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Objectives: The present study aimed to analyze the effects of the use of a digital wellness device on improving sleep through reducing environmental noise.



Methods: Fifty-five self-reported light or moderate sleepers with difficulty falling or staying asleep due to environmental noise participated in the study. Objective sleep architecture data were collected via a wireless electroencephalogram (EEG) sleep monitor and subjective data were obtained through analysis of daily sleep diaries and responses to study-specific user experience surveys. Four primary outcomes specified a priori were analyzed for statistical significance: objectively measured sleep onset latency (SOL), wake after sleep onset (WASO), number of awakenings, and perceived SOL. Exploratory analysis through descriptive statistics was conducted for an additional 36 secondary outcomes.



Results: Use of the digital wellness device was associated with reduced SOL both objectively and subjectively. Perceived SOL was 32.5% reduced (p < 0.001, difference in means 7.5 min, 95% CI 22.3%–41.4% faster), and objectively measured SOL was 13.3% reduced (p = 0.030, difference in means 2.7 min, 95% CI = 1.4%–23.8% faster). No statistically significant differences were found for other primary outcomes. Among the subjective secondary outcomes, 100% of participants felt the device blocked environmental noise, 86% reported falling asleep more easily, 76% felt they stayed asleep longer, and 82% felt overall sleep quality was improved. No differences were observed among objectively measured secondary outcomes.



Conclusions: Participants fell asleep faster when using the wearable wellness device. Participants also perceived sleep quality improvements with the intervention, although no objective differences were measured. These findings show promise for using noise-masking digital wellness devices in noisy environments to improve sleep quality.
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Introduction

The impact of good sleep on individual and population health is undeniable. Sufficient sleep is associated with a reduced risk of mortality (1–5), and sleep loss is associated with poorer quality of life, a reduced ability to function during daytime, increased healthcare utilization, and increased risk for conditions such as hypertension (2, 6–8), cerebrovascular disease (4, 5), diabetes (7, 9, 10), obesity (11–13), and depression (1, 14–16). Difficulties in sleep initiation and sleep maintenance have been shown to contribute to overall reduction in sleep quality (17). Trouble falling asleep at the beginning of the night or other intended sleep period is characteristic of sleep onset insomnia, where waking up during the night and having difficulty returning to sleep represents sleep maintenance insomnia, both of which are associated with reduced total sleep time, increased daytime sleepiness, reduced daytime functioning, and poorer overall sleep quality (17, 18).

Environmental noise has been shown to contribute to issues with sleep onset and sleep maintenance, significantly reduce sleep quality, and increase sleep disturbance (14, 19–21). Moreover, sleep disturbances and impaired sleep quality due specifically to environmental noise are associated with increased stress response, cardiometabolic dysfunction, and negative changes to both sleep architecture and perceived sleep quality (22). Exposure to environmental noise that impacts sleep, especially nighttime noise, is included in the rationale for defining noise as a public health hazard (23–26).

Many non-pharmacological interventions have been used to improve sleep quality by targeting sleep onset and sleep maintenance; however, the diversity of such non-pharmacological sleep-related interventions is vast and thus limits robust evaluation of efficacy across solutions (27). Examples with potential for overcoming delayed sleep onset and difficulties with sleep maintenance due to environmental noise include music-assisted relaxation, cognitive behavioral therapy, and relaxation training techniques (28–31). Other common solutions targeted toward reducing the impact of environmental noise on sleep quality include noise blocking (e.g., earplugs) and noise masking (e.g., white noise or soothing sounds), in which generated sound is used to affect the perception and experience of other sound (32–34). Commercial earbuds that are marketed towards improving sleep by masking sounds and relaxation techniques have been shown to improve sleep quality among health care providers (35, 36). However, limited evidence exists regarding the effectiveness of these technologies at improving sleep quality in the context of environmental noise in a wider population.

In this pre/post interventional pilot study, we sought to assess the efficacy of a commercial digital wellness product, the first-generation Bose noise-masking sleepbuds™ (Bose Corporation, Framingham, MA) at improving objectively measured and subjectively reported sleep quality for people with self-reported difficulty sleeping due to environmentally induced auditory disruption. We hypothesized using the device would improve sleep quality associated with improvements in sleep initiation and sleep maintenance. We assessed solution effect on sleep quality through measuring changes in objective and subjective sleep onset latency (SOL), wake after sleep onset (WASO), and number of awakenings, based on American Academy of Sleep Medicine workgroup diagnostic criteria for primary insomnia and domains for measuring sleep quality used in the Pittsburgh Sleep Quality Index (17, 37).



Materials and methods


Participants

This study was approved by the Colorado Multiple Institutional Review Board (COMIRB #19-2452). Fifty-five people from the Aurora, Colorado metropolitan area participated in this study. Participants were eligible for the study if they were self-reported light or moderate sleepers between 21 and 65 years old, with difficulty falling or staying asleep primarily due to environmental noise, and who usually slept between 5 and 10 h per night. Potential participants responded to announcements posted online and through flyers to express interest in the study. Coordinators contacted potential participants to confirm eligibility and complete screening. Potential participants were excluded from the study after screening if they had pre-existing sleep disorders, co-occurring conditions, or behavioral factors that were likely to interfere with sleep quality for reasons other than environmental noise, potentially biasing study results. Sleep disorder exclusions were a reported diagnosis of or high risk of pre-existing sleep disorders such as sleep apnea, restless leg syndrome, narcolepsy, or circadian rhythm disorder, assessed by self-report and by response to screening questions used in clinical settings for sleep evaluation, e.g., the STOP-Bang questionnaire for sleep apnea (38). Co-occuring condition exclusions were if potential participants reported significant sleep disturbance due to pain, nocturia, or menopausal symptoms, reported hearing loss or hearing impairment that could interfere with their ability to fully receive the intervention, or were pregnant. Behavioral factor exclusions were if potential participants were likely to be woken during the night due to the presence of young children in the household; if they had irregular schedules, including shift work or delayed sleep phase (usual bedtime after 1 a.m.); or if they reported using stimulants, medications, or products that were likely to affect sleep quality, such as excess alcohol, caffeine, tobacco, or marijuana. Figure 1 depicts a summary of screening and enrollment.
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FIGURE 1
Screening and enrollment.




Procedures

The study was conducted in three stages over the course of ten consecutive nights, with participants serving as their own controls. The 10-day period was chosen to allow multiple nights for both baseline and intervention data collection (3 nights each, with 2 nights minimum required for inclusion) to reduce the likelihood of data loss leading to subject exclusion due to device issues or operator error, plus a 4-day “washout” period between baseline and intervention to allow participants to acclimate to device use, reducing the chance of poorer sleep quality due to unfamiliar equipment. Figure 2 illustrates the timeline of study activities. Participants were oriented to the study devices during an in-person research visit with the study coordinator, during which they received instruction about device use and had the opportunity to try operating the devices and to ask questions until they were comfortable with their use. During the first three nights (nights 1–3) of the study, participants completed a baseline sleep assessment by responding to daily sleep diary questions in the morning after waking and by wearing a Sleep Profiler™ In-Home EEG Sleep Monitor (Advanced Brain Monitoring, Carlsbad CA) to record physiological signals and measure sleep stages, awakenings, and arousals. The Sleep Profiler has been validated for use in assessing sleep continuity and architecture (39, 40). Over the subsequent four nights (nights 4–7), participants entered an adjustment period where they began wearing the in-ear intervention device and recorded responses to sleep diary questions but did not wear the EEG monitor. Noise-masking sounds, such as nature sounds and tranquil soundtracks, were selected by participants from a list through a dedicated mobile app using an iPod Touch and played in-ear on the intervention device. On the final three nights (nights 8–10), participants wore both the intervention device and the EEG monitor and completed daily sleep diaries. Participants completed a final survey developed specifically for the study at the end of the intervention period. Daily sleep diary questions assessed participants’ perceived success in using the devices, sleep onset latency, level of relaxation, factors interfering with sleep, overall sleep quality, and sleep duration. The final survey assessed participants’ experience and satisfaction with the device and their perceptions of its effectiveness at blocking overall and specific types of environmental noise, improving relaxation, and improving sleep quality. Surveys were self-administered electronically through REDCap (41, 42) electronic data capture tools hosted at the University of Colorado, with reminders and links for survey completion sent to participants daily by email.
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FIGURE 2
Study timeline.




Data analysis

Sample and effect size calculations were conducted a priori for a paired t-test to evaluate the average change in sleep onset latency with and without the device. Calculations assumed a mean sleep onset latency of 18.6 min without the device and a standard deviation for the difference in sleep onset latency to be 18.5 min. A sample size of 40 was determined to have 80% power at a 0.05 significance level to detect a change in sleep latency of 8.4 min or greater. This change corresponds to the ability to detect Cohen's d effect sizes of 0.454 or greater.

Certified sleep technicians manually scored EEG monitor data according to criteria established by the American Academy of Sleep Medicine (43). A board-certified sleep medicine physician completed final review and interpretation of raw data signals. EEG monitor data were excluded from analysis on a night-by-night basis if either less than four hours of total data was recorded or if more than 50% of the epochs for a single night were deemed invalid due to artifacts (44) that prevented clinical scoring and staging to ensure that sufficient data was available to characterize sleep events for that night. Daily survey data were included in analysis from baseline and intervention periods only, with exclusions made on a night-by-night basis if participants reported that they did not wear the intervention device for the entire night, if the sounds played through the device stopped during the night, or both. Participants were excluded from the analysis as a whole if they had fewer than 2 nights of data in either the baseline or intervention period.

Four primary outcomes were identified a priori for statistical inference. Sleep onset latency, wake after sleep onset, and number of awakenings were measured objectively through the EEG monitor. Perceived sleep onset latency was measured subjectively through participant self-report in response to survey items. Mixed-effect linear regression models were fit to each primary outcome to assess the effect of the device, using a random intercept for each participant. Each outcome measure was log-transformed, which improved model fit and supported interpretation on a multiplicative scale. Descriptive statistics were used for exploratory analysis of an additional 36 secondary outcomes, stratified by device use. As these outcomes were measured on discrepant scales, standardized mean differences were calculated and graphed to convey the overall distribution.

As the primary outcomes were specified a priori and represented different measurement domains, no adjustments were made for multiple comparisons. To avoid type-1 error inflation, inference was not performed on secondary outcomes. Descriptive differences observed among study participants were reported but are not intended to be representative of broader populations. Since study participants were permitted up to one night of missing data, the a priori decision was made to use a chi-square test to assess if missing data was associated with time (e.g., were participants more likely to have missing data on the first night compared to the final night of the 3-night periods). If missingness was observed to be associated with time, a covariate for time was planned for inclusion in the mixed-effect linear regression model analyses.




Results

Out of 55 participants enrolled in the study, all 55 completed data collection. A total of 50 participants were included in the final analysis (Figure 1), with 5 participants excluded due to insufficient data being collected for analysis (<2 nights in either baseline or intervention periods). EEG monitor data from 279 nights was used for analysis, with a total of 21 nights excluded due to data quality issues. Eleven nights of data were excluded across all survey outcomes, but the distribution of which nights were excluded for which participant varied based on participant response patterns. Some survey items had additional missing nights if participants omitted responding for that item. However, no differential patterns were observed in the distribution across nights.

Most participants were white (64%) and employed full time (86%). Table 1 further describes population demographics among study participants.


TABLE 1 Study population characteristics.

[image: Table 1]

Use of the device was associated with statistically significant reductions in both perceived sleep onset latency and sleep onset latency measured through the EEG monitor. Perceived sleep latency was 32.5% faster (95% C.I. = 22.3%–41.4%; p < 0.001) and measured sleep onset latency was 13.3% faster (95% C.I. = 1.4%–23.8%; p = 0.03) as compared to baseline. There were no statistically significant differences found in wake after sleep onset (5.0% less; C.I. = 6.7% more to 15.4% less; p = 0.385) and number of awakenings (3.2% less; C.I. = 3.6% more to 9.6% less; p = 0.349) when using the intervention device as compared to baseline. Table 2 shows the results for the four primary outcomes in more detail.


TABLE 2 Primary outcomes stratified by baseline vs. intervention time periods.
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Seventeen secondary outcomes objectively measured using the EEG monitor are summarized in Figure 3 as standardized effect sizes with a common directionality. These outcomes included latency to and time in different stages of sleep, were neither consistently favorable nor unfavorable to the intervention, and in aggregate appear evenly distributed around no difference of intervention. Nineteen subjectively measured secondary outcomes are reported, seven from responses to daily surveys and 12 from responses to the post-intervention survey. These outcomes included perceptions of device impact on sleep and sleep quality and device effectiveness at blocking different types of environmental noise. Figure 4 depicts the standardized effect sizes with a common directionality for the seven daily surveys. In contrast to the objectively measured secondary outcomes, all of the subjective daily measures show pre/post descriptive differences favorable to the intervention. Table 3 depicts objective secondary outcome results from the EEG monitor and subjective secondary outcomes from the daily surveys. Table 4 depicts secondary outcome results from the final survey. Study participants broadly reported improved sleep quality when wearing the study device, across all 17 subjectively reported secondary outcomes.


[image: Figure 3]
FIGURE 3
Standardized mean differences for exploratory outcomes from the sleep profiler™.
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FIGURE 4
Standardized mean differences for exploratory outcomes from daily surveys.



TABLE 3A Secondary outcomes, objective (sleep profiler™).

[image: Table 3A]


TABLE 3B Secondary outcomes, daily surveys.
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TABLE 4 Secondary outcomes, final survey.
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Discussion

The aims of this study were to assess the impact of noise-masking earbuds on improving sleep quality, both as subjectively perceived and as objectively measured through EEG data, for people experiencing issues with sleep initiation and sleep maintenance due to environmental noise at home.

Study participants consistently reported better sleep quality when using the in-ear noise-masking device across primary and secondary subjective outcomes. Sleep onset latency measured both objectively and subjectively showed a statistically significant effect in favor of the device, ranging in improvement from 13.3% to 32.5% respectively. These findings are not only consistent with results from other studies using similar in-ear noise masking devices (35, 36), but are also consistent with results previously observed in studies among adults in hospital settings using non-pharmacological interventions (45–47). Noise masking solutions in particular have been shown in clinical trials to improve sleep outcomes between 22.9% and 37.5% (48, 49).

Other objective measurements of sleep quality did not show a consistent statistically significant effect (for primary outcomes of WASO and number of awakenings) or descriptive difference (for secondary outcomes) favorable to the intervention. Such variation between results has previously been observed in systematic reviews of sleep research involving non-pharmacological interventions (50). One possible cause of the discrepancy for this study in particular, supported by research assessing different elements of sleep quality via both objective and subjective means, is the existence of discordance between the elements of sleep quality which sleepers are truly able to subjectively assess vs. what can be reliably detected using EEG data and polysomnography (51–53). Future studies may benefit from exploring additional and alternate means for objective measurement, such as wrist actigraphy or smartwatch assessment and using validated instruments for self-reported measures that could facilitate more direct comparison, in order to address this issue.

One limitation of this study is the possibility for participants to become acclimated to wearing the EEG monitor over time, potentially leading to better sleep during the intervention period vs. baseline. We addressed this limitation by including a 4-day period between baseline and intervention periods to allow for wash-out and minimize this potential effect. Another limitation is the predominantly affluent, white, and urban demographics of the study population, as this population may reside in locations with differing levels of impact due to environmental noise than lower-income or minority persons or rural residents. More research is needed with diverse populations to better understand the potential use of noise-masking earbuds with other groups and in additional environments. Future longer-term studies should address these limitations and considerations.

This study is innovative in using electroencephalographic measurement of sleep stages under real-world conditions in a home setting rather than in a sleep laboratory or other controlled environment, allowing for comparison to self-reported measures more commonly used in home environments. Future studies might build upon this approach by using similar EEG-based measurements to directly compare with commonly used methods for home-based data collection such as wrist actigraphy and smartwatch wearables. Additionally, while the pre/post design was appropriate for this initial efficacy study, future studies may also benefit from the inclusion of a separate control group to better support conclusions generalizable to a broader population.

It should be noted that although study participants self-identified as being light or moderate sleepers and also identified that they had snoring partners or environmental noise which they found disruptive, this group demonstrated normal sleep onset latency times. If the findings from this study are sustained at the population level, this represents a significant potential public health benefit for people living in noisy environments who are not receiving care for sleep-related conditions. It would also be beneficial to evaluate whether similar improvement in both perceived and objective sleep onset latency is seen among patients with clinically diagnosed insomnia, who experience prolonged sleep onset latency. If so, the potential impact on clinical practice and benefit to patients may be significant, especially if easily accessible, commercially available non-pharmacological noise-masking solutions can be used to replace sedative medications without reducing effectiveness.



Conclusion

Results from this pilot study suggest noise-masking earbuds may be used in a home setting to improve sleep onset latency and users’ perception of sleep quality more generally. When considering practical applications of this research, this study supports the conclusion that as a digital health wellness device, noise-masking earbuds could be used as part of a holistic, comprehensive approach to good sleep management and improved sleep hygiene without the potential side effects attributable to pharmaceutical interventions. In particular, the device showed great promise for use in noisy environments such as in high-density urban settings. Given the importance of good sleep to optimal health, employing a non-invasive technological solution to improve sleep quality represents a potential low-cost, accessible, and low-risk advancement for public health.
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