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Abstract

Background: In the modern economy, shift work is prevalent in numerous occupations. However, it often disrupts workers
circadian rhythms and can result in shift work sleep disorder. Proper management of shift work sleep disorder involves
comprehensive and patient-specific strategies, some of which are similar to cognitive behavioral therapy for insomnia.

Objective: Our goa was to develop and evaluate machine learning algorithms that predict physicians’ sleep advice using
wearable and survey data. We developed aweb- and app-based system to provide individualized sleep and behavior advice based
on cognitive behavioral therapy for insomniafor shift workers.

Methods: Datawere collected for 5 weeks from shift workers (N=61) in the intensive care unit at 2 hospitalsin Japan. The data
comprised 3 modalities: Fithit data, survey data, and sleep advice. After the first week of enrollment, physicians reviewed Fitbit
and survey datato provide sleep advice and selected 1 to 5 messages from alist of 23 options. We handcrafted physiological and
behaviora featuresfrom the raw dataand identified clusters of participantswith similar characteristics using hierarchical clustering.
We explored 3 models (random forest, light gradient-boosting machine, and CatBoost) and 3 data-balancing approaches (no
balancing, random oversampling, and synthetic minority oversampling technique) to predict selections for the 7 most frequent
advice messages related to bedroom brightness, smartphone use, and nap and sleep duration. We tested our predictions under
participant-dependent and parti ci pant-independent settings and analyzed the most important featuresfor prediction using permutation
importance and Shapley additive explanations.

Results: We found that the clusters were distinguished by work shifts and behavioral patterns. For example, one cluster had
days with low sleep duration and the lowest deep quality when there was a day shift on the day before and a midnight shift on
the current day. Our advice prediction models achieved a higher area under the precision-recall curve than the baseline in all
settings. The performance differences were statistically significant (P<.001 for 13 tests and P=.003 for 1 test). Sensitivity ranged
from 0.50 to 1.00, and specificity varied between 0.44 and 0.93 across all advice messages and dataset split settings. Feature
importance analysis of our models found several important features that matched the corresponding advice messages sent. For
instance, for message 7 (darken the bedroom when you go to bed), the models primarily examined the average brightness of the
sleep environment to make predictions.

Conclusions: Although our current system requires physician input, an accurate machine learning algorithm shows promise for
automatic advice without compromising the trustworthiness of the selected recommendations. Despite its decent performance,
thealgorithmiscurrently limited to the 7 most popular messages. Further studies are needed to enable predictionsfor lessfrequent
advice labels.
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Introduction

Background

In the modern economy, shift work is prevalent in humerous
occupations. Datafrom 2010 estimated that half of the workers
in food preparation and serving, >45% of workersin protective
service, and >35% of health care practitioners had aternative
shifts apart from regular day shifts in the United States [1].
However, shift work often conflicts with the daily rhythm of
sleep and wakefulness, which increases the risk of shift work
deep disorder (SWSD), a circadian rhythm disorder
characterized by shift work—related sleepiness and insomnia
[2]. Multiple studies have shown the substantial prevalence of
SWSD among shift workers. A survey of nurses in 3 federal
hospitalsin Ethiopiafound that 25.6% (102/399) of participants
had SWSD [3]. Another study of nurses in Norway reported
preval ence rates of 44.2% (580/1313) and 23.6% (146/619) for
SWSD-indicative symptoms among night workers and day
workers, respectively [4]. A random popul ation sample of 1163
participants in Australia revealed that 10.1% (91/898) of day
workers and 32.1% (85/265) of night workers fulfilled the
study’s criteria for SWSD and 1.3% (12/898) of day workers
and 9.1% (24/265) of night workerswere further classified under
severe SWSD based on the extent of negative SWSD impacts
on their life [5]. Shift workers' sleep problems are aso
associated with risks of mental health issues[6-8], work errors
[8], burnout [6], and turnover intentions [9].

Proper management of SWSD emphasizes comprehensive and
patient-specific strategies such as circadian adaptation,
maintaining good sleep hygiene, strategic napping, clockwise
shift rotation, and wakefulness promotionsfor night shifts[10].
Some of these strategies are analogous to the cognitive
behavioral therapy forinsomnia(CBTI), apsychologica therapy
recommended by the American College of Physiciansasinitial
treatment for chronicinsomnia[11], which consists of multiple
approachesto improve deep, including education about normal
sleep, sleep hygiene practice, sleep restriction to consolidate
high-quality sleep, and relaxation [12].

Related Work

Researchers have experimented with CBTI on shift workers
with sleep problems and high risk of SWSD. A study by
Jarnefelt et al [13] on 19 shift workers with insomnia, more
than half of whom exhibited SWSD characteristics, showed that
group-based CBTI treatment improved their insomnia severity
and sleep over a 6-month postintervention period, and a
follow-up study further demonstrated long-lasting benefits of
CBTI for up to 24 months after the intervention [14]. Jarnefelt
et al [15] aso conducted a randomized controlled trial of
group-based CBTI and self-help CBTI against asleep hygiene
education control on 83 shift workers with insomnia more
recently. They found that group-based CBTI improved
participants mental health significantly, although both CBTI
interventions enhanced their sleep and reduced their insomnia
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symptoms without significant differences from the control
group, and all interventionswere more beneficial for participants
without SWSD characteristics [15]. Peter et a [16] used
web-based CBTI for shift workers with sleep problems (n=21)
and found it to be as effective as face-to-face SWSD outpatient
CBTI treatment (n=12) for improving sleep efficiency and
insomnia symptoms. Their research group also proposed a
randomized controlled trial in 2021 to further assess their
web-based CBTI intervention for shift workersagainst awaitlist
control and face-to-face CBTI [17]. Although this existing
research on CBTI for shift workers has shown promising
improvement in participants' sleep, group-based and face-to-face
CBTI required participants to attend several weekly sessions
for up to 120 minutes led by specialists trained for >10 hours,
and the long time commitment likely caused many participants
to miss some sessions, which might have weakened the
intervention effects[13,15,16]. Self-help, web-based CBTI was
relatively more accessibleto shift workers, but time commitment
for weekly sessions was still necessary and likely contributed
to the considerable dropout rates, and the interventions either
required human input for professional feedback or only
resembled a web-based learning module without any
personalization [15,16]. Therefore, asystem that automatically
provides personalized CBTI interventions and deep
recommendations for shift workers and requires less time
commitment could benefit them substantialy and yield low
dropout rates.

In recent years, several web-based and mobile CBTI systems
have been developed to deliver automated and individualized
CBTI interventions. For example, Sleep Heathy Using the
Internet [18] and Sleepio [19] provide automated web-based
CBTI modules equipped with interactive web design elements
and user-tailored recommendations, and multiple randomized
controlled trials have demonstrated their effectiveness against
insomnia and related mental health problems among various
demographic groups [18,20-23]. Beun et al [24,25] devel oped
Sleepcare, a mobile app equipped with an automated digital
coach interacting with users to provide CBTI interventions,
adapt interventions to user characteristics, and promote
adherence. Its efficacy has been demonstrated in arandomized
controlled trial of 151 participants by Horsch et al [26]. CBT-i
Coach is another phone app developed as a supplemental tool
for face-to-face CBTI in which users can receive sleep
education, customize sleep hygiene advice and relaxation
activities, and practice personalized sleep restrictions [27]. In
a pilot study, the app did not impair CBTI effectiveness and
potentially improved patient adherence [28]. A subsequent
variant of the app called Insomnia Coach was applied as a
self-help CBTI intervention on 25 veterans with insomnia and
showed significant treatment effects compared to the waitlist
control [29].

I'n addition to web-based and mobile CBTI, multiple automated
deep recommender systems (RSs) have al so been developed to
provide personalized sleep suggestions. SleepCoacher collects
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data from smartphone sensors and user self-reportsto compute
deep variables and includes recommendation templates
reviewed by clinicians for each variable combination [30]. To
deliver arecommendation, the system chooses the template of
the most correlated combination, further personalizes it
according to the user's sleep status, and also evaluates the
effectiveness of the recommendation. In total, 2 studies on 43
undergraduate students showed the benefits of this system on
dleep, which were greater when users adhered more to the
system. Daskalova et al [31] explored cohort-based sleep
recommendations in which their system used demographic,
exercise, and sleep data collected from 1 million users of a
wearable device to assign each participant to a user group in
which all members had similar profiles and chose a
recommendation that showed the greatest improvement among
the group in some aspects of sleep behaviors on which the
participant performed poorly compared to these similar users.
Compared to general dleep suggestions, cohort-based
recommendations improved sleep duration more, and many
participants were motivated to follow these recommendations.
Pandey et al [32] used event mining to discover optimal causal
relationships between a user’s lifestyle and sleep and provided
recommendations to match their current behaviors and
environment with these relationships for better sleep. On the
other hand, some systems do not directly provide adviceto users
but, instead, help them self-adjust their sleep habits. For
example, Lullaby uses multiple sensors to track users sleep
and environment and hel psthem discover environmental factors
with negative impacts on their sleep [33]. ShutEye servesas a
peripheral display on mobile phones to remind users of
recommended and inadvisable time windows for various
deep-related activities [34]. SleepBandits enables users to
perform numerous self-experiments to adjust their behaviors
and uses data from mobile phone sensorsto eval uate experiment
effects on their sleep [35].

Although existing automated and individualized CBTI and sleep
RSs have demonstrated their great potential inimproving sleep,
they have not been modified to accommodate shift workers
irregular schedules of shift and wakefulness [13] and, thus, do
not include strategies specifically beneficial to shift workers.
Moreover, these CBTI interventions are mostly delivered
through weekly learning modules and tasks requiring active
involvement and a regular time commitment, and their
personalization options are limited and mainly focus on sleep
restrictions. Unlike CBTI, sleep RSs directly send behavior
change recommendations to users, but their advice-tailoring
processes often lack clinical support and have raised doubts
about their credibility among users [31].

Objectives

We aimed to devel op and eval uate amachine learning al gorithm
that predicts physicians deep advice using wearable and survey
data. We also examined the model’s potential in assisting
physicians and even replacing them in providing sleep advice
in the system.

We characterized shift workers' behaviors using clustering
analyses, estimated physicians' advice selection strategies by
interpreting the developed advice prediction models, and
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assessed  the  effectiveness of the provided deep
recommendations to gain more insights into the system.

Methods

Data Collection

The datawere collected from shift workers, including physicians
and nurses, in the intensive care unit (ICU) at Mie University
Hospital (n=47) and Suzuka Chuo General Hospital (n=14) in
Japan [36,37]. Eligible participants must have 8 hours of work
per shift and poor deep quality demonstrated through a
Pittsburgh Sleep Quality Index score of =5. The detailed
inclusion and exclusion criteria have been described in the work
by Ito-Masui et a [36,37]. Each participant enrolled in a 5-week
trial, with the first week as a baseline without an intervention
(preintervention time point) and the following 4 weeks with
interventions. During the 5 weeks, participants filled out daily
surveys and wore a Fithit (Google) to collect physiological and
behavioral data. Physicians reviewed the data and provided
deep adviceto participants asinterventions 3to 4 times aweek.
Intotal, 2123 days of multimodal datawere collected from these
participants for the entire study.

Ethical Considerations

Thisstudy was approved by the Clinical Research Ethics Review
Committee of Mie University Hospital, Tsu, Japan (H2020-083).
This study was approved by the ethics committee of Suzuka
General Hospital (review number 254). All procedures were
performed in accordance with the ethical standards of the
institutional research committee and the 2013 Declaration of
Helsinki. This study was registered in the University Hospital
Medical Information Network Clinical Trials Registry on May
1, 2020 (ID: UMINOOQO040547). Participants provided written
consent after receiving sufficient information about the study.
They retained the right to opt out of the study at any time. To
protect privacy, all collected data were deidentified. No
compensation was offered for participation.

Data Modalities

The collected data included 3 main modalities—Fitbit data,
survey data, and sleep advice. We followed the methods by Yu
et a [38] to extract some features from the same Fitbit and
survey data, and engineered extrafeatures to accommodate our
objectives.

Fitbit Data

Raw datafrom Fitbit included minute-by-minute steps and heart
rate aswell asthe start time, end time, duration, and efficiency
of each sleep period. From raw heart rate data, we computed
their average, SD, and sample entropy. Sample entropy hasbeen
used for cardiovascular time series, and a low entropy value
suggests greater self-similarity of the series [39]. We aso
computed features from step count per minute to account for
the variability in participants’ daily activities. Specifically, we
computed and stored the duration of each continuous segment
with and without steps in minutes. We then computed
information entropy for the stationary and active segments. A
higher entropy corresponded to more variabhility in participants
moving or nonmoving behaviors. Finaly, we retrieved
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information about the main sleep period with the longest
duration from raw sleep data.

Survey Data

Participants received a morning survey and an evening survey
every day with questions about their daily behaviors and
well-being. Features were then extracted from their answers.

Morning Survey

Features from the morning surveys were divided into 3
categories—sleep, well-being, and miscellany.

Sleep

Inthe morning surveys, participantsindicated whether they had
slept in the previous 24 hours and provided the number of naps
between 8 AM and 8 AM on the following day. They aso
described how they woke up (naturaly, via an aarm, or via
other means) and reported thetimeit took for themto fall asleep,
the duration of their phone use before sleep, the brightnesslevel
of their dleep environment, and sleep quality. Specifically, sleep
quality was quantified through the answers to the following
statements using 5-point Likert scales (strongly disagree=1;
strongly agree=5): (1) | dept soundly, (2) | fell asleep
immediately, (3) | was ableto recover fromfatigue, (4) | didn’t
wake up inthemiddle of deep, and (5) | was satisfied with dleep.

In addition to the aforementioned features retrieved directly
from surveys, we constructed some sleep features using available
survey data. In the surveys, participants reported the start time
and end time of their main sleep and nap periods. According to
thetime entries, we constructed abinary sequence with 1-minute
resolution for every day, in which a bit of 1 meant that the
participants were sleeping or napping at that minute of the day.
If time entries of the main sleep periods were missing from the
surveys, the entries from Fitbit were used. From the binary
sequences, we computed the duration of the main sleep and nap
periods. We also calculated the sleep regularity index (SRI)
with diding windows of 3, 5, and 7 days. The SRI represents
the probability of any 2 time points that are 24 hours apart
having the same sleep or awake state averaged over a specified
time window and is scaled to range from —100 to 100, where a
value of 100 indicates the same sleep schedule across all days
and a value of —100 means that an individual has completely
flipped their deep schedule between any 2 consecutive days
[40Q]. Previous studies have shown that the SRI is positively
correlated with the academic performance of college students
[40] and a lower SRI is associated with increased stress,
depression, and risk of cardiovascular diseases in older adults
[41].

Well-Being

Participants reported 6 well-being metrics in the morning
surveys. A total of 5 metrics—alertness, happiness, energy,
health, and calmness—were reported using a continuous scale
from 1 to 100, with 100 as the most positive. The sixth metric,
current sleepiness, was reported viaa 9-point Likert scale from
strongly awake (1) to strongly sleepy (9).
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Behavior

The morning surveysalso recorded participants daily behaviors,
including the amount of caffeine intake and last intake time,
amount of alcohol intake, and bath time. From the time entries,
we computed the durations between their last caffeine intake
and sleep and between bath and sleep.

Evening Survey

Features from the evening surveys were divided into 2
categories—work and well-being.

Work

In the evening surveys, participants reported their work
schedulesfor the current day, the day before, and the day before
the day before in binary sequences with 30-minute resolution,
where a hit of 1 meant work during that 30-minute interval.
From the binary sequences, we computed work hours for the
entire day as well as for 3 different periods of the day (1.
midnight-8 AM, 2: 8 AM-4 PM, and 3: 4 PM-midnight). The
periods corresponded to midnight shifts, day shifts, and
afternoon shifts of the participants. Moreover, by comparing
the binary work sequences and binary sleep sequences
constructed from the morning surveys, we calculated
participants’ nap durations during work and minimum durations
between the last dleep periods and the start of shiftsand between
the end of shiftsand following sleep periods. A binary indicator
of whether participantsdid any activities other than work outside
their homes was also retrieved from the surveys.

Well-Being

Similarly, asin the morning surveys, participants also answered
several questions about their well-being in the evening surveys.
In addition to the 6 metrics reported in the morning surveys
(alertness, happiness, energy, health, calmness, and current
deepiness), they provided 3 other metrics: slegpiness during
theday, stress, and tiredness, which were all reported via 5-point
Likert scales (5=strongly awake, stressful, or tired).

Sleep Advice

Starting from the second week of enrollment, physicians
reviewed Fithit and survey data to provide sleep advice. One
physician provided advice once a week to all participants, and
2 physicians gave advice 2 to 3 times a week to participants
from each of the 2 hospitals. Over the 4 weeks with
interventions, participants received advice approximately 13
times, and a total of 786 pieces of advice were sent to the 61
participants who completed their 5 weeks of the study. Every
time physicians provided sleep advice, they chose 1 to 5
messages from 23 options, listed in Table 1. To better
summarize the options, we divided them into 6 categories
according to their descriptions: (1) dietary intake (messages 1,
2, and 3), (2) activity (messages 4, 5, 6, 16, 17, and 18), (3)
sleep (messages 7, 8, 9, 10, 20, 21, and 22), (4) shift (message
11), (5) nap (messages 12, 13, 14, 15, and 23), and (6) mentality
(messages 19). After participants received the sleep advice, they
were ableto respond to the advice as eager to follow or difficult
to follow.
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Table 1. Content of the 23 sleep advice messages that physicians sent to the participants.

Messagecategory M essage content

and ID
Dietary intake

1 “Refrain from consuming alcohol before sleep.”

2 “ Stop consuming caffeine 3 hours before lights-out.”

3 “Refrain from eating midnight snacks.”

Activity

4 “Refrain from using a smartphone in the bedroom.”

5 “Take abath alittle earlier than usual

6 “Refrain from exercising 3 hours before lights-out.”

16 “Relax. 1) Make ahabit of relaxing before sleep, including taking abath in warm water, light stretching, using aroma, and drinking
herbal tea”

17 “Relax. 2) Use the Fitbit breathing program called Relax.”

18 “Do moderate exercise regularly.”

Sleep

7 “Darken the bedroom when you go to bed.”

8 “When you do not fall asleep within 15 minutes, leave the bedroom and stay out of the bedroom until you get sleepy.”

9 “Set your wake-up time according to each work shift.”

10 “Do not try too hard to fall asleep quickly.”

20 “Continue current sleep habits.”

21 “Try to make enough time for sleep.”

22 “Get up at the same time, whether you are working or on holiday.”

Shift
11 “Management of work shift: Consult with your superior so that shift rotation will be clockwise in general "
Nap

12 “Take anap. 1) If possible, take a nap for approximately 90 minutes before the night shift.”

13 “Take anap. 2) If possible, take a nap for 15-20 minutes during rest time while you are working.”

14 “Take anap. 3) If possible, take anap earlier after alate-night shift to refresh.”

15 “Create an environment for taking anap: Ask your family for cooperation to create aquiet environment during anap in the daytime
or evening at home. Sharing your work shift schedule with your family by placing it where every member of your family can see
it might be agood idea. Avoid strong lights for several hours before a nap and darken the room during a nap.”

23 “Do not nap for too long.”

Mentality
19 “Be broad-minded and try to approach things positively.”

Participant Characteristic Analyses

We investigated the characteristics of the participants daily
activities to find participant subgroups who had similar
behaviors and understand the relationship between their
behaviors and well-being. We used agglomerative hierarchical
clustering to find the groupings. The algorithm initiates all
samples as individual clusters and merges clusters using Ward
linkage to minimize the within-cluster variances at every step
[42,43]. After all the samples are merged, a dendrogram is
constructed to show the merged path for each sample. By setting
thresholds on the height of the dendrogram, clusters and their
samples can be identified.

https://formative.jmir.org/2025/1/e65000

We used daily features from Fitbit and the surveys, except for
the participants’ well-being and sleep quality metrics, to find
the clusters. To include as many samples as possible during
clustering, we did not use the following features as they were
not available for some days: SRI; nap duration during work;
and the time between caffeine intake and sleep, between bath
and sleep, between last sleep and the start of shift, and between
the end of shift and following sleep (eg, participants did not
work or take a bath). All features were standardized across al
participants for clustering.

We then performed principal-component analysis on the
standardized features and overlaid the cluster assignments on
a 2D t-distributed stochastic neighbor embedding (t-SNE) plot
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generated from the principal components that explain 95% of
thetotal variance to observe how clusters interacted with each
other. t-SNE creates a low-dimensiona mapping of
high-dimensional data by matching the conditional probabilities
in both spaces that are proportional to the similarity of the data
points [44]. To characterize participants behaviors and
well-being, we summarized the clusters profiles by observing
feature averages and examined distributions of the well-being
metrics for each cluster.

Advice Prediction M odels

As mentioned in the Seep Advice section, physicians reviewed
the Fithit and survey datato provide dleep adviceto participants.
We devel oped machine learning model sto predict their message
selections and evaluated the performance of the advice
prediction models.

Prediction Approach

The advice prediction task can be formulated as a binary
classification, with the positive class representing the selection
of an advice message. We found substantial class imbalances
for the selected messages. Specifically, of 786 advice pieces,
the number of selectionsranged from 64 (8.1%) to 390 (49.6%)
for the 7 most frequent advice messages (messages4, 7, 12, 14,
15, 20, and 21). Consequently, we decided to build individual
binary classifiersonly for these messages as there would be too
few positive samplesto devel op modelsfor lessfrequent advice.

To construct samples for the machine learning models, we
computed the average and SD of daily Fitbit and survey features
across the previous 4 days for each date on which physicians
provided advice. Samples with missing values were excluded.
According to the physicians, they often considered the
participants' responsesto previous advice, especially when they
found it difficult to choose the messages. Therefore, we
incorporated advice responses into our models and enabled the
models to output class probabilities to indicate certainty about
a message selection. We used 12 Fithbit features (steps, sleep,
and heart rate), 53 morning survey features, 50 evening survey
features, and 23 advice response features. TableSl in
Multimedia Appendix 1 summarizes the features used by the
classifier.

Dataset Split

To evaluate the advice prediction models, the data needed to
be split into a training set and a test set. We designed 2 ways
to split the data: a user-dependent split and a user-independent
split. Under the user-dependent setting, the data were split
chronologically, where the training set contained the first 70%
of each participant’s data and the testing set had the remaining
30%. Under the user-independent setting, we split the data
according to the order of participant enrollment such that the
models were trained on data from the first 70% of participants
enrolled and tested on the 30% of participants who enrolled
later in the study. We chose these train-test split methods to
ensure that, when predicting sleep advice for a date of a
participant, no data from later days of this participant's
enrollment would be used in dependent models and only data
from participantsenrolled earlier would be used in independent
models. In particular, the dependent split examined the effects
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of personalization by leveraging participants' past datato predict
their future deep advice, whereas the independent split assessed
model generalizability by predicting sleep messagesfor unseen
participants.

Classifiers

Considering the abundant features but relatively small size of
our data, we focused on ensemble classifiers for their feature
selection capabilities and robustnessto overfitting. In particular,
we chose random forest (RF), a bagging-based model, and 2
gradient-boosting models, namely, light gradient-boosting
machine (LGBM) [45] and CatBoost [46], as our candidates.
To find the optimal sets of model hyperparameters, we tuned
the classifiers on the training set using 5-fold dstratified
cross-validation and 100 iterations of random search over agrid
of parameters. Random search was used instead of grid search
because it can span a larger parameter space and find models
as good as or better than those found using grid search under
the same computation budget [47]. When tuning the classifiers
under the user-independent setting, we made sure that the
training data were divided into subsets with nonoverlapping
participants. Finaly, classifiers with optimal hyperparameters
were fitted on the entire training set.

Data Balancing

To address class imbalances that could hinder the devel opment
of effective advice prediction models, we experimented with 2
data-balancing methods: random oversampling and synthetic
minority oversampling technique (SMOTE) [48]. Random
oversampling increases the representation of the minority class
by duplicating existing samples through sampling with
replacement. In contrast, SMOTE enhances the minority class
by generating synthetic data points through interpolation
between existing samples and their nearest neighbors. Data
balancing was only applied to thetraining dataduring classifier
tuning and training. To better understand the effectiveness of
data balancing, we aso trained models on the original
imbalanced data for comparison.

Prediction Evaluation

By combining 3 classifiers with 3 data-balancing approaches,
we trained 9 model configurations to predict the selection of a
particular advice message under user-dependent and
user-independent settings. Onthe basis of 2 key considerations,
we chose the area under the precision-recall curve (AUPRC)
as the main metric to evaluate and compare the performance of
the different models. First, given therelatively few occurrences
of sleep advice, it was crucia for the model to provide advice
when a participant needed it. The precision-recall curve is
particularly well suited for this scenario because it focuses on
the model’s ability to correctly predict the positive class, which
is actionable sleep advice. Second, dueto classimbalances, the
default decision threshold of 0.5 may not be optima for
converting the model’s probability outputsinto predicted classes.
Asthe precision-recall curvereflectsthe trade-off between false
alarms and missed advice predictions across all decision
thresholds, the AUPRC provides a comprehensive evaluation
of the model’s ability to predict sleep advice without requiring
a specific decision threshold.
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For each model configuration, we repeated the tuning and
training process 10 times with different random seeds and
computed the average AUPRC on the test set. To ensure afair
comparison, the same set of seeds was used across all
configurations. In addition, we performed 10 random guessing
trials by sampling probability predictions from a standard
uniform distribution and used a 1-sided Welch t test to assess
whether the model performance significantly exceeded random
guessing. This procedure was repeated for each of the 7 most
frequent advice messages.

Feature | mportance

After training the advice prediction models, we analyzed feature
importance using 2 approaches to identify the key contributors
to predictionson thetest set. Thefirst approach was permutation
importance, which evaluates feature importance by measuring
thedecreasein prediction performance after randomly permuting
a specific feature [49]. Greater performance degradation
indicates higher feature importance. Using the AUPRC as the
performance metric, we permuted each feature 10 times per
classifier run and summarized the results on the test set. The
second method was Shapley additive explanations (SHAP)
[50,51], which leverages game theory to explain outputs of
machine learning models at both local and global levels. In
particular, we computed the mean absolute SHA P values across
all test samples per classifier run to determine global feature
importance. Both permutation and SHAP importance values
werereported as averages across al | repeated runs of each model
configuration.

Results

Participant Characteristics

Tables 2 and 3 summarize the participants’ daily features and
well-being scores, respectively. Their average step count was

https://formative.jmir.org/2025/1/e65000
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7545 (SD 4419), their average sleep duration was 6.77 (SD
2.87) hours, their average nap duration was 53 (SD 108.2)
minutes, their average sleep regularity was 52 (SD 19.3), and
their average work duration was 5.62 (SD 4.19) hours.

We used 77.01% (1635/2123) of the samples with all selected
features available for hierarchical clustering. Figure 1 shows
the resulting dendrogram. The default distance threshold of
52.24 (purple dashed line) identified 6 clusters color coded and
labeled with numbersfrom 0 to 5in the dendrogram. In addition,
afew smaller clusters merged at approximately 30, so we used
alower threshold of 31 (red dashed line) to divide the 6 clusters
into 13 subclusters (a-m) and further investigated the behavior
variability within each larger cluster. Specifically, cluster O had
5 subclusters: ¢, f, g, €, and m. Cluster 1 had 2 subclusters: a
and b. Cluster 2 had 2 subclusters: k and d. Clusters 3 and 4 did
not have any subclusters and themselves were labeled as j and
h, respectively. Cluster 5 had 2 subclusters: | and i. Figure S1
inMultimediaAppendix Lillustratesthe clustersand subclusters
overlaid on t-SNE plots obtained from the same data used for
clustering. Cluster and subcluster structures were clearly
observable in both plots. For example, cluster 0 in the plot of
6 clusters has an upper branch and alower branch on either side
of cluster 1, which are further divided into subclusters c and g,
respectively, in the plot of 13 subclusters.

Table S2 in Multimedia Appendix 1 summarizes cluster and
subcluster profilesfor different aspects of participants behaviors
and well-being. Major differences among the 6 clusters were
observed in the well-being metrics, whereas subclusters can
also be distinguished by work duration and shift types. The
profileswill bediscussed in detail later in the Discussion section.
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Table 2. Participants' daily physiological and behaviora features.

Shen et al

Feature Values
hrmean® (bpm), mean (SD) 74.87 (8.6)
hrstd® (bpm), mean (SD) 13.42 (3.45)
hrentropy®, mean (SD) 0.63(0.21)
steps, mean (SD) 7545 (4419.36)
duration_entropy_non_step, mean (SD) 2.34(0.34)
duration_entropy_step, mean (SD) 1.69 (0.32)
nap_count, mean (SD) 0.56 (0.69)
brightness_sleep (scale of 1-100), mean (SD) 18.63 (23.09)
sleep_duration (min), mean (SD) 406.46 (172.01)
nap_duration (min), mean (SD) 52.99 (108.23)
sleep_regularity 3 days (scale of —100 to 100), mean (SD) 52.25 (28.3)
sleep_regularity 5 days (scale of —100 to 100), mean (SD) 52.1 (22.6)
sleep_regularity 7 days (scale of —100 to 100), mean (SD) 52.02 (19.26)
deep_sleep (scale of 1-5), mean (SD) 3.2(114)
immediate_sleep (scale of 1-5), mean (SD) 3.55 (1.14)
fatigue_recover (scale of 1-5), mean (SD) 2.84 (1.05)
mid_awake (scale of 1-5), mean (SD) 3.2(1.31)
sleep_satisfy (scale of 1-5), mean (SD) 2.85(1.02)
acohol_amount (cups), mean (SD) 0.3 (0.63)
caffeine_amount (cups), mean (SD) 1.53 (1.46)
worktime_today_duration (h), mean (SD) 5.62 (4.19)
worktime_today_duration (1: midnight-8 AM; h), mean (SD) 1.52 (2.85)
worktime_today_duration (2: 8 AM-4 PM; h), mean (SD) 2.15(3.25)
worktime_today_duration (3: 4 PM-midnight; h), mean (SD) 1.96 (3.08)
extrawork_activities (n=1865), n (%) 924 (49.54)
sleep_prev_24% (n=2092), n (%) 2088 (99.81)
wake_natural (n=1890), n (%) 793 (41.96)
wake _alarm (n=1890), n (%) 882 (46.67)
wake_other (n=1890), n (%) 198 (10.48)

3hrmean: average daily heart rate.

Phrstd: SD of daily heart rate.

Chrentropy: entropy of daily heart rate.

dg eep_prev_24: binary indicator of sleep in the previous 24 hours.
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Table 3. Mean and SD of participants daily well-being scores. Morn indicates morning and eve indicates evening.

Well-being metric

Values, mean (SD)

sleepiness_morn (scale of 1-9)
sleepiness_now_eve (scale of 1-9)
sleepiness_daytime (scale of 1-5)
stress (scale of 1-5)

tiredness (scale of 1-5)
aertness_morn (scae of 1-100)
happiness_morn (scale of 1-100)
energy_morn (scale of 1-100)
health_morn (scale of 1-100)
calmness_morn (scale of 1-100)
aertness_eve (scale of 1-100)
happiness_eve (scale of 1-100)
energy_eve (scale of 1-100)
health_eve (scale of 1-100)

calmness_eve (scale of 1-100)

5.49 (1.99)
5.7 (1.78)
2.59 (1.23)
2.93(11)
2,51 (1.01)
41 (23.02)
52.99 (17.34)
44.02 (21.27)
51.71 (18.12)
55.97 (18.1)
41.08 (21.1)
54.27 (18.18)
45.88 (21.08)
52.4 (18.19)
56.85 (19)

Figure 1. Dendrogram from hierarchical clustering of daily features using Ward linkage. The purple dashed line corresponds to a distance threshold
of 52.24 (0.7 times the maximum cluster distance as implemented by SciPy [52]) and identifies 6 clusters labeled and color coded (cluster O=blue,
cluster 1=orange, cluster 2=green, cluster 3=red, cluster 4=purple, and cluster 5=brown). The red dashed line represents a distance threshold of 31 and

identifies 13 subclusters (a-m).
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Advice Statistics

Figure 2 shows the frequency of advice provided aswell asthe
message categoriesin a pie chart. As physicians often selected
multiple messages for each day, 1332 advice messages were
selected in 786 advice pieces. The outer ring of the pie chart
indicates the proportions of each category with respect to the
1332 total occurrences of all message options, and the numbers
in parentheses after each category name correspond to the
frequency of the category. The inner ring shows the proportion
of each message with respect to the total occurrences. The
legend lists the corresponding color of each message, and each
parenthesis includes the proportion of al advice pieces
containing that message, which is computed by dividing the
frequency of the message by 786 total advice counts. M essages

https://formative.jmir.org/2025/1/e65000
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in the sleep and nap categories were selected more frequently
than messages from other categories. Messages in the sleep
category were selected the greatest number of times (817/1332,
61.34%), and messagesin the nap category were selected 21.7%
(289/1332) of the time. Moreover, only a few messages were
frequently selected by physicians. For example, message 20
(continue current sleep habits) was sel ected in 49.6% (390/786)
of advice pieces, and message 21 (try to make enough time for
deep) was selected in 28.1% (221/786) of advice pieces. On
the other hand, 70% (16/23) of the messages were selected in
<50 advice pieces (50/786, 6.4%), and 7 messages were selected
<10 times (10/786, 1.3%).

Figure 3 summarizesthe frequency and proportion of responses
to advice pieces containing each message. Sometimes,
participants did not respond to the advice. Although multiple
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messages might be selected for 1 advice piece, participants
responded to the advice but not to individual messages.
Participants showed different preferences for messages. For
example, participants expressed difficulty following message
20 (continue current sleep habits) only 0.5% (2/390) of the
time, whereas they experienced difficulty following message 4
(refrain fromusing a smartphone in the bedroom) 20% (15/76)
of the time and following message 2 (stop consuming caffeine
3 hours before lights-out) 26% (10/38) of the time. The
discrepancies might be explained by the message design.
Message 20 suggests that participants continue their current
deep habits, which participants might feel is easier to follow
as it would not change their current lifestyle greatly. On the
other hand, message 2 and message 4 address caffeine
consumption and phone use, which might be challenging to
follow asit issuggested that participants change some essential
aspects of their routine.

Table S3 in Multimedia Appendix 1 summarizes the
distributions of positive and negative advice labels for both the

Shen et al

training and test data under user-dependent and user-independent
settings. In addition, it includestheratios of negative-to-positive
sample counts. Class imbalances were evident for all messages
except message 20 (continue current sleep habits). In both data
split settings, messages 21 (try to make enough time for sleep)
and 7 (darken the bedroom when you go to bed) showed
moderate imbalances, with negative-to-positive ratios of <b.
For the remaining 4 messages, class imbalances were more
pronounced, with negative-to-positive ratios mostly ranging
from 5 to 10. Furthermore, we observed substantial
discrepanciesin classimbal ance between the user-independent
training and test sets of messages 12 (take a nap for
approximately 90 minutes before the night shift), 14 (take a nap
earlier after a late-night shift to refresh), and 15 (create an
environment for taking a nap). While negative-to-positiveratios
remained <10 in the training sets, the ratios exceeded 15 in the
test sets, indicating distinct preferences among physicianswhen
providing sleep advice to different shift workers.

Figure 2. The pie chart shows the selection frequency of each sleep advice message. All 23 message options are divided into 6 categories: dietary
intake (messages 1, 2, and 3), activity (messages 4, 5, 6, 16, 17, and 18), sleep (messages 7, 8, 9, 10, 20, 21, and 22), shift (message 11), nap (messages
12, 13, 14, 15, and 23), and mentality (message 19). Message 11 is excluded from the chart because of zero frequency.

16: Relax before sleep (21/786, 2.7%)

17: Use Fitbit breathing program (12/786, 1.5%)

18: Do moderate exercise (1/786, 0.1%)

4: No smartphone use in the bedroom (76/786, 9.7%)
5: Take bath earlier (43/786, 5.5%)

6: No exercise before sleep (1/786, 0.1%)

1: No alcohol before sleep (22/786, 2.8%)

I 2: No caffeine before sleep (38/786, 4.8%)

3: No midnight snacks (1/786, 0.1%)

19: Be broad minded (11/786, 1.4%)

12: Nap before night shift (64/786, 8.1%)

13: Nap during work (12/786, 1.5%)

I 14: Nap ealier after late-night shift (75/786, 9.5%)
15: Create an environment for nap (101/786, 12.8%)
23: Do not nap for too long (37/786, 4.7%)

10: Do not try toe hard to fall asleep quickly (7/786, 0.9%)
20: Continue current sleep habits (390/786, 49.6%)
21: Sleep long enough (221/786, 28.1%)

22: Get up at the same time (35/786, 4.5%)

7: Reduce brightness in sleep (157/786, 20%)

8: Leave the bedroom if you do not fall asleep quickly (2/786, 0.3%)
9: Set wake-up time according to shift (5/786, 0.6%)

iConnnl
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Figure3. Frequency and proportion of message responsesin astacked bar plot. Each bar includesthe frequency and proportion of participants responses
(no response, eager to follow, and difficult to follow) to advice pieces containing each message. Although multiple messages might be selected for 1
advice piece, participants responded to the advice but not to individual messages.

1: No alcohol before sleep

2: No caffeine before sleep

3: No midnight snacks

4: No smartphone use in the bedroom

5: Take bath earlier

6: No exercise before sleep

7: Reduce brightness in sleep

8: Leave the bedroom if you do not fall asleep quickly
9: Set wake-up time according to shift

10: Do not try too hard to fall asleep quickly
12: Nap before night shift

13: Nap during work

14: Nap ealier after late-night shift

15: Create an environment for nap

16: Relax before sleep

17: Use Fitbit breathing program

18: Do moderate exercise

19: Be broad minded

20: Continue current sleep habits
21: Sleep long enough
22: Get up at the same time

23: Do not nap for too long

Advice Prediction Results

Following the approach described in the Methods section, we
obtained the AUPRC of 9 different configurations of classifiers
and data-balancing methods on the test set under dependent and
independent settings. Table 4 summarizes the performance of
the proposed model's, where each model configuration wastuned
and trained 10 times with different random seeds, as well as
resultsfrom 10 random-guessing trials. The model performance
was compared with random guessing using a 1-sided Welch t
test.

As shown in Table 4, under the user-dependent setting, RF
performed the best for predicting 6 advice messages. The only
exception was advice message 7 (dar ken the bedroomwhen you
go to bed), where CatBoost achieved the highest AUPRC.
However, RF's AUPRC was only 0.02 lower than that of
CatBoost. Under the user-independent setting, RF remained
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competitive, achieving the best performance for predicting 3
advice messages. Its performance on other messages was also
close to that of the top performers. LGBM vyielded the highest
prediction AUPRC for messages 12 (take a nap for
approximately 90 minutes before the night shift) and 14 (take
a nap earlier after a late-night shift to refresh). CatBoost was
the top performer for messages 7 (darken the bedroom when
you go to bed) and 21 (try to make enough timefor sleep). These
results highlight the effectiveness of RF in mitigating overfitting
when working with limited data. While models trained on
balanced data achieved the best performance on 4 advice
messages in both dependent and independent settings,
data-balancing techniques overall did not result in asubstantial
improvement in AUPRC and even degraded the performance
for some advice labels. Statistical tests revealed that the best
prediction model sfor each advice message and data split setting
performed significantly better than random guessing, with
P<.001 for 13 models and P=.003 for the remaining one.
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Table4. Advice prediction areaunder the precision-recall curve (AUPRC) of the proposed model s (random forest [ RF], light gradient-boosting machine
[LGBM], and CatBoost) and random guessing baseline obtained under different data-bal ancing approaches (none, random oversampling, and synthetic
minority oversampling technique [SMOTE]) and dataset split settings (user dependent and user independent). A 1-sided Welch t test was used to compare
the models to random guessing.

Setting, message | D, and balancing method RF (AUPRC) LGBM (AUPRC) CatBoost (AUPRC) Random guess-
ing (AUPRC),
mean (SD)

Values, mean Pvaue Values mean Pvaue Values, P value
(SD) (SD) mean (SD)
Dependent

4 0.12 (0.02)
None 0.33(0.07) 2 <.001 0.28(0.06) <001 0.24(0.04) <.001
Random oversampling 0.25 (0.05) <.001 0.21 (0.04) <.001 0.20(0.03) <.001
SMOTE 0.24 (0.03) <001  0.18(0.02) <001 018(0.02) <.001

7 0.17 (0.02)
None 0.56 (0.04) <001  0.54(0.01) <001 057(0.02) <.001
Random oversampling 0.54 (0.03) <.001 0.52 (0.03) <.001 0.54(0.03) <.001
SMOTE 0.52 (0.03) <001  0.56(0.02) <001 058(0.02) <.001

12 0.12 (0.02)
None 0.32(0.03) <001 0.23(0.03) <001 027(0.06) <.001
Random oversampling 0.31 (0.04) <.001 0.21 (0.04) <.001 0.26 (0.07) <.001
SMOTE 0.19 (0.03) <001  0.17(0.01) <001 022(0.05) <.001

14 0.10 (0.02)
None 0.26 (0.05) <001  0.24(0.04) <001  023(0.05) <.001
Random oversampling 0.25 (0.04) <.001 0.22 (0.04) <.001 0.23(0.05) <.001
SMOTE 0.29 (0.05) <001  0.22(0.05) <001 022(0.04) <.001

15 0.19 (0.03)
None 0.31(0.03) <.001  0.26(0.05) .001 0.25(0.05) .007
Random oversampling 0.28 (0.02) <.001 0.27 (0.05) <.001 0.22(0.04) .06
SMOTE 0.25 (0.01) <001  0.24(0.02) <001 0.24(002) .002

20 0.57 (0.02)
None 0.80 (0.02) <001  0.76(0.02) <001 079(0.02) <.001
Random oversampling 0.80 (0.01) <001  0.77(0.02) <001  080(0.02) <.001
SMOTE 0.81(0.02) <001 0.77(0.02) <001 079(0.01) <.001

21 0.23 (0.02)
None 0.38 (0.03) <001  0.38(0.03) <001 041(0.01) <.001
Random oversampling 0.38 (0.03) <.001 0.36 (0.02) <.001 0.40(0.03) <.001
SMOTE 0.44 (0.04) <.001  0.40(0.04) <001  044(0.06) <.001

Independent

4 0.11 (0.05)
None 0.25 (0.03) <.001 0.17(0.04) .005 0.20(0.03) <.001
Random oversampling 0.19 (0.04) .001 0.16 (0.04) .01 0.15(0.03) .02
SMOTE 0.18 (0.06) .007 0.12 (0.04) 25 0.11(0.02) .58

7 0.16 (0.02)
None 0.67 (0.05) <001  0.61(0.03) <001  066(0.03) <.001
Random oversampling 0.60 (0.08) <.001 0.58 (0.06) <.001 0.62 (0.04) <.001
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Setting, message | D, and balancing method RF (AUPRC) LGBM (AUPRC) CatBoost (AUPRC) Random guess-
ing (AUPRC),
mean (SD)

Values, mean Pvalue Values mean Pvalue Values, P value
(SDb) (SD) mean (SD)
SMOTE 0.66 (0.06) <001  0.64(0.04) <001 070(0.04) <.001
12 0.03 (0.01)
None 0.07 (0.01) <001  0.09(0.01) <001 006(0.01) <.001
Random oversampling 0.06 (0.01) <001  0.08(0.02) <001 007(0.02) <001
SMOTE 0.07 (0.01) <001  0.06(0.01) <001 006(0.01) <.001
14 0.06 (0.02)
None 0.09 (0.01) .001 0.07 (0.01) 18 0.10(0.02) <.001
Random oversampling 0.10 (0.01) <001  0.07(0.02) 11 0.09 (0.01)  .001
SMOTE 0.09 (0.02) .002 0.11 (0.04) .003 0.09(0.03) .004
15 0.06 (0.01)
None 0.11 (0.02) <001  0.09(0.03) .003 0.09(0.02) .002
Random oversampling 0.11 (0.03) <.001  0.10(0.02) <001  010(0.02) <.001
SMOTE 0.08 (0.03) 04 0.07 (0.01) .07 0.08(0.02) .03
20 0.53 (0.02)
None 0.64 (0.01) <001  0.64(0.01) <001 062(0.01) <.001
Random oversampling 0.64 (0.01) <001  0.64(0.02) <001 063(0.01) <001
SMOTE 0.64 (0.01) <.001  0.64(0.02) <001 063(0.01) <.001
21 0.24 (0.03)
None 0.36 (0.01) <001  0.38(0.02) <001 034(0.02) <.001
Random oversampling 0.35 (0.02) <001  0.36(0.03) <001 035(0.03) <.001
SMOTE 0.38(0.02) <001  0.36(0.03) <001 039(0.02) <.001

#The best-performing configuration for each sleep advice messageisitalicized.

Important Features

We extracted permutation and SHAP feature importance for
the best model configuration when predicting each advice
message under both user-dependent and user-independent
settings. Table 5 shows the features that ranked among the top
5 most important using both permutation importance and SHAP,
with average AUPRC decrease and mean absolute SHAP values
of at least 0.01. All the features represented the average and SD
of daily Fithit and survey features across the previous 4 days
for each date on which physicians provided advice. Asexpected,
several important features closely matched their corresponding
advice messages under both data split settings. The average
amount of phone use before sleep wasakey factor in predicting
message 4 (refrain from using a smartphone in the bedroom).
Similarly, the average brightness of the sleep environment was

https://formative.jmir.org/2025/1/e65000

the most significant feature for predicting message 7 (darken
the bedroomwhen you go to bed). The model examined average
sleep duration for predictions of message 21 (try to make enough
time for sleep). When predicting message 12 (take a nap for
approximately 90 minutes before the night shift), the SD of work
hours between 4 PM and midnight on the current day across
the previous 4 days was an important factor. This suggests a
potential relationship between the frequency of night shiftsand
the triggering of this sleep advice. In addition, the response to
the previous selection of message 20 (continue current sleep
habits) contributed to the prediction of messages 7, 20, and 21.
Thisalignswith physicians' insights that they often considered
participants' responsesto previous advice when providing sleep
recommendations. These findings demonstrate the models
ability to capture meaningful patterns that resonate with
physicians’ decision-making processes.
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Table5. Important featuresidentified using permutation importance and Shapley Additive Explanations (SHAP) for the best model configuration when
predicting each advice message under both user-dependent and user-independent settings. Features are listed if they ranked among the top 5 most
important using both permutation importance and SHAP, with average area under the precision-recall curve (AUPRC) decrease and mean absolute
SHAP values of at least 0.01.

Setting, message |D, and feature

AUPRC decrease, mean (SD)

Absolute SHAP value, mean (SD)

Dependent

4

12

14

20

21

Average amount of phone use before sleep

Average brightness of sleep environment
Response to previous selection of message 20

SD of brightness of sleep environment

SD of the binary indicator of activities other than work outside the

homes

SD of work hours on the current day for 4 PM-midnight

SD of daily caffeine intake

Response to previous selection of message 20

Average sleep satisfaction

Average fatigue recovery level

Response to previous selection of message 20

Average sleep duration
SD of work hours on the current day for midnight-8 AM

Independent

4

12

14

15

20

21

Average amount of phone use before sleep

Average brightness of sleep environment

Response to previous selection of message 20

SD of work hours on the current day for 4 PM-midnight

Response to previous selection of message 20

Average sleep satisfaction

Average fatigue recovery level

Response to previous selection of message 20
Average sleep satisfaction

Response to previous selection of message 20
Average sleep duration

0.19 (0.06)
0.33 (0.05)
0.04 (0.03)

0.03 (0.02)
0.02 (0.01)

0.05 (0.07)

0.03(0.02)

0.12 (0.03)

0.01 (0.02)

0.01 (0.01)

0.11 (0.05)

0.03 (0.02)

0.03 (0.03)

0.13 (0.04)

0.47 (0.05)
0.03 (0.02)

0.03(0.02)

0.03 (0.04)

0.02 (0.03)
0.02 (0.02)

0.11 (0.02)
0.02 (0.02)

0.09 (0.04)
0.02 (0.03)

0.05 (0.01)
1.14 (0.25)
0.29 (0.06)

0.18 (0.06)
0.09 (0.04)

0.02 (0.01)

0.02 (0.01)

0.10 (0.04)

0.02 (0.02)

0.03 (0.01)

0.07 (0.03)

0.02 (0.005)

0.01 (0.01)

0.09 (0.02)

1.35 (0.39)
0.18 (0.06)

0.28 (0.10)

0.25 (0.10)

0.05 (0.04)
0.02 (0.02)

0.16 (0.03)
0.03 (0.01)

0.45 (0.07)
0.17 (0.08)
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Discussion

Principal Findings

In this study, we used daily surveys and Fitbit to obtain
physiological and behavioral data of ICU shift workers.
Physicians reviewed the datato provide sleep advice from alist
of 23 messages to the workers. We extracted features from the
collected data and (1) conducted analyses to characterize
participants' behaviors and advice and (2) constructed and
evaluated 3 models (RF, LGBM, and CatBoost) and 3
data-balancing approaches (no balancing, random oversampling,
and SMOTE) to predict sleep advice selections for the 7 most
frequent messages sent by the physicians. The advice prediction
models achieved higher AUPRC than the random guessing
baseline for predicting all the 7 advice messages under both
user-dependent and user-independent settings. The performance
differences were dtatistically significant, with P<.001 for 13
testsand P=.003 for 1 test. Featureimportance analysisreveaed
several important features that closely matched their
corresponding advice messages sent to participants. For instance,
for message 7 (darken the bedroom when you go to bed), the
models primarily examined the average brightness of the sleep
environment to make predictions. Similarly, the average amount
of phone use before sleep was akey factor in predicting message
4 (refrain from using a smartphone in the bedroom). The
analysis also supported physicians' insights that they often
considered participants' responses to previous advice when
providing sleep recommendations.

Participant Characteristics

Hierarchical clustering revealed different work shifts and
behavior patterns among clusters and subclusters, and we
investigated their relationships with their well-being scores.
First, work shifts on the current day contributed to low
well-being scores for clusters 3 and 5, and several well-being
metrics were further distinguished by their different shift
patterns. For example, cluster 3 had a much shorter average
sleep duration of approximately 220 minutes and the lowest
sleep quality. Thiswas potentially caused by day shiftsthe day
before and midnight shifts on the current day for amost al
samples. In this cluster, participants finished their work at
approximately 4 PM the day before; they then started the next
shift period at approximately midnight and finished at
approximately 8 AM on the following day. After work, they
filled out the morning surveys and reported their well-being,
sleep duration, and sleep quality. Low scores on these metrics
reflected their tiredness shortly after work and lack of rest
between work shifts.

On the other hand, most samplesin cluster 5 did not have shifts
the day before but had day shifts on the current day. Asaresult,
participants could have moretime for deep, reflected by alonger
average sleep duration of 400 minutes, better sleep quality, and
higher well-being scoresin the morning compared with samples
in cluster 3. Such discrepanciesin shift patterns and well-being
metrics could even be observed between subclusters d and k of
the same larger cluster 2. Although most samples of both
subclusters had midnight shifts the day before, subcluster d
majorly did not have shifts on the current day and achieved an
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average level of well-being scores. The profile of subcluster k
was more similar to that of cluster 3, with midnight shifts on
the current day and much worse well-being and sleep quality
than in subcluster d, which is also supported by the t-SNE plot
(right plot in Figure S1 in Multimedia Appendix 1), where
subcluster k is closer to subcluster h (equivalence of cluster 3)
than to subcluster d. Furthermore, most of cluster 1 did not have
awork shift on the current day, which led to its high well-being
scores as 1 day off probably helped participants relax.
Nevertheless, shifts on the current day were not always
negatively correlated with well-being. Specifically, cluster 0
had above-average well-being scores athough most samples
had work shifts on the current day.

Furthermore, several subclusters were characterized by some
distinct features of their profiles. For example, subclustersi and
| of cluster 5 had similar work patterns, but they differed
significantly in average daily step count, where subcluster i had
the highest count of >10,000 among all subclusters, whereas
subcluster | had the lowest count of <2000. Although multiple
clusters and subclusters contained sampleswith overtime shifts
of >8 hours, subcluster e was the only one with >9 hours of
average work duration for 3 consecutive days (10.6 hours the
day before the day before, 9.4 hours the day before, and 11.5
hours on the current day). The long work duration might also
contribute to other characteristics of this subcluster, including
the shortest time to fall asleep and the highest daily caffeine
consumption. Despite the existence of someoutliers, the clusters
and subclusters generally grouped well, as shown in Figure S1
in Multimedia Appendix 1, and their profiles summarized from
average feature values provided many insightsinto participants
daily behaviors, shifts, and well-being and their
interrelationships.

Advice Predictions

While we evaluated the advice prediction models using the
AUPRC computed from predicted class probabilities, it is also
important to understand the model performance in terms of
actual predicted classes. Given the class imbalances, adjusting
the decision thresholds was necessary to optimize prediction
performance. Specifically, for each classifier initialized with
its optimal hyperparameters, we performed 5-fold stratified
cross-validation on the training set to determine the optimal
threshold that maximized its F;-score. The F;-score was chosen
as the performance metric to obtain a balance between missed
advice predictions and false alarms. The optimal threshold was
then applied to convert prediction probabilitiesinto classlabels
on the test set. As we repeated the tuning and training process
10 times with different random seeds for each model
configuration, we created an ensemble of these classifiers to
mitigate potential overfitting. Final predictionswere determined
through majority voting across the ensemble. To resolve ties
during voting, we used only 9 of the 10 classifiers generated
for each model configuration. We report the sensitivity,
specificity, precision, and F;-scores of the ensembles from the
RF, LGBM, and CatBoost classifiers with different
data-balancing approaches in Tables S4, S5, and S6 in
Multimedia Appendix 1, respectively.
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Table 6 presents the performance of the model configurations
with the highest F;-score for predicting each sleep advice
message under user-dependent and user-independent settings.
Baseline F;-scores, calculated by always predicting the positive
class, are dso provided for comparison. All models
outperformed the baseline. Under the user-dependent setting,
the models achieved sensitivity and specificity within therange
of 0.5 to 0.9. Sensitivity tended to decrease for less frequent
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advice messages, whereas specificity showed the oppositetrend.
Under the user-independent setting, the models consistently
demonstrated decent sensitivity, exceeding 0.7 acrossall advice
messages, whereas specificity varied between 0.4 and 0.9. The
higher sensitivity observed in this setting may suggest that the
models were more effective at identifying universal decision
rules shared across participants than at accounting for individual
behavioral variability.

Table 6. Advice prediction sensitivity, specificity, precision, and F1-score of the best-performing ensemble classifier for each advice message under
both user-dependent and user-independent settings. Ensemble classifiers were constructed through majority voting across 9 random forest (RF), light
gradient-boosting machine (LGBM), or CatBoost classifierstrained using different random seeds. The decision threshold for each classifier was optimized
to maximize the F1-score. The baseline F1-score from always predicting the positive classis aso listed.

Setting and Model Balancing method Sensitivity Specificity Precision Fy-score  BaselineFq-score(al-
message 1D ways positive)
Dependent

4 LGBM None 0.56 0.86 0.34 0.42 0.20

7 CatBoost Random oversampling  0.69 0.88 0.52 0.59 0.28

12 RF None 0.50 0.83 0.27 0.35 0.19

14 RF Random oversampling  0.58 0.81 0.27 0.37 0.19

15 RF Random oversampling  0.55 0.72 0.29 0.38 0.30

20 RF SMOTE? 0.84 0.50 0.67 0.75 0.71

21 CatBoost None 0.81 0.58 0.34 0.48 0.35
Independent

4 RF None 0.95 0.54 0.17 0.29 0.17

7 CatBoost SMOTE 0.73 0.93 0.63 0.68 0.25

12 LGBM Random oversampling  1.00 0.60 0.07 0.14 0.06

14 CatBoost None 0.91 0.68 0.12 0.22 0.09

15 RF SMOTE 0.77 0.48 0.08 0.15 011

20 RF SMOTE 0.82 0.46 0.61 0.70 0.67

21 RF Random oversampling  0.81 0.44 0.31 0.45 0.38

3SMOTE: synthetic minority oversampling technique.

Single-Label Versus Multilabel Classification

As physicians could select multiple messages when providing
sleep advice, it isfeasible to formulate sleep advice prediction
asamultilabel classification task, which outputs predictionsfor
al message sel ections simultaneously. Compared to the current
approach of training separate single-label classifiers for each
message, multilabel classification has the advantage of
leveraging information about message coselections during
training, potentially improving prediction performance.
However, this approach presents several challenges. First, some
models do not inherently support multilabel classification and,
instead, combine separate single-label classifiersfor multilabel
outputs. This strategy fails to capture and use the coselection
information effectively. Second, the multilabel setting requires
careful handling of dataimbalances both withinindividual l1abels
and across their co-occurrence patterns. Finally, multilabel
classification complicates feature importance analysis, which
aims to identify key contributors for predicting individual
message selections. In fact, we trained a user-dependent
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multilabel RF classifier without any data balancing and did not
observe substantial performance improvement compared to the
single-label counterparts.

Comparison With Prior Work

Our system provided sleep and behavior recommendations for
shift workers with poor sleep quality. Although our system did
not follow the CBTI protocol, we borrowed elements from it,
such as sleep hygiene advice and rel axation. We designed sleep
recommendations specificaly targeted for shift workers,
including strategic napping and clockwise shift rotation. Our
system offered several advantages over existing CBTI and sleep
RSs. First, while most mobile and web-based CBTI systems
require users to review sleep-related learning modules, our
system reduced users' time commitment by sending them simple
pieces of advice to follow, which could be beneficia as shift
workers often have apoor work-life balance [53]. Consequently,
our study yielded alow dropout rate of 5% (3/64), as opposed
to the rates of other CBTI systems that range from 4% to 61%
[15,16,18-23,26,29,54].
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Moreover, our system received the most support from sleep
specialists compared to existing sleep RSs, which only have
limited or even no clinician support. For example, clinicians
only provided recommendation templates for further
customization by the automated SleepCoacher system [30]. The
cohort-based sleep recommender by Daskalovaet a [31] relied
on profiles of similar users asthe only recommendation source.
The system developed by Pandey et al [32] constructed its
recommendations based on discovered relationships between
the user’slifestyle and sleep. Thelack of clinician support could
impair the credibility of the provided sleep recommendations
among users. For instance, users of SleepCoacher suggested
adding justifications for the advice [30], and several users of
the cohort-based sleep recommender by Daskalova et al [31]
thought that the recommendations were implausible and even
untrustworthy as they contradicted the users own beliefs.
However, our system only delivered clinician-reviewed
recommendations, which greatly enhanced their trustworthiness.

Furthermore, only our study has evaluated the accuracy of an
algorithm for automatic sleep advice provision. Many existing
CBTI systems have been able to provide sleep restriction and
sleep hygiene recommendations automatically, but no analysis
isavailable of how close these generated recommendations are
to actual clinicians' advice. Similarly, sleep RSs have not
compared their recommendations with professionas
suggestions.  Specifically, clinicians prepared al the
recommendations in the preliminary study of SleepCoacher,
and the provisions were automated by a correlation-based
algorithm in the final study, but the study did not evaluate the
accuracy of thealgorithm for substituting clinicians[30]. Despite
the effectiveness of these systems, an analysis of algorithm
accuracy could further justify provided recommendations and
resolve users’ doubts about their credibility. On the other hand,
although our system is not automated at its current stage, we
developed an agorithm and assessed its accuracy for automatic
advice provision, and it showed decent performance and great
potential in providing clinical-level sleep recommendations.

Limitations and Future Work

False Predictions

To investigate the possible causes of false-positive and
false-negative predictions, we examined the rel ationship between
feature values and advice predictions. Specifically, we chose
the feature brightness sleep (brightness level of the sleep
environment) and 1 repetition of the dependent advice prediction
model for message 7 (darken the bedroom when you go to bed).
We selected this combination because the feature had a dominant
effect on predictions of the message label, as shown in the
Important Features section, and could demonstrate the
limitations of the models more clearly with the existence of an
explicit decisionrule.

For each participant, we plotted the trend of the feature across
all days of their enrollment and marked each predicted and the
actual selection of the message separately. Figure S2 in
Multimedia Appendix 1 includes such plots for 6 participants
to illustrate incorrect predictions and limitations of the advice
prediction models. First, the models did not have memories
about previous message selections and might produce false
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positives as duplicate responses to previous feature values. For
exampl e, the model made 3 positive predictions on days 29, 31,
and 33 in response to a peak of brightness on day 29 for
participant 1102, yet only the prediction on day 29 was an actual
positive. Similarly, 2 positive predictions were made for
participant 1154 on days 26 and 29 for a brightness surge on
day 26, but the | atter was afal se-positive. Shortening the feature
averaging window before each message selection might
eliminate some of these false positives, but it would increase
therisk of producing fal se negativeswhen aday with afavorable
value for message selection is excluded from the window.

Another scenario of false positives occurred for participants
1315 and 1181. Both participants received 4 false positives
although their brightness values only fluctuated within a small
range of approximately 30 (scale of 1-100). A closer look at
individual decision trees of the trained RF showed that some
trees considered SDs of brightness levels but most trees made
predictions by comparing average brightness with a threshold.
Thus, false-positive predictions were made because average
brightness exceeded the threshol ds of most decision trees despite
the lack of brightness peaks. However, it could be tricky to
make correct predictions under such a scenario. For example,
physicians selected the message twice on days 9 and 16 for
participant 1315 athough brightness remained stable. A
plausible explanation could be that physiciansinitially suggested
that the participant lower the brightness because it was
constantly above the threshold, but | ater, they stopped as neither
lower levels nor high peaks of brightness were observed after
the suggestions. Nevertheless, it would be very difficult for the
model to capture such change.

Unlike false positives, most fal se negatives occurred only under
1 scenario: when brightness peaks were not high enough and
adjacent days had very low feature values, which caused
averagesto fall below the threshold, for example, on day 33 for
participant 1164 and on days 29, 31, and 33 for participant 1167.
Measuring the relative height of a peak (difference between
maximum and minimum values of the feature averaging
window) instead of averaging might be helpful to eliminate
these false negatives, but it may produce other false negatives
when feature values remain high and stable. From illustrative
plots of feature values and advice predictions, we demonstrated
several causes of false-positive and fal se-negative predictions,
but further investigations and experiments were necessary to
properly improve the advice prediction models as some false
positives might benefit participants and strategies to eliminate
certain fal se predictions might introduce others.

System Usability

Although our developed algorithm achieved a decent
performance in predicting sleep advice under both dependent
and independent settings, the algorithm islimited to the 7 most
popular advice messages among 23 choices due to infrequent
occurrences of the remaining options. Therefore, further studies
are necessary to gather enough data to enable predictions for
less frequent advice labels.

We gathered feedback on the sleep advice models from
clinicians (n=2) through questionnaires. They commented that
they decided their suggestions mainly based on morning survey,
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work shift, and wearable data. After they selected the
suggestions, they referred to the output of the modelsand made
thefinal decisions.

Future studies can compare the intervention effects of a
clinician-only input system, an algorithm-assisted system, and
afully automated system to demonstrate the usefulness of the
machine learning a gorithm. 1t will also be beneficial to validate
the generalizability of our advice prediction models with more
diverse participant populations.

Given the effectiveness of existing sleep RSs with limited
clinical support, we believe that our automated system has the
advantage of being built on the knowledge of sleep specialists
evenif our algorithm still requiresimprovement to further boost
performance. We chose to evaluate our models in
user-dependent and user-independent settings instead of using
leave-one-out cross-validation because the advice frequencies
were extremely imbalanced across participants. However, such
aschemewill fit real-world scenarios the best when modelsuse
all available data from current usersto predict sleep advice for
anew user. It isalso worth experimenting with personalization
beyond leave-one-out cross-validation by continuously
incorporating data accumulated from new users asthey progress
to better adapt models to specific user characteristics.

Conclusions

We developed a web- and app-based system to provide
individualized sleep and behavior advice with CBTI elements

Shen et al

for shift workers. We collected data from shift workers (N=61)
inthe ICU at 2 hospitalsin Japan for 5 weeks, which included
Fitbit, survey, and sleep advice data. We used hierarchical
clustering to characterize shift workers physiological and
behavioral features and identified clusterswith distinct patterns.
For example, dayswith low sleep duration and the lowest sleep
quality were associated with a day shift on the day before and
amidnight shift on the current day. Furthermore, we constructed
and evaluated 3 machine learning models (RF, LGBM, and
CatBoost) and 3 data-balancing approaches (no balancing,
random oversampling, and SMOTE) to predict sleep advice
selections for the 7 most frequent advice messages sent by the
physicians. Our advice prediction models achieved higher
AUPRC and F;-scores compared to the baseline. The analysis
of the feature importance of our modelsfound several important
features that closely matched their corresponding advice
messages sent to participants. Although our current system
requires physician input, an accurate machinelearning algorithm
would be promising for automation without hurting the
trustworthiness of the selected recommendations. Despite a
decent performance, the algorithms developed in this study are
limited to the 7 most popul ar advice messages among 23 choices
due to infrequent occurrences of the remaining advice options.
Therefore, further studies are necessary to gather enough data
to enable predictions for less frequent advice labels.
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