysis methods

The primary analysis for primary and secondary esti-
mands will be conducted using mixed models for
repeated measures (MMRM), where the outcome values
at follow-up assessments at 3, 6, and 12 months will serve
as the dependent variable. The model will include fixed
effects for group (intervention vs. control), time point
(categorical variable representing 3, 6, and 12 months),
and their interaction (group*time point), as well as the
baseline value of the outcome, age, sex, and condition
(prediabetes or type 2 diabetes) as covariates. A random
intercept and slope for time will be included at the GP
practice level to account for clustering of patients within
GP practices, and a nested random intercept for patients
will be included to capture within-patient correlations.
The model can be specified as:

outcome ~ group * time point + baseline outcome value

+ age + sex + condition + (1 + time point | GP / patient)

This model structure accounts for the repeated-meas-
ures nature of the data, adjusts for baseline differences,
and incorporates patient- and GP-level random effects
to appropriately handle the hierarchical structure of the
data. The interaction term (group*time point) provides
estimates of the intervention effect at each follow-up
time point, adjusted for the specified covariates. In other
words, for each outcome, a single model will be fitted that
incorporates all follow-up time points, with the interven-
tion effects at 3, 6, and 12 months derived directly from
this model. Model assumptions, including the normality
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and homoscedasticity of residuals, will be evaluated using
visual inspection (e.g. residual plots, QQ plots). If serious
deviations from assumptions are observed, data trans-
formations or alternative modelling approaches, such as
generalised linear mixed models, will be considered.

All analyses will be performed under the missing at
random (MAR) assumption, with missing outcome val-
ues implicitly handled by MMRM. This ensures that all
participants with at least one follow-up measurement
contribute to the analysis, enhancing robustness and
validity.

Sensitivity analyses will be conducted using the same
analytical approach but applied to reduced populations,
as specified in the Sensitivity analyses section, to assess
the robustness of the results under different assumptions.

The intervention effects will be reported as the mean
difference between groups, with 95% confidence intervals
(ClIs), and the associated p value. All applicable statistical
tests will be two-sided and performed using a 5% signifi-
cance level. Adjustments for multiple testing will not be
undertaken.

Missing data

Missing data will be handled implicitly by MMRM under
the MAR assumption. This approach ensures that partici-
pants with partial data still contribute to the analysis by
leveraging relationships between observed data points,
covariates, and time points to estimate missing values.
Missing baseline values of the outcome variables required
for baseline adjustment in the MMRM models will be
imputed using the mean baseline values calculated across
the entire study population.

To assess the robustness of the MAR assumption, sen-
sitivity analyses will be conducted for the primary esti-
mand using reference-based multiple imputation. In this
approach, missing data will be imputed under alternative
assumptions about the missing data mechanism, focusing
on deviations from MAR. Specifically, missing data in the
intervention group will be imputed using the observed
distribution in the control group, assuming that partici-
pants who discontinue the intervention behave like those
in the control arm. Reference-based multiple imputa-
tion was selected because it provides a structured way
to model plausible deviations from the MAR assump-
tion, aligning with the trial’s treatment policy estimand.
Alternative approaches, such as retrieved dropout mul-
tiple imputation stratified by intercurrent event type,
were considered but not pursued, as they would pri-
marily operate under a MAR assumption within strata
without explicitly modelling departures from MAR.
Given the expectation that a substantial proportion of
intercurrent events will result in missing outcome data,
reference-based imputation offers an appropriate and
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recommended strategy in this context. Moreover, the
expected number of intercurrent events is low, making
reference-based imputation a better choice due to its
greater stability compared to stratified imputation meth-
ods when event-specific sample sizes are small. In sum-
mary, reference-based imputation provides a transparent,
interpretable, and straightforward approach for sensitiv-
ity analyses, avoiding unnecessary complexity in this trial
context. The multiple imputation procedure is described
as follows.

A chained equations approach will be used to gener-
ate m=10 imputed datasets, providing robust estimates
of the missing values. The choice of m1=10 imputations
reflects common practice for moderate levels of missing
data. Even with up to 50% missing information, an esti-
mate based on m=5 imputations has a standard devia-
tion that is only about 5% wider than one based on an
infinite number of imputations, and there is no prac-
tical benefit to using more than five to ten imputations
[49]. The imputation model will incorporate variables
associated with missingness and the outcome, such as
baseline values, age, sex, condition (prediabetes or type
2 diabetes), and any available follow-up measurements.
After the imputation step, MMRM will be applied sepa-
rately to each of the imputed datasets. The parameter
estimates and standard errors from these analyses will
then be combined using Rubin’s rules, which account for
the uncertainty introduced by the imputation process.
Rubin’s rules involve calculating a weighted average of
the parameter estimates across the datasets and incorpo-
rating both within- and between-imputation variability
to produce valid confidence intervals and p values.

Sensitivity analyses

Sensitivity analyses will be conducted to evaluate the
robustness of the results to alternative assumptions
and analytical decisions, ensuring that the primary
findings are not unduly influenced by specific meth-
odological choices. These analyses will align with the
trial’s estimands and address variations in the popula-
tions included, handling of missing data, and model
specifications:

(A) A sensitivity analysis will be conducted for the
primary estimand using reference-based multiple
imputation, as described in the Missing data sec-
tion. This approach imputes missing values in the
intervention group based on the observed distri-
bution in the control group, testing the robustness
of the MAR assumption by exploring deviations
aligned with plausible missing data mechanisms.

(B) A complete-case analysis will be performed with
only the 12-month time point and including only
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participants with complete data at this final assess-
ment. Since this approach does not involve repeated
measures, the analysis will utilise a simple linear
model instead of the MMRM. This approach pro-
vides a straightforward estimate of the intervention
effect at the primary time point, facilitating com-
parison with other studies that focus solely on final
outcomes. By excluding participants with missing
12-month data, the analysis tests the robustness of
the findings to potential biases introduced by missing
data.

(C) Participants from each general practice will be
excluded iteratively to conduct a leave-one-out
sensitivity analysis for the primary estimand. This
approach will assess whether the results are dis-
proportionately influenced by any single practice.
By refitting the main model for each subset of par-
ticipants, the analysis will evaluate the consistency
of the treatment effect estimates across practices,
providing insights into practice-level variability and
the robustness of the findings. This method ensures
that the overall conclusions are not overly depend-
ent on data from specific practices, strengthening
the generalisability of the trial results.

(D) Alternative model specifications will be tested for
the primary estimand, including simplified mod-
els without random slopes, to assess the impact of
model complexity on the results.

Supplementary analysis

A supplementary analysis will be conducted to estimate
the treatment effect among participants who adhered to
the intervention, thus approximating a principal stratum
estimand under strong assumptions, such as the exist-
ence of a well-defined subgroup of adherers, the stabil-
ity of adherence behaviour across treatment arms, and
the absence of unmeasured factors that jointly influence
adherence and outcomes. This approach is conceptually
related to a modified intention-to-treat analysis, which
restricts the analysis to participants who initiate treat-
ment, although in this trial, adherence is defined more
broadly to include sufficient engagement with the allo-
cated intervention. Adherence will be defined as (1) using
the Fitbit activity tracker as instructed, (2) receiving text
messages, and (3) participating in at least four out of the
seven planned phone counselling sessions. By excluding
non-adherent participants, the potential impact of adher-
ence on the estimated treatment effects will be explored.
A formal complier average causal effect (CACE) analysis
was considered but not pursued, given the exploratory
nature of this analysis, the complexity of the required
modelling, and the strong assumptions needed regarding
the relationship between adherence and outcomes.
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Harms

Adverse events will be monitored and recorded through-
out the study period. Data on falls, injuries, muscu-
loskeletal problems, hypoglycaemic episodes, major
cardiovascular events, and any other events potentially
related to the study implementation will be collected at
each assessment. The number and percentage of occur-
rences for each type of adverse event will be summarised
by treatment arm, but no formal statistical testing will
be performed. Information on severity, expectedness,
or causality of adverse events will not be systematically
collected, given the pragmatic nature of the trial and the
anticipated low risk profile of the intervention.

Statistical software

All analyses will be conducted using R statistical soft-
ware. The packages and their respective version numbers
used for the analyses will be documented and reported.

Discussion

This paper presents the statistical analysis plan for the
ENERGISED trial, detailing the methods for analysing its
primary and secondary outcomes in accordance with the
pre-specified estimands. It also reflects minor changes to
the originally published protocol [12], which are summa-
rised in the following section to ensure transparency.

Changes to the published protocol

Estimand framework: The present paper introduces the
estimand framework to enhance the clarity and trans-
parency of the trial’s analytical approach. This addition
provides a structured definition of the treatment effects
of interest, aligning with current recommendations for
modern clinical trial reporting and ensuring consistency
in handling intercurrent events [18].

Patient eligibility: The eligibility criteria were modified
to exclude patients who lacked sufficient proficiency in
the Czech language. This change was necessary because
all study materials and intervention tools were available
only in Czech, ensuring that participants could fully com-
prehend and engage with the study procedures.

Recruitment: Several adjustments were made in
response to delays in recruitment. The number of par-
ticipating GP practices was increased from 21 to 28, and
the maximum number of patients allowed per practice
was raised from 24 to 30 to address slower-than-expected
enrolment. Despite these measures, recruitment con-
cluded 4 months later than planned, finishing in April
2024 instead of December 2023.

Outcomes: A new secondary outcome, the peak
30-min cadence, was introduced to align with one of the
intervention’s key goals—increasing walking pace. This
metric has been recently shown to be associated with
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all-cause and cardiovascular mortality [37] and provides
a meaningful measure of PA intensity. Furthermore, the
definition of a valid day was revised from>16 h of wear
to>10 h, in line with recommendations for wake time-
related measures [42] and consistent with large stud-
ies demonstrating associations between PA and health
outcomes such as the NHANES study [50]. This change
ensures that participants who remove the accelerometer
at night are not unnecessarily excluded from the analysis.
For the same reason, the condition of having coverage for
each 15-min period of the 24-h cycle was dropped, and
this requirement will now only apply to the calculation
of average acceleration and intensity gradient, where it
is necessary for the proper interpretation of these vari-
ables [38]. Additionally, the methods for deriving min-
ute-level step counts from wrist-worn accelerometry
data were defined using the revised Verisense algorithm,
which offers robust and validated step-count calculations
[43, 44]. The acceleration threshold of 100 mg and 40 mg
were also specified for calculating minutes of MVPA and
sedentary time, respectively [45, 48]. Conversely, metrics
such as acceleration above which a person’s most active
10, 30, 120, and 480 min are accumulated; time spent in
light, moderate, and vigorous PA; and sleep measures at
follow-up time points will not be reported. These meas-
ures are complex to analyse and interpret and will be
reserved for exploratory analyses.

These minor changes to the protocol are consistent
with the trial’s objectives and do not affect its overall
integrity or validity.

Strengths and limitations
This statistical analysis plan demonstrates several
strengths. First, the adoption of the estimand framework
provides a structured and transparent approach to defin-
ing the treatment effects of interest, ensuring alignment
with current methodological standards and enhancing the
interpretability of the results [18, 51]. Second, it includes
detailed handling of missing data, with the MMRM implic-
itly imputing missing values under the MAR assump-
tion. To test the robustness of this assumption, sensitivity
analyses will be conducted using reference-based multi-
ple imputation, providing additional assurance about the
validity of the findings [52]. Third, the plan outlines pre-
specified sensitivity analyses to test the robustness of the
findings under various assumptions and methodological
choices, reducing the risk of bias from post hoc analyti-
cal decisions. Finally, the clear specification of statistical
models, including the incorporation of random effects to
account for hierarchical data structures, ensures methodo-
logical rigour and appropriateness for the study design.
Despite these strengths, the chosen methodologi-
cal approach has several inherent limitations. First, the
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reliance on MMRM for handling missing data under the
MAR assumption may not fully account for patterns of
missingness that deviate from this assumption, particu-
larly if unobserved factors influence dropout or non-
compliance [20]. Although sensitivity analyses using
reference-based multiple imputation are planned, these
cannot fully eliminate uncertainty about the validity of
the MAR assumption. Second, while the principal stra-
tum strategy for addressing death provides a meaning-
ful estimate within the survivor subgroup, it does not
capture the treatment effect for the entire trial popu-
lation, potentially limiting generalisability. Third, the
pre-specification of a single primary analysis approach,
while crucial for transparency, may limit flexibility
in responding to unforeseen complexities in the data,
such as unusual clustering or deviations from normality
in outcome distributions. These limitations underscore
the importance of sensitivity analyses to evaluate the
robustness of the findings.

Conclusions

The statistical analysis plan for the ENERGISED trial
demonstrates a strategic approach to addressing the
complexities of pragmatic trials in real-world settings.
By incorporating the estimand framework and advanced
analytical methods, the plan ensures transparency and
robustness while accommodating the challenges of miss-
ing data and intercurrent events. Beyond guiding the trial’s
final analysis, it offers an example for advancing best
practices in the design and analysis of behavioural inter-
vention trials in public health. While some methodologi-
cal challenges remain, the pre-specified framework and
comprehensive sensitivity analyses provide a solid foun-
dation for interpreting the trial’s findings and assessing
their relevance for clinical and public health practice.
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