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ABSTRACT

Sleep is essential for multiple aspects of a person’s well-being and can be affected by a person’s physical and mental state in addition to the environment they
sleep in. To date, the majority of research analyzing the relationship between a person’s sleep guality and indoor environment bas focused on environmental
parameters such as temperature, relative humidty, light, and noise. However, in recent years, a few key studies have identified indoor air quality (LAQ) as
a potential contributor to sleep quality. The recent interest in LAQ’s effect on sleep quality has been sparked by the introduction of multiple affordable
sensing technologies in both the LAQ and sleep quality fields. In this study, we combine five, commercially available LAQ sensors into one device that we
provided to participants to measure their LAQ in addition to temperature, relative humidity, and light. Participants were provided with wearable sleep
monitoring devices and were also asked to fill ont four-question surveys in the morning to get a sense of two types of sleep quality: device-monitored and self-
reported. We found that certain pollutants such as NOz, CO, and PM_ 5 altered device-monitored sleep metrics like sleep efficiency when comparing nights
with low versus bigh pollutant concentrations. When considering self-reported sleep metrics, we found that participants rated their sleep as more restful when
CO; concentrations were low, but we did not see this relationship with any other measured pollutant. Results from our study indicate that there is merit in

measnring both device-monitored and self-report sleep quality as a function of exposure to multiple indoor air pollutants in the sleeping environment.

INTRODUCTION

Achieving an adequate amount of good-quality sleep is essential for human health and well-being as it affects
physiological processes, emotion regulation, physical development, and quality of life (Hirshkowitz et al., 2015), and
improves next-day performance (Gomes et al., 2011; Pereira et al., 2015). Lack of and disturbed sleep have been linked
to negative health outcomes including obesity (Beccuti and Pannain, 2011), cardiovascular-related diseases (Cappuccio
and Miller, 2017), and reduced life expectancy (Cappuccio et al., 2010). Achieving and maintaining sleep is a complex
process that involves a variety of neurotransmitters and other signaling chemicals in conjunction with multiple organs
in the human body. The primary internal influences affecting sleep include physical ailments like head and body aches
in addition to a person's mental state such as feeling stressed, anxious, or depressed (Tsuno et al. 2005; Uhde et al.,
2009). Primary environmental factors known to affect sleep include light, noise, and thermal comfort. Light's negative
effect on sleep is a well-known phenomenon (Cho et al., 2013) as is the effect that noises - soft, loud, constant, and
intermittent - have on sleep (Hume et al., 2012). The relationship between thermal comfort and sleep has also garnered
a considerable amount of attention with studies investigating bedding insulation (Amrit, 2007), the relative humidity
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and temperature of the air (Lan et al., 2017), and a person’s internal body temperature (Kubota et al., 2002).

A potential external factor affecting sleep that has only recently received attention is indoor air quality (IAQ).
Proper IAQ is paramount to the health of building occupants especially when considering people in developed nations
spend, on average, 87% of their time indoors (Klepeis et al., 1995). Indoor air contains a mixture of pollutants generated
indoors from a variety of processes as well as pollutants from outdoor environments that penetrate indoors via
infiltration, natural ventilation, and/or mechanical infiltration. Pollutant profiles in the indoor environment can be quite
different than those outside because of unique indoor sources and the amount of outdoor air ventilation thatis provided.
In general, poor IAQ can exacerbate or induce a variety of illnesses relating to the respiratory (Lévesque et al., 2018) and
cardiovascular systems (Chuang et al., 2017) in addition to negatively affecting occupants' moods (Hummelgaard et al.,
2007), and productivity (Mujan et al., 2019).

Under the cutrent recommendation of 7 to 9 hours of sleep per night for adults, nearly one-third of a person's life
is spent in a bedroom environment. Therefore, both acute exposures to air pollutants each night and the cumulative
effects of these exposures are concerning. Recent studies have focused on characterizing the bedroom's IAQ by
examining chemicals and compounds emitted from bedding materials (Boor et al., 2017), the IAQ near the sleeping
individual (Licina et al., 2017), and the concentration of pollutants in the bulk air (Zhang et al., 2018). These studies
acknowledge the need for research that links the bedroom's environmental quality to the occupant’s sleep quality, but
only a handful of studies have attempted to address this issue (Laverge and Arnold, 2011; Strom et al., 2016; Mishra et
al., 2018; Liao et al., 2019; Xiong et al. 2020). Many common pollutants associated with the indoor and outdoor
environment can inflame airways affecting respiration while sleeping leading to the development or worsening of
breathing-related sleep disorders. In addition, some pollutants can alter the development and/or structute of the brain
(Lucchini et al., 2012; Costa et al., 2019) which might alter sleep architecture and quality.

There are two methods by which researchers can understand a subject's sleep quality: (1) through self-report
measutes like diaties or questionnaires administered before and/or after sleep, or (2) by using devices to measure key
metrics of the subject's sleep. The gold standard for measuring sleep quality is through the use of polysomnography
(PSG) which gives detailed information about a person's neurophysiological and cardio-respiratory state while sleeping.
This information can be used to determine wake-fullness, rapid-eye-movement (REM) stages, and various non-REM
stages. While PSG provides the most accurate measures of sleep quality, the method involves bulky machinery that may
disrupt participants’ sleep, requires training to interpret the results, and is costly to conduct. To combat these issues,
various companies have developed affordable wearable devices capable of measuring sleep quality. Newer products
couple heart rate monitoring with movement detection to help estimate a few key sleep stages. These devices can provide
useful insight into a subject's overall and gross sleep quality parameters (Haghayegh et al., 2019). In a similar fashion,
rapid development of affordable sensing technologies has made measuring indoor environmental quality IEQ) easier
than ever before, sparking interest in measuring conditions within the bedroom microenvironment. Recent studies
highlight that new, commercially available IEQ sensors can be distributed at scale (Beké et al., 2010; Cheng and Li,
2018) and can be useful when measuring conditions over extended periods of time as they require less power and
maintenance to operate than higher-grade instruments.

In this paper, we leverage commercially available sensing technologies to measure both IEQ and sleep quality to
understand the relationship between these fields amongst college-aged students living in Austin, TX. We start by
describing the IEQ monitor that combines many of these low-cost sensors into an all-in-one device. We continue by
describing the study where these devices along with wearable fitness trackers were distributed to participants who were
asked to rate their own sleep. Data from this study is presented and used to probe the question of IAQ's effect on
measured and self-report sleep quality. Our research is novel in that we are measuring multiple components of IAQ and
and employing two methods of sleep quality monitoring to understand the effects of IAQ on sleep quality.

METHODOLOGY

This research project was a subset of a larger study aimed at understanding student behaviors and environmental
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exposures throughout the course of their day using numerous affordable and mobile sensing technologies. Student
participants were recruited across all discplines from the University of Texas at Austin (UT) and underwent an initial
screening before being consented into the study. By May 1st, 2020, a total of 71 participants were initially enrolled with
two participants opting to drop out during the course of the study. Following enrollment, various devices were shipped
to subsets of participants with instructions provided on how to set up and/or use them. Participants were instructed to
go about their normal behaviors as devices passively collected data or participants were notified of surveys to complete.
The study concluded when participants scheduled an exit interview with a study coordinator in eatly September 2020
and returned study materials back to UT.

Environmental Quality Monitoring

A one-time questionnaire was administered to participants to get an initial impression of their indoor environment
such as pollutant exposures at home (smoking/vaping practices, pets, floor type, etc.) and cleaning habits (portable air
cleaner use, disinfecting practices, etc.). To monitor the IEQ of the participants’ bedrooms during the study period, we
developed, calibrated, and deployed our own open source, research-oriented monitoring device called the Building
EnVironment and Occupancy (BEVO) Beacon. We distributed 30 of these devices to a subset of the original 71
participants. The BEVO Beacon, pictured in Figure 1, includes a single-board micro-computer wired to six affordable,
commercially available sensors; one 250 mm X 250 mm (1 X 1”) cooling fan; and a battery-powered clock which keeps
time if the device is not connected to the internet. The micro-computer is housed in a separate chamber from the
sensors where a fan provides cooling to the processing unit. The six IEQ sensors are either exposed directly to the
ambient air or have inlets that pull from outside the wooden housing. The sensors on the BEVO Beacon measure
temperature, relative humidity (RH), light levels, carbon dioxide (CO2), particulate matter with aerodynamic diameters
less than 2.5 (PMz2s) and 10 (PMio) micrometers, total volatile organic compounds (TVOCs), nitrogen dioxide (NOy),
and carbon monoxide (CO). Each sensor attempts to take 5 readings over a period of 10 seconds, logs the average of
these readings, and then sleeps for 50 seconds providing data at a one-minute resolution. Data are stored locally on the
micro-computer but can be accessed remotely as long as the device is connected to WiFi.

Particulate Matter Carbon Monoxide

Figure1  Our all-in-one IEQ-monitoring device, the BEVO Beacon, and its five main IAQ sensors. Temperature and
relative humidity are measured by the Carbon Monoxide and Nitrogen Dioxide sensors.

BEVO Beacons were shipped to participants on a rolling basis beginning June 1st, 2020 with the first device
reaching its destination on June 3. After receiving the device, participants were asked to power-on the devices
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immediately. The BEVO Beacons were returned on a rolling basis starting September 1st, 2020.

Sleep Monitoring

As part of the study, all 71 participants were asked to download and use a smartphone application. The application
is an open research platform (Torous et al. 20106) that provides digital phenotyping in the form of data collected from
smartphone sensors and responses from EMAs. EMAs were sent to participants four times a week, twice a day: once
in the morning at 9:00 am and again in the evening at 7:00 pm. Both EMAs asked participants to rate various
components of their mood on a four-point scale. The morning EMAs also included four questions to help determine
self-report sleep metrics, asking participants to estimate their total sleep time (TST), sleep onset latency (SOL), number
of awakenings (INAW), and restfulness on a four-point scale (0 — not very restful; 3 — very restful).

Commerical fitness tracking devices were distributed to the same 30 participants who received a BEVO Beacon.
Participants were asked to create or use their existing accounts, which were linked to a secure server. This particular
fitness tracker included a heart rate monitor in addition to the standard accelerometer which helps to more accurately
track sleep. Measurements obtained from the fitness tracker were used directly in addition to a few metrics derived from
the sleep stage estimates produced by the fitness tracker. The primary sleep metrics include sleep efficiency (SE) defined
as the percentage of time asleep when in bed and the ratio of REM stage sleep to all other stages i.e., non-REM (nREM).

Pre-Processing IEQ Data

When BEVO Beacons were returned, 3 sensors onboard each of the devices were calibrated jointly in a house
environment against laboratory grade monitors including the CO2, NOg, and PM (of all sizes). From the calibration, a
linear model was fit to help correct measurements from these three sensors.

For this study, we were only interested in data collected during periods when participants were home and in their
bedrooms. The fitness trackers log sleep data, including the start and stop time for any sleep event lasting longer than
3 hours. We used the start and stop timestamps to restrict the IEQ data from BEVO Beacons to only these periods.
However, the fitness tracker is worn around the wrist and travels with the participant whereas the BEVO Beacon
remains fixed in participants’ bedrooms. There could be instances where participants sleep in an environment other
than the one the BEVO Beacon is monitoring. To correct for this, we cross referenced the addresses provided by the
participants with GPS traces from the participants’ phones logged by the open research platform. We were then able to
further filter the IEQ dataset to only include nights when the participants were asleep at their homes i.e., the same
location the BEVO Beacon was monitoring.

RESULTS

IEQ and Device-Monitored Sleep Quality

By filtering the IEQ dataset to only include nights with device-monitored sleep and GPS traces to confirm that
participants were home, the dataset consists of a total of 278 nights of IEQ and sleep quality measurements across 15
unique participants. A significant amount of data was lost because participants might not have logged data from one of
the three modalities (GPS from phone app, IEQ from BEVO Beacon, or sleep measurements from wearable),
invalidating the remaining data from other modalities. Figure 2 shows the number of nights measured by each of the
BEVO Beacons in addition to which sensors collected data for each of those nights.
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Number of nights of measurements for each of the 15 BEVO Beacons after filtering for device-monitored sleep
events and GPS traces confirming participants and BEVO Beacons are co-located.

Examining the data on an aggregate basis, we can determine if the distributions of device-monitored sleep metrics

differ for nights when a measured parameter is low or high based on established or assumed thresholds given in Table

1. We determine if the measurement for a certain parameter is low or high depending on the median value measured

during an individual’s sleep event. Figures 3 and 4 show the distributions of sleep efficiency and REM:nREM ratios,

respectively, for each of the pollutants measured by the BEVO Beacon in addition to temperature. Numbers above

each of the violin plots indicate the p-value from a t-test of means between the distributions. Values less than or equal
to 0.05 are highlighted.

Table 1. Pollutant Thresholds for Determining Low/High Pollutant Levels

Threshold Organization Notes Citation
Temperature | 27°C /80.6°F Median nightly concentration from study
TVOC 200 ppb WHO Twice the sensory irritation limit WHO, 2010
CO, 1100 ppm ASHRAE Based on standard 62.2 ASHRAE, 2019
CcO 4 ppm WHO Based on minimum 24-hour exposure limit WHO, 2010
NO; 25 ppb EPA and WHO Half the EPA NAAQS (to account for US EPA, 2010;
indoors) and WHO 1-hour exposure limit WHO, 2010
PM; s 1.5 ug/m3 Median nightly concentration from study
p: 0.474 0.016 0.004 0.177 0.008 < 0.001
100.0
97.51
95.04 Median
Concentration
g 925 = low
k5 E high
£ 90.0
w
87.51
85.01
82.51
TvOC NO, co co, PM, s T
Figure 3  Distributions of SE for nights when IEQ parameters are below or above thresholds in Table 1. Values above the

violin plots indicate p-values from a t-test on the difference of means between the two distributions.
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Figure 4  Distributions of REM:nREM for nights when IEQ parameters are below or above thresholds in Table 1. Values
above the violin plots indicate p-values from a t-test on the difference of means between the two distributions.

IEQ and Self-Report Sleep Quality

Since EMAs were only administed four times a week and incur a larger burden on the participants relative to a
wearable device, there are fewer observations when participants are home, asleep, and completed the EMA the following
morning. Data availability is shown for the 192 nights across 16 participants in Figure 5.
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Figure 5 Number of nights of measurements for each of the 15 BEVO Beacons after filtering for GPS traces to confirm
participants and BEVO Beacons are co-located and EMAs were completed upon waking.

For the self-reported sleep metrics, we focus on two of the possible four: SOL, or the amount of time participants
reported it took them to fall asleep, and self-reported restfulness on a 4-point scale. Following a similar analysis to that
conducted for device-monitored sleep metrics, Figure 6 highlights any significant differences in the distributions of self-
reported SOL for nights when concentrations of the measured IEQ parameters were low or high.
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Figure 6  Distributions of self-reported SOL ratios for nights when the given IEQ parameter value is below or above the
thresholds given in Table 1. P-values from a t-test on the difference of means between the two distributions are
given above the corresponding IEQ parameter.

Rather than look at restfulness on a four-point scale, we combine scores of 0 and 1 into a “negative” rating while
2 and 3 constitute “positive” ratings. Figure 7 shows how the measurements of the IEQ parameters from the BEVO
Beacon differ for the nights participants rate their restfulness as either negative or positive.
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Figure 7  Distributions of median pollutant and temperature measurements for nights when participants rate their
restfulness as either negative (0 and 1) or positive (2 and 3) on the morning EMA when they awaken. Only results
where t-statistics on the means could be calculated between the distributions are included with p-values given
above each violin plot.

DISCUSSION

Effect of IEQ on Sleep Quality

Device-Monitored Sleep. When considering device-monitored sleep metrics, there appears to be a significant
decrease in SE, according to the data in Figure 3, when concentrations of NOz, CO, and PMz are elevated. There are
no studies that explicitly study indoor NO2 or CO and device-monitored sleep quality, but PMa2s has been studied and
shown to negatively affect sleep efficiency according to PSG (Liao, 2019), confirming the results observed in the current
study. However, we also observed a significant increase in sleep efficiency at elevated temperatures which contrasts with
the expected trend and the results reported in a similar study by Xiong et al., 2020 that measured bedroom air
temepratures similar to those measured in this stud.

Based on the results presented in Figure 4, TVOCs seem to increase the relative percentage of time spent in REM
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sleep compared to non-REM sleep. TVOCs represent a complex and often unkown mixture of compounds so
understanding the relationship between TVOCs on sleep quality is more nuanced, however recent studies indicate
TVOCs do not produce significant changes in sleep quality when compared to PSG (Liao, 2019). Although some studies
have hypothesized that NO2 could disrupt normal sleep architecture by interfering with neurotransmitters in the brain,
the results here show no significant differences in the ratio of REM:nREM for low and high concentration nights. We
do see that PM2s cocentrations tend to reduce the ratio of REM:nREM sleep suggesting that perhaps PMy ;s is altering
sleep architecture by either increasing severity of breathing-related sleep disorders or those associated with signaling in
the brain. Important to note is that CO2 shows no significant differences in SE or REM:nREM ratios under low and
high conditions which contradicts many of the results found in similar studies (Strom et al., 2016; Mishra et al., 2018;
Xiong 2020) that use devices to monitor sleep quality. COz tends to be a good proxy for ventilation so we would expect
some significant differences in sleep metrics especially considering other pollutants in our study exhibited significant
differences between sleep metrics at low and high concentrations. Lastly, elevated nightly temperatures indicate a
significant decrease in the time spent in REM, which was recently corroborated (Xiong, 2020).

Self-Reported Sleep. Measurements of SOL proved to be lower for nights with elevated measurements of COs,
PM2.5, and temperature according to the data presented in Figure 6. This relationship suggests that people are able to
fall asleep quicker when the concentrations of CO: are elevated which is a possibility considering increased CO:
concentrations are known to cause subjective and objective indicators of drowsiness (Snow et al., 2018). Like CO2, PM
has been implicated in causing fatigue in multiple studies of indoor environments, most notably offices (Nezis et al.,
2019). While cooler temperatures might promote more efficient sleep, warming prior to bed has been shown to decrease
SOL in young adults free of known sleep conditions (Raymann et al., 2007).

The effect of COz on sleep quality is significant when considering the restfulness scores from the EMAs. Figure 7
highlights that for nights when participants rate their restulfness as poor, the median CO2 concentration for that night
is significantly higher than when they rate their sleep more restful. The same relationship is apparent when considering
the CO distributions although the difference in the shape of the distributions is not nearly as dramatic as those for the
CO:z results. Strom et al. (20106) reported significant improvements in participants’ restfulness score when the COz
concentrations were lower, while Mishra et al. (2018) found that increased concentrations of COz reduced the self-
report depth of sleep but had no correlation to self-reported restfulness. Xiong et al. (2020) report no correlation
between any self-reported sleep metric and COa. As for the temperature and TVOC levels measured in the current
study, there was not significant difference between the distributions during negative and positive restfulness nights. For
the remaining two pollutants, t-statistics could not be calculated and are not shown.

CONCLUSION

In this study, we highlighted the importance of a properly controlled indoor environment as it relates to sleep
quality. Many common indoor air pollutants like CO2 and particulate matter, which have been hypothesized to affect
sleep through direct or indirect means, have been shown here to alter both device-monitored and self-reported sleep
amongst a healthy, young adult population sleeping in their normal environment free from bulky monitoring equipment
that might bias results. We also show that other, less-studied pollutants, like NO2 and CO might have equally important
consequences on sleep quality. There also appears to be differences in IAQ’s effect on sleep quality when considering
the type of sleep quality measurement (i.e., device-monitored or self-report) indicating that studies should be conducted
to analyze both measurements of sleep quality. We plan to continue to probe the relationship between indoor air
pollution and sleep quality by monitoring different groups of individuals with more robust instrumentation to assess
whether an individuals’ sleep qualities are more or less susceptible to indoor air pollution.

ACKNOWLEDGEMENT

This work was supported by Whole Communities—Whole Health, a research grand challenge at the University of
Texas at Austin.

IAQ 2020: Indoor Environmental Quality Performance Approaches 8



© 2022 ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution,
or transmission in either print or digital form is not permitted without ASHRAE's prior written permission.

REFERENCES

Algar, O.G., Pichini, S., Basagana, X., Puig, C., Vall, O., Torrent, M., Harris, J., Sunyer, J. and Cullinan, P., 2004.
Concentrations and determinants of NO2 in homes of Ashford, UK and Batrcelona and Menotca, Spain. Indoor air, 14(4):
298-304.

Amrit, UR., 2007. Bedding textiles and their influence on thermal comfort and sleep. AUTEX Research Journal, 8(4), pp.252-
254,

ASHRAE. 2019. ASHRAE Standard 62.2.-2019 Ventilation and Acceptable Indoor Air Quality in Residential Buildings,
ASHRAE, Atlanta, Georgia.

Beccuti, G. and Pannain, S., 2011. Sleep and obesity. Current opinion in clinical nutrition and metabolic care, 14(4), p.402.

Beko, G., Lund, T., Nots, F., Toftum, J. and Clausen, G., 2010. Ventilation rates in the bedrooms of 500 Danish
children. Building and Environment, 45(10): 2289-2295.

Boor, B.E., Spilak, M.P., Laverge, J., Novoselac, A. and Xu, Y., 2017. Human exposure to indoor air pollutants in sleep
microenvironments: A literature review. Building and Environment, 125, pp.528-555.

Canha, N, Lage, J., Candeias, S., Alves, C. and Almeida, S.M., 2017. Indoor air quality during sleep under different ventilation
patterns. Atmospheric Pollution Research, 8(6), pp.1132-1142.

Cappuccio, F.P., D'Elia, L., Strazzullo, P. and Miller, M.A., 2010. Sleep duration and all-cause mortality: a systematic review
and meta-analysis of prospective studies. Skep, 33(5), pp.585-592.

Cappuccio, F.P. and Miller, M.A., 2017. Sleep and cardio-metabolic disease. Current cardiology reports, 19(11), pp.1-9.

Cheng, P.L. and Li, X., 2018. Air infiltration rates in the bedrooms of 202 residences and estimated parametric infiltration
rate distribution in Guangzhou, China. Ewergy and Buildings, 164: 219-225.

Cho, J.R,, Joo, E.Y., Koo, D.L. and Hong, S.B., 2013. Let there be no light: the effect of bedside light on sleep quality and
background electroencephalographic rhythms. Slkep medicine, 14(12), pp.1422-1425.

Chuang, H.C., Ho, K.F., Lin, LY., Chang, T.Y., Hong, G.B., Ma, C.M., Liu, 1.]. and Chuang, K.J., 2017. Long-term indoor
air conditioner filtration and cardiovascular health: A randomized crossover intervention study. Environment
international, 106, pp.91-96.

Costa, L.G., Cole, T.B., Dao, K., Chang, Y.C. and Garrick, .M., 2019. Developmental impact of air pollution on brain
function. Neurochemistry international, 131, p.104580.

U.S. Environmental Protecton Agency, 2010. National Ambient Air Quality Standard Table. www.epa.gov/criteria-air-
pollutants/naags-table.

Franklin, P., Runnion, T., Farrar, D. and Dingle, P., 2006. Comparison of peak and average nitrogen dioxide concentrations
inside homes. Awmospheric Environment, 40(38): 7449-7454.

Gomes, A.A., Tavares, J. and de Azevedo, M.H.P., 2011. Sleep and academic performance in undergraduates: a multi-measure,
multi-predictor approach. Chronobiology International, 28(9), pp.786-801.

Haghayegh, S., Khoshnevis, S., Smolensky, M.H., Diller, K.R. and Castriotta, R.J., 2019. Accuracy of wristband Fitbit models
in assessing sleep: systematic review and meta-analysis. Journal of medical Internet research, 21(11), p.e16273.

Hirshkowitz, M., Whiton, K., Albert, S.M., Alessi, C., Bruni, O., DonCatlos, L., Hazen, N., Herman, |., Hillard, P.J.A., Katz,
E.S. and Kheirandish-Gozal, L., 2015. National Sleep Foundation’s updated sleep duration recommendations. S/ep
health, 1(4), pp.233-243.

Hume, K.I., Brink, M. and Basner, M., 2012. Effects of environmental noise on sleep. Noise and health, 14(61), p.297.

Hummelgaard, J., Juhl, P., Sxbj6rnsson, K.O., Clausen, G., Toftum, J. and Langkilde, G., 2007. Indoor air quality and
occupant satisfaction in five mechanically and four naturally ventilated open-plan office buildings. Building and
Environment, 42(12), pp.4051-4058.

Klepeis, N.E., Nelson, W.C., Ott, W.R., Robinson, J.P., Tsang, A.M., Switzer, P., Behar, ].V., Hern, S.C. and Engelmann,
W.H., 2001. The National Human Activity Pattern Survey (NHAPS): a resource for assessing exposure to environmental
pollutants. Journal of Exposure Science & Environmental Epidemiology, 11(3), pp.231-252.

Kubota, T., Uchiyama, M., Suzuki, H., Shibui, K., Kim, K., Tan, X., Tagaya, H., Okawa, M. and Inoué, S., 2002. Effects of
nocturnal bright light on saliva melatonin, core body temperature and sleep propensity rhythms in human
subjects. Nesuroscience research, 42(2), pp.115-122.

Lan, L., Tsuzuki, K., Liu, Y.F. and Lian, Z.W., 2017. Thermal environment and sleep quality: A review. Energy and
Buildings, 149, pp.101-113.

Laverge, J. and Janssens, A., 2011. Analysis of the influence of ventilation rate on sleep pattern. In Indoor Air 2071. ISTAQ.

IAQ 2020: Indoor Environmental Quality Performance Approaches 9



© 2022 ASHRAE (www.ashrae.org). For personal use only. Additional reproduction, distribution,
or transmission in either print or digital form is not permitted without ASHRAE's prior written permission.

Lee, S.C. and Wang, B., 2006. Characteristics of emissions of air pollutants from mosquito coils and candles burning in a large
environmental chamber. Asmospheric Environment, 40(12): 2128-2138.

Lévesque, B., Huppé, V., Dubé, M. and Fachehoun, R.C., 2018. Impact of indoor air quality on respiratory health: results of
a local survey on housing environment. Public health, 163, pp.76-79.

Liao, C., 2019. Association between Indoor Air Quality and Sleep Quality.

Licina, D., Tian, Y. and Nazaroff, W.W., 2017. Emission rates and the personal cloud effect associated with particle release
from the perihuman environment. Indoor air, 27(4), pp.791-802.

Lucchini, R.G., Dorman, D.C., Elder, A. and Veronesi, B., 2012. Neurological impacts from inhalation of pollutants and the
nose—brain connection. Newurotoxicology, 33(4), pp.838-841.

Mishra, A.K., Van Ruitenbeek, AM., Loomans, M.G.L.C. and Kort, HSM., 2018. Window/door opening-mediated
bedroom ventilation and its impact on sleep quality of healthy, young adults. Indoor Air, 28(2), pp.339-351.

Mujan, 1., Andelkovié, A.S., Muncéan, V., Kljaji¢, M. and Ruzi¢, D., 2019. Influence of indoor environmental quality on human
health and productivity-A review. Journal of cleaner production, 217, pp.646-657.

Nezis, 1., Biskos, G., Eleftheriadis, K. and Kalantzi, O.I., 2019. Particulate matter and health effects in offices-A
review. Building and Environment, 156, pp.62-73.

Pereira, S.I.R., Beijamini, F.; Vincenzi, R.A. and Louzada, F.M., 2015. Re-examining sleep’ s effect on motor skills: How to
access performance on the finger tapping task?. Step science, 8(1), pp.4-8.

Persily, A. and de Jonge, L., 2017. Carbon dioxide generation rates for building occupants. Indoor air, 27(5): 868-879.

Raymann, R.J., Swaab, D.F. and Van Someren, E.J., 2007. Skin temperature and sleep-onset latency: changes with age and
insomnia. Physiology & bebavior, 90(2-3), pp.257-260.

Schweizer, C., Edwards, R.D., Bayer-Oglesby, L., Gauderman, W.]J., Ilacqua, V., Jantunen, M.J., Lai, H. K., Nieuwenhuijsen,
M. and Kiinzli, N., 2007. Indoor time—microenvironment—activity patterns in seven regions of Europe. Journal of exposure
science & environmental epidemiology, 17(2): 170-181.

Sekhar, C., Akimoto, M., Fan, X., Bivolarova, M., Liao, C., Lan, L. and Wargocki, P., 2020. Bedroom ventilation: Review of
existing evidence and current standards. Building and Environment, 107229.

Snow, S., Boyson, A., Felipe-King, M., Malik, O., Coutts, L., Noakes, C.J., Gough, H. and Barlow, J., 2018. Using EEG to
characterise drowsiness during short duration exposure to elevated indoor Carbon Dioxide concentrations. BioRoxz,
p-483750.

Strem-Tejsen, P., Zukowska, D., Wargocki, P. and Wyon, D.P., 2016. The effects of bedroom air quality on sleep and next-
day performance. Indoor air, 26(5), pp.679-680.

Torkmahalleh, M.A., Gorjinezhad, S., Unluevcek, H.S. and Hopke, P.K., 2017. Review of factors impacting
emission/concentration of cooking generated particulate mattet. Science of The Total Environment, 586: 1046-1056.

Torous, J., Kiang, M.V., Lorme, J. and Onnela, ].P., 2016. New tools for new research in psychiatry: a scalable and
customizable platform to empower data driven smartphone research. JMIR mental health, 3(2): e16.

Tsuno, N., Besset, A. and Ritchie, K., 2005. Sleep and depression. Journal of clinical psychiatry, 66(10), pp.1254-1269.

Uhde, T.W., Cortese, B.M. and Vedeniapin, A., 2009. Anxiety and sleep problems: emerging concepts and theoretical
treatment implications. Current psychiatry reports, 11(4), pp.269-276.

World Health Organization, 2010. WHO guidelines for indoor air quality: selected pollutants.

Xiong, J., Lan, L., Lian, Z. and De Dear, R., 2020. Associations of bedroom temperature and ventilation with sleep
quality. Science and Technology for the Built Environment, 26(9), pp.1274-1284.

Zhang, N., Cao, B. and Zhu, Y., 2018. Indoor environment and sleep quality: A research based on online survey and field
study. Building and Environment, 137, pp.198-207.

IAQ 2020: Indoor Environmental Quality Performance Approaches 10





