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ABBREVIATIONS
	AHI
	Apnoea-hypopnea index

	AUC
	Area under the curve

	CGM
	Continuous glucose monitoring

	hr
	Hour

	iAUC
	Incremental area under the curve

	GEE
	Generalized estimating equations

	MRT
	Micro randomized trial

	NTNV
	Night-to-night variability 

	SAP
	Statistical analysis plan

	SES
	Social economic status 





PREFACE
This statistical analysis plan (SAP) describes the planned analyses and reporting for the micro-randomized pilot study to examine the impact of just-in-time nudging on evening snacking in adults with type 2 diabetes. The purpose of this SAP is to outline the considerations and the pre-specified analyses for the NUDGE study.
This project is funded by a Wellbeing SA Chronic Disease Integrated Partnership Grants (Round 1 2021) and Diabetes Australia (Y23G-WITG).
This study has been approved by the University of Adelaide Human Research Ethics Committee (H-2022-002).



Study Objectives
Primary
The primary objective of this study is to determine whether a pictographic digitally delivered nudge soon after dinner leads to a reduction in after-dinner snacking events and as measured objectively by a reduction in glucose after dinner as measured by continuous glucose monitoring (CGM). 
Secondary 
Secondary aims of this study are to assess: 
1) The feasibility of the just-in-time nudge delivery platform.
2) The acceptability of the co-designed picto-graphic nudges.
3) The effect of just-in-time digital nudging on behaviour change with respect to the frequency of after-dinner snacking.
Exploratory
The exploratory aims of this study are to assess the relationships between:
1) After-dinner glucose levels and both mean and night-to-night variation (N2NV) in sleep quality factors. 
2) Digital nudging and both mean and N2NV sleep quality factors.


Study Outcomes
Primary outcome
Difference in incremental area under CGM curve (iAUC/hr) between nudging days and non-nudging days during the period 90 minutes post-dinner until 4am.
Secondary outcomes
Glycaemic/Snacking outcomes
i. Duration of the nudging intervention will be assessed by estimating both intervention-lag effects and the time-by-treatment interaction over the two weeks.
ii. Influence of baseline characteristics (age, sex and social economic status (SES)) on treatment intervention will be assessed by inclusion of pairwise interactions with treatment.
iii. Peaks in CGM glucose during the period 90 minutes post-dinner until 4am are assumed to reflect evening snacking behaviour, as such the frequency and magnitude of CGM peaks during the 2-week intervention period on nudging days will be compared to those on non-nudging days.
iv. Nudge specific differences between the seven picto-graphic nudges will be assessed for both glycaemic response (iAUC/hr) and snacking behaviour (CGM peaks) over the 2-week intervention.
v. Mean within-individual differences in iAUC/hr and glucose peaks (number and magnitude) between the lead-in and intervention 2-week periods.
Feasibility/Acceptability outcomes
i. Feasibility of “just-in-time” messaging will be assessed as the time between nudge being sent and time it is observed, and the difference between dinner time and time observed.
ii. Nudge acceptability is assessed by: 
· [bookmark: _Hlk131174393]The mean responses to the two Nudge Content Questionnaire items and the frequency of categories of responses to the open-ended item.
· Mean responses to the four sub-scales and the overall engagement score of the Nudge User Engagement Scale Questionnaire 
Sleep association outcomes
i. Sleep quality measures include sleep duration and depth, timing of sleep onset, waking times, AHI and heart rate as measured by under-mattress Withing sleep analyser.
ii. N2NV in sleep quality measures is assessed as the standard deviation of each measure. 


Study Methods
Study design 
This is a single site micro-randomised trial (MRT) (Bidargaddi et al. 2018). 
Schedule of assessments
	

Assessment items
	Online screening
and consent
	Lead-in
	MRT

	
	
	Clinic visit 1 (Week -2)
	Clinic visit 2 (Week 0)
	Clinic visit 3 (Week 2)

	Informed consent
	√
	
	
	

	Eligibility screen
	√
	
	√
	

	Medical history
	√
	
	
	

	Demographics 
	√
	
	
	

	Height,waist/hip/neck circumference, neck length
	
	√
	
	

	Body weight, blood pressure
	
	√
	√
	√

	Continuous glucose monitoring
· iAUC 90minutes after dinner to 4 am
· Number and magnitude of episodic increments in CGM glucose
	
	√
	√
	

	Sleep monitoring
· sleep duration and depth
· timing of sleep onset
· number of awakenings
· AHI
· heart rate
	
	√
	√
	

	Dinner timing
	
	√
	√
	

	Food frequency questionnaire
	
	√
	
	

	Eating habits questionnaire
	
	√
	
	√

	Epworth Sleepiness Scale
	
	√
	
	√

	Sleep Condition Indicators
	
	√
	
	√

	Stanford Brief Activity Survey
	
	√
	
	√

	Questionnaire-based exit interview
· Nudge specific questionnaire
· User engagement score
	
	
	
	√







Study population
	Participant inclusion criteria 

	· Men and women with type 2 diabetes.
· Age 18–75 years 
· Managed with diet or a stable dose of oral antidiabetic medications for at least 3 months
· Report habitual snacking after dinner most nights (3 or more per week) 
· Resident in the greater Adelaide area
· In possession of and uses a smartphone
· Capacity to provide written informed consent and willingness to participate and adhere to the study protocol

	Participant exclusive criteria 

	A personal history/diagnosis (self-reported) of:
· Type 1 diabetes
· Individuals with advanced diabetes complications (renal dialysis, above ankle amputation, registered partially blind) 
· Major psychiatric disorders (schizophrenia, major depressive disorder, bipolar disorder, borderline personality disorder)
· Eating disorder or restrictive eating pattern
· Any gastrointestinal condition or medication causing vomiting or affecting absorption. 
· Current, planned or recently completed (within 6 months) treatment for cancer (excluding non-melanoma skin cancer) 
· Insomnia
· Significant liver, kidney, cardiovascular or any other medical conditions that would in the opinion of the study physician adversely affect participation in the study (e.g., renal dialysis, liver cirrhosis, cardiac failure limiting activities of daily living, degenerative neurological disorder)
· Any other condition deemed unstable by the study physician
· Habitual evening consumption of alcohol other than one standard drink with dinner 
Currently taking the following medications: 
· Use of insulin or sulfonylurea 
· Glucocorticoids 
· Antipsychotic medications 
· Opioid medications unless combined with paracetamol in a single formulation and used occasionally on a  pro re nata basis 

Additional exclusion criteria include:
· Shift-workers
· Pregnant or currently breastfeeding
· Weight stable at least 2 weeks prior to study participation 
· Anyone unable to comprehend the study protocol or provide informed consent (i.e., due to English language or cognitive difficulties) 
· Those who have not had a COVID-19 vaccination





Treatment assignment
Within the two-week intervention period, the days for which a participant is available for nudging are block randomized with block size two to “nudge” or “no nudge” (equal allocation ratio). The seven co-designed picto-graphic nudges are then randomly allocated to each block (without repetition). If a participant indicates they are unavailable for nudging for some days then that participant will receive some, but not all of the seven nudges.
Sample size considerations
In planning the study we considered that a reduction of less than 10% in the probability of evening snacking would be unlikely to relate to a clinical benefit, and that the evening snacking rate would not be around 60%.
 As such, with fourteen days per individual and 50% chance to nudge/day, a micro-randomized trial with N=59 participants has at least 80% power (alpha=0.05 one-sided) to detect a decrease to 50% evenings with snacking (i.e. RR=1.25 from 40% to 50% snack free evenings) (Qian et al. 2021) (https://tqian.shinyapps.io/mrt_ss_binary/)
During the development process, it became apparent that identification of post dinner snacking episodes was more complicated than simply assessing post-dinner glucose peaks via CGM. As such, we decided to use glucose iAUC/hr (local-baseline adjusted; from 90 min post dinner to 4am) as the primary efficacy endpoint of the study as it is assumed that a reduction in evening snacking will result in lower post-dinner glucose levels. 
Examination of the 2-week lead-in data indicated that: (i) the mean probability of night time snacking is approximately 85% and a decrease to 75% is a change in iAUC/hr of 0.8 mmol/hr; (ii) the iAUC/hr across individuals SD is about 2.4 and the between-week within-individual correlation is 0.8, suggesting that the SD of within-individual iAUC/hr change is likely to be less than 2.0 mmol/hr. 
With these assumptions we note that in a paired t-test where the SD of the within-individual difference of 2.0 mmol/hr, then with N=54 there is >90% power to detect a reduction of 0.8 mmol/hr in iAUC/hr (alpha=0.05 one-sided). 
Following Lewis et al 2021 we will use a tri-variate progression criteria (Lewis et al. 2021). (i) When the sample mean of the within individual change in iAUC/hr is increased in nudge vs no-nudge nights we consider the intervention a failure. (ii) When the iAUC/hr change is a >0.8 mmol/hr reduction (and thereby significantly different from zero) we consider the intervention a success. (iii) When the iAUC/hr change is a reduction but not greater than a 0.8 mmol/hr reduction we consider the intervention promising, but in need of further development. 
With these criteria, if the true effect is a promising reduction of 0.4 mmol/hr then with N=54 the probability of correctly concluding that it needs further development is 86% and the probability of incorrectly concluding it is either a success or a failure is both 7%.


Statistical Considerations
CGM baseline 
Glucose measured using CGM devices is known to be affected by pressure, e.g., due to lying on the device during sleep. This variation will be accounted for using a baseline estimation algorithm derived from (Brakel 2014). see Appendix A. In brief, this algorithm uses an iterative procedure to identify periods of elevated glucose from the local baseline mean. The algorithm adjustments using CGM data from a different study (Teong et al. 2020), and parameter settings were tuned using the lead-in CGM data. 
Glucose iAUC
Glucose iAUC is defined as the difference of the CGM measured glucose and the algorithm estimated local CGM baseline. 
Glucose peaks 
During the post-dinner period, glucose peaks are defined as local peaks that occur during periods of elevated glucose (i.e., above the noise-threshold given the estimated local baseline mean). Local peaks are those glucose measures higher than both the previous and subsequent measurement. We note that glucose peaks are only a surrogate of snacking behaviour as during periods of sustained elevated glucose some peaks will occur due to imprecision in the measuring device (i.e., noise).
Dinner time 
Dinner time is the time of the photo of dinner. If the photo indicates that the dinner has already been started this dinner-time is set to missing. If the photo is taken before 4pm or after midnight the dinner time is set to missing.
For each individual the mean dinner time over the four CGM weeks (lead-in and MRT intervention phases) is calculated and any missing dinner times and their within-block partners are imputed with this within-individual mean dinner time.
Analysis sets
The analyses of the glycaemic and snacking outcomes (including the primary outcome) will include all individuals that initiated the 2-week intervention phase and who have at least the first two consecutive days of CGM data available (i.e., the first nudge-no-nudge randomized block). 
CGM data is considered to be available only if the entire period 90 minutes post dinner to 4am is recorded. Post dinner periods with incomplete CGM data are set to missing, and these blocks are not included in the analyses.
If the CGM data after adjustment of the baseline-algorithm are not considered to be believable, for example recording no change in glucose over many hours, then a per-protocol analysis cohort will be constructed excluding affected individuals. 
The analyses of feasibility, acceptability and sleep association outcomes are complete case analyses, analysing all individuals with available data. 


Covariate adjustment 
All comparisons of treatment effect, i.e. nudge vs non-nudge days, of glycaemic and snacking outcomes (iAUC/hr and glucose peaks) will include adjustment for the within-individual mean level observed during the two-week lead-in period. Similarly analyses of sleep meaure outcomes assessed during the intervention period will adjust for that outcome assessed during the lead-in period. For the comparison of the lead-in and intervention periods we will adjust for age, sex and SES. 

Model assumptions 
Linear model assumptions, for example residual error distributions, will be assessed visually and if the assumptions appear violated, simple log-transformation of the outcome will be considered. If the transformation is unable to resolve the distributional issue, then analysis models assuming different error distributions will be considered.

Statistical Significance 
Given this a pilot study, we prioritise type-II error control over type-I. As such, we use one-sided tests (alpha=0.05) for all glycaemic and snacking outcome analyses, and do not adjust for multiplicity of testing. Further, as noted in the sample size calculation, for the primary  outcome we consider non-significant estimates of treatment effect in favour of nudge (vs no-nudging) to be “promising”, with the caveat that the intervention requires further refinement. For all other analyses of secondary outcomes, we use two-sided tests (alpha=0.05) and do not adjust for multiple testing. We consider significant results of all analyses except the primary analysis to be exploratory.


Descriptive Statistics
A CONSORT flow diagram will present the number of individuals who (i) participated in online screening, (ii) clinic visit 1, (iii) two-week lead-in phase, (iv) clinic visit 2, (v) enrolled in the two-week MRT phase, and (vi) completed the exit interview (clinic visit 3).
[image: Diagram

Description automatically generated]
Descriptive summary statistics will be reported for baseline characteristics in individuals who participated in both the lead-in and the MRT two-week intervention phases.  
Baseline characteristics that will be reported are listed in the schedule of assessments.


Statistical methods for the primary outcome 
Primary analysis 
P1: The primary outcome will be assessed as the within-individual means of the differences of each nudge day with the paired non-nudge day of the glucose iAUC/hr assessed by CGM over the period 90 minutes after dinner until 4am. 
The primary analysis of the primary outcome is an adjusted linear regression of these means, adjusting for the within-individual means of iAUC/hr assessed during the two-week lead-in phase.
Secondary analyses of the primary outcome
P2: The mean nudge effect will be estimated using mixed effects models of the within-block difference adjusting for fixed a one-day lag factor, a linear time effect and the baseline lead-in AUC/hr and a random intercept and slope per individual. 
P3: If there are CGM data that are not believed to genuinely reflect glucose levels, then analyses P1 and P2 will be repeated excluding all CGM measures from affected individuals. 


Statistical methods secondary outcomes 
Glycaemic/snacking outcomes
S1 The influence of age, sex and SES will be examined by the inclusion of covariates in the P1 analysis.
S2 Differences in peak frequency and magnitude (mmol) will be analysed using the same methodology as in P1 and P2 (referred to as S2a and S2b). It is expected that these outcomes will likely require log-transformation or alternative modelling assumptions (e.g., negative binomial for frequency).
S3 Multi-day lag effects will be assessed by comparing likelihood ratio tests of nested models with/out the effects. 
S4 Nudge specific effects will be assessed by extending the analyses (P2) above to include nudge specific estimates. If there is a problem with model convergence, the equivalent mixed-effects model will be constructed with two crossed random effects: individual and nudge.
S5 Analyses detailed in P1 and S2a will be repeated, however with the comparison between two-week lead-in and MRT phases of mean within-individual outcomes (iAUC/hr, peak frequency and peak magnitude). 
Feasibility/Acceptability outcomes
S6 A mixed effects model will be used to estimate the mean time differences across individuals between the time a nudge is sent and opened. This model will include a linear time fixed effect and random intercepts and slopes per individual. It is expected that this outcome will not be linear and likely need transformation.
S7 Linear mixed effects models will be constructed of the two nudge content items. Each model will have random intercepts per individual and fixed effects for the seven nudges. Pairwise comparisons of differences between nudge acceptability will be performed only if the overall likelihood ratio tests of these two models with their nested sub-models without the nudge fixed effects are significant. Finally a nudge will be considered acceptable if both estimates are at least 50%. 
S8 Responses to the third open-ended nudge content item will be coded into categories and frequency of each category will be reported for each nudge. 
S9 The overall nudge user engagement score will be analysed by (generalized) linear regression models. The four subscales will be modelled using linear mixed effects models with random intercepts per individual.
Sleep association outcomes
S10 The effect of glucose control on sleep quality will be assessed during the two-week lead-in phase, with a mixed model of sleep quality regressed onto the prior evening’s post-diner glucose iAUC/hr, adjusting for age, sex and SES with a random intercept per individual.
S11  The effect of sleep quality on glucose control will be assessed during the two-week lead-in phase, with a mixed model of the daily iAUC/hr regressed onto the prior evening’s measures of sleep quality, adjusting for age, sex and SES with a random intercept per individual.
S12  Associations between mean glucose control and N2NV in sleep quality will be assessed during the two-week lead-in phase with a regression of the mean iAUC/hr regressed on the standard deviation of the sleep measure, adjusting for age, sex and SES. 
S13  The effect of nudging on sleep quality is assessed during the two-week intervention period, with regressions of mean and N2NV sleep quality measures to determine if they differ between nights after a nudge day verses a no-nudge day. These regressions adjust for the sleep measure variable assessed during the lead-in period.
S14  The effect of sleep quality on nudge effectiveness will be assessed by inclusion of both mean and N2NV in sleep quality measures as covariates in the P1 analysis. 
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Appendix A: CGM baseline and peak detection algorithm, and example of three consecutive nights from an individual during the lead-in phase.
[image: ]
[image: ]
image2.JPG
# Algorithm adapted from ...
# https://stackoverflow.com/questions/22583391/peak-signal-detection-in-realtime-timeseries-data/22640362#22640362

[cGM.baseTine.fn <~ function(y, t, threshold=1.2, smooth.range=4*2*3 + 1, iter=6) {
y = time series observations
t = time of observations
smooth.range = #obs/hr * both directions * duration (hr) + 1 (median)
threshold = deviations from local mean (Note that deviations can be defined via residual sb, but not used here.)
iter = number of iterations for

W W

## Ensure y is correctly ordered
y < ylorder(t)]

## Ensure no two consecutive readings with the same value the same
cond. <= c(F, y[-1] — y[-Tength(y)1)

ylcond.] <~ y[cond.] + 1/100/sum(cond.)

rm(cond. )

## Generate baseline smooth y without large deviations (large defined as > threshold)
smoothed.y <~ y
signals <- rep(0,length(y))
for (it. in 1l:iter) {
#4t. <= 1
Tibrary(z00)
smoothed.y[signals != 0] <- NA
smoothed.y <- rollapply(data=smoothed.y, width=smooth.range, partial=T, by.column = FALSE, FUN=function(x) { return(mean(x, na.rm=T))})
smoothed.y <- na.fill(smoothed.y, "extend")

## When smoothed.y too high due to NA imputing reduce by threshold
smoothed.y[y < smoothed.y - threshold] <~ smoothed.y[y < smoothed.y - threshold] - threshold
smoothed.y <~ rollmean(smoothed.y, k=ceiling((smooth.range - 1)/2), fill='extend')

# Asymmetric signal detection
signals <= rep(0,length(y))
signalsly > smoothed.y + threshold<it./iter] <~ 1

}; rmGit.)

## Find peaks in consecutive signals, separated by dips

neg.change <- c(y[-Tength(y)] < y[-11, F) & c(F, y[-1] < y[-length(y)1)

## Exclude dips that consist of a single time point

pos.change <- c(y[-length(y)] > y[-1], F) & c(F, y[-1] > y[-Tength(y)1)

neg. changelneg. change & c(pos.change[-11, F) & c(F, pos.change[-length(y)1)] <- F
## Set resulting dips to 0

signals[neg.change & signals == 1] <- 0

## Peak = max of consecutive signals
signal.grp <~ c(1, cumsum(signals[-length(y)] != signals[-1]) + 1)
peaks < y — tapply(y, signal.grp, max)[tapply(y, signal.grp,)] & signals —

return(Tist("signals"=signals, “peaks"-peaks, "avgFilter"=smoothed.y))
rm(y, t, threshold, iter, smooth.range, smoothed.y, neg.change, pos.change, signal.grp, signals)
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