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Abstract

Objective: Climate change and urbanization increasingly cause extreme conditions hazardous 

to health. The bedroom environment plays a key role for high-quality sleep. Studies objectively 

assessing multiple descriptors of the bedroom environment as well as sleep are scarce.

Methods: Particulate matter with a particle size <2.5 μm (PM2.5), temperature, humidity, 

carbon dioxide (CO2), barometric pressure, and noise levels were continuously measured for 14 

consecutive days in the bedroom of 62 participants (62.9% female, mean ± SD age 47.7 ± 13.2 

years) who wore a wrist actigraph and completed daily morning surveys and sleep logs.

Results: In a hierarchical mixed effect model that included all environmental variables and 

adjusted for elapsed sleep time and multiple demographic and behavioral variables, sleep 

efficiency calculated for consecutive one-hour periods decreased in a dose-dependent manner 

with increasing levels of PM2.5, temperature, CO2 and noise. Sleep efficiency in the highest 
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exposure quintiles was 3.2% (PM2.5, p<0.05); 3.4% (temperature; p<0.05), 4.0% (CO2, p<0.01) 

and 4.7% (noise, p<0.0001) lower compared to the lowest exposure quintiles (all p-values adjusted 

for multiple testing). Barometric pressure and humidity were not associated with sleep efficiency. 

Bedroom humidity was associated with subjectively assessed sleepiness and poor sleep quality 

(both p<0.05), but otherwise environmental variables were not statistically significantly associated 

with actigraphically assessed total sleep time and wake after sleep onset or with subjectively 

assessed sleep onset latency, sleep quality and sleepiness. Assessments of bedroom comfort 

suggest subjective habituation irrespective of exposure levels.

Conclusions: These findings add to a growing body of evidence highlighting the importance of 

the bedroom environment–beyond the mattress–for high-quality sleep.
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Introduction

Countless experimental1–5 and epidemiologic6–8 studies demonstrated that regular high-

quality sleep of sufficient duration is of paramount importance for cognition, well-being, 

and health, including cardiovascular health.9 Yet, one-third of US Americans report sleeping 

less than the recommended minimum of 7 hours per night.10 The sleep (ie, bedroom) 

environment plays a key role in promoting high-quality sleep, nonetheless large parts of the 

population sleep in environments that disturb sleep and impair sleep recuperation.11–13

The term “sleep hygiene” refers to a set of behavioral and environmental conditions that 

promote healthy sleep.14 Healthy restorative sleep not only refers to sufficient duration, 

but also to sufficient quality, a term that relates to sleep that is minimally interrupted, 

fragmented, or disturbed.12

Most environmental sleep hygiene recommendations focus on the bedroom and include 

optimizing air quality (AQ), darkness, noise, temperature, and humidity. Sleep is uniquely 

sensitive to noise as the auditory system has a watchman function and is constantly 

monitoring the environment for potential threats during sleep.15 We and others have 

shown that nocturnal noise exposure disturbs sleep,12,16,17 impairs sleep recuperation,13 

and increases the risk for cardiovascular disease.18,19 Cooling of core body temperature 

through peripheral vasodilation is a critical step in the process of falling asleep, and high 

bedroom temperature and humidity may interfere with this process and also cause arousals 

from sleep.20 CO2 is an AQ indicator but also a potent respiratory stimulant that can, 

in high concentrations, cause headaches and other central nervous system symptoms.21 

Several studies suggest that air pollution is associated with poor sleep quality and short 

sleep duration.11,22,23 How air pollution interferes with sleep is less well understood, but 

is proposed to include effects on the central nervous system through direct impacts on 

neurotransmitter levels as well as inflammation of the respiratory system.24

Despite the importance of the bedroom environment for sleep quality and duration, high-

quality field studies with objective measurements of both the bedroom environment and 
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sleep are largely missing. Furthermore, prior studies often concentrate on a single (eg, air 

pollution) or a few (eg, temperature and humidity) descriptors of the bedroom environment. 

The lack of objective exposure and outcome measurements coupled with the limited 

assessment of the bedroom environment preclude detailed recommendations for an optimal 

sleep environment and were a main motivation for this study.25,26

The data presented here were collected as baseline data for an ongoing prospective study 

in Louisville, KY. It is one of the few studies objectively assessing multiple variables 

describing the bedroom environment (with an AQ monitor and sound level meter) as well 

as sleep (with actigraphy). Parameters concurrently measured in the bedroom included 

particulate matter with a particle size <2.5 μm (PM2.5), temperature, humidity, carbon 

dioxide (CO2), barometric pressure, and noise levels. The main goal of this analysis was to 

explore the relationship between variables describing the bedroom environment and sleep 

quality and duration while adjusting for a number of relevant individual and behavioral 

confounders.

Participants and methods

Participants

Participants were recruited from the ongoing Green Heart Project (GHP; clinicaltrials.gov: 

NCT03670524). The GHP is a prospective intervention trial that assesses over 700 

participants for the cardiovascular effects of installing mature trees and shrubs in a 1.5 

square mile area in Louisville, KY relative to a sociodemographically matched control 

group with no deliberate change in greenness. The data presented here are from the 

pregreening baseline data acquisition of the Green Sleep Project (GSP), an ancillary study 

that investigates the effects of greening on sleep in a subgroup of GHP participants.

The GSP approached 343 GHP participants at their pregreening baseline measurement and 

recruited 130 participants (see study flow chart in Figure S1; 62.3% female, mean ± SD 

age 46.8 ± 13.1 years; mean ± SD body mass index [BMI] 30.4 ± 7.1 kg/m2) who wore a 

wrist actigraph 24 hours per day for 14 consecutive days and completed a brief sleep log 

and survey each morning. Every GHP subject was approached; however, limited GSP study 

equipment was available. A subset of 78 participants recorded bedroom AQ and SLs. One or 

more of the study measurements (actigraphy, AQ, noise) failed in 16 subjects for technical 

reasons (Figure S1). Thus, 62 subjects (62.9% female, mean ± SD age 47.7 ± 13.2 years; 

mean ± SD body mass index [BMI] 30.5 ± 6.4 kg/m2) provided data for actigraphy, AQ, 

and SL measurements for at least part of the 14-day measurement period and contributed 

to data analysis. Data for these participants were sampled between mid-June and the end of 

September 2021.

The GHP has several inclusion criteria–25–70 years and living within the targeted study 

location. The following were the exclusion criteria: HIV/AIDS, active treatment for cancer, 

active bleeding including wounds, body weight less than 100 pounds or BMI > 40. The 

following were additional exclusion criteria for the GSP: (1) use of prescribed or over the 

counter sleep aids 3 times or more per week over the preceding month; (2) one or more of 

the following sleep disorders diagnosed by a physician: sleep apnea, narcolepsy, restless leg 
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syndrome, periodic limb movement syndrome; or (3) average self-reported sleep duration 

on weekday nights >9 hours. The protocol was approved by the Institutional Review Board 

(IRB) of the University of Pennsylvania, which served as the IRB of record. Participants 

provided written informed consent prior to participation. They were compensated with up to 

$175 if they completed all study-related measures.

Study procedures

Participants were provided with an actigraph (ActiGraph wGT3X-BT, Pensacola, FL; 

sample rate set to 30 Hz), the AQ monitor and SL meter, and a manual with detailed 

instructions for setting up the equipment in the bedroom and starting measurements. The 

manual also included daily surveys. Participants were instructed to wear the actigraph on the 

nondominant wrist 24/7 but to take it off during impact sports or activities that immersed 

it in water. They were asked to recharge the watch for 1 hour after the first study week. At 

the end of the 2-week measurement period, participants returned all equipment to the study 

team.

Measures of the bedroom environment

The AQ monitor PCE-AQD 20 (PCE Instruments, Alicante, Spain) was used to measure 

PM2.5, temperature, relative humidity, CO2 and barometric pressure in the bedroom with a 

1/min sampling rate. As the device fan produces some noise, participants were instructed 

to place the device in their bedroom but not too close to their head, and not on window 

sills or in front of air conditioning units or fans. The Decibel Meter PCE-SLD 10 (PCE 

Instruments, Alicante, Spain) was used to measure A-weighted SL in the bedroom with a 

12/min sampling rate, fast time constant, and range set to auto (see Supplementary Materials 

for AQ and SL monitor specifications). SL meters were checked for accuracy before and 

after each measurement period with a calibrator (CAL200, Larson Davis, Provo, UT). 

Participants were asked to place the SL meter close to their pillow, preferably on a bedside 

table and not in front of AC units, fans, or directly behind the AQ monitor. Both AQ and SL 

meters were connected to power outlets but could run on battery power for a few hours if 

needed. As both meters were found to significantly drift forward in time (mean ± SD drift 

AQ 4.8 ± 0.7 s/day; SL 4.6 ± 0.8 s/day), the time drift of both devices relative to atomic 

clock time was recorded before deployment and after participants returned them. Actigraphs 

did not drift relevantly in time (mean ± SD 0.0 ± 0.5 s/day).

Morning surveys

Participants completed a brief survey every morning (see Supplementary Materials). The 

survey asked about bedtimes, daytime naps, times the actigraph was taken off, about the 

last night’s sleep (quality, sleep onset latency, intermittent awakenings, recuperation), and 

additional questions about the last wake period (eg, stress levels, exercise, caffeine, alcohol, 

and medication use). Participants were asked how they rated the humidity and temperature 

in the bedroom and how much outside noise disturbed their sleep during the last night (all 

5-point Likert scales). The Karolinska Sleepiness Scale27 was also administered with the 

survey to evaluate subjective sleepiness.
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Data analysis

Actigraphy data were automatically scored in 1-minute epochs with a software developed 

by one of the authors (M.B.) and classified as wake, sleep, or off-wrist. The software uses 

activity counts in the current as well as 30 preceding and 30 future 1-minute epochs to 

determine the likelihood of an epoch being sleep or wake. Long periods without movement 

outside of sleep periods are considered off-wrist by the software. Wrongly classified 

epochs were manually corrected by one experienced scorer using the sleep log to inform 

corrections. A sleep period was included in data analysis if the start and the end fell within 

±2 hours windows relative to sleep log entries, respectively, and there were 30 or fewer 

epochs classified as off-wrist. AQ data were cleaned and corrected for differences between 

AQ monitors (see Supplementary Materials for detailed description). Finally, AQ and SL 

data were corrected for time drift and resampled to full 1-minute periods to match 1-minute 

actigraphy epochs. BMI was missing for one female participant was imputed with the grand 

mean for BMI for all female participants.

Statistical analysis

Sleep efficiency (SE), defined as the time spent sleeping relative to the time available 

for sleep, was chosen as the primary outcome of interest. High values of SE indicate 

high-quality, high-continuity and restorative sleep. In contrast, low SE indicates fragmented 

and disturbed sleep. As SE is positively correlated with sleep duration (r=0.41 in this study, 

see Figure S3), it captures aspects of both sleep duration and sleep continuity/quality. In 

contrast to sleep duration, SE is a relative metric and as such less prone to be influenced 

by factors that determine sleep opportunity (e.g., work and family demands). As both sleep 

pressure and the bedroom environment change systematically over the course of the night, 

SE was calculated for each full hour since sleep onset in addition to the whole sleep period 

(time between the first and last epoch classified as sleep). Excluding 1 h periods with ≥ 30 

min off-wrist, 4,710 1 h sleep periods contributed to data analysis.

Hierarchical mixed models with 1-hour SE estimates nested within sleep periods nested 

within participants were run. For models that were based on the whole night, linear mixed 

effect models with random subject intercept were used. To account for nonlinear effects, 

quintiles were generated for each environmental variable and tested for differences to 

reference (lowest quintile). For PM2.5, quintiles were assigned based on accepted annual 

PM2.5 standards set by the Environmental Protection Agency instead (PM2.5 values <12 

μg/m3 are considered good AQ). The derived exposure quintiles can be found in Table S1.

Several models were run based on the 1-hour SE data: the basic model (Model 1) was run 

for each environmental variable separately and only adjusted for elapsed sleep time and 

its quadratic term. A quadratic term was included as SE, after an initial decline across the 

first hours of sleep, tended to increase again at the end of long sleep periods. Model 2 

additionally adjusted for all other bedroom environmental variables. Model 3 additionally 

adjusted for age, sex, race, BMI, household income, educational attainment, and the number 

of household members. Model 4 additionally adjusted for self-reported daytime exercise, 

naps, stress levels, alcohol and caffeine intake; whether the bed was shared; whether it was a 

weekday or weekend night, window position (closed/open); whether AC (central or window) 
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or a fan was used, and whether a subject was classified as having a high risk for obstructive 

sleep apnea according to the BERLIN questionnaire,28 which subjects filled out prior to the 

first study night.

Model 4 was also run with z-standardized environmental exposures as linear predictors 

(PM2.5 values were log+1 transformed prior to standardization) after establishing with AIC 

that linear models fit better than quadratic models. Furthermore, 2-way linear interactions 

between environmental predictors were tested in separate models. These interaction 

models only adjusted for the other environmental variables, and the statistically significant 

covariables elapsed sleep time and alcohol consumption on the previous day. It was also 

investigated how environmental variables in the bedroom (except for barometric pressure) 

changed depending on window opening position and the use of central AC, window AC, or a 

fan. These analyses were based on the whole night.

Finally, subjective assessments of humidity and temperature levels as well as the degree of 

noise disturbance were investigated in relation to exposure quintiles. It was also investigated 

whether those who rated their bedroom as slightly too hot or too hot, slightly too humid 

or too humid, or who felt very or extremely disturbed by noise differed in SE compared 

to those who did not. These models were based on fully adjusted Model 4 but excluded 

bedroom environment measurement variables.

All models were run in SAS 9.4 (SAS Institute Inc., Cary, NC). Statistical significance was 

assumed at α=0.05. P-values of post-hoc comparisons were adjusted for multiple testing 

with the false discovery rate (FDR) method.29

Results

The 62 participants with both AQ and SL data provided on average 13.8 days of actigraphy 

data (range: 7.0–16.4 days; excluding off-wrist), 13.3 days of AQ data (range: 1.1–20.0 

days) and 12.8 days of SL data (range: 0.1–22.0 days). Tests for collinearity were negative 

(all |r| <0.65). No relevant correlations between environmental exposure variables both 

within nights and across nights were found (all |r| <0.2) except for humidity and PM2.5 

(r=0.37 within nights and r=0.40 across nights; see Figure S2), which has been described for 

the relevant exposure range before.30 Of expected morning surveys, 97.2% were received.

Across all participants, total sleep time (TST) averaged (mean ± SD) 6.32 ± 1.43 hours on 

weekdays and 6.51 ± 1.47 hours on weekends. SE averaged 82.4 ± 8.0% on weekdays and 

82.8 ± 7.0% on weekends (range: 40.9%–94.8%). On average, participants napped on 16.9% 

and exercised on 43.0% of weekdays; they also reported consuming caffeine and alcohol 

in the 6-hour period prebed in 28.2% and 19.0% of weekdays, respectively. Participants 

reported sharing the bed in 62.2% of nights. On a 5-point Likert scale (1 = “best”; 5 = 

“worst”) participants averaged 2.1 for stress, 2.4 for sleep quality, 2.8 for tiredness, and 1.4 

for noise disturbance.

The following were average values of the different variables measured in the bedroom (mean 

± SD): PM2.5 10.6 ± 47.0 μg/m3; relative humidity 51.2% ± 7.3%; temperature 73.3°F ± 

4.2°F; CO2 1194.0 ± 523.5 ppm; barometric pressure 999.8 ± 2.7 hPa; and sound pressure 
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level 49.3 ± 7.8 dBA. Some environmental variables changed systematically across the 

sleep period (Figure 1). During nighttime sleep periods, PM2.5 and sound pressure levels 

showed decreasing trends, humidity and CO2 showed increasing trends, and temperature and 

barometric pressure showed a slightly decreasing followed by a slightly increasing trend.

Results of hierarchical regression models of bedroom environmental variables on one-hour 

SE values are shown in Table 1. In the fully adjusted model (Model 4, Table S2), there 

was a statistically significant association of temperature, CO2 and noise with SE such that 

increasing exposure levels were associated with lower SE (Figure 2). In the highest exposure 

quintiles SE was 3.2% (PM2.5, p<0.05); 3.4% (temperature; p<0.05), 4.0% (CO2, p<0.01) 

and 4.7% (noise, p<0.0001) lower compared to the lowest exposure quintiles. Humidity and 

barometric pressure were not statistically significantly associated with SE.

After z-transformation, significant linear associations with SE were observed for PM2.5 

(β=−2.15%, p<0.0001, log+1 transformed), noise (β=−1.85%, p<0.0001) and temperature 

(β=−1.73%, p<0.0001), while humidity (β=−0.14%, p=0.7372), barometric pressure 

(β=−0.24%, p=0.2817) and CO2 (β=−0.32%, p=0.3801) showed no significant linear 

association with SE. After adjusting for multiple testing, none of the 2-way interactions 

between environmental exposures were statistically significant at an FDR of 0.05 (Table S4) 

suggesting additive effects. The only covariates with significant associations with SE were 

elapsed sleep time and pre-bed alcohol consumption.

No statistically significant associations between the bedroom environment and 

actigraphically assessed TST and WASO (Figure 2) were found. While the omnibus test 

did not suggest that WASO in any of the noise exposure quintiles differed from the mean 

across quintiles, post-hoc tests show statistically significantly higher WASO in the three 

highest noise exposure quintiles relative to the lowest quintile (all adjusted p<0.05). With 

the exception of humidity, no statistically significant associations were observed between 

the bedroom environment and subjectively assessed sleep onset latency, sleep quality and 

sleepiness (Figure 3). For humidity, sleep quality was assessed significantly worse in the 

three highest exposure quintiles relative to the lowest quintiles, and participants rated 

themselves sleepier in exposure quintiles 3 and 5 relative to the lowest quintile.

Participants overwhelmingly rated humidity (78.6%) and temperature (68.9%) in the 

bedroom as “just right” and did “not at all” feel disturbed by outside noise (73.9%) (Table 

2). Humidity comfort ratings were similar irrespective of measured bedroom humidity 

levels. Likewise, sleep disturbance by outside noise ratings were similar across measured 

noise exposure quintiles. There was an increased tendency to select “slightly too hot” 

and “too hot” instead of “just right” in the highest two temperature quintiles. Participants 

who rated temperature and humidity slightly too hot/humid or too hot/humid or noise as 

very or extremely disturbing had lower SE compared to those who did not, albeit not 

statistically significantly (temperature: β=−0.7%, p=0.2629; humidity: β=−1.3%, p=0.1004; 

noise: β=−1.4%, p=0.4678).

The 5 dominant window opening/AC/fan usage patterns were: central AC only (42.3%); 

central AC plus fan (29.9%); window AC plus fan (7.6%), window AC only (6.4%); and 
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fan only (4.6%). Windows were opened (alone or in combination) in only 6.7% of nights. 

Opening the window and the use of central AC were not statistically significantly associated 

with PM2.5, humidity, temperature, CO2 or noise in the bedroom (Figure 4). The use of 

window AC was associated with significantly higher bedroom noise levels (+3.84 dBA, 

adjusted p<0.05). The use of a fan was associated with a significantly higher bedroom 

temperature (+1.07 °F, adjusted p<0.05) and significantly higher bedroom noise levels 

(+1.89 dBA, adjusted p<0.05).

Discussion

In this study, we evaluated associations between bedroom environmental variables (PM2.5, 

temperature, humidity, CO2, barometric pressure, and noise) and actigraphically assessed 

sleep in 62 participants who were each monitored over a period of 14 days. This study is one 

of only a few that (a) assessed both the bedroom environment and sleep objectively and (b) 

concurrently assessed multiple relevant descriptors of the bedroom environment.

Significant associations among bedroom PM2.5, temperature, CO2 and noise levels were 

found with SE, such that higher exposure levels were associated with lower SE in a dose-

dependent fashion. These associations were robust and did not change relevantly across 

models 1–4 (ie, with the level of adjusting for confounders). Effect sizes derived from 

standardized linear regression suggest larger associations between noise and temperature 

and SE relative to PM2.5 and CO2, although effect size estimates for PM2.5 and CO2 may 

have been affected by larger measurement variability both within and between AQ meters 

(see Supplementary Materials). No significant associations with SE were found for relative 

humidity and barometric pressure. Also, no significant 2-way interactions were found for all 

possible environmental exposure pairs after adjusting for multiple testing. This suggests that 

associations of the investigated environmental variables were additive, although analyses 

likely lacked statistical power to find significant interactions.

Numerous laboratory and field studies have demonstrated that nighttime noise exposure 

adversely affects sleep.12,15,31 Noise exposure during sleep, which is often intermittent, 

causes autonomic and cortical arousals, including awakenings, with reductions in slow-

wave and rapid eye movement (REM) sleep, and increases in superficial sleep stages.15,16 

Disruptions of sleep due to nighttime noise exposure can lead to decrements in daytime 

functioning, including daytime sleepiness13 and modest slowing of psychomotor speed.16 

Furthermore, translational and epidemiological research suggests that noise exposure in 

general, but especially intermittent noise exposure during the rest period,32 contributes 

to cardiovascular, metabolic, and neurodegenerative disease risk.33 In comparison to the 

other investigated environmental variables, the negative associations of noise with SE were 

the most robust. Thus, the importance of reducing noise levels in the bedroom cannot be 

overstated and represents a cornerstone of good sleep hygiene.

Previous studies have shown associations of the bedroom climate with sleep. Higher 

nighttime temperatures have been associated with more nights of self-reported insufficient 

sleep duration, where a +1°C increase in ambient temperature was associated with 

approximately 3 nights of insufficient sleep duration per 100 individuals.34 Another study in 
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48 households found a 1% decrease in actigraphically assessed SE for each +1°C increase in 

ambient temperature.35 A recent carefully controlled laboratory study did not find significant 

differences between 2 temperature conditions (24°C vs. 28°C) and sleep, assessed with 

a Fitbit, but this may be due to the small sample size (N = 10).36 Another recent study 

did not find a relationship between ambient temperature or humidity on sleep duration 

using continuous objective measures of sleep-wake behaviors across 1 year, although sleep 

durations during spring were significantly shorter than other seasons.37 One small study 

in 20 participants found reductions in subjectively assessed sleep quality and objectively 

assessed sleep duration with increasing bedroom temperature.38 Higher daily temperatures 

were also associated with increased Apnea-Hypopnea Index (AHI) scores, a marker of 

disrupted sleep, which was also more pronounced during summer months.39 Thus, while 

there are several studies hinting at negative associations of high bedroom temperatures 

with sleep, findings have been inconsistent, which may be explained by low sample sizes 

and inadequate statistical power. Our study demonstrates a dose-response-like decrease in 

SE with increasing ambient temperature and thus adds to the growing body of literature 

highlighting the importance of a cool bedroom environment.

The effects of ambient humidity on sleep are often examined along with temperature and 

appear to be synergistic: humid heat exposure has been associated with more wakefulness 

during the sleep period, as well as less REM and slow-wave sleep.40–42 In field studies, 

humidity, independent of temperature, had little effect on sleep quality,43,44 but when 

examined together more complaints of temperature and humidity were associated with 

worse sleep quality.45 Adjusting for the other environmental variables, no significant 

relationships between relative humidity and objectively assessed SE, TST, and WASO 

were found across the measured humidity range (33.0%–74.5%). However, statistically 

significant associations between humidity and self-reported poor sleep quality and sleepiness 

were found. Subjectively assessed SOL also increased in a dose-response-like fashion with 

increasing humidity, albeit not statistically significantly. Humidity was the only investigated 

environmental variable that was associated with any of the investigated subjective sleep 

outcomes. This suggests that humidity plays an important role in sleep perception.

Research on the effects of barometric pressure on sleep is scant. In one study, barometric 

pressure levels exhibited curvilinear patterns with sleep onset.46 Another study found a 

positive correlation between barometric pressure and self-reported TST.47 This study did 

not show associations of barometric pressure with any of the subjective or objective sleep 

outcomes. However, fluctuations in barometric pressure were relatively minor during the 

study period (mean ± SD 999.8 ± 2.7 hPa).

Several studies investigated associations between ambient AQ and sleep. One large 

cross-sectional study found associations between estimated PM2.5 exposure and increased 

self-reported sleep latency.48 An analysis of UK Biobank data found an association of 

atmospheric PM2.5 concentration with sleep disturbance (OR 2.39 per 10 μg/m3 increase; 

based on ICD10 codes) and sleep duration reduction (0.14 minutes per 10 μg/m3 increase; 

based on self-report).49 Two studies found an association between PM2.5 levels and 

increased obstructive sleep apnea severity.50,51 In contrast, a recent study in 20 participants 

with indoor AQ measurements and subjective as well as objective (Fitbits) assessments of 
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sleep found improved sleep quality and increased SE with higher PM2.5 exposure levels, 

which the authors suggest could be partially explained by the relatively low PM2.5 levels 

measured during the study.38 Shorter self-reported sleep duration was associated with worse 

AQ index, as well as higher levels of PM2.5, PM10, and NO2; a one standard deviation 

increase in these air pollutants was associated with approximately 30-minute shorter 

sleep.52,53 Furthermore, exposure to higher levels of PM2.5, PM10, and NO2 was associated 

with poorer ratings of sleep quality,22 and perceived exposure to air pollution was also 

associated with poor sleep quality.54 Overall, the literature supports negative associations of 

PM2.5 and other AQ metrics with sleep duration and quality, which is corroborated by the 

findings of our study for SE.

Several studies investigated the effects of bedroom CO2 on sleep. Reductions in bedroom 

CO2 levels through window opening or running a fan were associated with higher SE 

in 30 students.11 Another small (N = 17) intervention study did not find differences in 

actigraphically assessed sleep outcomes during nights with open (average CO2 717 ppm) 

or closed doors or windows (average CO2 1150 ppm).55 A small but carefully controlled 

laboratory experiment repeatedly investigated 12 participants polysomnographically while 

manipulating laboratory CO2 concentrations (800, 1900, and 3000 ppm).56 In addition to 

decreased sleep quality, the authors found statistically significant reductions in slow-wave 

sleep and increases in SOL with increasing levels of CO2. Another study in 48 households 

found negative associations between bedroom CO2 levels and deep sleep. The latter was, 

however, assessed actigraphically.35 A small study in 20 participants found reductions in 

subjectively assessed sleep quality and objectively assessed sleep duration with increasing 

bedroom CO2 levels.38 A small polysomnographic study found that lowering CO2 levels 

from 1400 ppm to less than 1000 ppm by increasing ventilation reduced WASO and 

increased SE.57 Finally, a recent carefully controlled laboratory study did not find significant 

differences between 2 CO2 conditions (800 vs. 1700 ppm) and sleep assessed with a Fitbit, 

but this may be due to the small sample size (N = 10).36 Collectively, these studies suggest 

negative associations of high CO2 levels with sleep architecture and fragmentation, which is 

corroborated by the dose-response like decrease in SE with increasing levels of CO2 in our 

study.

With the exception of humidity, no statistically significant association was found for any of 

the environmental variables and objectively assessed TST or WASO or subjectively assessed 

SOL, sleep quality or sleepiness. SE is only strongly correlated with sleep duration in 

settings where sleep opportunity is kept constant as the latter depends on several factors 

unrelated to the bedroom environment, especially work and family demands.58 In fact, sleep 

opportunity (i.e., time in bed) and SE were not correlated (r<0.01) in this study (Figure S3). 

Thus, sleep duration is likely an inferior outcome for studies on the effects of AQ and noise 

in real world settings. The fact that only humidity was statistically significantly associated 

with two out of three subjectively assessed sleep outcomes despite significant associations 

of PM2.5, temperature, CO2 and noise with objectively assessed SE question the usefulness 

of self-report data in studies investigating the effects of the bedroom environment on sleep. 

Humans are unconscious and unaware of themselves and their surroundings during the sleep 

period for most of the night, which is why subjective assessments have to rely on typically 

short periods of intermittent wakefulness. Also, self-report ratings like sleepiness have been 
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shown to habituate quickly, especially in chronic exposure situations.59 Participants may 

thus assess themselves and their surrounding as “normal” even if objective assessments 

suggest otherwise.35 This is corroborated by our finding that most of the participants chose 

the “just right” category for temperature and humidity or the “not at all disturbed” category 

for noise regardless of actual exposure levels. In line with previous research,60 ratings of a 

bedroom too hot or humid or sleep very or extremely disturbed by noise were associated 

with lower SE, albeit not statistically significantly.

Some environmental variables changed systematically across the night. While decreasing 

PM2.5 concentrations and noise levels can benefit sleep, increasing CO2 levels together with 

lower sleep pressure could be responsible for a higher degree of sleep fragmentation in 

the second half of the night. This study also investigated how window opening behavior 

and the use of central AC, window AC, or a fan changed the bedroom environment. Room 

temperature was lower in nights with window AC use, but at the expense of significantly 

higher noise levels. Other studies found that by opening the window, opening the door to the 

hallway or increasing ventilation, CO2, temperature, and humidity in the bedroom decrease 

while PM2.5 and noise levels increase.11,55,57,61–63 While it is difficult to establish causality 

from these data, they do suggest that there is a trade-off with positive effects on some and 

negative effects on other bedroom environmental variables.

Strengths of this study include ecologically valid measurements in the home environment; 

objective assessments both of the bedroom environment and sleep; concurrent measurement 

of several environmental variables, which allowed us to separate the association of each 

variable by adjusting for the other variables; and the fact that subjects participated in the 

study for 14 consecutive days..

Although the study has strengths, it is not without limitations. Weaknesses of the study 

include that ambient light levels and potentially other relevant variables (eg, volatile organic 

compounds, whether doors were open or closed) were not measured. Prebed light exposure 

can suppress melatonin excretion, increase sleep onset latency, and affect sleep architecture. 

A recent study also demonstrated that light exposure during the sleep period was associated 

with lighter sleep, higher sympathovagal balance, and increased insulin resistance.64 Also, 

this study only conducted measurements during the summer months in a single geographic 

region, which limits the generalizability of our findings; the relatively high interdevice 

variability of PM2.5 measurements; and that sleep was not assessed polysomnographically, 

which prevented investigation of sleep architecture. Also, more data were lost than originally 

anticipated. This was most likely caused by procedures put in place to minimize the risk of 

Covid-19 infections that required participants to set up the equipment themselves, and by 

the low battery runtime of the AQ and SL meters in case of power outages or a participant 

forgetting to connect a device to the outlet. It is, however, unlikely that this would have 

systematically biased results. Furthermore, due to the lack of sufficient resources, it was 

not possible to approach all GHP participants and, while unlikely, it is possible that those 

subjects approached differed in some systematic way from those not approached. Also, 

while the sample size is larger than that of most previous comparable studies, the study 

was powered for repeated measurements in the same subjects and the sample size is still 

relatively small. Therefore, the results need to be interpreted with caution. Finally, while 
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causality cannot be inferred from this cross-sectional study, at least reverse causality is 

unlikely, as the degree of SE is unlikely to influence the bedroom environment relevantly 

(aside perhaps from obstructive snoring and noise levels).

Conclusions

This study investigated associations of several environmental variables with objectively 

assessed sleep duration and efficiency. Temperature, noise, PM2.5 and CO2 levels in the 

bedroom were all found to be significantly associated with lower levels of SE in a dose-

dependent manner. These findings add to a growing body of evidence highlighting the 

importance of the bedroom environment–beyond the mattress–for high-quality sleep. There 

is a need to identify interventions that can improve the bedroom environment, especially 

since climate change has already started to produce more extreme weather events. These 

interventions span a wide spectrum and include, but are not limited to, simple behavioral 

changes (eg, leave the door to the hallway open to lower CO2 levels), to changes in 

building structure (eg, triple-pane windows for noise reduction), to political interventions 

(eg, incentives to buy electric cars to lower air pollution and noise at low speeds), and land 

use planning (eg, increase in greenspace65).
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ABBREVIATIONS

AC Air conditioning

AHI Apnea-Hypopnea-Index

AQ Air quality

BMI Body mass index

CO2 Carbon dioxide

dBA A-weighted decibels

GHP Green Heart Project

IRB Institutional Review Board

PM2.5 Particulate matter with a particle size <2.5 μm
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SD Standard Deviation

SL Sound level
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Figure 1: 
Bedroom environment by time of day. Values of mean fine particulate matter (PM2.5), mean 

relative humidity, mean temperature, mean CO2, mean barometric pressure, and median 

sound pressure levels are plotted against time of day (the median was chosen for sound 

pressure levels as they are strongly affected by outliers). Values were derived from all 

subjects with valid air quality and sound level data. Percent of participants sleeping is shown 

in gray. PM2.5 and sound pressure levels show decreasing trends, humidity and CO2 show 

increasing trends while temperature and barometric pressure show a slightly decreasing 

followed by a slightly increasing trend during participants’ sleep periods.
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Figure 2: 
Associations of the bedroom environment with objectively assessed (via actigraphy) SE, 

total sleep time and wake after sleep onset. P-values reflect type-III tests for fixed effects. 

Estimates are based on the fully adjusted model (Model 4), using observed marginal means 

for all covariates. PM2.5: fine particulate matter; asterisks reflect statistical significance of 

post-hoc tests contrasting quintiles 2–5 to quintile 1 (after false-discovery rate29 adjustment; 

*adjusted p<0.05; **adjusted p<0.01; ***adjusted p<0.001; ****adjusted p<0.0001)
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Figure 3: 
Associations of the bedroom environment with self-reported sleep onset latency, sleep 

quality and sleepiness (via daily morning surveys). P-values reflect type-III tests for fixed 

effects. Estimates are based on the fully adjusted model (Model 4) using observed marginal 

means for all covariates. PM2.5: fine particulate matter; Q1–5: quintiles 1–5; asterisks reflect 

statistical significance of post-hoc tests contrasting quintiles 2–5 to quintile 1 (after false-

discovery rate29 adjustment; *adjusted p<0.05; **adjusted p<0.01; ***adjusted p<0.001; 

****adjusted p<0.0001)
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Figure 4: 
Associations of window opening behavior and the use of window air conditioning, central 

air conditioning or a fan with indoor measurements of fine particulate matter (PM2.5), 

relative humidity, temperature, CO2 and noise. * adjusted p<0.05; AC: air conditioning
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Table 1:

Associations of the bedroom environment with sleep efficiency.

Model 1 Model 2 Model 3 Model 4

Estimate in % (95% CI) Estimate in % (95% CI) Estimate in % (95% CI) Estimate in % (95% CI)

PM2.5 [μg/m3]

≤ 0.1 0 (Ref.) 0 (Ref.) 0 (Ref.) 0 (Ref.)

> 0.1 ≤ 4.0 −1.06 (−2.44; 0.32) −1.31 (−2.69; 0.08) −1.38 (−2.77; 0.01) −1.44 (−2.83; −0.05)

> 4.0 ≤ 8.0 −0.88 (−2.73; 0.97) −1.61 (−3.47; 0.26) −1.7 (−3.58; 0.17) −1.65 (−3.54; 0.23)

> 8.0 ≤ 12.0 −1.44 (−3.61; 0.74) −2.42 (−4.61; −0.22) −2.51 (−4.72; −0.3) −2.51 (−4.74; −0.29)

> 12.0 −3.1 (−5.26; −0.93)* −3.43 (−5.60; −1.25)** −3.34 (−5.55; −1.13)* −3.27 (−5.51; −1.03)*

p = 0.0510 p = 0.0417 p = 0.0551 p = 0.0633

Relative Humidity [%]

≤ 44.7 0 (Ref.) 0 (Ref.) 0 (Ref.) 0 (Ref.)

> 44.7 ≤ 48.5 −0.40 (−1.77; 0.98) −0.39 (−1.78; 1.00) −0.27 (−1.67; 1.12) −0.31 (−1.71; 1.08)

> 48.5 ≤ 52.2 −0.47 (−2.17; 1.23) −0.41 (−2.12; 1.30) −0.28 (−2.01; 1.44) −0.35 (−2.08; 1.39)

> 52.2 ≤ 57.1 −0.57 (−2.42; 1.27) −0.39 (−2.26; 1.48) −0.25 (−2.13; 1.64) −0.26 (−2.16; 1.63)

> 57.1 −2.27 (−4.46; −0.09) −1.31 (−3.52; 0.89) −1.14 (−3.4; 1.12) −1.17 (−3.45; 1.1)

p = 0.2252 p = 0.7773 p = 0.8388 p = 0.8273

Temperature [°F]

≤ 69.7 0 (Ref.) 0 (Ref.) 0 (Ref.) 0 (Ref.)

> 69.7 ≤ 72.2 −1.15 (−2.61; 0.31) −1.16 (−2.63; 0.31) −1.06 (−2.54; 0.41) −0.98 (−2.46; 0.5)

> 72.2 ≤ 74.4 −1.02 (−2.79; 0.74) −0.90 (−2.68; 0.88) −0.66 (−2.46; 1.13) −0.5 (−2.32; 1.31)

> 74.4 ≤ 76.6 −2.33 (−4.36; −0.31)* −2.64 (−4.68; −0.61)* −2.3 (−4.36; −0.24) −2.08 (−4.16; 0)

> 76.6 −3.98 (−6.14; −1.82)** −4.02 (−6.20; −1.84)** −3.61 (−5.83; −1.4)** −3.4 (−5.64; −1.16)*

p = 0.0046 p = 0.0035 p = 0.0110 p = 0.0182

CO2 [ppm]

≤ 777.3 0 (Ref.) 0 (Ref.) 0 (Ref.) 0 (Ref.)

> 777.3 ≤ 984.0 −1.63 (−3.11; −0.14)* −1.54 (−3.02; −0.05)* −1.71 (−3.21; −0.21)* −1.82 (−3.33; −0.32)*

> 984.0 ≤ 1184.3 −2.04 (−3.73; −0.35)* −2.04 (−3.74; −0.34)* −2.25 (−3.97; −0.53)* −2.39 (−4.13; −0.65)*

> 1184.3 ≤ 1514.2 −2.27 (−4.10; −0.44)* −2.28 (−4.12; −0.44)* −2.52 (−4.39; −0.64)* −2.65 (−4.54; −0.75)**

> 1514.2 −3.99 (−6.07; −1.91)*** −3.72 (−5.82; −1.62)** −3.89 (−6.04; −1.75)** −4.04 (−6.21; −1.87)**

p = 0.0061 p = 0.0159 p = 0.0116 p = 0.0083

Barometric Pressure [hPa]

≤ 997.9 0 (Ref.) 0 (Ref.) 0 (Ref.) 0 (Ref.)

> 997.9 ≤ 999.3 0.85 (−0.39; 2.10) 0.60 (−0.66; 1.86) 0.61 (−0.66; 1.87) 0.63 (−0.63; 1.9)

> 999.3 ≤ 1000.4 1.09 (−0.20; 2.37) 0.97 (−0.33; 2.27) 0.98 (−0.32; 2.28) 1.09 (−0.22; 2.4)

> 1000.4 ≤ 1002.1 0.99 (−0.32; 2.29) 0.88 (−0.44; 2.20) 0.92 (−0.4; 2.24) 1.11 (−0.23; 2.44)

> 1002.1 −0.23 (−1.56; 1.11) −0.29 (−1.63; 1.06) −0.24 (−1.59; 1.11) −0.18 (−1.55; 1.2)

p = 0.1834 p = 0.2907 p = 0.3018 p = 0.2165

Sound Pressure Level 
[dBA]
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Model 1 Model 2 Model 3 Model 4

Estimate in % (95% CI) Estimate in % (95% CI) Estimate in % (95% CI) Estimate in % (95% CI)

≤ 41.7 0 (Ref.) 0 (Ref.) 0 (Ref.) 0 (Ref.)

> 41.7 ≤ 46.5 −0.26 (−1.65; 1.12) −0.53 (−1.92; 0.86) −0.54 (−1.93; 0.86) −0.56 (−1.96; 0.84)

> 46.5 ≤ 51.8 −2.69 (−4.35; −1.03)** −2.97 (−4.63; −1.32)*** −3.05 (−4.72; −1.38)*** −3.13 (−4.81; −1.44)***

> 51.8 ≤ 56.0 −4.88 (−6.76; −3.00)**** −4.92 (−6.80; −3.04)**** −5.12 (−7.02; −3.21)**** −5.22 (−7.14; −3.29)****

> 56.0 −4.41 (−6.29; −2.53)**** −4.65 (−6.53; −2.78)**** −4.55 (−6.45; −2.65)**** −4.68 (−6.61; −2.74)****

p < 0.0001 p < 0.0001 p < 0.0001 p < 0.0001

Models were adjusted for the following variables: Model 1 was run for each environmental variable separately and only adjusted for elapsed 
sleep time (including a quadratic term). Model 2 additionally adjusted for all other environmental variables. Model 3 additionally adjusted for 
age, sex, race, BMI, household income, educational attainment, and the number of household members. Model 4 additionally adjusted for daytime 
exercise, naps, stress levels, alcohol and caffeine intake; whether the bed was shared; whether it was a weekday or weekend night, window 
position (closed/open) and whether air conditioning (central or window) or a fan were used, and high risk for Obstructive Sleep Apnea based on 
the BERLIN questionnaire (all variables added to Model 4 were self-reported). Ref.: reference category; PM2.5: fine particulate matter; p-values 

reflect type-III tests of fixed effects; asterisks reflect statistical significance of post-hoc tests contrasting quintiles 2–5 to Ref. (after false-discovery 

rate29 adjustment; *adjusted p<0.05; **adjusted p<0.01; ***adjusted p<0.001; ****adjusted p<0.0001).
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Table 2:

Subjective ratings of nighttime humidity comfort, temperature comfort and sleep disturbance by outside noise 

depending on bedroom exposure quintiles.

Relative How would you rate the humidity in your bedroom last night?

Humidity [%] N Too dry Slightly too dry Just right Slightly too humid Too humid

≤ 45.8 177 0.0% 3.4% 74.0% 21.5% 1.1%

> 45.8 ≤ 49.6 187 0.0% 4.8% 81.8% 11.8% 1.6%

> 49.6 ≤ 53.3 185 1.6% 8.6% 70.8% 17.8% 1.1%

> 53.3 ≤ 58.0 181 0.0% 5.0% 83.4% 10.5% 1.1%

> 58.0 183 0.0% 1.6% 83.1% 15.3% 0.0%

All 913 0.3% 4.7% 78.6% 15.3% 1.0%

How would you rate the temperature in your bedroom last night?

Temperature [°F] N Too cold Slightly too cold Just right Slightly too hot Too hot

≤ 69.4 187 0.0% 10.2% 81.3% 8.6% 0.0%

> 69.4 ≤ 71.9 178 0.6% 4.5% 72.5% 21.9% 0.6%

> 71.9 ≤ 74.4 180 0.0% 3.3% 78.9% 16.7% 1.1%

> 74.4 ≤ 76.7 181 0.6% 6.6% 58.6% 32.6% 1.7%

> 76.7 184 0.5% 3.8% 53.3% 38.6% 3.8%

All 910 0.3% 5.7% 68.9% 23.6% 1.4%

How much did outside noise disturb your sleep last night?

Noise [dBA] N Not at all Slightly Moderately Very Extremely

≤ 44.2 145 77.9% 15.9% 4.8% 1.4% 0.0%

> 44.2 ≤ 48.6 140 80.7% 13.6% 5.0% 0.7% 0.0%

> 48.6 ≤ 53.2 144 71.5% 20.1% 4.9% 2.8% 0.7%

> 53.2 ≤ 58.0 143 66.4% 21.7% 9.1% 2.8% 0.0%

> 58.0 148 73.0% 10.1% 13.5% 1.4% 2.0%

All 720 73.9% 16.3% 7.5% 1.8% 0.6%
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