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ABSTRACT 45 

Gamification, the application of gaming elements to increase enjoyment and engagement, has the potential 46 

to improve the effectiveness of digital health interventions, while the effectiveness of competition 47 

gamification components remains poorly understood. To address this gap, we evaluate the effect of 48 

smartphone-based gamified team competition intervention on daily step count and sleep duration via a 49 

micro-randomized trial. In 1,797 interns, competition intervention significantly increases the mean daily 50 

step count by 111.5 steps (SE 40.4, p=0.01) relative to the no competition arm, while competition does not 51 

significantly affect the mean daily sleep minutes (p=0.69). Moderator analyses indicates that, the causal 52 

effects of competition on daily step count and sleep minutes decrease by 9.1 (SE 11.6) steps (p=0.43) and 53 

1.9 (SE 0.6) minutes (p=0.003) for each additional week-in-study, respectively. Intra-institutional 54 

competition negatively moderates the causal effect of competition upon daily step count by -114.9 (SE 55 

93.7) steps (p=0.22). Our results shows that gamified team competition delivered via mobile app 56 

significantly increased daily physical activity which suggests that team competition can function as a 57 

mobile health intervention tool to increase short-term physical activity level. Future improvements on 58 

strategies of forming competition opponents and introducing occasional competition breaks may improve 59 

the overall effectiveness. 60 

  61 
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INTRODUCTION 62 

Sufficient physical activity and sleep are associated with lower risk for numerous health conditions, 63 

including cardiovascular disease, obesity and depression1–3. However, only one in four US adults meets the 64 

recommended 150 minutes of moderate-intensity activity per week4, and over one-third of US adults do not 65 

achieve the recommended seven hours of sleep per night5,6. 66 

Recent technical advances in wearable devices and mobile phones provide a new integrated platform to 67 

deliver interventions with minimal expense and user burden7 with the additional advantage of temporal and 68 

spatial flexibility. Mobile devices can collect real-time and objective measurements of a user’s physical 69 

activity and geographic location to provide personalized just-in-time adaptive interventions (JITAI)8. To 70 

date, many previous studies have shown the effectiveness of wearable and smartphone-based intervention 71 

on health outcomes9–11. Some studies included gamification, a strategy that attempts to enhance user 72 

enjoyment and engagement12 by introducing game mechanics into a non-game environment13–15. Theories 73 

of health behavior change suggest that gamification elements that prompt self-monitoring, such as 74 

performance feedback, progress monitoring, and social comparison have the potential to motivate changes 75 

in behavioral outcomes16,17. 76 

Team competition is one such potential gamification strategy, however to our knowledge, its effectiveness 77 

at improving health behaviors has not been formally assessed. 78 

Micro-randomized trials (MRT) can be used to address scientific questions about whether and under what 79 

circumstances JITAI components are effective, with the ultimate goal of developing effective and efficient 80 

JITAI18–20. In this study we conduct a cluster MRT using principles of health behavior change and 81 

gamification to deliver a mobile app-based weekly team competition to evaluate the effectiveness of this 82 

type of mHealth intervention on individual physical activity, sleep duration in the population of medical 83 

intern. We also explore the effectiveness of this mHealth intervention on user’s engagement and individual 84 

self-reported mood score, inspired by previous work showing that increased sleep opportunity and physical 85 
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activity may improve individual’s mood in this depression-vulnerable population21,22. Although we mainly 86 

focus on the effect of team competition on short-term (proximal) outcomes including step count and sleep 87 

minutes in this study, our ultimate goal is to improve interns' long-term (distal) mental health by increasing 88 

their short-term physical activity and sleep duration. 89 

The study is conducted among a national cohort of first-year medical residents. Medical internship, a one-90 

year-long physician training program, is highly stressful, which may lead to reduced health functioning and 91 

mental health symptoms. This study also assesses potential effect moderators, variables that increase or 92 

decrease the effectiveness of mHealth intervention, to inform future research incorporating personalized 93 

team-competition into mHealth intervention.  94 

RESULTS 95 

Study cohort 96 

Between April 1, 2020, and June 16, 2020, a total of 4,791 incoming interns received the invitation email 97 

and 2,286 (47.7%) of interns enrolled in the study. Of those who enrolled, 84.7% (1,936/2,286) of 98 

participants could be grouped in a team with at least five interns and were included in the competition arm, 99 

with a total of 191 teams. These eligible competition-arm participants were randomized according to Figure 100 

2. Of the 1,936 participants, 139 (7.2%) participants did not have any fitness tracker data available during 101 

the study and 18 (0.9%) did not have sufficient pre-internship survey data and baseline data, which were 102 

excluded from the analysis (see Figure 1 for details of subject inclusion). All remaining interns represented 103 

90 residency institutions and 12 specialties. Among the 1779 (91.9%) participants included in the analysis, 104 

the mean age of the participants was 27.6 (SD 2.6), Males and females were nearly equally represented 105 

(54.5% female). See detailed demographic information in Table 1. Of the 1,779 medical interns who were 106 

eligible for intervention, all of them were assigned to the competition arm at least once during the study 107 

and the mean number of weeks a participant was in the competition arm was 5.8 (SD 1.9) weeks.  108 

Main analysis 109 
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Main-effect analysis indicated that intervention of competing on step count had a significant positive causal 110 

effect on proximal daily step count compared to the non-competition arm (see detailed parameter estimates 111 

in Table 2). The number of daily steps increased by 111.5 (SE 40.4) steps for participants in the competition-112 

step arm, compared to the non-competition arm (p=0.01). While no statistically significant effect on sleep 113 

duration was observed in response to competition on sleep. The estimate for the competition-sleep effect is 114 

-0.7 (SE 1.8) minutes (p=0.69).  115 

Moderation analysis 116 

Moderation analyses were performed by adding linear interaction terms between effect moderator and 117 

intervention into the model (see detailed parameter estimates in Table 2). A negative though non-significant 118 

association was observed between the number of weeks in the study and competition-step intervention (-119 

9.1 steps/day; SE 11.6; p=0.43). That is, the moderation analysis (not the main-effect analysis) indicated 120 

that being in a competition-step week resulted in about 161.5 additional steps/day during the first week of 121 

the study, about 115.8 additional steps/day during the sixth week of the study, and about 61.0 additional 122 

steps/day during the twelfth week of the study. Similarly, a significantly negative interaction between the 123 

competition-sleep intervention and number of weeks in the study was identified: the causal effect of being 124 

in a competition-sleep week changed by -1.9 minutes/day (SE 0.6) with each additional week in the study 125 

(p=0.003); note that at the beginning of the study (the first week), the causal effect was significantly positive 126 

9.9 minutes/day (SE 3.6, p=0.008), but then decreased. Plots of estimated causal effects of competition on 127 

proximal step count or sleep duration at different weeks and a sensitivity analysis to the linearity assumption 128 

(that the causal effect changes linearly by additional weeks in the study) was provided in Supplementary 129 

Figure 3. We also assessed whether the causal effect of competition upon step count or sleep minutes 130 

(relative to no competition) would vary by the opponent team being from the same or a different institution 131 

or specialty (see Supplementary Table 4). Non-significant intra-institution negative moderation (-114.8 132 

steps/day; SE 93.7; p=0.22) and intra-specialty positive moderation (26.1 steps/day; SE 74.7; p=0.73) of 133 

causal effect of competition on step were observed. Similarly, no statistically significant intra-institution 134 
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(0.4 minutes/day; SE 3.2; p=0.90) or intra-specialty moderation (-1.9 minutes/day; SE 3.2; p=0.57) of 135 

causal effect of competition on sleep duration were observed.  136 

Exploratory analysis 137 

Exploratory analyses assessed the causal effect of being in a competition week on the proximal daily 138 

participation rates of step count and sleep minutes, averaged over all weeks (see Supplementary Table 5). 139 

The positive causal effect on daily participation rates of step count and sleep minutes were a 0.4% (SE 140 

0.3%, p=0.13) and 0.9% (SE 0.3%, p=0.003) respectively. That is, if 1,779 participants were all in the 141 

competition week, there would be additional 50 (1,779 * 0.4% * 7) person-day records of step count and 142 

112 (1,779 * 0.9% * 7) person-day records of sleep minutes recorded within this week, compared to a non-143 

competition week. We also assessed whether the causal effect of team competition had a positive impact 144 

on team-averaged mood score. Non-significant positive effect (0.02 units/day, SE 0.02, p=0.35) of causal 145 

effect of team competition on mood score was observed (see Supplementary Table 6). 146 

DISCUSSION 147 

This study answered two questions: 1. Is gamified competition delivered via mobile app effective in the 148 

field of mHealth intervention? 2. If it is effective, how to personalize and optimize the efficacy of 149 

competition intervention? The main-effect analysis indicated that the gamified competition administered 150 

through smartphones can lead to increased proximal daily step count. Positive causal effect suggested 151 

inclusion of competition via mobile app is a beneficial component of mHealth intervention. The moderator 152 

analysis demonstrated that week-in-study negatively moderates the efficacy of team competition, 153 

suggesting a waning causal effect of competition over time. Also, intra-institutional competition decreased 154 

the efficacy of competition, suggesting potential improvements in strategies of assigning opponent teams 155 

to boost the effect of competition interventions.  156 

The finding on the beneficial effect of mobile-based gamified competition upon physical activity is 157 

consistent with previous studies that have shown that the mHealth intervention with gamified components 158 
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can increase physical activity23–25. However, the effect size from our study is smaller than  previous 159 

studies24,25. Under the highly stressful and intensive working environment, the medical interns may be less 160 

responsive to the intervention, which may explain smaller effect size relative to other study populations. 161 

On the other hand, our result may be applied to other shift workers or under-stress populations who are 162 

similar to medical interns.  163 

One possible explanation for the waning causal effect of competition was that interns might be motivated 164 

when study began and get tired later so that they were less responsive to the competition assignment. The 165 

phenomenon of waning treatment effect is common in the field of mHealth intervention10,26,27 and further 166 

studies are needed to investigate how to extend the mHealth intervention effect. For example, a break could 167 

be given to the interns after an episode of competition assignment to decrease their fatigue, and then 168 

intervention can be reintroduced to them after some rest time to regain the benefits from intervention. 169 

Adding novel competition-related elements such as levels, scoreboard, and prizes could be another option.  170 

One possible explanation for the negative impact of intra-institutional competition on the causal effect of 171 

competition on step count was that perhaps interns felt less competitive within their institution relative to 172 

extra-institutional members because they see their fellow institution members as colleagues. The negative 173 

moderation of intra-institutional competition suggested avoiding intra-institutional competition assignment 174 

in the future application to maximize the competition effect.  175 

We also explored the causal effect of team competition on user’s engagement and mood score. A significant 176 

and positive effect of competition on participation rate of sleep minutes was observed, indicating that the 177 

competition might have potential to increase user’s engagement. In addition, the positive while non-178 

significant causal effect of competition on mood score was observed. 179 

Our study has multiple strengths. First, compared with standard single-time-point randomized controlled 180 

trial design, which can only inform moderation of causal effect by baseline variables (e.g., age, gender), 181 

micro-randomized trial enabled us to assess both causal effects of intervention components and time-182 
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varying moderation of these effects. Second, a relatively large sample size (1,779 participants in 191 teams) 183 

and long study period (12 weeks) allowed us to detect the causal effect of intervention, as well as effect 184 

moderators of interest. Third, the unique study population, medical interns with inherent hierarchical 185 

structure (by institutions and specialties), allowed us to assess the moderation of social connection and 186 

cooperation on the causal effect of gamified competition. Fourth, the analytical approaches we used in the 187 

study, the weighted and centered least squares estimator and multiple imputation, allowed us to assess the 188 

causal effect moderation consistently and robustly without requiring strong assumptions. 189 

However, there are several unanswered questions that should be addressed in future research. It remains 190 

unclear why competition did not affect participant’s sleep duration in the same way as step count. One of 191 

our conjectures is that the highly demanding working schedule during medical internship makes interns 192 

have little control over their sleep schedule, leading to insensitivity to competition intervention. Also, the 193 

reason that intra-institutional competition leads to negative moderation of causal effect of competition needs 194 

to be addressed in the future study.  195 

Our study does have several limitations. The first is the data missingness and imputation. More than 30% 196 

data were missing for daily step count and 50% for daily sleep duration on individual level. Multiple 197 

imputation was used to impute the missing entries under the assumption of missing at random, however, 198 

the imputed values of a participant borrowed information from participants of other teams due to limited 199 

information in each team, which may result in attenuated estimate when assessing the moderation of 200 

competing within the same institution on causal effect of competition since the difference among teams can 201 

become smaller after imputation. Second, heterogeneity between Apple Watch and Fitbit charge activity 202 

monitors was not accounted for during the analysis. Previous studies have shown that Fitbit Charge 2 and 203 

Apple Watch 2 had similar accuracy in terms of estimating step counts28,29, however, due to longer battery 204 

life, the Fitbit Charge series is more likely to be worn continuously, thus more likely to yield a higher step 205 

count and longer sleep duration in real life settings, compared with Apple Watch. Third, the results of this 206 

study may not extrapolate to a more general population because medical interns are different from the 207 
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general population in terms of age, education level, and stress level. Individuals in the general population 208 

may be more responsive to the mHealth intervention than medical interns due to more flexible time. 209 

Therefore, to validate the generalizability of the results in and out of Intern Health cohort, these suggested 210 

interventions should be further refined and replicated in additional studies and cohorts. Fourth, note that 211 

instead of individual level analysis, cluster level analysis, where each team was treated as the unit of 212 

analysis, was used to avoid ignoring the inherent clustering (team) structure using the team-level summary 213 

measures. The summary measures were calculated by taking the average of individuals’ measurements of 214 

the same team, which did not account for the heterogeneity among members within the team, resulting in 215 

reducing the power of the study. Further methodological research on statistical tools allowing analysis at 216 

the level of the individual while accounting for the clustering in the data in the field of MRT is needed.  217 

In summary, through this smartphone-wearable-based prospective micro-randomized trial, we were able to 218 

identify the positive causal effect of competition on proximal step count; exploratory analysis also 219 

suggested competition may improve user’s engagement with the study app. In addition, the causal effects 220 

of competition were negatively moderated by week-in-study and intra-institutional competition. The 221 

competition intervention had no significant causal effect on the sleep duration. These results suggest that 222 

gamified competition is worthy of inclusion in the mHealth intervention. Effect of gamified competition 223 

may be further boosted by introducing occasional breaks to mitigate waning effects over time and 224 

optimizing opponent assignment. 225 

METHODS 226 

Study design and participants 227 

We conducted a three-month MRT to investigate the causal effects of team competition upon proximal 228 

weekly average daily step counts, minutes of sleep, participation rate and mood score via the Intern+ mobile 229 

app as part of the Intern Health Study, a prospective cohort study assessing stress and depression during the 230 

first year of residency training in the USA30. Training physicians, who began their internship in July 2020, 231 
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were invited via email to participate in the study within one to three months prior to the start of internship. 232 

Ownership of an iPhone supporting iOS 10.0 or later or an Android device supporting version 6.0 or later 233 

was required. Upon enrollment, participants were provided with a Fitbit Charge 3 to collect sleep and 234 

activity data if they did not already own a compatible Fitbit or Apple Watch. All participants provided 235 

informed consent electronically and were compensated $80 to $130. The University of Michigan 236 

institutional review board approved the study. And the trial is registered with ClinicalTrials.gov, 237 

NCT05106439, November 3, 2021.  238 

To protect participant anonymity, we required a minimum of five participating interns per team to be 239 

eligible for the competition arm of the study. Programs with at least five interns were grouped into program-240 

based teams (e.g., “Michigan Psychiatry”). Interns within the same residency institution in programs that 241 

did not meet this criterion were grouped into institution-based teams (e.g., “Michigan Programs”), also with 242 

a minimum of five participants per team. All the remaining enrolled study subjects were considered 243 

ineligible for the competition arm.  244 

All the eligible subjects were onboarded before their internships started on July 1, 2020. Baseline surveys 245 

that assessed interns’ stress; also, baseline step counts, and sleep minutes were recorded via the 246 

Fitbits/Apple Watch. The competition assignment started on the first Monday following the start of 247 

internship (July 6, 2020) and ended on Sep 27, 2020 (Sunday of the 12th week), which lasted nearly three 248 

months. Each competition episode was one week, starting on Monday 00:00 and ended on Sunday 23:59.  249 

Randomisation and masking 250 

Each week, we repeatedly randomized interns by three factors: competition status (in competition or not), 251 

opponent team, and competition type (on step count or sleep minutes). Such a factorial design enables 252 

inference of causal effects of one or multiple factors based on the same study data. In particular, first, each 253 

team was randomized with equal probabilities to the competition or non-competition arm every Monday - 254 

this is the main randomization of the study. Second, every week, teams in competition were randomly 255 
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assigned an opponent team: 1) total randomization, where the opponent team was assigned regardless of 256 

institution and specialty (e.g., Michigan Pediatrics vs Yale Emergency Medicine); 2) intra-institutional 257 

randomization, where two competing teams were from the same institution (e.g., NYU Internal Medicine 258 

vs NYU Surgery); 3) intra-specialty randomization, where two opponent teams were from the same 259 

specialty (e.g., Northwestern Psychiatry vs OSU Psychiatry). All the three rules for opponent assignment 260 

had equal probability (1/3) to be selected for each week. If there were an odd number of teams inside the 261 

randomization pool, then the team left over would be put back into the non-competition arm. Third, for 262 

each pair of opponent teams, there was a 50/50 chance of competing on average daily step counts or average 263 

daily sleep minutes. Figure 2 details the randomization scheme. Due to the nature of the intervention, 264 

participants could not be masked from the competition assignment. Although investigators were not masked 265 

to intervention allocation, all data collected from participants was through the app or wearable device. 266 

Procedures 267 

After completing consent and downloading the study app, the wearable devices started to record daily step 268 

count and time spent asleep. Participants were prompted to report their daily mood (a score of 1 269 

corresponded to the lowest and a score of 10 corresponded to the highest mood) every day at a user-specified 270 

time between 5 PM and 10 PM (default was 8PM) in the study app. In addition to collecting data, the study 271 

app aggregated and displayed visual summaries of participant’s historical data, including daily step count, 272 

sleep minutes and mood score, through a dashboard which participants could access at any time via the app 273 

(see Supplementary Figure 1). Separate from the competition component of the app, each user also had a 274 

50/50 chance each day to receive a push notification at 3pm which contained a message summarizing their 275 

personalized data feedback, a relevant fact or tip for improving mental health and well-being, or a general 276 

supportive statement. Furthermore, baseline and quarterly follow-up surveys were administered through 277 

the app. 278 

The competition intervention was conducted for 12 weeks (Monday July 6, 2020, to Sunday September 27, 279 

2020). Each team was randomly assigned to competition (intervention) and non-competition arm during 280 
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each competition episode. Four competition-related smartphone push notifications were sent to participants 281 

in each competition week:1) an alert of competition type (steps or sleep) and opponent team (Sunday 9 pm 282 

prior to the competition week), 2) two competition score updates (Wednesday 9 pm and Saturday 11 am 283 

during the competition week), and 3) the final competition results (Monday 12 pm following the 284 

competition week). Examples of messages are included in Supplementary Table 1. Participants could view 285 

their current competition scoreboard and competition history at any time via the Intern+ app. Supplementary 286 

Figure 1 shows three representative screenshots of the app interface involving competition.  287 

Outcomes 288 

The primary outcomes of the study were proximal weekly average daily step count and sleep minutes, by 289 

taking average values of team members within a competition episode, which were measured by wearable 290 

devices (Fitbit or Apple Watch). The exploratory outcome was proximal weekly average daily participation 291 

rates of step count and sleep minutes, which was defined as the proportion of days that the participants in 292 

the team provided daily step/sleep minutes within a competition week. The daily step count or sleep 293 

duration would be missing if the user was not wearing wearable devices during the daytime or nighttime. 294 

Demographic information and psychology-related scores were collected from baseline surveys. 295 

Missing data 296 

Missing data occurred throughout the trial for various reasons: forgetting to wear a fitness tracker, only 297 

wearing fitness tracker during the day, technical glitches, and so on (see missingness information in 298 

Supplementary Figure 2). Therefore, we used multiple imputation, a robust method for dealing with missing 299 

data, to impute the daily step count and minutes of sleep. For each day, the daily step count, sleep minutes 300 

and mood score were imputed with predictor variables including step count, hours of sleep and mood score 301 

from the previous three days, weekly average step count, sleep minutes and mood score from previous week 302 

and individual’s baseline characteristics including gender, depressive symptoms score (PHQ-9), 303 

neuroticism, early family environment. To accommodate the heterogeneity between different institutions 304 
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and specialties, individual’s institution and specialty were added to the predictor variable list of imputation. 305 

R version 4.0.2 and mice function from R library mice were used to do the multiple imputation and 306 

predictive mean matching was selected as the imputation method. Results were pooled using 20 imputed 307 

dataset following Rubin’s rules. 308 

Statistical Analysis 309 

Note that the competition assignment was randomized on the team level, therefore all the competition-310 

related analyses in this paper were performed on the team level using summary measurements from each 311 

team, that is, the team was treated as the unit of analysis instead of individual. Weekly team-based summary 312 

measurements were calculated by taking the average of individuals’ measurements within each team. 313 

The primary aim of this study assesses whether there was a main causal effect of being in the competition 314 

arm on the team’s average proximal weekly average daily step count and sleep minutes, compared to not 315 

being in the competition arm. The primary analysis was done by fitting linear regression models using 316 

generalized estimating equation with independent working correlation matrix (R version 4.0.2; geeglm 317 

function from R library geepack) for average daily step count and sleep minutes separately, with 318 

competition assignment, number of weeks in study and control variables. Daily step count and sleep minutes 319 

were treated as continuous variables. The competition assignment variable was binary, with a value of 1 320 

for being in a competition week and 0 for a non-competition week. The week-in-study was a continuous 321 

variable, with 0 for the first week of the study and 11 for the last week. Percentage of female, team average 322 

pre-intern measures, including daily step count, sleep minutes, psychology-related scores (e.g., PHQ-9 323 

score), as well as team average previous week’s outcomes (i.e., previous week’s step count will be included 324 

if the outcome is current week’s step count), were included as control variables to increase the statistical 325 

power. The procedure implements a weighted and centered least square estimator (WCLS, details included 326 

in Supplementary Notes), proposed by Boruvka et al19.  327 
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The secondary aims included moderation analyses to assess potential time-varying effect moderators, aimed 328 

at informing the design of real-time personalized and optimized delivery of mHealth intervention. Time-329 

varying effect moderators are moderators that can change the treatment effect and are time-varying because 330 

the values of moderators can vary across time (e.g. week-in-study and opponent team)18. Two potential 331 

time-varying moderators of causal effect of competition were examined. The first moderation analysis is 332 

motivated by the hypothesis that the longer a participant was in the study, the more they may be accustomed 333 

to the competition intervention or become overburdened, leading them to become less responsive. 334 

Interaction terms between number of additional weeks in study and intervention variable were included in 335 

the model to evaluate the effect moderation. The second moderation analysis is motivated by the hypothesis 336 

that participants in the same institution or specialty tended to have stronger social connection, which may 337 

result in fiercer competition to boost the competition effect. Therefore, moderator analysis for whether 338 

intern was competing within the same institution or specialty was done by including two additional 339 

interaction terms between the intervention indicator and the intra-institution and intra-specialty indicators, 340 

respectively.  341 

Exploratory analyses included assessing the causal effects of team competition upon user’s engagement 342 

and mood score averaged by team respectively. Linear probability model was used to assess the main causal 343 

effect of competition on proximal weekly average daily participation rates of step count and sleep minutes, 344 

motivated by the hypothesis that competition intervention can improve user’s engagement to the study app 345 

(see details in Supplementary Notes).  The casual effect of team competition on team-averaged self-reported 346 

mood score was evaluated similarly as our analysis on step count (sleep minutes) in the main and secondary 347 

aims and detailed in Supplementary Notes. 348 

All the analyses above were based on the weekly aggregated data because every week was treated as a 349 

complete episode of competition or not. For the moderation analyses, the results of these effects were 350 

reported from the models with linear moderators. The significance of regression coefficients for all analyses 351 

were tested through two-sided Wald test. 352 
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Sensitivity analysis 353 

To investigate the robustness of the results, we performed three types of sensitivity analysis. First, we 354 

compared the results from complete-case analysis and multiple imputation to evaluate the sensitivity of 355 

missing mechanisms. Second, we used a linear model for the moderation in the main text, that is, the model 356 

for the treatment effect was specified as a linear function of the moderator. To assess the sensitivity of the 357 

linearity assumption, we explore potential non-linearity in the interaction term between the causal effect of 358 

competition and additional weeks in the study by replacing the linear function with a non-linear function f. 359 

Here we fit f using penalized basis spline by gam function from mgcv R package and natural cubic spline 360 

from ns function in R. The penalized basis spline models were fit using restricted maximum likelihood 361 

method (REML) and thin plate regression spline as smoothing basis. Third, to assess the sensitivity of 362 

different missingness patterns, the main results, which were from multiple imputation analysis, were 363 

compared with complete-case analysis after introducing a certain missingness pattern. Here we examined 364 

two different missingness patterns: dropout and weekly missingness. For dropout complete-case analysis, 365 

we removed imputed data from interns who dropped out from the study early. For example, if a user does 366 

not have any data points after Sep 1, 2020, all the imputed data points for this user after Sep 1, 2020, were 367 

removed. For weekly missingness complete-case analysis, we removed weeks with a large percentage of 368 

missing data in the outcome of interest. For example, we eliminated all weeks where more than 5 data 369 

points were missing before performing complete-case analysis. The results of sensitivity analyses were 370 

detailed in Supplementary Notes. 371 

  372 
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FIGURES 469 

Figure 1: Study flow diagram detailing subject inclusion from enrollment through analysis 470 

 471 
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Figure 2: Study randomization scheme of Intern Health micro-randomized trial 473 

 474 

 475 

 476 

 477 

 478 
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TABLES 480 

Table 1: Demographics characteristics and specialty for study participants (N=1779). 481 

Demographic characteristics   Specialty N (%) 
Age (years), mean (SD) 27.6 (2.6)  Internal medicine 492 (27.7) 
Sex (Female), N (%) 969 (54.5) Surgery 240 (13.5) 
Pre-internship baseline steps/day, mean (SD) 8121.0 (3228.9) Pediatrics 215 (12.1) 
Pre-internship baseline sleep minutes/day, mean (SD) 420.6 (107.5) Emergency medicine 145 (8.2) 
Internship average days of competition, mean (SD) 40.7 (13.5) Psychiatry 126 (7.1) 
Race, N (%)  Ob/Gyn 104 (5.8) 
 White 957 (53.8) Anesthesiology                           94 (5.3) 
 Black/African American 106 (6.0) Family medicine 78 (4.4) 
 Hispanic/Latino 96 (5.4) Neurology 49 (2.8) 
 Asian 420 (23.6) Med/Peds 38 (2.1) 
 Arab/Middle Eastern 31 (1.7) Transitional 21(1.2) 
 Other/Multiracial/Not reported 169 (9.4) Other 177 (9.9) 

N number of subjects, SD standard deviation. 482 

  483 
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Table 2: Parameter estimates for linear models assessing marginal and time-varying causal effect of team 484 
competition on daily step count and sleep duration. 485 

  Main Effect Analysis Time-varying Effect Analysis 
Parameter Estimate 95% CI Estimate 95% CI 

Outcome & 
Competition 

type 

Step Intercept 7679.3 7552.0, 7806.6 7664.5 7527.6, 7781.4 
Week -18.0 -28.6, -7.4 -15.1 -28.8, -1.4 
Competition 111.5 32.2, 190.8 161.5 17.2, 305.8 
Week: Competition - - -9.1 -32.0, 13.8 

Sleep Intercept 416.6 411.8, 421.5 413.5 408.3, 418.8 
Week 0.0 -0.3, 0.3 0.5 0.1, 1.0 
Competition -0.7 -4.3, 29 9.9 2.7, 17.1 
Week: Competition - - -1.9 -3.1, -0.7 

CI confidence interval 486 

 487 
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Supplementary Notes 

A weighted and centered least square estimator (WCLS) 

To estimate the coefficients of interest with the existence of time-varying moderators, we used a weighted and centered 

least squares estimator proposed by Boruvka et al1. The method uses both the estimating equation method and robust 

“sandwich” estimate to provide consistent estimates and robust inference. The main advantage of the proposed method 

is that it does not require correct specifications to the terms that do not interact with treatment, to provide consistent 

estimates for the parameters of interest.   

WCLS can provide valid inference for treatment-related variables when the treatment assignment probabilities are 

time-varying. Since the treatment assignment probabilities were constantly 0.25 across weeks in the IHS 2020 (each 

team had 50/50 chance to be in a competition week and for teams in competition week, they had 50/50 chance to 

compete on step count or sleep minutes), the weights in the estimating equation are all 1. In addition, the centering 

term for treatment variable is always a constant 0.25. 

The estimating equation method with robust error estimation has two main advantages: 1. It does not require 

distributional assumptions on continuous outcomes. 2. It allows dependence between observations in the data, where 

the observations for the same team in our dataset are correlated due to repeated measurements. 

Models for assessing causal effect of competition on participation rate 

To investigate the causal effect of competition on intern’s participation rate on daily step count and sleep duration, 

linear probability model was used to model the mean structure. More specifically, we modeled the probability that the 

daily step count or sleep duration was measured in week 𝑡  as 𝐸(𝑌!|𝑋! ,𝑊! , 𝑍!) = 𝛽" + 𝛽#𝑍! + 𝛽$𝑊! + 𝛽%𝑋!  for 

marginal-effect model, and 𝐸(𝑌!|𝑋! ,𝑊! , 𝑍!) = 𝛽" + 𝛽#𝑍! + 𝛽$𝑊! + 𝛽%𝑍!𝑊! + 𝛽&𝑋! for time-varying-effect model, 

where 𝑌! is a continuous variable between 0 and 1 and the value of 𝑌! represents the proportion of available data points 

during week 𝑡 for each team. 𝑍!is a binary treatment variable, where 𝑍! = 1implies a competition week and 𝑍! = 0 

implies a non-competition week. 𝑋! is the set of control variables, including team-average baseline data measured 

before the weekly randomization, for the purpose of reducing variation in the outcome of interest 𝑌! . The set of 

variables 𝑋! consists of percentage of female, team-average pre-intern daily step count, sleep minutes and psychology-

related scores. 
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In the Intern Health Study data, whether the intern had a daily step count, sleep duration or self-reported mood survey 

is considered as a binary outcome. A conventional approach to model the binary outcome is to fit a logistic model. 

However, in our analysis, we did not adapt conventional logistic regression approach on daily data. Instead, we 

perform a weekly analysis using linear probability model and use a weighted and centered estimator proposed by 

Boruvka et al. to estimate the parameters of interest. The reason that we preferred a weekly analysis to a daily analysis 

is that the competition assignment was randomized on a weekly level and the daily level analysis violates the positivity 

assumption of the estimating method proposed by Boruvka et al1. Besides, the reason that we used linear probability 

model rather than beta regression model, which is more commonly used than linear probability model for proportional 

outcomes due to unit interval boundary, was that the theoretical guarantee of using beta regression to assess the time-

varying causal effect moderation is not well-established. We calculated the predicted probability for each week in our 

dataset and all the estimated values fell between unit interval, suggesting that the linear probability model is 

appropriate in our case. 

Mood-score related analysis 

Mental health disorders such as anxiety and depression are considered to be closely related to insufficient physical 

activity and sleep duration2,3. Therefore, we performed analyses on assessing the marginal and time-varying causal 

effect of competition on intern's mental health outcome: self-report mood score. We also did similar analyses on the 

participation rate of daily mood surveys. During mood-related analyses, the treatment variable competition was 

defined as either an intern was in competition step or sleep group. Here, we considered the competition indirectly 

affected the intern’s mood score since interns were competing on daily step count and sleep minutes, rather than 

directly on mood score.  

The parameter estimates for linear models assessing the marginal and time-varying causal effect of competition on 

weekly average daily mood score were shown in Supplementary Table 6. From the marginal-effect model, we 

concluded that on average competition tended to improve the daily mood score with an estimated effect of 0.02 (SE 

0.02, p=0.35). We also concluded that the additional weeks in the study was a significantly negative moderator of the 

causal effect of competition on daily mood score with an estimated moderation of -0.01 (SE 0.01, p=0.05) from the 

time-varying-effect model. The time-varying-effect plot showed that being in the competition arm had a significant 

positive effect on daily mood score at the early stage of the study and the effect waned over time. 
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The parameter estimates for linear models assessing the marginal and time-varying causal effect of competition on 

participation rate of daily mood survey were shown in Supplementary Table 5. Also, the estimated causal effect of 

competition on participation rate of daily mood survey at different weeks was shown in Supplementary Figure 4. We 

concluded that the competition did not affect the participation rate of daily mood surveys marginally. From 

Supplementary Figure 4, we can observe an interesting fact that the competition decreased the intern's participation 

rate of self-report mood surveys early in the study. Other than push notifications including life insight and tips received 

by all interns, the ones assigned to the competition arm received additional competition-related messages (see 

Supplementary Table 1) four times per week, which might make those less responsive to the push notifications and 

more possible to ignore the mood survey completion reminder 8:00 pm every night. Daily step and survey data were 

collected objectively through the fitness tracker, which was less sensitive to push notification fatigue. Intensive 

mHealth push notifications (overtreatment) may lead to inferior treatment effect; therefore, this gives rise to the need 

for just-in-time adaptive intervention (JITAI), which can deliver mHealth intervention optimally. 

Results of sensitivity analysis 

Sensitivity of complete-case analysis 

For primary aim, the estimate of the marginal causal effect of competition on step count from multiple imputation 

analysis was 111.5 (SE 40.4, p=0.01) steps, compared to 102.6 (SE 46.9, p=0.03) steps from complete-case analysis. 

The estimate of the causal effect of competition on sleep duration from multiple imputation analysis was -0.7 (SE 1.8, 

p=0.69) minutes, compared to -0.2 (SE 2.0, p=0.93) minutes from complete-case analysis. We can conclude that the 

conclusions for primary aim were mildly sensitive to missingness mechanisms. 

For secondary aims, the estimate of the moderation of additional weeks in the study on the causal effect of competition 

on step count was -9.1 (SE 11.6, p=0.43) steps/week from multiple imputation analysis, compared to -6.9 (SE 11.7, 

p=0.55) steps/week from complete-case analysis. The estimate of the moderation of additional weeks in the study on 

the causal effect of competition on sleep duration was -1.9 (SE 0.6, p=0.003) minutes/week from multiple imputation 

analysis, compared to -1.1 (SE 0.6, p=0.06) minutes/week from complete-case analysis. The estimate of the 

moderation of competing within the same institution or specialty on the causal effect of competition on step count was 

-114.9 (SE 93.7, p=0.22) steps and 26.1(SE 74.7, p=0.73) steps from multiple imputation analysis, compared to -172.7 

(SE 104.1, p=0.10) steps and 71.2 (SE 77.7, p=0.36) steps from complete-case analysis. The estimate of the 

moderation of competing within the same institution or specialty on the causal effect of competition on sleep duration 
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was 0.4 (SE 3.1, p=0.90) minutes and -1.9 (SE 3.2, p=0.57) minutes from multiple imputation analysis, compared to 

-1.7 (SE 4.1, p=0.68) minutes and 2.1 (SE 4.4, p=0.63) minutes from complete-case analysis. We can conclude that 

the conclusions for moderation of additional weeks in the study on causal effect of competition were insensitive to 

missingness mechanisms, while the conclusions for moderation of competing within the same institution or specialty 

on causal effect of competition were sensitive to missingness mechanisms. The size of the estimated moderation of 

competing within the same institution was enlarged when performing complete-case analysis and the sign of the 

moderation remained negative, matching the conclusions made in the main text. 

For mood-related analysis, the estimate of the marginal causal effect of competition on mood score from multiple 

imputation analysis was 0.02 (SE 0.02, p=0.35), compared to 0.01 (SE 0.02, p=0.32) from complete-case analysis. 

The estimate of the moderation of additional weeks in the study on the causal effect of competition on mood score 

was -0.01 (SE 0.01, p=0.05) from multiple imputation analysis, compared to -0.01 (SE 0.00, p=0.05) from complete-

case analysis. We can conclude that the conclusions for mood-related analysis were insensitive to missingness 

mechanisms. 

The estimates of all the models mentioned above can be obtained through Supplementary Figure 2-4,6. 

Sensitivity of non-linear moderation of treatment effect 

The estimated causal effect of competition on step count or sleep duration at different weeks from nonlinear regression 

was plotted in Supplementary Figure 5. From the plots, we can see that linearity assumption is appropriate for our 

analysis. 

The estimated causal effect of competition on participation rate of step count, sleep duration and mood survey at 

different weeks from nonlinear regression was plotted in Supplementary Figure 6. From the plots, we can notice some 

evidence of non-linearity, while linearity assumption is still appropriate for easy interpretation. 

Sensitivity of missingness patterns 

For primary aim, the estimate of marginal causal effect of competition on step count was 111.5 (SE 40.4) steps from 

multiple imputation analysis, compared to 93.1 (SE 45.7) steps from complete-case analysis with dropout and 91.1 

(SE 45.7) steps from complete-case analysis with weekly missingness. The estimate of marginal causal effect of 

competition on sleep duration was -0.7(SE 1.8) minutes from multiple imputation analysis, compared to -0.5 (SE 1.7) 

steps from complete-case analysis with dropout and -0.5 (SE 1.8) minutes from complete-case analysis with weekly 
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missingness. We concluded that the conclusions of the primary aim were robust to both dropout and weekly data 

missingness. 

For secondary aims, the estimate of the moderation of additional weeks in the study on the causal effect of competition 

on step count was -9.1 (SE 11.6) steps/week from multiple imputation analysis, compared to -7.7 (SE 11.7) steps/week 

from complete-case analysis with dropout and -2.6 (SE 11.6) steps/week from complete-case analysis with weekly 

missingness. The estimate of the moderation of additional weeks in the study on the causal effect of competition on 

sleep duration was -1.9 (SE 0.6) minutes/week from multiple imputation analysis, compared to -1.6 (SE 0.6) 

minutes/week from complete-case analysis with dropout and -1.3 (SE 0.6) minutes/week from complete-case analysis 

with weekly missingness. The estimate of the moderation of competing within the same institution or specialty on the 

causal effect of competition on step count was -114.9 (SE 93.7) steps and 26.1 (SE 74.7) steps from multiple 

imputation analysis, compared to -171.4 (SE 102.1) steps and 25.4 (SE 77.9) steps from complete-case analysis with 

dropout and -186.2 (SE 105.9) steps and 27.1 (SE 80.8) steps from complete-case analysis with weekly missingness. 

The estimate of the moderation of competing within the same institution or specialty on the causal effect of 

competition on sleep duration was 0.4 (SE 3.1) minutes and -1.9 (SE 0.6) minutes from multiple imputation analysis, 

compared to -2.0 (SE 3.9) minutes and -1.1 (SE 4.1) minutes from complete-case analysis with dropout and -1.2 (SE 

4.2) minutes and 0.4 (SE 4.5) minutes from complete-case analysis with dropout. We can conclude that the conclusions 

for the effect of two moderators on the causal effect of competition were insensitive to dropout and weekly missingness, 

except that the moderation intra-institution competition is sensitive to the weekly missingness and dropout. The sign 

the moderation remained negative; however, the effect sizes were increased.  

For mood-related analysis, the estimate of marginal causal effect of competition on mood score was 0.02 (SE 0.02) 

from multiple imputation analysis, compared to 0.03 (SE 0.02) from complete-case analysis with dropout and 0.02 

(SE 0.02) from complete-case analysis with weekly missingness. The estimate of moderation of additional weeks in 

the study on causal effect of competition on mood score was -0.01 (SE 0.01) from multiple imputation analysis, 

compared to -0.02 (SE 0.01) steps from complete-case analysis with dropout and -0.02 (SE 0.01) from complete-case 

analysis with weekly missingness. We can conclude that the conclusions of mood-related analysis were insensitive to 

dropout and weekly missingness. 

The estimates of all the models mentioned above can be obtained through Supplementary Table 7-10. 
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Supplementary Figure 1: Screenshots of the app1 dashboard, previous competition history and weekly 
competition assignment. The screenshot of previous competition history contains pseudo program names. 

1(c) 2016-20222 The Regents of the University of Michigan, Intern + Mobile Application; Permission to 
use by Office of Innovation Partnership at University of Michigan. 
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Supplementary Figure 2: Percentage of interns with nonmissing step and sleep observation for each day in the 
study. Red solid line indicates percentage of non-missing daily step count over time; Blue solid line indicates 
percentage of non-missing daily sleep record over time. 
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Supplementary Figure 3: a) Estimated causal effect of competition step on weekly average daily step count at 
different weeks. b) Estimated causal effect of competition sleep on weekly average daily sleep minutes at 
different weeks. Shaded area indicates 95% confidence interval. Red dotted line indicates no effect. 
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Supplementary Figure 4: Estimated causal effect of competition on the participation rate of a) daily step count, 
b) daily sleep minutes c) daily mood survey, at different weeks. Shaded area indicates 95% confidence interval. 
Red dotted line indicates the effect being 0. 
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Supplementary Figure 5: a,b)Estimated causal effect of competition on weekly average daily a) step count and 
b) sleep duration at different weeks fitted using penalized basis spline. c,d) Estimated causal effect of 
competition on weekly average daily c) step count and d) sleep duration at different weeks fitted using natural 
cubic spline. Shaded area indicates 95% confidence interval. Red dotted line indicates no effect. 
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Supplementary Figure 6: a,b,c) Estimated causal effect of competition on participation rate of a) step count, b) 
sleep minutes, c) mood score at different weeks using penalized basis spline. d,e,f) Estimated causal effect of 
competition on participation rate of d) step count, e) sleep minutes, f) mood score at different weeks using 
natural cubic spline. Shaded area indicates 95% confidence interval. Red dotted line indicates no effect. 
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Supplementary Table 1. Examples of different types of push notifications. 

Message types Time Examples 

Alert of competition types 
and opponent 

Sunday 9:00 pm MGH Surgery faces off against Northwestern Internal Medicine in this week’s 
step competition! 

Competition score status 
update 

Wednesday 9:00 pm and 
Saturday 11:00 am 

Yale Psychiatry is leading in this week’s sleep challenge with an average of 8 
hrs 41 min. Let’s see who will win! 

Competition final result Monday 12:00 pm Michigan Pediatrics comes out on top of this week’s step challenge against 
NYU Anesthesiology. Great job to both teams! 
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Supplementary Table 2: Parameter estimates for linear model using complete-case and 20-time multiple 
imputation dataset, assessing marginal causal effect of competition on daily step count and sleep duration. 

Outcome & 
Competition 

type 

 Complete case Multiple Imputation 

Parameter Estimate 95% CI Estimate 95% CI 

Step 

Intercept 7779.9 7635.3, 7924.4 7679.3 7552.0, 7806.6 

Week -12.6 -23.0, -2.2 -18.0 -28.6, -7.4 

Competition Step 102.6 10.8, 194.4 111.5 32.2, 190.8 

Sleep 

Intercept 415.2 409.2, 421.1 416.6 411.8, 421.5 

Week 0.3 -0.1, 0.8 0.0 -0.3, 0.3 

Competition Sleep -0.2 -4.2, 3.8 -0.7 -4.3, 2.9 

CI confidence interval. 
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Supplementary Table 3: Parameter estimates for linear model using complete-case and 20-time multiple 
imputation dataset, assessing time-varying causal effect of competition on daily step count and sleep duration. 

Outcome & 
Competition 

type 

 Complete case Multiple Imputation 

Parameter Estimate 95% CI Estimate 95% CI 

Step 

Intercept 7768.6 7617.4, 7919.8 7664.5 7529.2, 7799.8 

Week -10.4 -24.4, 3.6 -15.1 -28.8, -1.4 

Competition Step 140.6 0.9, 280.4 161.5 17.2, 305.8 

Week: Competition Step -6.9 -29.8, 15.9 -9.1 -32.0, 13.8 

Sleep 

Intercept 413.4 407.2, 419.6 413.5 408.3, 418.8 

Week 0.6 0.1, 1.2 0.5 0.1, 1.0 

Competition Sleep 5.9 -0.8, 12.6 9.9 2,7, 17.1 

Week: Competition Sleep -1.1 -2.2, 0.0 -1.9 -3.1, -0.7 

CI confidence interval.  
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Supplementary Table 4: Parameter estimates for linear models using complete-case and 20-time multiple 
imputation dataset, assessing moderation of competing within the same institution on causal effect of 
competition on step count and sleep duration. 

Outcome & 
Competition 

type 

 Complete Case Multiple Imputation 

Parameter Estimate 95% CI Estimate 95% CI 

 
Step 

Intercept 7766.8 7614.0, 7919.6 7664.5 7527.6, 7801.4 

Week -10.4 -24.4, 3.6 -15.1 -28.8, -1.4 

Competition Step 167.2 21.6, 312.8 182.1 31.7, 332.5 

Week: Competition Step -11.4 -34.9, 12.2 -11.3 -34.9, 12.2 

Competition Step : Same Institution Competition -172.7 -376.7, 31.3 -114.9 -299.3, 69.6 

Competition Step : Same Specialty Competition 71.2 -81.2, 223.5 26.1 -120.9, 173.2 

 
Sleep 

Intercept 413.4 407.3, 419.6 413.5 408.3, 418.8 

Week 0.6 0.1, 1.2 0.5 0.1, 1.0 

Competition Sleep 5.9 -1.4, 13.3 10.1 2.8, 17.5 

Week: Competition Sleep -1.1 -2.3, 0.0 -1.9 -3.1, -0.6 

Competition Sleep : Same Institution Competition -1.7 -9.6, 6.3 0.4 -5.8, 6.6 

Competition Sleep : Same Specialty Competition 2.1 -6.5, 10.8 -1.9 -8.3, 4.6 

CI confidence interval. 
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Supplementary Table 5:  Parameter estimates for linear models, assessing marginal and time-varying causal 
effect of competition on participation rate of daily step count, sleep duration and mood score (*100). 

Model 

 Step Sleep Mood 

Parameter Estimate 95% CI Estimate 95% CI Estimate 95% CI 

Main-effect  

Intercept 76.8 76.0, 77.5 43.5 42.8, 44.3 51.2 49.7, 52.6 

Week -0.4 -0.4, -0.3 -0.2 -0.3, -0.1 -0.6 -0.7, -0.5 

Competition 0.4 -0.1, 0.9 0.9 0.3, 1.5 -0.4 -1.2, 0.4 

Time-varying-effect  

Intercept 76.9 76.1, 77.7 43.2 42.3, 44.1 51.8 50.3, 53.4 

Week -0.4 -0.5, -0.3 -0.1 -0.2, 0.0 -0.8 -0.9, -0.6 

Competition 0.1 -0.7, 1.0 1.7 0.7, 2.8 -1.8 -3.5, -0.2 

Week: Competition 0.1 -0.1, 0.2 -0.1 -0.3, 0.0 0.3 0.0, 0.5 

CI confidence interval.  
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Supplementary Table 6: Parameter estimates for linear model using complete-case and 20-time multiple 
imputation dataset, assessing marginal and time-varying causal effect of competition on mood score (*100). 

Outcome & 
Competition 

type 
Model 

 Complete case Multiple Imputation 

Parameter Estimate 95% CI Estimate 95% CI 

Mood 

Main-effect 
model 

Intercept 720.1 714.8, 725.5 736.3 723.4, 749.2 

Week -0.2 -0.6, 0.2 -1.7 -2.3, -1.0 

Competition -1.1 -4.2, 2.0 1.9 -2.1, 6.0 

Time-varying-
effect model 

Intercept 718.0 712.3, 723.8 733.4 720.1, 746.7 

Week 0.2 -0.4, 0.8 -1.1 -1.9, -0.3 

Competition 3.6 -1.7, 8.9 8.3 1.3, 15.3 

Week: Competition -0.9 -1.7, 0.0 -1.2 -2.3, 0.0 

CI confidence interval. 
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Supplementary Table 7: Sensitivity analyses for assessing different missing patterns on marginal causal effect 
of competition on daily step count and sleep duration. 

Missing pattern Outcome & 
Competition type Parameter Estimate 95% CI 

Dropout 

Step 

Intercept 7735.4 7604.7, 7866.1 

Week -14.4 -25.0, -3.7 

Competition 93.1 3.5, 182.8 

Sleep 

Intercept 416.1 411.4, 420.8 

Week 0.1 -0.4, 0.5 

Competition -0.5 -3.9, 2.8 

Weekly missingness 

Step 

Intercept 7796.7 7672.9, 7920.5 

Week -15.2 -26.0, -4.3 

Competition 91.1 1.4, 180.7 

Sleep 

Intercept 416.2 411.8, 420.5 

Week 0.4 -0.1, 0.8 

Competition -0.6 -4.1, 3.0 

CI confidence interval. 
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Supplementary Table 8: Sensitivity analyses for assessing different missing patterns on time-varying causal 
effect of competition on daily step count and sleep duration. 

Missing pattern Outcome & 
Competition type Parameter Estimate 95% CI 

Dropout 

Step 

Intercept 7722.9 7589.9, 7856.0 

Week -11.9 -25.8, 1.9 

Competition 135.3 -7.0, 277.5 

Week: Competition -7.7 -30.6, 15.2 

Sleep 

Intercept 413.7 408.3, 419.0 

Week 0.5 -0.0, 1.1 

Competition 8.1 1.1, 15.1 

Week: Competition -1.6 -2.8, -0.4 

Weekly missingness 

Step 

Intercept 7792.4 7664.9, 7919.8 

Week -14.4 -28.6, -0.2 

Competition 105.5 -35.9, 246.9 

Week: Competition -2.6 -25.5, 20.2 

Sleep 

Intercept 414.2 409.4, 419.0 

Week 0.7 0.2, 1.3 

Competition 6.4 -0.2, 12.9 

Week: Competition -1.3 -2.4, -0.1 

CI confidence interval.  
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Supplementary Table 9: Sensitivity analyses for assessing different missing patterns on moderation of 
competing within the same institution or specialty on causal effect of competition on daily step count and sleep 
duration. 

Missing pattern Outcome & 
Competition type Parameter Estimate 95% CI 

Dropout 

 
Step 

Intercept 7722.8 7588.2, 7857.4 

Week -12.0 -25.8, 1.9 

Competition Step 167.7 20.8, 314.6 

Week: Competition Step -10.5 -33.9, 12.9 

Competition Step : Same Institution Competition -171.4 -371.9, 29.0 

Competition Step : Same Specialty Competition 25.4 -127.6, 178.3 

 
Sleep 

Intercept 413.7 408.4, 419.0 

Week 0.5 -0.0, 1.1 

Competition Sleep 8.7 1.4, 16.1 

Week: Competition Sleep -1.6 -2.8, -0.4 

Competition Sleep : Same Institution Competition -2.0 -9.7, 5.7 

Competition Sleep : Same Specialty Competition -1.1 -9.1, 6.9 

Weekly 
missingness 

 
Step 

Intercept 7791.9 7663.1, 7920.7 

Week -14.4 -28.6, -0.2 

Competition Step 140.8 -6.6, 288.3 

Week: Competition Step -5.7 -29.1, 17.7 

Competition Step: Same Institution Competition -186.2 -394.1, 21.6 

Competition Step: Same Specialty Competition 27.1 -131.4, 185.6 

 
Sleep 

Intercept 414.2 409.4, 419.0 

Week 0.7 0.2, 1.3 

Competition Sleep 6.6 -0.5, 13.6 
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Competition Sleep : Same Institution Competition -1.2 -9.5, 7.0 

Competition Sleep : Same Specialty Competition 0.4 -8.4, 9.2 

CI confidence interval.  
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Supplementary Table 10: Sensitivity analyses for assessing different missing patterns on time-varying causal 
effect of competition on causal effect of competition on daily mood score (*100). 

Missing pattern Model Parameter Estimate 95% CI 

Dropout 

Main-effect model 

Intercept 730.3 717.2, 743.4 

Week -1.7 -2.4, -0.9 

Competition 2.7 -2.0, 7.4 

Time-varying-effect 
model 

Intercept 725.8 712.3, 739.3 

Week -0.8 -1.8, 0.2 

Competition 12.6 4.1, 21.1 

Week: Competition -1.8 -3.2, -0.4 

Weekly missingness 

Main-effect model 

Intercept 739.3 724.2, 754.4 

Week -1.7 -2.4, -1.1 

Competition 2.1 -2.7, 6.9 

Time-varying-effect 
model 

Intercept 734.6 719.2, 750.0 

Week -0.9 -1.7, -0.0 

Competition 12.2 0.4, 20.2 

Week: Competition -1.8 -3.1, -0.6 

CI confidence interval. 
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