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Abstract

Sleep disorders associated with shift work impair
alertness and increase risk of chronic physical and
mental health disease. Though studying sleep aids in at-
risk populations such as shift workers is critical to
improving wellness, implementing robust studies to
evaluate wellness interventions in live populations can
be particularly challenging. We performed a
prospective, single-subject design study in which we
assessed the effect of noise-masking earbuds on sleep
quality, sleepiness, and stress level in health care shift
workers. Despite being gifted the technology at the end
of the study, we faced poor participant accrual and
study retention. Additionally, robust analysis of our
intervention’s impact on post-shift alertness was
underpowered due to variable participant scheduling.
In order to make meaningful advances in improving
wellness among such groups, studies emphasizing
objective  outcome measures while minimizing
participant obligation to study protocols are ideal.
Here, we discuss our experience studying a digital sleep
intervention in a real-time setting and propose solutions
for improving subject accrual, retention and methods
for objective data collection in studies performed in a
live shift worker population.

1. Introduction

It is estimated that one-third of adults in the United
States currently do not get the recommended seven
hours of sleep nightly, and at least 50 million Americans
suffer from chronic sleep disorders.[1,2] Shift workers
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often engage in overnight working hours, variable or
rotating schedules, or extended hours on-call hours all
of which contribute to uniquely worse sleep.[3-6]
Healthcare work is an occupation with some of the
highest prevalence of sleep disturbances (e.g. multiple
awakenings), and sleep deficiency due to -either
extended wake episodes (i.e., acute sleep deprivation),
multiple days/nights of insufficient sleep (i.e., sleep
restriction or chronic sleep deprivation), and emotional
and psychological challenges associated with the
work.[7]

In healthcare workers sleep loss impairs alertness,
which can lead to poor work performance and medical
errors potentially compromising patient care.[4,8-11]
Despite the recognized impact of sleep loss on clinician
health and patient safety, when compared to other
wellness initiative, workplace interventions to combat
sleep loss and improve restful sleep are lacking.[12]
Studying live sleep interventions in healthcare workers
can be challenging given a lack of objective
improvement measures, variable participant scheduling,
inconsistent participant adherence, and the need to alter
existing participant sleep habits for study purposes. In
a study assessing the impact of noise-masking earbuds
on self-reported sleepiness, sleep quality, stress level,
and  post-overnight shift alertness in emergency
medicine resident physicians, we observed low rates of
participant accrual and retention despite participants
being allowed to keep the study technology on
completion of the investigation. In this conceptual piece
we briefly describe our findings, review conceptual
challenges we faced studying this wellness intervention
in our live population, and present solutions to improve
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future studies of digital sleep interventions in healthcare
shift workers.

2. Methods

2.1. Study design and setting

This was a prospective, single-subject design study
performed at an urban, academic, medical center which
hosts residency training programs for multiple
specialties including a four-year Emergency Medicine
(EM) training program. This work was approved by the
local Institutional Review Board.

2.2 Participant Recruitment

EM resident physicians working full-time in the
emergency department (ED) during the study period
were recruited for participation. Inclusion criteria
required participants to be hearing-capable, and to own
a smart phone with text messaging functionality and
internet connectivity for electronic survey participation.
Participants scheduled to work outside of the ED or who
were off-service for any part of the study period were
excluded. Participants were recruited via email to the
residency listserv and through text message to a
resident-specific group messaging application delivered
to their personal devices. All participants provided
informed consent prior to study participation.

Within this residency training program, each
resident works between 18-21 shifts in a rotating
schedule which includes 5-7 overnight shifts in a 28-day
period. Shift hours include day shifts (approximately 7
am-5 pm), swing shifts (roughly 3 pm-2 am), and
overnight shifts (roughly 11 pm-8 am).

2.3 Interventions

Prior to the study, participants completed an
electronic entrance survey which included questions
about their baseline sleep habits, sleep aid use, self-
reported sleep quality, daily sleepiness, and daily
tension over the prior 28-day period (Appendix 1). The
study period started on the first day of a new schedule
block when all recruited participants were scheduled to
work in the ED over the entirety of the 28-day study
period. Over the first 14 days (the control period),
participants were instructed to continue using their
baseline sleep habits. Beginning on study day 15, each
participant was provided with a pair of Bose
SleepBuds™ (Bose Corporation, Framingham, MA)
and advised as to device functionality. Participants were
instructed to use the earbuds for their sleep episodes
over the next 14 days as needed (the intervention

period). During the intervention, earbuds were used at
the discretion of each participant, and participants were
allowed to continue using other baseline sleep aids in
addition to the earbuds if they so choose. At the end of
the study period, participants completed an electronic
exit survey asking about sleep aid use and earbud
function over the prior 28-day period (Appendix 2).
Participants were allowed to keep their earbuds after the
study period for their own personal use.

Sleepbuds™ (hereby referred to as earbuds) are
wireless noise-masking buds designed to be worn in
each ear all night (Figure 1A and B). They mask ambient
noises by playing one of several sound tracks selectable
from the Bose application which is accessed on the
participant’s cellular smartphone (Figure 1C). While
there is an element of passive noise attenuation that
occurs from simply wearing the earbuds (similar in
functionality to earplugs), noise-masking does not take
effect unless the device is connected to the application
and is playing one of the selectable soundtracks. Battery
life for the earbuds alone is estimated to be 16 hours of
continuous play from one full charge.
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Figure 1. Earbud product used in this study. A. A silicone
eartip is combined with a sound driver and battery to
provide noise-masking sounds throughout the sleep
period. B. The device is intended to fit comfortably in
users’ ears for an extended period. C. The device connects
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wirelessly to an application on users’ phones where various
soothing soundtracks are selected and played to activate
the noise-masking  technology. Adapted from
www.bose.com with permission.

2.4 Measurements

24.1 Daily surveys. Participants received an
automated text message containing a link to a daily
survey on each day of the 28-day study period. Surveys
asked participants to rate the quality of their last sleep
episode, current daytime sleepiness, and current level of
tension. All measures were reported on 8-point Likert
scales of 0 (extremely bad sleep quality, not sleepy at
all, and not tense at all) to 7 (extremely good sleep
quality, extremely sleepy, and extremely tense).
Beginning on day 15, daily surveys also included a
question about whether earbuds were used during their
last sleep episode.

2.4.2. Psychomotor vigilance testing. Post-
overnight shifts, each participant was approached by a
study research assistant to complete a 3-minute
psychomotor vigilance test (PVT). This test conducted
on portable tablets required participants to rapidly tap a
circle as it appeared on a tablet screen, and reaction time
for each tap was recorded.[13,14] Participants were able
to decline participation in a daily PVT if clinical
demands or other activities required their immediate
attention.

2.4.3. 6-month follow-up. Participants were sent an
electronic survey six months after study completion
asking about sleep aid use since study completion,
including earbud use. For participants still using
earbuds, additional questions about when and how they
most commonly used the device since the study period
were included.

2.5. Data Management and Statistical Analyses

Study data were collected and managed using
REDCap electronic data capture system sponsored and
hosted at our institution. Data were de-identified prior
to analysis, and analyzed using Stata 16 (StataCorp).
Frequencies and percentages were used to summarize
binary and categorical variables. Mean with standard
deviation or median and interquartile range were used to
summarize time variables and Likert scale data.

Changes in quality of last sleep episode, current
daytime sleepiness, and current level of tension in
control and intervention periods were assessed using a
linear mixed effects regression model with a participant-
specific random intercept. In the post-implementation
period, we only included data collected on days when

participants reported using the earbuds. For PVT data,
each participants’ mean reaction times pre- and post-
intervention period were directly compared. 6-month
follow up responses were qualitatively assessed.

3. Results

3.1 Study participant characteristics

38 of the 58 invited participants enrolled in the
study. Of these, six participants did not complete any
daily surveys, and another 6 participants never used the
earbuds thus they were excluded from final analysis.
The remaining 26 participants completed a total of 655
(89.9%) daily sleep surveys of a possible 728 surveys.
Surveys taken on post-intervention days when
participants reported not using earbuds were excluded,
resulting in a total of 501 daily surveys being included
in the final analysis (Figure 2). Of these, 344 (68.7%) of
responses were collected from the control period and
157 (31.3%) of responses were collected from the
intervention period. Participants included in final
analysis represented resident physicians from all 4 post-
graduate years. 27% of participants included in final
analysis were female, and ages ranged from 25 to 35
years (Table 1).

Invited participants
N=58

Enrolled participants

N=38
Excluded: did not
use earbuds
N=6 Excluded: no surveys
completed
N=6

Participants eligible for
final analysis
N=26, 655 survey events

Excluded: sleep episodes|
with no earbud use
in intervention period
N=154 survey events

Sleep episodes included
in final analysis
N=501 survey events
(344 control; 157 intervention)

Figure 2. Study design flow chart.
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Table 1. Participant demographics.

Variable Participants
(Number, %; N = 26)
Sex
Male 19 (73.1%)
Female 7 (26.9%)

Age (years)

25-30 12 (46.1%)

30-35 14 (53.9%)
Training year

PGY1 5(19.2%)

PGY2 9 (34.6%)

PGY3 7 (26.9%)

PGY4 5(19.2%)
Baseline average sleep/tension
measures

Sleep quality 5 [4,6]

Sleepiness 4.5 [4,5]

Tension 5[3,5]
Baseline sleep aid use

Blackout Curtains 16 (61.5%)

Eye mask 8 (30.8%)

Earplugs 6 (23.1%)

Weighted blanket 1 (3.8%)

White noise 9 (34.6%)

Pharmacological sleep aid 9 (34.6%)

Other 1 (3.8%)

None of the above 2 (7.7%)

“Baseline average sleep/tension measures reported over the 4
weeks prior to study participation, reported as median [IQR}.

3.2 Earbud use

Frequency of earbud use varied highly among
participants who reported using earbuds at least once
during the study period. Participants most commonly
used earbuds either 0-10% or 90-100% of sleep periods
over the 14-day study period (Figure 3A). Of the 14
days when earbuds were available, participants used
earbuds for a median of 5 days (IQR [2,9]). The lowest
earbud use occurred on day one of the intervention, with
6 out of 26 participants reporting use, trending up until
day 4 when 15 out of 26 participants reported using
earbuds and remaining generally stable with a slight
downward trend in use towards the end of the study
(Figure 3B). Participants who reported using earbuds for
7 or more out of the 14 days did not have significantly
different baseline pre-study 4-week sleep scores than
participants who reported using earbuds between 1 to 6
days (mean score 5.2 vs 4.8, P = 0.34).

No. participants
4

O 1 20 3 40 50 6 70 8 80 100
Self-reported SleepBud use (%)

10
.

No. residents reporting SleepBud use

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Intervention Period Day
Figure 3. Self-reported earbud use over the intervention
period. A. Percentage of sleep periods during which
earbuds were used by participants throughout the total
intervention period. B. Number of participants reporting
earbuds use per night over the course of the intervention
period.

3.3.Sleep quality, daily sleepiness, and tension

Participants’ self-reported last sleep episode
quality, daily sleepiness, and daily tension had
improving trends in the post-intervention period
(Figures 4A-C). On days when residents used earbuds,
on Likert scales of 0 to 7, previous nights’ sleep quality
increased by 0.5 points (P<.0001, 95% CI 0.23-0.80),
daily sleepiness decreased by 0.6 points (P<.0001, 95%
CI -0.90 to -0.34), and total daily tension decreased by
0.5 points (P<.0001, 95% CI -0.81 to -0.32) using linear
mixed regression models. In the subset of participants
who reported below-median sleep scores pre-
intervention, the beneficial effects of using earbuds
were amplified.
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Figure 4. Regression analysis of self-reported last night
sleep quality (A), daily sleepiness (B), and daily tension
(C) in pre- and post-earbud use periods. X-axis
represents the study day with the midline representing
the transtion from the control to the experimental
periods. Red stars represent significance from pre- to
post-earbud ratings.

3.4. Post-night shift alertness and reaction time

In total seven post-overnight shift residents
completed a total of 12 PVT tests during the intervention
period. Six participants completed PVTs were linked to
participants who reported no earbud use thus were
excluded from final analysis. Ultimately three
participants both used the earbuds and completed PVTs
in both the control and intervention periods. Data from
these participants comparing pre- and post-earbuds
mean reaction time showed no statistical differences.
However, this study was underpowered to detect an
effect of earbud use on PVT.

3.4. 6-month follow up

We received responses from 12 (46%) participants.
Of the 12 respondents, 5 reported ongoing earbud use;
all of whom reported use on less than 25% of all sleep
episodes since study completion. Participants cited
limited sound options, uncomfortable fit, and forgetting
to use the device as barriers to further use. There were
no notable differences in self-reported baseline sleep aid
use and 6-month follow up sleep aid use.

4. Discussion

Here we discuss our experience studying the real-
world uptake and effect of a digital health intervention
on sleep in a population of healthcare shift workers.
While we were able to detect small yet significant
improvements in self-reported last nights’ sleep quality,
daily sleepiness, and daily tension, we observed
relatively low rates of study enrollment and participant
adherence which impacted the robustness of our
findings. Further, our objective measures of sleep were
improved by variable participant shift scheduling
combined with the relatively brief duration of our study
period. Implementing wellness interventions aimed at
improving sleep among vulnerable populations such as
healthcare shift workers is an important goal. In order to
initiate robust prospective studies evaluating possible
future interventions, methods must balance targeting
study enrollment, participant adherence to study
protocols, and optimizing intervention uptake long term.

4.1 Optimizing study enrollment

Approximately 65% of potential participants who
were invited actually enrolled in this study. We
attempted to improve enrollment by offering the earbuds
free of charge to keep for personal use after the study
period. Although we did not quantify these responses,
eligible individuals indicated that the technology was
highly valued by our target population. Despite their
reported desirability, the technology did not appear to
trigger the anticipated interest among eligible residents.
Further, while offering the device free-of-charge may
have recruited participants who were motivated to enroll
for reasons other than their intent for meaningful
participation, this may have created a self-selection bias.
To address this problem in future works, we recommend
establishing a threshold of study protocol adherence rate
for participants to qualify to be allowed to keep the
devices on study completion.

Given that adequate sleep among shift workers is
highly desired yet often quite tenuous, one possible
explanation for low study enrollment is that participants
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are reluctant to engage in interventions that have even
the theoretical possibility of disrupting sleep. Concerns
about the potential for uncomfortable fit, or the sounds
tracks being disruptive to sleep were cited among
eligible residents who chose not to enroll. We tried to
mitigate this risk by designing the study so that
participants were only asked to use earbuds as needed,
however this resulted in overall poor study adherence.
Interestingly, a larger proportion of males enrolled in the
study compared to females despite the fact that the
group initially solicited was roughly even in terms of sex
distribution. This may suggest that technology-based
interventions for sleep are more attractive to males than
females. Ultimately, initiating focus groups discussing
product functionality, desirability across diverse groups
of users, and potential concerns regarding product use
could have allowed for us to integrate strategies for both
enhanced participant enrollment and potentially
adherence to study protocols.

4.2 Optimizing study protocol adherence

Among enrolled participants, we observed highly
variable rates of protocol adherence both in terms of
earbud use and survey responses over the study
duration. Most common patterns reflected earbud use in
a nearly bimodal distribution with median earbud use
occurring for only 5 out of the possible 14 days.
Concerns about uncomfortable device fit, difficulty with
fitting the device in to their existing sleep routine, and
simply forgetting to use the device were cited as barriers
to adherence. For future studies, we recommend first
performing a brief pilot study in which participants use
the device for a short period of time and report back
challenges impacting device use. This pilot data would
give opportunity for identified challenges to be
addressed in the protocol to ideally improve intervention
adherence.

Many healthcare shift workers develop habits and
behaviors for addressing sleep disturbances early in
their careers. To address participants forgetting to use
the intervention or reporting that the intervention did not
fit in to their established sleep habits, initiating
interventions early in training before habits are
solidified may improve intervention uptake. Performing
a more longitudinal study spanning several months as
opposed to a single month may also allow for the
intervention to be regularly established into nightly
sleep patterns and thus improve adherence over time.
Further, we could also offer regular reminders to use the
intervention potentially in the form of automated text
message delivered to participant smartphones. This gets
somewhat complicated when studying a live population
however as we would ideally time the reminder shortly
before participants initiate their sleep period which

means we would have to correlate the timing of the text
message with each participants’ shift schedule.
Similarly, reminders to complete study surveys could
be delivered via text message at regular intervals to
improve survey response rate.

4.3 Maximizing measures of objective outcomes

Self-reporting subjective outcome data is a
common practice in sleep intervention studies
performed in real-world populations.[15-17] Here,
outcome measures of daily sleepiness, last nights’ sleep
quality, and daily tension were manually reported by
participants via brief daily surveys delivered by text
message. Even among participants who used the
earbuds in the study, consistency with filling out daily
surveys was lacking. Health care workers are often
bombarded with surveys and requests for task
completion, thus asking them to remember to manually
complete daily surveys may not be realistic. Data from
the surveys also relied on self-reporting from
participants, which is inherently limited and potentially
biased. For sleep interventions such as this, data
collection that is automated and minimizes user
interaction may be both more ideal and accurate.

In the present study, we used PVT as a means of
objective data collection on the impact of sleep on
alertness. PVT is a well-established and even gold-
standard measure for identifying variations in alertness
and performance related to sleep.[14] However, as
occurred in our study, obtaining PVT data requires
participant interaction with study personnel which may
not be practical based on rotating schedules or
participant availability. Approximately 1/3 of resident
shifts are overnight, and night shifts tend to be clustered
and are not evenly distributed over a 28-day period.
Thus, typical resident schedules are somewhat
suboptimal for a single-subject design where subjects
serve as their own controls across only 28-days.

Future solutions to optimizing PVT data may
include recruiting study participants such as nocturnists
who are physicians who work a higher proportion and
more consistent distribution of night shifts, or other
groups of shift workers who work exclusively
overnight. Increasing study population size or extending
the study period by multiple months would likely also
enhance our data points and improve study power.

In addition to PVT data, collecting automated or
passively collected, objective measures of sleep quality
without the need for participant interaction would
improve studies assessing sleep interventions. Several
options such as commercial applications deployed on
participant’s  smartphones or wearable devices
measuring markers of sleep currently exist. Options
such as wearable acceleromaters, or fitness trackers, or
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even under-mattress sensors which could potentially
offer objective data on sleep outcomes and should be
employed in future studies.[18-21]

4.4. Limitations — additional considerations

This was a single-arm, case-control study with a
small sample size, and limited 28-day study period. All
of these factors affected the analytical power of our
study. Though this work had the benefit of prospective
data collection, this work can be used as pilot to inform
future randomized controlled trials comparing earbud
use to matched controls. Our work focused on resident
physicians as representatives of the healthcare shift
worker population. This likely introduces bias in
assessing a digital intervention as this population tends
to be fairly young in age and may be more willing to
uptake new technology compared to the shift worker
population as a whole. Ideally assessing the effect of a
digital intervention in as varied a population as possible
would be ideal.

4.5. Conclusions

Sleep loss is a public health crisis that
disproportionately affects shift workers and, in
particular healthcare, workers. This not only impacts the
mental and physical health of front-line workers, but can
also negatively impact patient care and outcomes.
Despite this, institutional wellness initiatives aimed at
improving sleep are lacking. Given the global scale of
this wellness and health concern, optimizing studies
assessing low-risk, feasible, digital interventions are
key. Here, we discuss challenges associated with such
studies, and propose several solutions to optimize the
overall feasibility of evaluating digital health
interventions in real-world populations of healthcare
shift workers. A summary of our recommendations can
be found in Table 2. Interventions such as the earbuds
studied here have the potential to not only improve
employee health and wellness, but if implemented
correctly these benefits may also be able to be applied
to improve the sleep and wellbeing of patients in
healthcare settings, or shift workers outside of
healthcare as well.

Table 2. Recommendations for optimizing digital sleep
intervention studies in real-time.

Study Element Recommended Optimization
Strategies
Participant
recruitment . Pre-study focus groups
Intervention
adherence . Pilot study
. Daily automated
reminders
Study protocol
adherence . Daily automated

reminders

. Minimum required
participation to retain
device post-study

Robust outcome
measures . Larger study size

. Longitudinal study

o Recruit from
populations with more
uniform shift schedules

. Data collection from
automated measures such
as wearable devices,
applications or biosensors

. Prioritize objective
data collection
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Appendix 1. A) Entrance survey and B)
exit survey completed by all participants.

A.

SleepBuds™- Enrollment Survey

Demographics:

1.

NoLuk W

Name

Phone number to receive daily text messages
Date of birth

Gender

Residency year

Last rotation

Current rotation

Current Sleep Aids:

8.

Current use of sleep aids:

Blackout Curtains

Eye mask

Earplugs

Weighted blanket

White noise
Pharmacological sleep aid
Other (describe below)
None of the above

PR o a0 o

Current Sleep Quality:
9. How would you evaluate your average sleep over the
last 4 weeks? (Likert 0-7, extremely bad to extremely

good)

10. How sleepy have you felt on an average day over
the last 4 weeks? (Likert 0-7, not sleepy at all to
extremely sleepy)

11. How tense do you feel on an average day over the
last 4 weeks? (Likert scale 0-7, not tense at all to
extremely tense)

B.

—_

SleepBuds™- Exit Survey

Name

Do you use any of the following as sleep aids?
(select all that apply)

i. Blackout Curtains

Eye mask

Earplugs

Weight blanket

White noise machine

Pharmacologic sleep aid

None of the above

Have you decreased your use of these sleep
aids over the last 4 weeks? (Likert 0-7,
significant decreased to no change)

epg—xmTr

Current Sleep Quality:

4.

How would you evaluate your last sleep
period? (Likert 0-7, extremely bad to
extremely good)

How sleepy do you feel today? (Likert 0-7, not
sleepy at all to extremely sleepy)

How tense do you feel today? (Likert scale 0-
7, not tense at all to extremely tense)

Did you use the SleepBuds™ during your last
sleep period? (yes, no)

What was the most recent shift period you
worked in the last 24 hours? (Day shift,
Afternoon/Evening shift, Overnight shift, Did
not work in the last 24 hours)
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