Thermal adaptive behaviors shape sleep and physiological
outcomes in community-dwelling older adults: a summer
field study

Abstract

Sleep thermal comfort is an important determinant of sleep quality and deserves particular
attention in older adults because of their distinct physiological and perceptual characteristics.
Existing research rarely combines objective measurement of thermal adaptive behaviors with
integrated comparisons of subjective sleep evaluation, objective sleep, and physiological outcomes.
In this field study, we conducted long-term continuous monitoring of the summer residential
environment, thermal adaptive behaviors, sleep and physiological outcomes among community-
dwelling low-income older women in Boston, MA, US. Based on 682 person-nights of data, three
AC use patterns were identified: high-, medium-, and low-frequency, accounting for 8.4%, 20.7%,
and 71.0% of all nights, respectively. The high-frequency pattern showed the most favorable sleep
and physiological outcomes, including the highest sleep efficiency (SE, 93.7%), the lowest wake
after sleep onset (WASO, 32.6 min), the lowest mean heart rate (61.3 bpm), the highest subjective
sleep score. After controlling for indoor and outdoor thermal conditions, AC on rate during sleep
remained independently associated with better objective sleep outcomes, particularly lower WASO
(B =-0.125, 95% CI [-0.240, -0.009]) and higher SE (B =0.114, 95% CI [-0.001, 0.228]). Different
adaptive behavior patterns reflected distinct thermal regulation contexts and were linked to different
sleep and physiological outcomes, underscoring the importance of thermal adaptive behavior in
older adults’ nighttime regulation. Based on these findings, this study further proposed implications
that strengthen thermal awareness, decision-making, and sleep-supportive residential cooling
strategies, with the aim for supporting healthier aging-in-place environments and older adults’ health
and well-being.
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1. Introduction

Aging populations have become a major social issue worldwide, and the health of older adults
has therefore emerged as an important public health concern [1]. Among the many factors that shape
health in later life, sleep is particularly critical for maintaining physiological function and
psychological well-being [2]. Adequate and high-quality sleep helps preserve immune function [3],
improve cognitive performance [4], reduce the risk of cardiovascular disease [5], and also supports
emotional stability [6] and overall health. However, nearly half of older adults worldwide experience
some form of sleep disturbance, including insomnia, sleep apnea, and frequent nocturnal
awakenings [7,8]. These problems further increase their risk of chronic disease and functional
decline [9], posing a serious threat to health and well-being. Therefore, improving sleep health in
older adults is an important pathway to support both physical and mental health in daily life and to
enhance quality of life in later years.



Thermal environment during sleep is considered one of the key factors affecting sleep quality
[10-13]. Previous studies have shown that higher temperature and humidity are generally associated
with poorer sleep quality, with temperature showing a particularly strong effect [11,14,15]. In
addition, greater fluctuations in temperature and humidity may also reduce sleep efficiency to some
extent [16]. Beyond objective environmental parameters, individuals’ subjective evaluations of the
thermal environment are also closely related to sleep quality: those with higher thermal satisfaction
and thermal sensation closer to neutral usually report better sleep quality [17]. Moreover, thermal
perception and its relationship with sleep quality vary substantially across individuals. Existing
studies have found that women usually prefer a higher neutral temperature, are more sensitive to the
thermal environment during sleep [18], and have greater related psychological needs [19]. These
findings suggest that sleep thermal comfort is jointly shaped by environmental conditions,
perceptual ability, and individual preferences.

Against this background, sleep thermal comfort in older adults deserves particular attention.
Due to age-related changes in nervous system function, thermal sensitivity and temperature
perception also decline with age [20], and the decline in the perception of warmth is usually greater
than that in the perception of cold [20,21]. In addition, thermoregulatory capacity gradually
decreases with age, further reducing older adults’ ability to adapt to changes in ambient temperature
[22,23]. Compared with younger adults, these physiological and perceptual changes may make it
more difficult for older adults to recognize thermal discomfort during sleep [24,25], and may further
weaken their willingness to exert perceived control over the thermal environment. In practice, older
adults’ thermal adaptive behaviors are often centered on accessible everyday strategies [26,27], such
as adjusting clothing, opening or closing windows, and using electric fans [28,29]. The use of
mechanical cooling, such as air conditioning (AC), may also be shaped by additional considerations,
including operating complexity and economic burden [30,31]. Therefore, sleep thermal comfort and
thermal adaptive behaviors in older adults have clear research value and also have practical
significance for the development of more targeted home-based environmental intervention
strategies for aging populations.

Table 1 summarizes studies published over the past five years on sleep quality and sleep
physiology, thermal environment, and thermal adaptive behaviors in older adults. Existing research
has mainly focused on objective environmental variables. Excessively high temperature, humidity,
and carbon dioxide concentration may impair sleep outcomes such as total sleep time, rapid eye
movement (REM) sleep duration, and sleep efficiency [9,15,32]. Thermal environment during sleep
is further associated with physiological outcomes including heart rate [33] and respiratory rate
[34,35]. For example, high temperature may increase resting heart rate in older adults, whereas
thermal adaptive behaviors such as AC use may partly mitigate the negative effect of heat exposure
[35,36]. Some studies have further examined thermal adaptive behaviors among older adults in
residential settings, especially the role of air conditioning as an important strategy for avoiding heat
exposure. Existing evidence suggests clear behavioral heterogeneity in AC use among older adults,
with substantial individual differences in usage time, operation frequency, and level of demand
[30,37]. At the same time, studies have pointed out that these thermal adaptive behaviors do not
necessarily lead to a thermally comfortable indoor environment. On the one hand, the indoor thermal
environment resulting from older adults’ thermal adaptive behaviors may not fully satisfy their
subjective thermal satisfaction [38]. On the other hand, older adults’ level of thermal acceptability
may be higher than their level of thermal perception, which may make them less likely to adopt
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adaptive actions and thus place them at greater risk of heat exposure and related health problems

[39].

Table 1. Recent studies on thermal environment, adaptive behaviors, sleep and physiological
outcomes in older adults.

Author Sample  Location and Adaptive Sleep and physiological Main findings
size season behavior outcomes
factors
Environment (- Adaptive behaviors) — Sleep and/or physiological outcomes
Yan et al. N=104, Home Questionnai  Time in bed (TIB), total Higher CO2 concentrations were
(2025) [8] d=507  (Shanghai, re-based sleep time (TST), sleep associated with decreased sleep
China), winter  behavior efficiency (SE), waking quality, particularly when combined
time after sleep onset with the low humidity.
(WASO), sleep stages
proportion;
Wrist skin temperature;
Subjective sleep quality
Yan et al. N =40, Home Questionnai  TIB, TST, SE, WASO, Higher air temperature and CO:
(2022) d=240 (Shanghai, re-based sleep stages proportion; concentrations ~ were  negatively
[15] China), behavior Wrist skin temperature; correlated with objective sleep quality
summer Subjective sleep quality during summer.
Chenetal. N=83 Home (Taipei, Questionnai  Heart rate (HR); Summer heat is associated with
(2025) China), re-based Subjective sleep quality elevated HR in older adults, but this
[35] summer behavior effect can be mitigated through heat
adaptation behaviors.
Son et al. N=18, Home - TST, SE, number of Higher bedroom temperatures were
(2025) d=54 (Phoenix, awakenings (NOA); associWated with improved SE and
[40] USA), winter Subjective sleep quality reduced fragmentation.
and summer
Baniassad N=50, Home - SE, sleep restlessness Sleep quality was optimal between 20
ietal.[9] d = (Boston, (RSTLS), TST; and 25°C and drops at higher and
10,903 USA), whole Subjective sleep quality lower levels.
year
O’Connor N =47 Home - HR, heart rate variability Nocturnal ~bedroom temperatures
et al. (Queensland, (HRV) above 24°C (79°F) were associated
(2025) Awustralia), with greater likelihood of autonomic
[33] summer disruption and increased HR in older
adult.
Williams N=51 Home with or HR, galvanic skin
et al. (Cambridge, without response (GSR);
(2019) USA), central AC Health perception
[41] summer
Baumert N = Home (USA), - Respiratory rate (RR) Mean nocturnal RR =16 bpm is an
et al. 3092 whole year independent predictor of long-term
(2019) cardiovascular and all-cause mortality.




[34]

Environment — Adaptive behaviors

Lei et al. N=13 nursing homes  sensor- AC operation duration in the
(2025) (Chongging, based AC extremely-hot summer was 2.4 times
[42] China), operation higher.
summer
Zhouetal. N=12 nursing homes  sensor- Warmer at daytime and cooler at
(2025) (Chongging, based AC nighttime for demented elderly’s
[43] China), operation indoor temperature.
summer
Zhu et al. N=16 nursing homes  sensor- Outdoor temperature, time of night,
(2024) (Chongging, based AC and the number of occupants were
[37] China), operation identified as key predictors of AC
summer usage among the elderly.
Liu et al. N=15 nursing homes  sensor- The elderly participant's daily AC
(2023) (Chongging, based AC operation in the extremely hot summer
[30] China), operation period can be clustered into four
summer groups, including inactive-usage,
afternoon-usage, night-usage and all-
day-usage.
Wang et N=10 residential sensor- In summer, the most popular
al. (2020) buildings based AC adjustment methods for older people
[27] (Beijing, operation in Beijing were opening the window,
China), whole using an electric fan, and using an AC.
year
Han et al. N =45, Home (New questionnair Individual adaptation behaviors may
(2025) d=315 York, USA), e-based help reduce personal heat exposure.
[26] summer behavior

Existing studies have revealed the important effects of thermal environment and adaptive
behaviors on sleep and physiological outcomes in older adults. They also point to possible
inconsistencies among behavioral regulation, subjective perception, and physiological responses.
However, continuous monitoring and integrated analysis of the “environment-behavior-response”
relationship in real residential settings remain limited. More specifically, the current literature has
two main limitations:

(1) In studies on the effects of thermal environment on sleep, existing research has focused
mainly on objective environmental parameters because of constraints in study design and data
collection, while measurement of thermal adaptive behaviors remains limited. Even when behavior
is considered, it is often assessed through questionnaires or retrospective self-reports, which makes
it difficult to capture the dynamic and continuous process of behavioral adjustment during sleep. As
a result, most existing quantitative frameworks remain focused on associations between
environmental conditions and sleep outcomes, without incorporating thermal adaptive behaviors as
explanatory factors. They therefore cannot fully explain how older adults adjust their behaviors in
response to heat exposure in real residential settings or how these behavioral patterns affect
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subsequent sleep and physiological outcomes. This in turn limits the practical value of current
findings for residential environment optimization and behavior-based intervention strategies.

(2) In the modeling and analysis of sleep outcomes, existing studies generally lack an integrated
comparison of subjective evaluations, objective sleep, and physiological outcomes. This makes it
difficult to systematically reveal the complex interactions among the multiple needs of older adults.
Subjective sleep perceptions, objective sleep performance recorded by wearable devices, and
indicators reflecting physiological burden or health risk do not necessarily respond to environmental
exposure and behavioral adjustment in the same way. Without an integrated analysis of these
different levels of outcome variables, it is difficult to identify the differentiated effects of
environmental and behavioral factors across outcome domains, and it is also difficult to fully
understand the potential misalignment between physiological needs and psychological needs in
thermal environments. Therefore, systematic comparative research across multidimensional
outcome variables is important for a more comprehensive understanding of how older adults adapt
to thermal exposure and for providing evidence to support healthier and more suitable residential
environments.

To address the limitations discussed above, this study systematically examines the relationships
among the residential thermal environment, thermal adaptive behaviors, as well as sleep and
physiological outcomes. The analysis draws on long-term continuous monitoring data collected
from community-dwelling low-income older women in Boston, USA, during the warm summer
season. This study offers empirical evidence on environment-behavior-response relationships and
provides methodological reference for future research on occupant behavior and health in broader
populations. Specifically, this study makes three main contributions:

(1) This study provides a quantitative characterization of thermal adaptive behavior in older
adults, with a particular focus on AC use. By identifying distinct AC use patterns based on daytime
and nighttime use time and operation frequency, it reveals clear heterogeneity in nighttime thermal
adjustment and its corresponding differences in environmental exposure and sleep-health profiles.

(2) This study explicitly incorporates thermal adaptive behavior into analysis, linking the
residential thermal environment with sleep and physiological outcomes. By integrating multimodal
data on environmental exposure, behavioral adjustment, sleep, and physiological outcomes, it
quantitatively models the independent and differential associations of environmental and behavioral
factors across outcome domains, thereby providing a more systematic empirical basis for related
research.

(3) By integrating the clustering and regression results, this study further highlights thermal
adaptive behavior as a key part of nighttime thermal regulation in older adults. This study identifies
the different associations of environment-behavior combinations with sleep and physiological
outcomes, and further informs practical implications along the thermal adaptation pathway of
perception, decision-making, action, and feedback, thereby providing more targeted guidance for
residential thermal environment interventions for older adults.

2. Methods

2.1. Overall Framework

In response to the practical need to better understand sleep and the residential thermal
environment among older adults in the context of population aging, this study focuses on the real-
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life settings of community-dwelling older adults during the summer. Through continuous
monitoring of the thermal environment, adaptive behaviors, and sleep and physiological outcomes,
the study aims to systematically identify the associations among environmental exposure,
behavioral adjustment, and health-related outcomes, as well as their potential underlying
mechanisms. The overall study design is shown in Figure 1. Given the source and size of the sample,
the findings of this study are primarily intended for within-sample characterization and hypothesis
generation, and their generalizability should be further tested in future studies with larger samples.
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Figure 1. Research framework.

2.2. Sites and participants

This study was a longitudinal field study conducted in Boston, Massachusetts, USA (42.3601°
N, 71.05° W, the Kdppen—-Geiger classification Dfa). Boston is located in the coastal northeastern
United States and is characterized by hot, humid summers, cold and rainy winters, and relatively
cool spring and autumn seasons, reflecting a typical seasonal climate pattern.

The study was conducted in a low-income residential community for older adults in the Boston
area. All participants lived in residential units with similar layouts. Each unit included a living room
and a bedroom, with a floor area of approximately 40 m2. Each unit was equipped with an AC system,
which was installed in the living room or controlled through a thermostat located in the living room.
Both the living room and the bedroom had one window. The door between the two rooms was
usually kept open.

Actotal of 15 female participants aged 65 years or older were recruited, as older adults in social
housing are predominantly women [44]. All participants lived independently and could adjust the
AC and windows on their own to regulate the indoor environment. Their overall health status was
good, with no clear cognitive impairment or diagnosed severe sleep disorders. Before formal
monitoring, the research team conducted baseline questionnaire interviews with all 15 participants
to collect information on demographic characteristics (Table 2), habitual thermal adaptive behaviors,
and baseline sleep and health conditions. The most common thermal adaptive behaviors were
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window opening and AC use, with three participants reported that they never used AC. All
participants generally used lightweight summer bedding during sleep and wore light sleepwear,
making clothing insulation levels relatively similar across participants. To preserve real-life
conditions and minimize the Hawthorne effect [45,46], the study did not impose any additional
intervention or guidance regarding clothing adjustment, AC use, or window operation during the
monitoring period [13]. Data were collected from July 3, 2025, to October 16, 2025, and each
participant was continuously monitored for at least 60 days.

Table 2. Demographic information of participants.

Demographic Variables Number of participants
characteristics

Gender Female 15
Age Mean: 78.7; Standard Deviation: 9.5 -
Weight Mean: 63.4 kg; Standard Deviation: 14.7 kg -
Height Mean: 157.6 cm; Standard Deviation:8.3 cm -
Education High school 3
Less than 2 years of college 7
Bachelor’s 2
Master’s 3
Annual income Less than $25,000 per year 5
$25,000-$34,999 per yea 4
More than $35,000 per year 4
Declined answer 2

2.3. Instruments and measurements

2.3.1. Environment and behaviors

Environmental parameters and adaptive behaviors were monitored using a set of sensors, as
summarized in Table 3. Indoor thermal variables were measured using HOBO data loggers, which
were mounted approximately 1.1 m above the floor and positioned away from direct sunlight.
Window operation was captured using magnetic reed switches, which logged the timestamps of
changes in window state (i.e., open/close events). Outdoor meteorological data were obtained from
the ECMWF historical dataset [47] with a spatial resolution of 9 km and a temporal resolution of 1
hour. The outdoor data were subsequently interpolated to a 30-min interval to align with the indoor
measurements.

To identify AC operation, a temperature sensor was affixed to the supply air vent. AC on/off
events were determined based on changes in supply air temperature [27,48]. Figure 2 illustrates an
example of AC event detection: when the AC was switched on, supply air temperature dropped
sharply and exhibited regular fluctuations. When the AC was off, supply air temperature increased
rapidly and remained relatively stable around the living room air temperature.

Table 3. Description of equipment used in the measurement.

Category Data Instrument Accuracy Interval




Temperature (*C)

H
=
i
—
| —
T
- -
i

Thermal Living room air temperature, Hobo sensor + 0.21°C (0°C-507C) Every 30 min
parameter relative humidity, dew point + 2.5% (10%-90%)
Bedroom air temperature, Hobo sensor + 0.21°C (0°C-507C) Every 30 min
relative humidity, dew point + 2.5% (10%-90%)
Adaptive Living room AC Kestrel sensor + 0.1°C (0C-50°C) Every 10 min
behavior Living room window iMatrix sensor - In real-time
Bedroom window iMatrix sensor - In real-time

Date | Time

Figure 2. An example of AC operation events detection.

2.3.2. Objective sleep and physiological outcomes

During the study period, participants were asked to continuously wear a Garmin vivosmart 5
smartwatch (Garmin) to collect sleep and physiological outcomes. The device is based on a
photoplethysmography (PPG) sensor, which detects variations in light absorption associated with
peripheral blood volume changes and thereby generates sleep and related physiological signals [50].
Previous studies have shown that the Garmin vivosmart series has good feasibility and acceptability
among older adults [51] and can support continuous monitoring under free-living conditions [52].
For sleep-related outcomes, prior validation studies have shown that Garmin vivosmart devices can
capture total sleep time with moderate agreement relative to polysomnography [53,54]. It has also
shown good agreement in heart rate with reference measures in older adults [35]. However, PPG-
based measurements can be affected by motion artifacts, ambient light, and individual tissue and
vascular characteristics [55], the device-derived data in this study were used primarily to
characterize relative changes under real residential conditions and were cross-validated with
subjective sleep evaluations [56].

Based on the data recorded by the Garmin device, this study extracted objective sleep outcomes
including total sleep time (TST), waking time after sleep onset (WASO), and the duration of light
sleep, deep sleep, and rapid eye movement (REM) sleep [56]. An estimated sleep period duration
was calculated as the sum of TST and WASQO, and sleep efficiency (SE) was defined as the
proportion of TST to this estimated sleep period duration [57,58]. Higher SE and lower WASO
generally indicate better sleep continuity and overall sleep quality, and SE > 85% and WASO < 30
min are commonly used as reference indicators of good sleep quality among older adults [59]. The
duration and proportion of light, deep, and REM sleep reflect sleep architecture [59]. A REM sleep
of 21%-30% indicates good sleep quality in adults [59], and REM sleep has been linked to
emotional memory processing and affective regulation [60].

The Garmin device also recorded heart rate data at a 15 s resolution and respiratory rate data at
a 1 min resolution. Heart rate (HR) and respiratory rate (RR) are important indicators of
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cardiovascular and respiratory health. Previous studies have shown that a higher resting HR [61]
and an average nocturnal RR above 16 bpm [34] are associated with increased risks of
cardiovascular disease and mortality. Therefore, the mean HR and mean RR during sleep were
further calculated and included in the analysis as outcomes of physiological status.

2.3.3. Subjective sleep evaluations

A morning questionnaire was required to be finished by participants each day to assess their
subjective sleep quality during the previous night. Participants were asked to rate their subjective
sleep score (SS) for the previous night on a 1-10 scale, where 10 indicated the best sleep. They also
reported their mental sharpness after sleep in binary form (0 = no, 1 = yes). In addition, participants
were asked to report their bedtime on the previous night and their get-up time on that day. These
time records were later used to define each participant’s sleep period and daytime period in the
environmental and behavioral date pairing process.

2.4. Statistical analysis

2.4.1. Data pairing and clustering

First, the on/off status of AC and the open/closed status of windows were converted into binary
time-series variables at a 30 min resolution (0 = closed/off, 1 = open/on). These variables were then
used to construct a longitudinal time-series dataset integrating outdoor conditions, indoor conditions,
and thermal adaptive behaviors [62].

For sleep and physiological outcomes, the data were aggregated at the person-night level to
form a longitudinal panel dataset. The continuous environmental data were partitioned into daytime
and sleep periods based on the bedtime reported for day t and the get-up time reported for day t+1.
A one-day lag matching rule was applied, such that daytime exposures and sleep-period exposures
on day t were linked to the sleep and physiological outcomes assessed on the morning of day t+1
[63,64]. The temporal daytime-sleep structure ensured that all environmental and behavioral
exposures were measured either before or during the period corresponding to the sleep and
physiological outcomes [65]. Separately for both periods, the mean and standard deviation of the
environmental variables were calculated, together with the average open/on rates of AC and
windows [66].

On this basis, K-means clustering was used to identify patterns of AC use. The number of
clusters (k) was determined by jointly considering the elbow method and the silhouette score. Across
clusters, differences in environmental characteristics and continuous sleep and physiological
outcomes were first tested using the Kruskal-Wallis test, followed by pairwise comparisons using
the Mann-Whitney U test. For categorical variables, between-group differences were assessed using
the chi-square test and Fisher’s exact test.

2.4.2. Regression models

To quantitatively examine the effects of environmental factors and nighttime AC use on sleep
and physiological outcomes, this study employed linear mixed-effects models (LMMs) and
generalized linear mixed models (GLMMSs) with a participant-level random intercept to account for
repeated nightly observations and between-subject heterogeneity.

Separate mixed-effects models with the same fixed-effect structure were developed for
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subjective sleep evaluation, objective sleep, and physiological outcomes. The fixed effects included
outdoor temperature and relative humidity during sleep, indoor temperature and relative humidity
during sleep, the variability of indoor temperature and relative humidity during sleep (represented
by standard deviation), and AC on rate during sleep. This specification was used to systematically
compare how different types of outcome variables responded under the same environmental and
behavioral conditions. To improve the comparability of effect sizes across variables and reduce the
influence of differences in units and numerical scales on parameter estimation, the continuous
dependent variables and all independent variables were centered and z-score standardized. Variance
inflation factors (VIFs) were computed to assess multicollinearity.

3. Result

3.1. Descriptive analysis

A total of 682 valid person-nights with complete questionnaire responses and environmental
monitoring data were obtained from the 15 participants, with an average of 45.47 nights per
participant. Because of missing data from the wearable device, the final dataset used for the analysis
of objective sleep and physiological outcomes included 471 nights, with an average of 39.25 nights
per participant. Descriptive statistics for all variables are presented in Table 4. Because sleep was
the primary focus of this study, indoor thermal conditions were represented by bedroom thermal
environment, and the main thermal adaptive behaviors examined were bedroom window operation
and AC use.

Table 4. Descriptive statistics for all data collected in the study.

Parameters Notation All data

Environment parameters (sleep period)

Indoor air temperature ('C) Tin 24.38 £ 1.60
Indoor relative humidity (%) RHin 52.74 + 8.34
Outdoor air temperature (C) Tout 17.67 + 3.68
Outdoor relative humidity (%) RHout 79.97 £ 10.64
Environment parameters (sleep period)

AC on rate (%) — 7.37 £ 2491
Bedroom window open rate (%) — 80.30 £ 39.69
Obijective sleep outcomes

Bed time — 22:17 £103.1 min
Get up time — 06:57 £ 74.9 min
Sleep efficiency (%) SE 91.24 + 6.50
Total sleep time (min) TST 445.49 + 97.52
Waeke after sleep onset (min) WASO 44.75 + 37.26
REM sleep (min) — 76.96 + 40.23
Deep sleep (min) — 74.41 + 35.37
Light sleep (min) — 293.70 £ 80.54
REM sleep (%) — 16.80 + 7.85
Deep sleep (%) — 17.38 +8.83
Light sleep (%) — 65.74 £ 10.10
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Physiological outcomes (sleep period)

Mean hear rate (bpm) HR 66.79 + 7.98
Mean respiratory rate (bpm) RR 15.28 + 2.23
Subjective sleep evaluation

Sleep score: Terrible (1) — Excellent (10) SS 6.68 +1.78
Mental sharpness after waking up: No (0) — Yes (1) — 0.70 £ 0.46

Pearson correlation analyses were conducted for representative continuous variables related to
environment, behavior, sleep and physiological outcomes. As shown in Figure 3, AC on rate during
sleep was positively associated with sleep outcomes, including positive associations with SS, SE,
and REM sleep and negative associations with WASO. For physiological outcomes, AC on rate was
also negatively associated with HR but positively associated with RR. SS was positively associated
with SE, TST, and REM sleep, and negatively associated with WASO, indicating partial consistency
between subjective sleep perception and objective sleep outcomes. Among the objective sleep
variables, SE was strongly negatively associated with WASO, suggesting that these variables jointly
reflect sleep continuity. In contrast, HR and RR showed little association with SE, TST, WASO, but

were related to sleep-stage composition.
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Figure 3. Pairwise associations among representative environmental, behavioral, sleep, and
physiological variables (* p < 0.05, ** p < 0.01, *** p < 0.001).
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Figure 4 (a-b) presents the hourly indoor and outdoor environmental conditions during the study
period. Overall, the bedroom thermal environment remained relatively stable throughout the day,
whereas the outdoor environment showed more pronounced diurnal variation and greater fluctuation.
As shown in Figure 4 (a), indoor temperature was generally maintained within a narrow range of
approximately 24-25 °C, while outdoor temperature varied substantially and peaked around 14:00.
During sleep, the mean outdoor temperature was generally lower than the bedroom temperature,
suggesting some nighttime heat retention in the bedroom. Figure 4 (b) shows a similar pattern for
relative humidity. Bedroom relative humidity remained stable at around 52%, whereas outdoor
relative humidity fluctuated more substantially and reached its lowest values in the afternoon. These
patterns indicate that the environmental conditions captured in the sample were broadly

representative.

Figure 4 (c-d) summarizes the mean hourly operation patterns of AC and the bedroom window.
AC use was more frequent during daytime, peaking at 12:00 (19%), and was lower during sleep,
with a mean of 7%. By contrast, the bedroom window remained open for most of the time, and
window state transitions were rare throughout the day, consistent with the fact that 11 of the 15
participants reported keeping the bedroom window open all the time. AC switching events occurred
predominantly in the morning, with a peak turning-on rate of 2.4% at 09:00. During the sleep period,
bedroom window generally remained open, whereas AC operation continued. AC state transitions
during sleep were mainly turning-off events, which may suggest adjustment in response to cooling-

related discomfort after continued AC use.
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Figure 4. Hourly mean indoor and outdoor thermal conditions and adaptive behaviors across the day.
Panels show (a) indoor and outdoor air temperature, (b) indoor and outdoor relative humidity, (c) mean
hourly percentage of time with AC on and bedroom window closed, and (d) mean hourly percentages of
AC and bedroom window state transitions (AC turning on/off and window opening/closing).
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3.2. Adaptive behavior patterns and associated outcomes

3.2.1. Adaptation behavior patterns clustering

To further identify typical summer AC operation patterns among older adults, this study applied
the K-means clustering algorithm to classify AC behaviors at the day level. The clustering variables
included daytime and sleep period AC-on rate, and mean hourly AC switching frequency during
daytime and sleep. The optimal number of clusters was determined to be k = 3 (silhouette = 0.79).
The clustering results are presented in Table 5, which also reports the mean duration of ACon time
in both periods.

Table 5. Cluster-level summary of AC usage behavior features.

Cluster AC on rate Switches AC on mean Person-  Percentage

name per hour (n) duration (min) nights (n) (%)
daytime sleep daytime sleep daytime sleep

Low 0.002 0.001 0.002 0.000 5.23 0.40 484 70.97

Medium 0.315 0.005 0.167 0.006 260.32 2.98 141 20.67

High 0.738 0.804 0.109 0.071 645.94 417.90 57 8.36

As shown in Figure 5, the day-level AC behavior patterns can be classified into three clusters:
low-frequency, medium-frequency, and high-frequency. Overall, the three patterns mainly reflect
clear differences in AC use intensity during both daytime and nighttime. The low-frequency cluster
showed almost no AC use in either period and was the most common pattern, accounting for 71.0%
of all sample days and involving all 15 participants. The medium-frequency cluster was
characterized mainly by AC use during the daytime and little AC use during sleep. It accounted for
20.7% of all sample days and involved 12 of 15 participants. The high-frequency cluster had the
smallest share, at 8.4%, and involved 6 of 15 participants. However, it showed the most intensive
AC use and longer operating duration, especially during sleep, when AC remained on for most of
the time indicating the strongest reliance on cooling.

The three clusters also showed clear stratification in hourly bedroom temperature profiles. As
shown in Figure 5(a), the high-frequency cluster had the highest bedroom temperature during most
hours of the day, with a mean nighttime bedroom temperature of 25.1 °C. The corresponding values
were 24.6 °C for the medium-frequency cluster and 24.3 °C for the low-frequency cluster, indicating
that although the high-frequency cluster was relatively warmer during sleep, the absolute differences
across clusters remained small.

This pattern was broadly consistent with the AC use profiles shown in Figure 5(b). The high-
frequency cluster exhibited earlier, higher, and more sustained AC use, while the medium-frequency
cluster showed a similar but less intensive pattern. In both groups, AC use increased during the
morning, reached a turning point around 12:00, and then gradually declined over the afternoon,
accompanied by a similar downward trend in bedroom temperature. By contrast, the low-frequency
cluster maintained generally lower and more stable bedroom temperatures and showed the least AC
use. Overall, these three clusters captured the main summertime AC use patterns among the older
adults and showed that behavioral differences were embedded in distinct indoor thermal conditions.
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Figure 5. (a) Hourly bedroom temperature of three behavior clusters and (b) Hourly AC on percentage
of three behavior clusters.

3.2.2. Differential outcomes among clusters

Figure 6 presents the distributions of four representative objective sleep outcomes (SE, WASO,
REM percentage, and TST) across the three AC behavior clusters. Overall, the three clusters show
a generally linear improvement in objective sleep outcomes with increasing AC use frequency
across the three clusters. SE and REM percentage increased progressively from the low- to the high-
frequency cluster, whereas WASO showed the opposite trend. The high-frequency cluster differed
significantly from the low-frequency cluster and had the best overall sleep performance, with a
mean SE of 93.7%, a mean WASO of 32.6 min, and a mean REM percentage of 21.9%. These values
broadly aligned with National Sleep Foundation reference indicators for good sleep quality,
particularly for SE and REM percentage [59]. Meanwhile, TST did not differ significantly across
the three clusters, with the mean TST in all three clusters falling within the National Sleep

Foundation’s recommended 7-8 h range for older adults [67].
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Figure 6. Objective sleep outcomes across three behavior pattern clusters (* p < 0.05, ** p < 0.01, ***
p < 0.001).

Figure 7 (a-b) presents the physiological outcomes across the three AC behavior clusters and
shows contrasting trends for HR and RR. Mean HR during sleep followed a pattern similar to that
of the objective sleep outcomes, decreasing progressively from the low- to the high-frequency
cluster, with the high-frequency cluster showing the lowest nocturnal mean HR (61.3 bpm) and
significant differences from the other two groups. By contrast, mean RR during sleep showed an
opposite trend, with the high-frequency cluster reaching the highest mean value (15.6 bpm) and
differing significantly from the low-frequency cluster (14.7 bpm). These results suggest that more
frequent AC use was associated with better sleep continuity and lower nocturnal HR, but with a
different pattern for RR. The higher RR observed in the high-frequency cluster may reflect reduced
bedroom ventilation under more AC-reliant sleeping conditions [68].

Figure 7 (c-d) shows that the subjective sleep variables followed a pattern similar to that
observed for the objective sleep quality and mean HR. The high-frequency cluster had the highest
sleep score, with a mean of 7.2, significantly higher than the low-frequency (6.6) and medium-
frequency (6.5) clusters. A similar trend was observed for mental sharpness after waking: the
proportion with positive mental sharpness increased from 67% in the low-frequency cluster to 76%
in the medium-frequency cluster and 92% in the high-frequency cluster (Pearson’s chi-square test:
v?(2) = 15.81, p < 0.001).
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Figure 7. Physiological outcomes and subjective sleep evaluations across three behavior pattern
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3.3. Environment and behavior associations

To further compare how environmental exposure and thermal adaptive behaviors were
associated with sleep and physiological outcomes, this section systematically examined the
relationships of each outcome variable with indoor and outdoor thermal indicators, the variability
of temperature and humidity conditions, and AC on rate during sleep. The results for four
representative objective sleep outcomes (SE, WASO, TST, and REM ratio), two physiological
outcomes (HR and RR), and two subjective sleep outcomes were presented under a consistent fixed-
effect structure. All models included the same environmental and behavioral predictors, with
participant-specific random intercepts used to account for between-subject heterogeneity.
Multicollinearity among the predictors was assessed using variance inflation factors (VIFs), and all
VIF values were below 5.

3.3.1. Associations with objective sleep outcomes

Figure 8 shows that the main regression signal for the objective sleep outcomes was
concentrated on sleep continuity, as represented by SE and WASO (Figure 11 a—b). Outdoor thermal
conditions showed a consistent negative association with sleep continuity: higher outdoor
temperature was associated with lower SE (p =-0.174, 95% CI [-0.356, 0.008]) and higher WASO
(B=0.169, 95% CI [-0.015, 0.352]), while higher outdoor relative humidity showed a similar pattern
for SE (B =-0.111, 95% CI [-0.241, 0.019]) and WASO (3 = 0.132, 95% CI [0.001, 0.263]). After
adjustment for both indoor and outdoor thermal conditions, AC on rate during sleep still showed an
independent association with better sleep continuity, with a positive association with SE (3 =0.114,
95% CI [-0.001, 0.228]) and a negative association with WASO (B = -0.125, 95% CI [-0.240, -
0.009]). Together, these results indicate that lower outdoor heat exposure and higher nighttime AC
use were associated with better sleep continuity. By contrast, no stable or significant correlates were
identified for TST or REM ratio (Figure 8 c—d).

(a) Sleep efficiency (SE) (b) Wake after sleep onset (WASO)
Outdoor Temp p=0.0611 A p=0.072 1
Outdoor RH 4 p=0.0941 4 p=0.049 *
|
Indoor Temp-i —e p=0.211 1 - | p=0.409
Indoor RH | * p=0.137 | . : :p=0.110
Indoor Temp SD p=0.822 | - [ p=0.701
Indoor RH SD | * p=0.552 { o p=0.815
AC on rate | =0.0521 | | p=0.034 +
during sleep |__ ) ‘ ‘ ‘_p : L . ! - - i
-0.4 -0.2 0.0 0.2 0.4 =0.4 -0.2 0.0 0.2 0.4
B (standardized) @ (standardized)
(c) Total sleep time (TST) (d) REM ratio
Outdoor Temp { . | p=0.899 { . | p=0.363
Outdoor RH{ ; p=0936 | . |p=0.218
| |
Indoor Tern;:v| - p=0.351 4 - | p=0.625
Indoor RH 4 3 p=0.860 1 e I|:a:0.119
Indoor Temp SD . p=0.327 4 - p=0.448
|
Indoor RH 5[)1| . p=0.239 1 - ID:OAGIS
| | |
AC on rate | [
o =0.543 =0.508
during 5!99[11 ) . :F l i ‘ |
=0.2 0.0 0.2 -0.2 0.0 0.2
B (standardized) B (standardized)

Figure 8. Standardized regression coefficients for associations of environmental factors and nighttime
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AC use rate with objective sleep outcomes. Points indicate standardized coefficients (B), horizontal
lines indicate 95% confidence intervals, and statistically significant associations are highlighted in red
(tp<0.1,*p<0.05 ** p<0.01, ***p<0.001).

3.3.2. Associations with physiological and subjective outcomes

For the physiological outcomes (Figure 9 a-b), the clearest associations were observed for
respiration. Respiratory rate was positively associated with indoor temperature (f = 0.094, 95% CI
[0.023, 0.165]) and indoor temperature variability (§ = 0.077, 95% CI [0.033, 0.121]), whereas heart
rate did not show stable or significant associations with the modeled environmental or behavioral
variables. This suggests that warmer and more thermally variable bedroom conditions were
associated with increased respiratory rate during sleep, indicating greater respiratory burden under
these indoor conditions.

For the subjective sleep outcomes (Figure 9 c-d), sleep score did not show stable or significant
associations with the modeled variables. In contrast, mental sharpness after sleep was positively
associated with indoor relative humidity (B = 0.251, 95% CI [0.018, 0.484]) and indoor temperature
variability (B =0.382, 95% CI [0.046, 0.719]). This pattern suggests that subjective sleep score may
reflect a more mixed overall evaluation, whereas self-reported mental sharpness appeared to be
more sensitive to some indoor environmental indicators.
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Figure 9. Standardized regression coefficients for associations of environmental factors and nighttime
AC use rate with physiological outcomes and subjective sleep evaluations. Points indicate standardized
coefficients (), horizontal lines indicate 95% confidence intervals, and statistically significant
associations are highlighted in red (1 p < 0.1, * p < 0.05, ** p < 0.01, *** p < 0.001).

4. Discussion
4.1. Interpretation of indicators
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Based on the identified effects of environmental and behavioral indicators on sleep and
physiological outcomes, this section synthesizes the main findings of the study, compares them with
existing empirical evidence, and interprets them in light of relevant theoretical perspectives.

4.1.1. Differential effects of thermal environment

Figure 10 summarizes the associations of continuous predictors in the mixed-effects models
presented in Section 3.3, with all outcome directions aligned so that positive standardized
coefficients consistently indicate a more favorable trend. It suggests that the effects of the
summertime residential thermal environment on older adults™ nighttime sleep and physiological
status were not uniform, but varied clearly across outcome domains. In this study, the observed
ranges of mean bedroom temperature and relative humidity during sleep were 19.0-28.3 °C and
26.5-80.4%, respectively. Within these ranges, higher outdoor and indoor heat and humidity
exposure were mainly associated with poorer objective sleep and selected physiological outcomes,
with the clearest and most consistent responses observed for sleep continuity, particularly SE and
WASQO. This pattern is consistent with a substantial body of previous research [9,15,16]. For
example, Yan et al. [15] reported that, within a study range of 26-32 °C and 36-88% relative
humidity, each 1 °C increase in air temperature was associated with a 0.72% decrease in SE and a
2.29 min increase in WASO.

Meanwhile, as shown in Figure 10, mean bedroom temperature during sleep and its variability
also showed significant associations with mean RR during sleep. Higher temperature and greater
temperature fluctuation were associated with increased RR, indicating a less favorable physiological
condition. In this study, the observed mean nighttime RR ranged from 12.0 to 23.0 bpm. Previous
studies have likewise shown that resting RR is independently associated with all-cause mortality in
older adults [69], and that a mean nocturnal RR above 16 bpm in community-dwelling older adults
is positively associated with long-term cardiovascular mortality [34]. These findings suggest that
respiratory rate should be considered within the set of indicators used to evaluate the residential
thermal environment of older adults.

By contrast, the associations of subjective sleep score with environmental and behavioral
factors were more diffuse, suggesting that subjective evaluation may reflect the combined influence
of environmental background, behavioral adjustment, and individual perception. Previous studies
have similarly suggested that subjective sleep evaluation in older adults may be limited in accuracy
[15] and therefore may not always align with objective sleep measures [70,71]. Overall, these
findings suggest that summertime thermal stress may exert multidimensional adverse effects on
older adults’ sleep and physiological outcomes, while different outcomes respond in different ways.

18



Predictors

Cutdoor
temperature

Outdoor
relative humidity

Indoor
temperature

Indoor
relative humidity

Indoor temp SO I
Indoor RH SD

Outcomes

Sleep efficiency (SE)

Wake after sleep
onset (WASQO)

| Total sieep time (TST)

I REM ratio

I Heart rate (HR)
J Respiratory rate (RR)

AC on rate
during sleep

|S|eepscoﬂ:15‘.ﬂ

Figure 10. Sankey diagram of associations between predictors and outcomes (sleep and physiological).
Ribbon width indicates the magnitude of standardized f3, while color and transparency indicate effect
direction and significance.

4.1.2. Thermal adaptive behavior as an independent factor

A key step forward in the present study is the explicit incorporation of AC use as an objectively
monitored thermal adaptive behavior, rather than treating it only as a background condition or a
questionnaire-based coping variable. Three AC use patterns were identified by cluster analysis:
high-, medium-, and low-frequency, accounting for 8.4%, 20.7%, and 71.0% of all nights,
respectively. These three patterns corresponded to different thermal contexts, adjustment modes, as
well as sleep and physiological outcomes.

The high-frequency group experienced the highest outdoor temperature during sleep, yet
maintained bedroom temperature within a range similar to that of the other groups through more
active adjustment, and overall showed the most favorable sleep and physiological outcomes. These
included the highest sleep efficiency (93.7%), the lowest WASO (32.6 min), the highest REM ratio
(21.9%), the lowest mean heart rate (61.3 bpm), as well as the highest subjective sleep score (7.2)
and the highest proportion of mental sharpness after sleep (92%). The medium-frequency group
showed intermediate performance. In contrast, although the low-frequency group accounted for the
largest share of nights, it reflected a more passive adjustment pattern and was associated with the
least favorable overall sleep and physiological outcomes, remaining well below the sleep quality
thresholds suggested by the National Sleep Foundation [67]. This further suggests that sleep
disorders are widespread among older adults and deserve greater attention.

The mixed-effects models further reinforced the beneficial role of AC use for sleep outcomes.
As shown in Figure 10, after controlling for indoor and outdoor thermal conditions, AC on rate
during sleep remained independently associated with better sleep quality, specifically higher SE (B
= 0.114, 95% CI [-0.001, 0.228]) and lower WASO (p = -0.125, 95% CI [-0.240, -0.009]). This
finding strengthens the key findings of the study: thermal adaptive behavior is not a secondary
variable in the nighttime thermal environment, but an important component shaping sleep and
physiological outcomes in older adults.

4.1.3. Context-specific interpretations of adaptive patterns

After identifying the independent association of AC use with sleep and physiological outcomes,
this study further interpreted the three clusters by considering their combined environmental
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exposure, behavioral adjustment, together with sleep and physiological outcomes. This context-
based comparison helps explore how different thermal regulation patterns may operate under
different thermal conditions and to provide a basis for future practical interventions.

(1) High-frequency cluster: intensified AC use under greater heat stress

As discussed in Section 3.2, the high-frequency cluster was exposed to relatively higher indoor
and outdoor temperatures and was characterized by sustained AC use during both daytime and
nighttime. Despite the higher thermal exposure, this cluster showed the most favorable overall
objective and subjective sleep, and physiological outcomes. This pattern suggests that under greater
thermal stress, more intensive and sustained AC use may help buffer the adverse effects of nighttime
heat on sleep and physiological recovery. However, prolonged reliance on mechanical cooling may
also involve potential trade-offs. The relatively higher respiratory rate observed in this cluster is
broadly consistent with the possibility of additional ventilation-related breathing burden under
prolonged reliance on mechanical cooling [72,73].

(2) Medium-frequency cluster: moderate AC adjustment under intermediate conditions

The medium-frequency cluster reflected an intermediate thermal context and an intermediate
outcome profile. Its AC use occurred mainly during the daytime and decreased markedly at night,
suggesting that relatively short periods of cooling were generally sufficient to cope with daytime
heat exposure, without the need for sustained cooling during sleep. Correspondingly, sleep and
physiological outcomes were therefore generally between those of the high- and low-frequency
groups, implying that this moderate level of adjustment was broadly adequate under intermediate
heat stress.

(3) Low-frequency cluster: limited AC use with less favorable outcomes

By contrast, the low-frequency group accounted for the largest share of nights and showed the
weakest active adjustment. It was associated with the lowest indoor and outdoor temperatures
overall, very limited AC use, yet it also showed the least favorable overall sleep and physiological
outcomes. This suggests that a more passive baseline mode, characterized by habitual reliance on
window opening with consistently low AC use, may be less able to respond to proximal changes in
the nighttime microenvironment, and therefore less likely to maintain stable thermal conditions
favorable for sleep.

4.2. Implications

A central finding of this study is that summertime thermal exposure may adversely affect older
adults’ sleep and physiology in multiple ways, while different environmental factors and outcome
domains show distinct response patterns. At the same time, AC use emerges as an independent factor
and is positively associated with better sleep and physiological outcomes. Therefore, instead of
relying only on the provision of devices or temperature settings, nighttime thermal interventions for
older adults should focus on supporting the full chain of thermal adaptation, including thermal
perception, decision-making, action, and environment feedback.

4.2.1. Perception and decision-making: improving thermal risk

recognition

(1) Potential discrepancy between thermal perception and acceptance
The results of this study suggest that, on most nights, older adults did not actively adjust their
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nighttime thermal environment. More specifically, 71.0% of all nights were classified into the low-
frequency AC use pattern, 73.3% of participants reported never adjusting the bedroom window and
keeping it open all the time, and 40.0% reported keeping the living-room window open all the time.
Despite this generally passive adjustment pattern, participants did not report clear difficulties in
using AC or operating the windows. However, at the same time, unfavorable thermal and sleep
experiences were still reported on a substantial proportion of nights.

This suggests that the main constraint on active adjustment may lie more in the stage at which
thermal discomfort is translated into behavioral decision-making. On the one hand, previous studies
have shown that, compared with younger age groups, older adults often have a higher neutral
temperature or a wider acceptable range on the warm side [25,74]. As a result, under the same
thermal conditions, some older adults may still judge the current environment as subjectively
acceptable, which may reduce their motivation to adjust actively. On the other hand, thermal
sensation and thermal acceptance may diverge, and a larger discrepancy between them has been
linked to a lower likelihood of taking thermal adaptive actions and a higher likelihood of physical
symptoms [39]. Older adults may already feel warm without taking immediate action, because the
threshold for initiating thermal adaptive behavior may be higher than the threshold for thermal
neutrality [75].

(2) Translating thermal perception into adaptive action

Under these conditions, nighttime thermal interventions for older adults should prioritize
helping them recognize heat risk earlier and convert that recognition into clear, timely action. Rather
than assuming that discomfort will naturally lead to self-adjustment, interventions may need to
reduce the cognitive burden of risk appraisal and decision-making. Recent work on individualized
heat early warning systems suggests that home-based sensing combined with tailored, actionable
prompts can be usable for older adults and can improve heat preparedness and prompt immediate
cooling responses [76,77]. Practical applications could include bedtime heat alerts, simplified pre-
sleep checklists, and age-friendly preset modes for common hot or stuffy night responses [78,79].
In addition, nighttime heat interventions should not rely solely on the individual: involving family
members, caregivers, or residential support staff may help strengthen follow-through, especially
when reminders, assistance, and communication pathways are built into broader support networks
[77,80]. Overall, helping older adults translate environmental perception into behavioral decision-
making may improve indoor thermal environment comfort, and support better sleep and recovery.
It may also strengthen older adults’ sense of control over the home environment, which may in turn
improve subjective comfort [81,82] and reinforce feelings of autonomy and well-being [83,84].

4.2.2. Action and feedback: supporting integrated environmental

responses

(1) Multidimensional needs for sleeping environment

Older adults” nighttime environmental needs span multiple dimensions, including thermal
conditions, ventilation, and perceived air quality [85]. Window opening and AC use were the most
common nighttime thermal adaptive behaviors. The findings of this study support the beneficial role
of AC use for sleep and physiological outcomes, while previous studies have also shown that
sleeping with an open window can improve both objective and subjective sleep quality [86].

However, the effects of these common adjustment strategies may not be uniformly beneficial
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across all dimensions of the sleeping environment, and trade-offs may arise. Window opening may
reduce indoor CO2 concentration, but it may also increase indoor temperature and noise exposure,
and thereby may reduce REM sleep [87]. AC use may provide effective cooling, but if it is
accompanied by limited ventilation or poorly distributed air movement, it may reduce perceived air
freshness and cause local discomfort due to direct or uneven airflow. [88,89]. For older adults, these
negative feedbacks may more easily affect the acceptability and persistence of adaptive behaviors.

At the same time, as commonly observed in this study, the simultaneous use of AC and window
opening may also be unfavorable for energy efficiency. This further suggests the need for more
sustainable and sleep-supportive cooling and ventilation systems that can better respond to multiple
nighttime environmental needs.

(2) Design implications for responsive environment regulation

More specifically, nighttime thermal environment design in housing for older adults should
address at least three aspects. First, nighttime cooling should be paired with quiet, low-draft
ventilation or other fresh-air provision, so that prolonged cooling does not come at the cost of stale
air or reduced sleep quality [90,91]. Where feasible, balanced ventilation systems such as Energy
Recovery Ventilation may be considered to maintain fresh air maintain fresh air while preserving
heating or cooling [92]. Second, advanced systems such as radiant cooling systems [93] may offer
additional benefits by supporting thermal comfort with lower energy use [94], and thus may be
considered as a further step toward more responsive and efficient nighttime cooling. Third, greater
attention should be given to local, low-energy, and sleep-friendly microenvironmental regulation,
such as directional airflow in the bedroom, moderate air movement, localized thermal optimization
near the bed, and finer design coordination with bedding and clothing adjustment [95,96]. Together,
these measures may support nighttime environments that more effectively respond to older adults’
multiple needs and also support energy efficiency.

Overall, nighttime thermal interventions for older adults should adopt an integrated strategy that
coordinates thermal perception support, adaptive behavior promotion, and cooling and ventilation
system feedback, so as to provide more stable support for sleep quality, overnight recovery, and
overall health and well-being.

4.3. Limitations and future work

The main limitations of this study can be summarized in three aspects.

(1) The sample size was relatively small, and the participants included only older women,
without covering potential gender differences. As a result, the generalizability of the findings is
limited. Future studies should replicate these analyses in larger, more diverse, and more
heterogeneous older populations in order to obtain more robust and generalizable findings and to
further identify population heterogeneity associated with different individual characteristics.

(2) In terms of sleep assessment, the wearable-device data may involve some degree of
measurement uncertainty, while the subjective sleep evaluation used in this study was also relatively
limited. Future research could therefore complement wearable-device data with more detailed
subjective measures, such as daily sleep diaries [97], to provide a more complete description of
sleep and enable more accurate identification of the consistency and discrepancy between subjective
and objective outcomes.

(3) This study was conducted under real residential conditions, which allowed the findings to
better reflect real-world patterns of adaptation, but also meant that some environmental and
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behavioral confounders could not be fully controlled, such as bedroom air quality (e.g., COz, PM2.5),
electricity cost concerns, and differences in household socioeconomic conditions. Although the
analytical design accounted for individual baseline differences to some extent, the influence of these
unobserved factors cannot be fully ruled out. The findings should therefore be interpreted with
caution, and future studies should collect a broader set of environmental, behavioral, and household-
level variables to better isolate their independent effects on sleep and physiological outcomes.

5. Conclusion

This study used continuous monitoring to examine low-income community-dwelling older
women during the summer months in Boston, US. It systematically investigated the relationships
among the nighttime thermal environment, thermal adaptive behavior, and sleep and health-related
outcomes, and explicitly incorporated thermal adaptive behavior into quantitative analysis. The
main conclusions are as follows.

(1) Older adults” summertime AC use showed clear heterogeneity and could be classified into
three patterns: low-, medium-, and high-frequency use. Among them, the high-frequency group
showed the most favorable overall sleep and physiological outcomes. These findings suggest that
AC use may have beneficial implications for sleep and health in older adults.

(2) The mixed-effects models further revealed differential associations of environmental and
behavioral factors with sleep and physiological outcomes. Higher indoor and outdoor temperatures
were generally associated with less favorable objective sleep and physiological outcomes, with the
clearest effects observed for SE, WASO, and RR. After controlling for environmental variables, AC
use during sleep remained independently associated with better objective sleep outcomes,
particularly higher SE and lower WASO.

(3) Different thermal adaptive behavior patterns reflected different environmental contexts and
corresponding sleep and physiology. Based on these context-specific interpretations, this study
further proposed design and application implications along the full process of nighttime thermal
adaptation in older adults, including perception, decision-making, action, and feedback, with the
aim of supporting more active adaptation and improving nighttime environmental consequences.

Overall, a more integrated understanding of thermal environment, adaptive behavior, sleep and
physiological outcomes may help support healthier aging-in-place environments and, in turn,
contribute to older adults” health and well-being.
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