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Abstract

As society ages, there is a growing concern for the comfort and health of elderly people.
Differences in the degree of physiological aging in the elderly population lead to
possible differences in their ability of adapting to environmental changes to maintain
thermal comfort. To verify such differences in thermal environmental demands due to
aging and physiological function changes, this study has used Fried’s frailty
classification method in combination with a wristband device for a field survey of 394
elderly people in residential buildings in Chongqing, China. The study was carried out
in the summer and measured participants’ both psychological and physiological
responses. The study result showed that frailer elderly people had higher thermal
sensitivity and a narrower range of comfortable temperatures. The neutral temperature
was identified to be 25.8°C for non-frailty people, 26.9°C for pre-frailty people, and
27.9°C for frailty people, with comfort temperature intervals of 24.0°C to 30.0°C for
non-frailty people, 24.3°C to 29.3°C for pre-frailty people and 25.9°C to 29.3°C for
frailty people. In terms of physiological regulation, frail elderly people showed lower
sweating rates (SI) and pulse intensity (PI), with higher heart rates (HR) in summer.
The study provides evidence that the frailty of physiological functions has an
innegletable impact on elderly people’s thermal demand, so when designing indoor

thermal environment for them their frailty condition needs to be properly considered.
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1 Introduction

Nowadays, population aging has become a global trend. Generally, it is commonly
accepted that people aged 65 and over can be considered as elderly people [1-3], and it
has been predicted that by 2050 this population will approach 1.5 billion [4]. Elderly
people spend about 80% of their time indoors [5,6]. Additionally, compared to other
aging groups, their immune system and physiological regulation are often weaker [7—
9]. During heat waves, impaired physiological responses for maintaining homeostasis
during heat exposure can lead to increased risk of health disorders in elderly people [3].
Therefore, providing a comfortable and healthy indoor environment for them becomes

more important.

Many studies have given concerns about the environmental conditions elderly people
are living in [1,10-17]. These studies have been carried out in both real buildings, such
as nursing homes [10,13,18-21] and residential buildings [2,20,22—24] and laboratory
environments [1,12,25]. In existing studies, many researchers have identified a
significant difference in the thermal comfort requirements between adults and elderly
people, so age has been widely accepted as an influential factor in thermal comfort
[1,12,26-30]. Additionally, elderly people have been further classified into sub-
categories with different thermal comfort requirements using common factors like
climatic zones [10,18,20,31-33], seasons [18,19], age [13,34], and gender [31,35], and
these classifications give more tailored and accurate control of indoor thermal comfort
for elderly people. For example, Zheng et al. [10] found different neutral temperatures
(Tn) between elderly people living in Xi'an (Cold climate zone) and Shanghai (Hot
Summer and Cold Winter climate zone), China. In Korea, Yang et al. [18] studied the
effect of seasonal characteristics on elderly people’s thermal comfort and identified
significantly higher T, in the cooling season than in other seasons. About age, Zheng et
al. [34] have proposed a further age classification for elderly people, namely, [60-69],

[70-89], and [90-99], to provide more accurate reflection of their thermal comfort



requirement. Between males and females, Forcada et al. [31] identified different T, and

preferred temperatures.

In real life, it has been observed that elderly individuals with different levels of health
have varying requirements for their thermal environment, despite sharing the same age.
Some scholars, especially those in medical science, believe that the physical
impairments and pathophysiological states of elderly people can increase their risk in
extreme weather [3,36]. Therefore, the obsolete concept of “chronological age” is being
replaced by a more accurate and person-tailored parameter, i.e. “biological age”, to
better reflect their physiological state [3,9,37]. This biological age for elderly people is
often expressed by the level of frailty [38], which indicates the level of an individual's
physiological state, not disability [39]. Frailty is considered to be a geriatric syndrome
[38], and it is a complex mechanism of aging including the accumulated functional
decline of multiple physiological systems, independent of age [39]. The main organ
systems involved in the development of frailty include brains, endocrine systems,
immune systems, and skeletal muscles [39], and the main physiological thermal
defenses of the human body for heat are vasodilation and sweating, and for cold they
are skin vasoconstriction and heat production without shivering [40]. Peripheral
thermoregulatory systems, central thermoregulatory systems, and temperature-
activated transient receptor potential (TRP) all affect the human body's thermal
regulation [41], and the functions of all these systems may be affected by frailty. For
example, a frail endocrine system can affect the secretion of key circulating hormones
by the hypothalamus (e.g. stress regulation) [42] and a frail brain can cause the decline
of cognition for elderly people (e.g. heat perception) [43]. However, until now, there is
still lack of understanding on the effect of frailty on elderly people’s thermal comfort

requirements.

To fill the aforementioned gap of research, this study combined non-invasive devices

and subjective questionnaires to study the effect of frailty on elderly people’s thermal



comfort requirements, using field-measured data from 394 elderly people living in
Chongqing, China, hoping to justify the importance of including frailty level to decide
the thermal comfort requirements of elderly people. The second chapter of this paper
describes the research methodology adopted in this study. The third chapter explains
the main findings from the data analysis. The fourth chapter discussed the thermal
comfort and physiological regulation under levels of frailty. The last chapter then gives

a summary of the whole paper.

2 Research Methodology

This study was primarily designed based on the hypothesis that there may be a
relationship between frailty and thermal demand. The hypothesis was tested by utilizing
field research experience in thermal comfort and frailty grading methods. The specific

research framework is illustrated in Figure 1 throughout the entire manuscript.
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2.1 Research design

To understand indoor thermal comfort, physiological regulation parameters, and
behavioral habits of elderly people, a field survey was conducted between 10™ July to
15" September (summer time), 2022, in Chongging, China. According to the Chinese
standard of GB 50352-2019 [44], Chongqing has a local climate classified as Hot
Summer and Cold Winter (HSCW). In the survey, 394 elderly people were visited in
their homes, which are located in a total number of 58 buildings. Figure 2 has indicated
the distribution of these buildings in Chongqing, with some representative buildings
highlighted. Considering the poor eyesight of most elderly people, the questionnaire
survey was mainly done in an ask (researcher)-and-answer (participant) mode. All
participants are over 65 years old, and without severe diabetes or cancer issues [3]. As
this study involved vulnerable people, before starting the survey, relevant ethical
approval has been obtained from the Ethical Committee for Life Sciences, Central
China Normal University, as well as relevant consent from the participants. Table 1 has

listed some basic statistics about the participants of this study.

Figure 2. Distribution of investigated residential buildings in the study
For the 394 participants of this study, 4.57% are living alone, 61.68% are living with
their partner, 22.33% are living with their children only, and 11.42% are living with

both their partner and children. The study was carried out in the participants’ homes,



involving the collection of both objective data (physical and physiological parameters),
subjective data (thermal sensations and preferences), and frailty-relevant information,
as shown in Figure 3a. To ensure test stability, the survey time for each elderly person
was kept for about 30 minutes [20]. Moreover, during the survey period, they were
required to remain in a low-activity state (seated position) at home, and thus, the
metabolic rate was considered to be consistent (1 met). And, the clothing insulation of
the elderly was recorded, including their tops, trousers, skirts, footwear, chairs, etc.
Their overall clothing insulation during the summer at home was found to be low, with

an average value of 0.31 and a standard deviation of 0.09.

Table 1. Sample characteristic distribution

Age [34] Gender
Characteristic 65-69 70-89 Over 89 Male Female
Sample 158 233 3 169 225
Percentage 40% 59% 1% 43% 57%

(a) Questionnaires and monitoring (b) Physiological parameter measurements

Figure 3. Field measurements

2.2 Objective data collection

2.2.1 Environmental parameters

During the study, major environmental parameters, including air temperature, humidity,



black-bulb temperature, and air velocity, were measured by laboratory-level equipment,

and Table 2 has listed their main specifications.

Table 2. Measurement instrument specifications

Parameter Brand/Model Equipment Range Accuracy
HOBO automatic
i -20°C ~
Air UX100-003 tempe‘ra‘ture and £0.2°C
Temperature humidity data 70°C
collector

HOBO automatic

Humidity | UX100-003 | ‘crmperatureand o o500 | 430

humidity data
collector

Black-bulb Automatic black-bulb 90°C ~
HQZY-1 ball temperature 80°C +0.3°C

temperature ..
recording instrument

Uni 1
Air velocity | WWFWZY-1 Hversa 0.05~30m/s | 0.01m/s
anemometer

2.2.2 Physiological parameters

The study also collected some major physiological parameters, namely sweating
intensity (SI), heart rate (HR), pulse intensity (PI, the size of the blood flow volume),
and skin temperature (Ts), from each participant by a wristband device Biovital-P1, as
shown in Figure 3b. In humans, the autonomous (or physiological) thermal defense is
vasodilation of the skin and sweating [40]. It has been suggested that in
thermoregulation, skin vasodilation (increased blood flow) and sweating are weakened
in the elderly [45,46]. Some scholars believe that the increase in cardiac output
decreases and the maximum HR decreases during heat stress in the elderly, suggesting
that HR may also differ from the pattern of change in younger people [3]. At the same
time, the Ts of hands can effectively predict the thermal sensation of the elderly

[24,47,48].

Using the wristband device, Ts and HR can be directly measured, while the SI needs to



be derived from the ratio of change in skin impedance to time, and the PI needs to be
derived indirectly from the photoplethysmography (PPG) waveform graph [49]. To
ensure scientific validity, the device was pre-tested and calibrated before the
measurements. Table 3 has listed the sample rate and the accuracy for each
physiological parameter. To ensure good accuracy, the participants were asked to move

their arms as little as possible during the experiment [50].

Table 3. Wristband specifications

Parameters Sampling rate Accuracy
PPG (Pulsation intensit
(Pulsation intensity SHZ 3bpm
and heart rate)

Skin .imp.edanc.e 4HZ 0.01ps
(Sweating intensity)

Skin temperature 1HZ 0.1°C

2.3 Subjective data collection

The questionnaire contains some basic information about the participants, such as their
age, address, contact information and building condition. It also includes their thermal
sensation vote (TSV), thermal comfort vote (TCV), thermal preference (TP), and
thermal satisfaction vote (TSAV). The TSV was assessed using the ASHRAE seven-
point thermal sensation scale (-3 cold, -2 cool, -1 slightly cool, 0 neutral, +1 slightly
warm, +2 warm, +3 hot) [51]. The TP uses a 3-level scale: -1 cooler, 0 unchanged, 1
warmer. The TCV was assessed using the four-point thermal comfort scale (0
comfortable, +1 slightly comfortable, +2 uncomfortable, +3 unbearable) [52]. The
TSAV was evaluated using a seven-point scale(-3 very unsatisfied, -2 dissatisfied, -1
slightly dissatisfied, 0 acceptable, +1 slightly satisfied, +2 satisfied, +3 very satisfied)
[20,53].

2.4 Calculation of frailty level

According to Dent [54], a popular and simple method that can be used to define the



frailty level of elderly people is frailty phenotypic [37,55], especially the one developed
by Fried et al. [55]. This method adopts five phenotypic indicators relating to the
physical health and the metabolism of elderly people, and they are 1) shrinking:
unintentional weight loss at least 4.5 kg in the past year, 2) weakness: grip strength in
the lowest 20% at baseline, adjusted for gender and body mass index, 3) poor endurance
and energy: identified by two questions from the Spanish version [56] of the modified
10-item Center for Epidemiological Studies-Depression (CES-D) scale [57], 4)
slowness: the slowest 20% at baseline, based on time to walk 15 ft, adjusting for gender
and standing height, and 5) low physical activity level: the lowest 20% at baseline,
based on a weighted score of kilocalories expended per week, calculated according to
the Spanish validation [58] of the Minnesota Leisure Time Activity questionnaire [59]
according to each participant’s report, and adjusting for gender [55,60]. In this study,
questionnaires were used to collect information on five indicators, which included
measurements of participants' height, weight, grip strength, and walking speed, as well
as their self-reported levels of fatigue and daily exercise. Participants' physical
indicators were measured as shown in Figures 4b, 4c and 4d. The level of frailty was
then defined according to the number of occurrences of these indicators. Non-frailty is
defined when none of the indicators are present. Pre-frailty is defined when one or two
indicators are present, and frailty is defined when three or more indicators are present

[55], as shown in Figure 4a.
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(b) Grip strength (c)Weight and height (d) Walking speed
Figure 4. Calculation and measurement of physical indicators

2.5 Data analysis methods

In this study, the data analysis was carried out in SPSS 23 for significance determination.
Analysis of Variance (ANOVA), chi-square test, and K-W test have been used to
analyze the significance of the difference between different physiological and
environmental parameters in the frailty levels, and Pearson correlation analysis has
been used to analyze the relationship between operative temperature (top) and different
physiological parameters. To quantify the relationship between the parameters mean
thermal sensation vote (MTSV) and top, SI and top, PI and top, TCV and TSV, linear
regression was used, with a significance level set as 0.05. To evaluate the goodness-of-
fit of the linear model, the R? value was adopted. Additionally, linear regression of
MTSV and Top can calculate the neutral temperature (T,), which represents participants'

'neutral' perception of thermal sensation [61].

3 Results

3.1 Basic information about the survey

3.1.1 Classification of frailty levels

The 394 elderly individuals examined were characterized utilizing the method for



determining the level of frailty described in section 2.4. The proportions of elderly
individuals meeting different numbers of indicators and frailty levels are depicted in
Figure S5a, with the distribution chart being displayed. Among them, the non-frail
category includes 41.37% of elderly individuals who do not meet any indicators. The
pre-frail category comprises 38.07% in total, with 27.92% meeting 1 indicator and
10.15% meeting 2 indicators. The frail category consists of 20.56% in total, with
10.41%, 7.87%, and 2.28% meeting 3, 4, and 5 indicators, respectively. The low rate of
frailty found in the study may be attributed to the fact that most elderly individuals
residing in residential buildings are in better health and frail elderly people are

oftentimes reluctant to participate in research activities.

Given that the age of the elderly participants did not adhere to a normal distribution, K-
W tests and pairwise comparisons were conducted to explore differences in frailty
categories across different age groups. The significant differences among different age
groups can be observed in Figure 5b, with higher age groups being more likely to be
classified as frail. However, it is crucial to recognize that although age and frailty level
are positively correlated, age alone cannot strictly define a person's level of frailty,

which elucidates the distinct age ranges for each frailty category.
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3.1.2 Indoor thermal environment

Observations made on the indoor temperature distribution, as presented in Figure 6a,
indicated that elderly individuals classified as non-frailty, pre-frailty, and frailty had
similar upper and lower quartile ranges for preferred temperatures between 28.0-30.0°C.
To identify significant differences in temperature preference among elderly individuals
with different frailty levels, a K-W test was conducted and found to be significant
(p=0.004). Further pairwise comparisons revealed significant differences in terms of air
temperature between non-frail and pre-frail elderly individuals (P=0.33), as well as
between non-frail and pre-frail elderly individuals (P=0.07). Further pairwise
comparisons revealed significant differences in terms of ANOVA and K-W tests
conducted on wind speed and humidity environments for elderly individuals with
different frailty levels and operating in different modes (air conditioning (AC) and
natural ventilation (NV)) did not yield any significant differences. However,
observations made from Figure 6b and Figure 6¢ revealed that humidity and wind speed

were higher in NV environments compared to AC environments.
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3.2 Physiological characteristics of the elderly

3.2.1 Physiological parameters and frailty levels

The HR, PI, SI and T distribution did not satisfy normality assumptions and hence, the
K-W test was used. Among these parameters, no significant differences were found
between frailty levels for Ts. However, significant differences were observed for HR
(p=0.025), PI (p=0.000), and SI (p=0.001), between frailty levels. The distribution of
physiological parameters and frailty levels can be seen in Figure 7. For the PI, HR, and
SI measures, pairwise comparisons were conducted. It was found that there were
significant differences in HR between the non-frail and frail elderly individuals
(p=0.20). The median HR for frailty elderly individuals was 82.58 bpm, 80.09 bpm for
pre-frailty, and 78.96 bpm for non-frailty, as demonstrated in Figure 7a. In terms of PI,
significant differences were observed between the non-frail and frail elderly individuals
(p=0.000), as well as between the pre-frail and frail elderly individuals (p=0.000). The
median PI for frailty elderly individuals was 2.42, 2.55 for pre-frailty, and 1.70 for non-
frailty (The numerical value of PI has no practical meaning and can only represent its
magnitude), as demonstrated in Figure 7b. Regarding SI, significant differences were
found between the non-frail and frail elderly individuals (p=0.001). The median SI for

frailty elderly individuals was 49.46, 37.30 for pre-frailty, and 19.94 for non-frailty



(The numerical value of SI has no practical meaning and can only represent its
magnitude), as demonstrated in Figure 7c. The above information indicates that

different levels of frailty have a significant impact on elderly individuals' physiological

parameters.
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Figure 7. Distribution of physiological parameters and frailty levels

3.2.2 Environmental parameters and physiological parameters

To validate the relationship between environmental parameters and physiological
parameters, Pearson correlation analysis was conducted to examine the correlations of
HR, PI, SI and Ts with Top. The results revealed a significant correlation between PI
(P=0.010), SI (P=0.000) and Ts (P=0.000) with To,, whereas no correlation was

observed between HR and Top, as shown in Table 4, which is consistent with prior



research findings [20,49]. In this section, the analysis focused solely on the fitting of
the parameters PI and SI related to frailty with Top (1°C interval). The average value of
each parameter (PI or SI) was adopted within each interval to represent the magnitude

of that parameter for that interval. as depicted in Figure 8.

Table 4. Results of correlation analysis between physiological parameters and Top

Physiological
ysiologica HR T, SI PI
parameter
Correlation
. 0.077 0.285%* 0.223** 0.132**
coefficient
P value 0.137 0.000 0.000 0.010
** P <0.01

As shown in Figure 8a, the PI for three levels of frailty increased with an increase in
Top. PI exhibited an enhanced trend at around 27-28°C, followed by a significant
increase at approximately 32°C, and then a sharp decline. Wooyoung Jung et al. [49]
also reached similar conclusions regarding video quantification of thermoregulation in
young individuals. Lindberg et al. [62] also confirmed that an increase in sweat content
severely affects the photoplethysmography (PPG) signal captured by the
photoelectrometers. When the temperature exceeds 31-32°C, the body produces a
significant amount of sweat. The increase in sweat volume for frail elderly individuals
is relatively small, resulting in a minimal impact on the PI. However, non-frail elderly
individuals experience a larger increase in sweat volume, leading to a greater impact on
the PI. Therefore, after 32°C, there is a situation where the PI for frail elderly
individuals is higher than that for non-frail elderly individuals. The PI before 32°C

reflects the true response of elderly individuals.
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Figure 8. Linear regression with Top

The linear regression of SI with T, for elderly individuals at different levels of frailty
is shown in Figure 8b. From the graph, it can be observed that the SI for non-frail elderly
individuals is slightly higher than that of pre-frail individuals, while both non-frail and
pre-frail individuals have significantly higher SI values compared to frail individuals.
Although the SI increases with an increase in Top for all three levels of individuals, the
rates of increase differ. The slope of SI for frail individuals is noticeably smaller than
the other two levels of individuals. In a regression model of SI and Ty, the slope can
represent the magnitude of the elderly person's ability to regulate sweating in response
to temperature changes. The higher the slope the greater the regulation ability. In this
study, the non-frailty and pre-frailty elderly had similar regulatory capacities, while the

frailty elderly had significantly lower regulatory capacities.

3.3 Thermal comfort requirements of the elderly

3.3.1 The elderly s votes on thermal environments

The K-W test was conducted to examine TSV and TP, while the chi-square test was
used to assess TSAV. The results revealed no significant differences among elderly
individuals at different levels of frailty in terms of TSV, TP, and TSAV. This indicates

that elderly in residential buildings exhibit similar levels of TSV, TP, and TSAV.



From the TSV distribution in Figure 9a, it can be observed that elderly individuals tend
to vote more for the neutral and slightly warm options during the summer, indicating
their preference for being in a neutral or slightly warm environment. In the TP graph in
Figure 9b, it was found that almost all elderly individuals desire temperature to remain
consistent or decrease. However, individuals at different levels of frailty have varying
expectations regarding temperature reduction. Frail individuals are more inclined to
expect a decrease in the overall outdoor climate rather than relying on artificial cooling
sources. On the other hand, non-frail and pre-frail individuals prefer temperature
reduction through a combination of climate conditions and the assistance of cooling
devices. In terms of TSAV, approximately 90% of all elderly individuals are satisfied
with their environment, as shown in Figure 10. This could be attributed to the greater
control they have over their living conditions in residential buildings, allowing them to
maintain their preferred environment for longer durations. However, this differs for
elderly individuals residing in nursing homes, as they require more professional care
[31]. Some individuals may experience dissatisfaction due to the influence of their
children or partners, but they can find ways to alleviate this suboptimal state, such as

adding layers of clothing or requesting a room change.

It is noteworthy that despite the wide range of indoor temperature distribution in the
summer, the thermal comfort status of the elderly mostly remains satisfactory. This may
be due to their tendency to prioritise cost reduction and energy conservation, and to
achieve a satisfactory level of comfort as long as the environmental conditions are not

excessively harsh.
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3.3.2 Thermal comfort characteristics for different levels of frailty

Thermal sensitivity and T, can be obtained by linear regression of TSV and T,, [63].
Through linear regression, the T, was calculated for the elderly with different levels of
frailty as a function of their MTSV and the T,, with weighted 0.5°C binned
data[14,20,32,64-66] (Equations 1, 2, and 3). Figure 11 presents a linear regression plot
of MTSV in elderly individuals with various levels of frailty. Results show that T, was
25.8°C in non-frailty elderly, 26.9°C in pre-frailty elderly, and 27.9°C in frailty elderly
individuals. The slopes of MTSV were 0.1139 for non-frailty, 0.2001 for pre-frailty, and
0.3399 for frailty, respectively, of the elderly. The elderly population had lower thermal

sensitivity slopes than adults; a lower slope indicates lower thermal sensitivity



[20,31,32,67]. Furthermore, the more frail the elderly individual, the greater the
sensitivity, with close sensitivities to adults (slope of 0.35) being observed in the frailty

elderly individuals [32].

2.0
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Figure 11. Linear regression plots of thermal sensory voting in
elderly with different degrees of frailty

The MTSV and Top regression model equations are as follows,
For non-frailty:
MTSV = 0.11385 * Typ — 2.9297 (R? = 0.7010, P = 0.00) [1]
For pre-frailty:
MTSV = 0.20011 * Typ — 5.33714 (R? = 0.6134, P = 0.00) [2]
For frailty:
MTSV = 0.33989 = Typ — 9.48766 (R? = 0.73244,P = 0.00) [3]

According to ASHRAE [51] standard, the thermal comfort zone is defined as the
temperature range in which at least 80% of users are satisfied with the thermal
environment. Additionally, ASHRAE recommends that the comfort interval for the
elderly should be at least 90% due to their special needs [51,68]. This study also used

90% as the comfort temperature interval for the elderly. By using the regression model



represented by Equations 1, 2, and 3, the comfort temperature intervals for the elderly
with three frailty levels were determined as follows: non-frailty is 21.3°C to 30.1°C,
pre-frailty is 24.3°C to 29.3°C, and frailty is 26.4°C to 29.3°C. According to the Chinese
standard GB/T 50785 [69], in HSCW regions in China, when the clothing insulation is
0.5 clo and TSV=-0.5, Tmin=24.0°Cand Tmax=30.0°C. Therefore, for non-frail elderly
individuals, the lower temperature limit is set at 24.0°C and the upper limit temperature
is 30.0°C, as shown in the thermal comfort zone in Figure 11. Therefore, it can be
concluded that there are significant differences in the lower limit temperature under low
clothing insulation during summer season among elderly individuals with different
levels of frailty. The frailer the elderly person, the less resistant they are to lower

temperatures in summer.

Figure 12 shows the relationship between TSV and TCV for the elderly representing
different frailty levels. The relationship between the quadratic polynomial fitting curves

of thermal sensation and thermal comfort was obtained as follows, respectively [70].

For non-frailty:

TCV = 0.2707 — 0.6168 * TSV + 1.003 « TSV? (R? = 0.7806, P <0.05,) [4]

For pre-frailty:

TCV = 0.2262 — 0.0923 * TSV + 0.4921 x« TSV?2 (R% = 0.6541, P <0.05) [5]

For frailty:

TCV = 0.1417 — 0.0238 * TSV + 0.4775 = TSV? (R? = 0.9808,P <0.05) [6]
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Figure 12. The relationship between TSV and TCV in elderly with
different levels of frailty

Based on Equations 4, 5, and 6, it can be observed that as the TSV increases or decreases,
the TCV gradually increases. The extreme values of the quadratic-linear model for the
three frailty levels are non-frailty (0.3074, 0.1758), pre-frailty (0.0938, 0.2219), and
frailty (0.0249, 0.2706), indicating that elderly individuals prefer neutral-warm ambient
temperatures in summer. In addition, as depicted in Figure 12, it is evident that in a hot
summer environment, non-frail and pre-frail elderly individuals do not experience
coldness, while frail elderly individuals do. Additionally, when it comes to expressing
dissatisfaction with hot, frail elderly individuals tend to have a higher level of
complaints than pre-frail individuals, and pre-frail individuals have a higher level of
complaints compared to healthy elderly individuals. It is worth noting that despite
residing within a similar temperature range, these elderly individuals exhibit varying
reactions. This phenomenon may be related to their lower ability to condition their
bodies [9]. This also may be due to a combination of factors including lifestyle habits
[71,72], economic factors [73], and the relatively healthy constitution [74] of the non-
frailty elderly. Non-frail elderly individuals complain less, and they also indicate their
ability to tolerate hotter environments. This is related to their experiences of not using
air conditioning when they were younger. Additionally, they possess effective

physiological regulation mechanisms, and they prefer utilizing their own psychological



adjustments and other methods to combat high temperatures.

3.4 Thermal perception and physiological parameters

This section mainly analyzes the relationship between TSV and physiological
parameters (HR, PI, SI and Ts) among elderly individuals at different levels of frailty,

as shown in Figure 13.

[ Non-frailty [ | Pre-frailty [[_] Frailty

Pl (-)

Figure 13. The relationship between TSV and physiological parameters
As the level of frailty increases and TSV increases, the HR of elderly individuals
gradually increases. The PI value is easily influenced by sweating in high SI conditions,

so there is a decreasing trend in TSV=2. At TSV=-2, frail elderly individuals exhibit



higher PI values, whereas when TSV=1 or 2, frail elderly individuals have significantly
lower PI values, indicating their weak vascular regulatory function. In terms of SI as
TSV increases, the mean SI values for all elderly individuals increase, with frail elderly
individuals having lower mean values. However, in terms of Ts, as TSV increases, there
is a slight increase in Ts for elderly individuals, but the differences among different
levels of frailty are not significant. Unlike the experimental setting, in real-life scenarios,
the skin temperature of elderly individuals' hands cannot predict TSV accurately. In
conclusion, the thermal perception and physiological parameters of elderly individuals

mutually influence each other.

4. Discussion

4.1 The influence of physiological regulation on thermal demand

This research suggests that there are significant differences between the level of frailty
in older adults and the three physiological indicators that affect thermal regulation: SI,
HR, and PI. These differences may contribute to the varying heat requirements observed

among older adults with different levels of frailty.

Previous studies have indicated that both total body and local sweat rate responses to
passive heating decrease with age [75,76]. This is due to a decrease in dividual sweat
gland output rather than in the number of actively secreting glands [46]. Such changes
in sweating function may be a reasonable indicator of age-related frailty. While
sweating and blood flow are regulated separately, sweat production remains dependent
on adequate blood supply [46]. In this study, it was found that frail older adults have
lower blood flow (represented by PI), and they also exhibit lower sweat rates. As a
result, their thermal regulation ability is poorer, leading to a weaker physiological
response to hot environments. This also results in a difference in thermal perception

compared to non-frail elderly individuals, as they may prefer to place themselves in



relatively warmer environments (within a narrower and warmer thermal comfort zone).

Similarly, HR also varies based on the frailty level. The variation in HR between
different levels of frailty is probably due to the weakened functions of the aging body
during thermoregulation, which requires the heart to work harder to maintain balance
with the external environment as the elderly become increasingly frail. Studies suggest
that as compared to younger people, the elderly experience a reduced increase in cardiac
output during heat stress, which also limits the increase in cutaneous blood flow [77].
Moreover, aging results in the hardening of the central artery [78], which reduces the
ability of the body cycle to respond to heat exposure [79]. This also explains why older
individuals have lower PI. Additionally, stroke volume is reduced for a given left
ventricular filling pressure in non-heat stressed [80]and heat-stressed conditions [77].
A study highlights that older men depend on a greater proportion of their chronotropic
reserve to obtain the same HR response as the young [77], indicating that frailty elderly
may have a high HR to achieve similar physiological regulation in their thermal
environment as compared to pre-frailty and frailty elderly. Frailty elderly have a higher
HR and limited reserves of remaining HR [71]. Therefore, they may be more likely to

place themselves within narrower comfort zones.

4.2 Thermal demand characteristics

The thermal needs of elderly people vary depending on their level of frailty. In this
study, the thermal need (Tn) of non-frailty elderly individuals aligned with the findings
of previous studies on elderly people in Spain and Shanghai, China with T, of 25.6°C
and 25.4°C respectively [19,32]. However, the Tn of pre-frailty and frailty elderly
individuals in this study were higher, by approximately 1°C and 2°C respectively,

compared to non-frailty elderly individuals.

The thermal sensitivity and comfort temperature range of non-frail elderly individuals

in Chongqing were found to be similar to those of elderly individuals in Shanghai [19],



likely due to the shared Hot Summer and Cold Winter climate zone and the screening
of only healthy elderly individuals in the Shanghai study. However, the study observed
that as frailty increased, elderly individuals became more sensitive to temperature
changes and had a narrower range of comfortable temperatures. Some frail elderly even
expressed fear of illness associated with slightly colder indoor environments. The
sensitivities of frail elderly and adults were found to be similar, but differed in their
causes; adults were more dissatisfied with their environment's comfort level, while frail
elderly were more fearful of illness related to environmental changes. As Slava
Guergova et al. summarizes, heat pain sensations appear to be preserved in the elderly,
despite age-related declines in sensitivities to non-noxious warm stimuli [81]. Due to
their heightened fear of the pain caused by illness, frail older adults may

psychologically reject both low and high temperatures during the summer.

The study revealed that elderly individuals with greater frailty experience a narrower
comfort zone. Especially at lower temperature limits, frail elderly individuals appear to
require higher lower temperature limits (in terms of thermal resistance of summer
clothing). It has been observed that elderly individuals tend to prefer warmer
temperatures, especially those with higher levels of frailty. Although all frailty levels
prefer neutral-warm temperatures, those who are frailer tend to opt for higher
temperatures and are more cautious about exposing themselves to cooler environments
that might make them ill, likely resulting from a lack of regulation caused by lower

physiological function [81].

Different levels of frailty require different thermal needs. Furthermore, the research also
observed that the behavioral habits of frailty elderly individuals differ from those of
healthy elderly individuals. These differences include a dislike for using air
conditioners and fans, a tendency to dress more warmly in the summer, and a preference

for staying indoors. These habits may be attributed to their unique thermal needs.



4.3 Subcategories of the elderly

In certain studies on heat sensitivity in older adults, contradictions were found when
attempting to classify the elderly population solely based on age [12]. While some
studies have shown that individuals aged 85 [31] exhibit greater heat sensitivity than an
average age group of 71 [10]or 70 [82], other studies have found the opposite, with
people of an average age of 85 displaying lower levels of sensitivity [83]. Certainly,
some researchers [34] have recognized this issue, leading to the adoption of clustering
methods for age classification in older adults. In these studies, older individuals are
categorized into three levels: [60,75), [75,90), and [90,99]. However, this study takes a
different approach by redefining the categorization based on frailty levels. It considers
the possibility that accelerated aging and increased prevalence of diseases in older
individuals may result in varying physiological regulatory abilities at the same
chronological age. The findings of this study indeed confirm this notion within the

context of physiological regulation.

4.4 Practical applications

The results of this study provide evidence of variations in the thermal demand
characteristics of indoor environments amongst elderly individuals with varying levels
of frailty. The findings reveal that the distinction in thermal demand characteristics
could be attributed to the declining physiological function encountered by frail elderly
individuals. Hence, there's a need for attention to be paid when designing housing for
the elderly. Specifically, more consideration must be given to the unique requirement
of frail elderly individuals, who have a lower body thermoregulatory capacity, and thus,

necessitate an accommodating indoor environment that caters to their thermal needs.



5. Conclusions

In an age of increasing aging, it is important to improve the living environment for older

people. However, there is a lack of research into the different thermal demand

characteristics of the elderly due to aging and reduced physiological capacity. This

paper combines non-invasive physiological parameter testing instruments with field

research and measurements of environmental parameters in the summer months of

Chongqing to find out if there are differences in the thermal demand characteristics of

elderly people with different levels of frailty. The main findings from this study have

been summarized as followings:

1)

()

3)

(4)

There are significant differences in the characteristics of thermal requirements
between elderly people with different frailty levels, especially between those with

non-frail and frail levels.

There are different T, and thermal sensitivity between elderly people with
different frailty levels. For example, frail elderly people showed to be more
sensitive to the thermal environment and had higher T, (27.9°C for frail people,

26.9°C for pre-frail people, and 25.8°C for non-frail people).

The frailer the elderly person, the more sensitive they are to changes in
temperature and the narrower the range of comfortable temperatures. The comfort
temperature intervals of 24.0°C to 30.0°C for non-frailty people, 24.3°C to 29.3°C

for pre-frailty people and 25.9°C to 29.3°C for frailty people.

For the survey season, which is summer, there seem to have significantly different
physiological regulations between elderly people with different frailty levels. It
seemed to be that frail elderly people had low SI and PI, with a high HR. Frail

elderly individuals have even lower thermoregulatory abilities.

This study focuses exclusively on the thermal comfort of elderly individuals with



varying degrees of frailty, as well as the impact of select physiological parameters on
their thermal comfort. Nonetheless, the aging process and physiological degradation in
older adults are multifaceted, calling for a more extensive consideration of various
physiological parameters. Moreover, the association between physiological parameters
and thermal comfort necessitates further theoretical research, which is a direction the
research team is pursuing in subsequent investigations on thermal comfort in the elderly.
Additionally, it is important to note that this study is a field study, employing portable
measuring instruments to monitor physiological parameters. This approach only
enables the detection of changes in some physiological indicators, but cannot measure
their magnitude with precision (e.g., sweating). Hence, a more meticulous laboratory
validation is necessary to more fully reflect the differences in varying degrees of frailty

among elderly individuals and to accurately assess thermal comfort in this population.

It is hoped that the study's findings have implications for the design and construction
of age-appropriate buildings, which can enhance the comfort and well-being of elderly
individuals with different types of frailty. Furthermore, these findings can contribute
towards improving the energy efficiency of buildings, without affecting the comfort
and health of elderly individuals residing in them. Thus, this study has vital implications
for promoting sustainable and effective design standards that are specifically catered to

the elderly population.
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