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A B S T R A C T   

As the world population ages, there is a growing focus on the health and well-being of elderly individuals. In line 
with this, research findings are now highlighting the potential threats that extreme climates pose to the health of 
the elderly. Therefore, this study aims to investigate age differences in thermoregulatory abilities under various 
temperature ramps. This study collected physiological and psychological responses from 20 elderly and 20 
younger subjects in experiments involving four different temperature ramp types. The statistical approach was 
used to analyze the differences between ages and types of temperature ramps, and the results were analyzed in 
the view of thermoregulatory mechanisms. The results showed significant differences in thermoregulatory 
abilities between young and elderly subjects. By analyzing the overshooting and stabilization time, elderly in
dividuals were found to have insensitive thermoreceptors and were more likely to have risks in maintaining 
homeostasis. Additionally, the study found that different types of temperature ramp affected thermoregulatory 
abilities differently for both age groups. This study can contribute by suggesting guidelines for elderly individuals 
regarding temperature ramps that can be formed outdoors and indoors.   

1. Introduction 

1.1. Research background 

‘Lonely death’ of elderly individuals is a phenomenon that has 
emerged as a poignant issue in various countries due to the aging pop
ulation. About 700 elderly individuals in South Korea died alone in 
2022, while Japan saw a doubling of lonely deaths from 1,451 in 2003 to 
2,869 in 2013 [1,2]. The global population is rapidly aging due to longer 
life spans of elderly individuals with advancements in healthcare and 
improved living conditions. Data from World Population Prospects in 
2019 says that one in six people in the world will be over age 65, and the 
number of people over 80 will be tripled from 143 million in 2019 to 426 
million in 2050 [3]. This demographic shift brings numerous challenges, 
including the health and wellness of elderly individuals. The focus has 
also changed from merely living longer to enhancing the quality of life. 
Promoting healthy aging is a prominent area of focus, as demonstrated 
by its inclusion in the WHO’s Ageing and Health program [4]. In 
response to these demands, an extensive body of research and policies to 
enhance the health and wellness of elderly individuals have been 
investigated. 

Recently, the possible correlation between the thermal environment 
and the mortality of elderly individuals has been discovered. Due to 
global warming, extreme climates and weather are formed worldwide, 
and temperature ramps made by heat and cold waves affect elderly in
dividuals’ health. Iniquez et al.(2010) discovered a 4.83% rise in the 
mortality rate for individuals aged 70 or above for each 1 ◦C increment 
in temperature [5]. Vaneckova et al.(2010) discovered a temperature 
increase of 10 ◦C corresponded to a mortality rate of the elderly increase 
of up to 21.8% [6]. National Institute on Aging and governments of 
various nations also warn about the effects of heatwave and coldwave on 
elderly individuals such as heatstroke and hypothermia [7,8]. In this 
regard, appropriate thermal environments should be provided to elderly 
individuals to prevent unexpected death caused by extreme temperature 
ramps. Therefore, this study aims to investigate the age differences in 
thermoregulatory responses. 

1.2. Thermoregulation 

1.2.1. Thermoregulatory mechanism 
Thermoregulation is a physiological mechanism by which an or

ganism maintains its body temperature within a certain range via a 
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negative feedback loop [9]. The hypothalamus in the cerebrum controls 
this mechanism, which is a representative example of homeostasis, the 
ability of the body to maintain its condition at a certain level in response 
to a changing external environment. As shown in Fig. 1(A), the ther
moregulatory mechanism consists of three basic components: thermo
receptors, control center, and effectors. First, thermosensitive neurons 
and thermoreceptors detect rapid fluctuations in body temperature ac
cording to the surrounding thermal environment and transmit infor
mation about the thermal state to the hypothalamus in the brain [10, 
11]. Next, the control center (i.e., the hypothalamus in the brain) 
compares the current body temperature that acquired from thermore
ceptors with the set point value. If the body temperature deviates from 
the set point range, the control center transmits signals through efferent 
neurons to specific effectors, such as skin tissue and skeletal muscles. 
Lastly, effectors respond to the signals to set out heat loss or heat con
servation mechanisms such as sweating and dilating or constricting 
blood vessels to get body temperature back [12,13]. 

1.2.2. Thermoregulatory responses to the temperature ramp 
Temperature ramps are extreme or gradual temperature changes that 

occupants experience over time. These temperature ramps occur when 
occupants move from outdoors to indoors or between indoor spaces, or 
when they use a heating and cooling system while staying indoors. 
Several studies stated that sudden changes in indoor temperature can 
cause thermal discomfort and stress on the thermoregulatory system 
[14]. In particular, such a temperature ramp occurs frequently in sum
mer and winter, when there is a large difference between indoor and 
outdoor temperatures. Therefore, exploring a method to reduce thermal 
discomfort based on the analysis of occupants’ thermoregulatory re
sponses is necessary. 

Fig. 1(B) shows the thermoregulatory response according to the time 
exposed to the temperature ramp. This characteristic lies in the differ
ence between the initial and subsequent reactions to the temperature 
ramp. The most typical characteristic is overshooting, which occurs at 
the beginning of the exposure. This phenomenon is described as an 
initial overreaction to a thermal stimulus, which may cause it to be 
perceived as warmer or colder than its actual temperature [15,16]. 
When a temperature change occurs, more thermoreceptors increase 
their firing rates to send additional high-frequency impulses to the brain. 
This can amplify psychological and physiological responses because the 
brain receives stronger signals than normal [17]. However, as the time 
exposed to the temperature ramp increases, the firing rate of thermo
receptors stabilizes, and the physiological response returns to its 
pre-exposure level or maintains a level within a certain range [18]. 
Multiple chamber experiments have investigated this phenomenon of 
thermoregulation [14,19,20]. 

1.2.3. Thermoregulation of elderly individuals 
Various experimental studies have been conducted in accordance 

with the Predicted Mean Vote (PMV) and ASHRAE Standard 55 to 
improve thermal comfort for occupants. However, as research results 
revealed age differences in physiological and psychological responses 
[21–23], efforts have been put into studies to improve limitations of the 
existing standards that did not consider the age differences. According to 
previous studies, elderly individuals prefer a room temperature similar 
to that of young individuals, but they lack the ability to recognize and 
adjust the room temperature [24]. That is, elderly individuals are more 
likely to be exposed to an inappropriate thermal environment. As people 
age, they undergo various physical changes, such as decreased cardiac 
blood output, losing control over perspiration ability, decreased muscle 

Fig. 1. (A) Process of negative feedback loop; and (B) thermoregulatory responses to temperature ramp.  
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mass/basal metabolic rate/thermal sensitivity, and increased body fat 
percentage [25–27]. Consequently, elderly individuals are at various 
risks due to the temperature ramp. First, aging affects cardiac function, 
which plays an important role in thermoregulatory [28]. It also reduces 
cardiac output and increases systemic vascular resistance, decreasing 
cutaneous blood flow, which is vital to thermoregulation [29]. Second, 
aging directly affects thermoregulatory mechanisms, such as vasocon
striction, vasorelaxation, or muscle tremors. In addition, elderly in
dividuals have less contraction of blood vessels and less ability to 
perceive cooling in a cold environment and are subject to a decrease in 
sweat secretion, skin blood flow and cardiac output in a hot environment 
[30,31]. Third, the elderly generally has weaker homeostasis. For 
example, blood glucose levels (BG) generally maintain homeostasis due 
to insulin and glucagon secreted from the adrenal glands. However, as 
aging reduces the body’s ability to produce or use insulin and glucagon 
effectively, elderly individuals are at a relatively higher risk of devel
oping type 2 diabetes [32]. 

1.3. Research aim 

With the growing importance of health and wellness among elderly 
individuals in an aging society and the increasing health risk due to 

climate change, the need to investigate the effect of temperature ramp 
on the physiological response has been highlighted. Accordingly, studies 
have recently been undertaken to observe the thermoregulatory re
sponses of the elderly population toward the thermal environment. 
Firstly, to overcome the limitation of general thermal comfort prediction 
models like PMV, age difference in thermal comfort or perceptions was 
investigated [33–36]. Natsume et al.(1992) found that there is age dif
ferences in thermal comfort and thermal sensitivity between young and 
old individuals [33]. On the contrary, Veronica et al.(2019) found that 
thermal comfort is not significantly correlated to frailty levels of the 
subjects [35]. However, these findings were mostly investigated in static 
environment without any temperature ramps. Also, earlier studies 
regarding age difference and thermal environment mostly focused on 
psychological responses under fixed thermal environments. To explore 
age differences in thermoregulatory abilities further, studies that 
observe physiological responses under temperature ramps were 
required. Wang et al.(2019) investigated elderly individuals’ thermal 
perceptions and physiological responses to moderate temperature ramps 
ranging from 3 to 6 ◦C [37]. Wu et al.(2023) found age differences in 
local skin temperature (SKT) and blood pressure (BP) under continuous 
temperature ramps [38]. Previous studies found out age difference in 
physiological responses, but most of them did not analyze those 

Fig. 2. Classification of physiological responses based on the category of effectors.  

D. Jung et al.                                                                                                                                                                                                                                    



Building and Environment 244 (2023) 110760

4

responses in the aspect of thermoregulatory mechanism. Additionally, 
the types of temperature ramps were not diverse enough to observe the 
thermoregulatory responses of the subjects. 

Therefore, this study aims to observe the physiological responses of 
elderly and younger individuals under discrete and continuous tem
perature ramps and conduct a comparative analysis to statistically 
investigate differences between them. First, experiments were con
ducted with four different types of temperature ramps, collecting 
physiological responses from 20 elderly and 20 younger subjects. To this 
end, a statistical approach was then used to analyze the differences 
between the two age groups and the types and directions of temperature 
ramps. 

2. Materials and methods 

2.1. Data measurement 

2.1.1. Physiological responses 
Nine types of physiological responses related to thermoregulation 

were recorded in the experiment. Fig. 2 illustrates the classification of 
these physiological responses into three categories based on the effectors 
in the negative feedback loop: (i) the secretion system; (ii) the circula
tory system consisting of cardiovascular system and peripheral vascular 
system; and (iv) the integumentary system. 

In the secretion system, BG (mg/dL) that provides energy required 
for metabolic reactions was collected. BG is regulated by various hor
mones such as glucagon, adrenaline, and insulin. According to a general 
physiological theory, BG rises when the body is exposed to cold tem
peratures, while it tends to decrease when exposed to hot temperatures. 
Kingma et al. (2012) found that the change of BG is further maximized in 
a cold temperature zone [39]. However, since the result is obtained from 
the physiological thermoneutral zone (i.e., 26–32 ◦C), it is difficult to 
sufficiently explain the result of changing pattern of BG in an extreme 
thermal environment. Kim et al. (2022) investigated BG changes in 
response to extreme temperatures and both hot and cold states resulted 
in decrease in BG [40]. Though the changing pattern of BG according to 
the thermal temperature is not consistent, the value changes to produce 
or store energy necessary for metabolic reactions, and it tends to return 
to the value due to homeostasis. In this experiment, the non-invasive 
continuous glucose monitoring system (CGMS) was utilized to mea
sure BG. Specifically, the CGMS device used in this study was the 
FreeStyle Libre 2 (Abbott, USA). 

In the circulatory system, six types of physiological responses, such 
as systolic BP (SBP, mmHg), diastolic BP (DBP, mmHg), heart rate (HR, 
1/min), pulse rate (PR, 1/min), oxygen saturation (OS, %), and perfu
sion index (PI, %), were measured. First, the cardiovascular system is 
generally regulated by cardiac output and plays an important role in 
thermoregulation. According to the general physiological theory, BP can 
be affected by alterations in the blood flow within the skin, which is 
controlled through vasodilation and vasoconstriction of blood vessels in 
the skin [41,42]. SBP and DBP were collected using an automated BP 
monitor (HEM-7600T, Omron, Japan). HR and PR could reflect the 
human body’s metabolism and cardiac output. Wu et al. (2022) [43] and 
Jia et al. (2022) [44] demonstrated heart rate was affected significantly 
under temperature changes. HR was collected using the E4 wristband 
(E4, Empatica Inc, USA), which utilizes a photoplethysmography sensor 
to measure the blood flow volume and calculates HR automatically. PR 
was collected using a MightySat fingertip oximeter (MightySat, Masimo, 
Japan). Similarly, the peripheral vascular system is also subject to the 
influence of cardiac output and is affected by temperature ramps. OS 
refers to the amount of oxygen bound to hemoglobin in the blood. PI 
refers to peripheral perfusion and quantifies the proportion of the 
arterial blood flow relative to the non-pulsatile blood flow [45]. Ac
cording to the general physiological theory, exposure to cold tempera
tures lowers OS and PI because blood flow to the peripheral tissues 
decreases due to vasoconstriction. 

In the integumentary system, EDA (μs) and SKT (◦C) were measured 
using EDA electrodes and the infrared thermopile of the E4 wristband. 
EDA refers skin’s electrical conductance, which changes in response to 
the activity of sweat glands. SKT refers to the thermal energy absorbed 
or released by the skin tissue. According to the general physiological 
theory, EDA and SKT tend to decrease in a cold environment because 
sweat glands are less active, and heat released from the skin transfers to 
the surroundings. On the other hand, they tend to increase in a hot 
environment because sweat production from sweat glands becomes 
active, and the skin tissue absorbs heat from the surrounding environ
ment. Past studies found that SKT tends to be non-linear to the change in 
air temperatures [43,44,46,47]. It was also found that EDA tends to be 
proportional to air temperature [48,49]. 

2.1.2. Psychological responses 
Two subjective questionnaires were used to collect thermal sensation 

vote (TSV) and thermal comfort vote (TCV) to confirm whether the 
temperature ramp intended in the experiment was appropriately made 
[40,50,51]. TSV refers to the subjective feeling of coldness or warmth 
experienced by a subject when exposed to a given thermal environment. 
It is typically assessed using a descriptive scale, such as the ASHRAE 
seven-point Likert scale (i.e., − 3, − 2, − 1, 0, +1, +2, and +3 corre
sponding to cold, cool, slightly cool, moderate, slightly warm, warm, 
and hot). TCV measures the subjective assessment of thermal comfort in 
a given thermal environment. It is also often assessed on a descriptive 
scale such as a seven-point Likert scale (i.e., − 3, − 2, − 1, 0, +1, +2, and 
+3 corresponding to very uncomfortable, uncomfortable, slightly un
comfortable, unclear, slightly comfortable, comfortable, and very 
comfortable). 

2.2. Experiment design 

2.2.1. Subject 
In this study, the subjects recruited were divided into two groups, 

young individuals and elderly individuals, to analyze the age differences 
in physiological responses under temperature ramps. The age range of 
the 20s was set for young individuals, while the age group of 60 or older, 
the standard for aging specified by WHO, was set for elderly individuals 
[52]. However, since the experimental condition of this study included 
an extreme temperature ramp, elderly subjects were limited to those 69 
or less in consideration of possible negative effects that this experiment 
might cause. 20 young and 20 elderly individuals were recruited for the 
study. The institutional review board (IRB) granted permission for this 
experiment, and experiments were carried out according to the 
approved procedures (IRB no. 7001988-202304-HR-1863-02). 

All 40 subjects were healthy adults who met the age standard as of 
the experiment date and did not suffer from chronic diseases (e.g., 
diabetes, hypertension, anemia, stroke, and arrhythmia, etc.). The 
research team checked subjects’ fasting BG and BP one or two days 
before the experiment. Individuals who had BG and BP within the 
normal range were eligible to participate as subjects in the experiment. 
After confirming that the criteria for the experiment, the CGMS was 
attached to them 1–2 days before the experiment. Table 1 shows the 
demographic statements of the subjects. As a result, 20 young and 20 
elderly subjects that were 24.2 ± 2.6 and 63 ± 2.4 years old respectively 
participated in the experiment. Young subjects consisted of 10 females 

Table 1 
Demographic statements of the subjects.  

Criteria Young subjects (n = 20) Elderly subjects (n = 20) 

Mean ± SD Mean ± SD 

Age (year) 24.2 ± 2.6 63 ± 2.4 
BMIa (kg/m2) 21.9 ± 2.9 22.7 ± 1.4 
Fasting BGb (mg/dL) 89.4 ± 5.6 90.8 ± 6.9 

Note: BMI stands for the body mass index; and BG for blood glucose level. 
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and 10 males, while elderly subjects consisted of 15 females and 5 males. 
The body mass index indicated that none of the subjects was under
weight or obese. 

2.2.2. Temperature ramp 
In this experiment, the subjects’ physiological responses were 

observed according to the temperature ramps, which were formed using 
Room A and Room B (refer to Fig. 3). Room A is an artificial climate 
chamber (W × D × H: 2.8 × 3.9 × 2.4 m3) where air temperature can be 
controlled ranging from 10 to 80 ◦C. Room B has an air conditioning 
system that can keep neutral thermal environment (i.e., 22–24 ◦C). 

Four types of environmental conditions were set for the experiment 
by combining two types of temperature ramp (i.e., discrete and 
continuous ramps) and two directions of temperature ramp (i.e., up and 
down). As a result of referring to experiments in similar previous studies, 
most elderly subjects suffered difficulties performing experiments in a 
cold environment, so the ramp to the cold state was reduced by about 
3 ◦C [37]. To sum up, the environmental conditions of this experiment 
can be described as follows (refer to Fig. 3):  

• Discrete ramp-up (DRU): subjects moving from neutral state 
(22–24 ◦C) in Room B to hot state (32–34 ◦C) in Room A  

• Discrete ramp-down (DRD): subjects moving from neutral state 
(22–24 ◦C) in Room B to cold state (15–17 ◦C) in Room A.  

• Continuous ramp-up (CRU): subjects staying in Room A changing 
from neutral (22–24 ◦C) to hot state (32–34 ◦C).  

• Continuous ramp-down (CRD): subjects staying in Room A changing 
from neutral (22–24 ◦C) cold state (15–17 ◦C). 

2.2.3. Experiment procedure 
Before the experiment, the research team provided a comprehensive 

explanation of the equipment and the experimental procedures. To 
eliminate external factors that may affect BG, the subjects were 
instructed to keep fasting for 8 h before the experiments, and their 
clothing value was set to 0.7 Clo. The research team obtained the 

subjects’ consent to participate in the experiment by having them sign 
the form. On the both days the experiments were conducted, subjects 
rested for 30 min so that they could acclimate to the built environment 
[43]. In addition, they were provided with a 30-min break after one 
experiment to eliminate external factors that may occur due to tem
perature changes in the previous experiment. 

Every subject participated in four experiments involving environ
mental conditions (i.e., DRU, DRD, CRU, and CRD) described in 2.2.2. 
The experiments lasted for an hour each, and to avoid excessively long 
periods of fasting, subjects took part in only two experiments per day. To 
limit the fasting time or the degree of influence of environmental con
ditions in the previous experiment, environmental conditions were 
created in a random order, and one or two subjects participated in one 
experiment. Fig. 4 depicts the procedure of data collection. At the start 
of the experiment, the research team ran an E4 wristband and MightySat 
on the subjects to continuously monitor HR, PR, OS, PI, EDA, and SKT. 
Subjects were directed to tap CGMS with their smartphones to measure 
BG every 2 min, and the data were automatically saved on their 
smartphones. Every 5 min, the research team measured subjects’ BP and 
instructed subjects to respond to questionnaires on TSV and TCV. 

2.3. Data analysis 

To statistically compare and analyze the thermoregulatory responses 
according to the age and temperature ramp, the following steps were 
conducted: (i) data preprocessing; (ii) thermoregulatory feature 
extraction; and (iii) statistical analysis (refer to Fig. 5). Data pre
processing and thermoregulatory feature extraction were performed 
using Python (3.9.7 version), and statistical analysis was conducted via a 
statistical package for the social sciences. 

2.3.1. Data preprocessing 
Table 2 shows the recording interval of nine physiological response 

data and the percentage of missing data. Missing data was primarily 
attributed to issues with the measuring equipment, such as fingertip 

Fig. 3. Climate chamber and temperature ramp of experiment.  
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oximeters accidently detaching from subjects, BP monitors becoming 
loosened, and CGMS temporally stopping due to double tagging in a 
second. Meanwhile, since BG, SBP and DBP have a higher recording 
interval than other physiological responses, the impact of missing data 
seems to be greater in the subsequent process. Therefore, data cleaning 
was performed to impute missing values via a linear interpolation 
method. 

Data processing was performed to confirm the continuous trend of 
the physiological response. First, cubic spline interpolation was done to 
confirm the continuous trend of BG, SBP, and DBP measured every 2 and 
5 min. Cubic spline makes continuous and smooth curves with a series of 
unique cubic polynominals fitting between the discrete data points [53]. 
Also, the interpolated data could be extracted as datasets with a sam
pling rate of 1 Hz. Next, other physiological responses (i.e., HR, PR, OS, 
PI, EDA, and SKT) were preprocessed. As this study aims to measure the 
continuous physiological response varying on the temperature ramp, 
tonic components were extracted from the raw EDA data. Then, the 
moving average was conducted to smooth out fluctuations and highlight 
underlying trends in a time series dataset [54]. After the preprocessing, 
screening of each physiological response data was conducted. SBP and 
DBP were excluded from the next step, feature extraction, as the data 
trend of individuals was not consistent. 

2.3.2. Thermoregulatory feature extraction 
Most of the physiological responses showed changing patterns as 

described in Section 2.1.1 for each system. Accordingly, the thermo
regulatory features of each physiological response were selected 
considering the specific changing pattern of the effector system (refer to 
Fig. 5). 

First, the thermoregulatory features of the secretion system include 
(i) overshooting and (ii) recovery time. After a distinct overshooting, the 
secretion system showed a temporal dynamic that recovers to the initial 
state before the temperature ramp. Overshooting refers to a slope to the 
highest or lowest peak of BG from the value of 20-min when the tem
perature ramp occurs. The higher the absolute value of overshooting, the 
greater the instantaneous intensity. Recovery time is the time required 

from 20 min point when overshooting occurs to the point of value 
recovering to within the range of the initial state after overshooting. The 
range of initial state is the range from the minimum to the maximum for 
0–20 min before the temperature ramp occurs, and it can be determined 
as recovery when the value stays within this range for at least 5 min. 

Second, the thermoregulatory features of the cardiovascular system 
include (i) overshooting and (ii) variability. In the cardiovascular sys
tem, overshooting occurs in a way that the value increases or decreases 
according to the temperature ramp. However, the cardiovascular system 
showed a mixture of a data trend that recovers to the range of the neutral 
state as in the secretion system and a data trend that stabilizes at the 
highest or lowest peak. Thus, recovery or stabilization time could not be 
set based on consistent standards. As one of the indicators for time- 
domain analysis of the cardiovascular system, the standard deviation 
of normal-to-normal intervals (SDNN), which means variability in the 
time intervals between consecutive beats, was selected as a thermo
regulatory feature. Specifically, increasing SDNN increases variability, 
suggesting that flexible and adaptive self-regulation is possible [55]. 
Hence, this study extracted SDNN of HR and PR within 20–60 min to 
determine the variability of the temperature ramp. 

Third, the thermoregulatory features of the peripheral vascular sys
tem include (i) overshooting and (ii) stabilization time. OS and PI show 
an overshooting phenomenon as the temperature ramp occurs, and 
stabilization takes place without recovering to the initial state at the 
peak of overshooting. Stabilization time is the time required from the 20 
min to the point in time when the value starts to converge to the highest 
and lowest peak after overshooting. 

Fourth, the thermoregulatory features of the integumentary system 
include (i) overshooting and (ii) residual trend. Unlike the preceding 
three systems, the integumentary system did not show any noticeable 
recovery or complete stabilization during the experiment period. The 
integumentary system showed a logarithmic trend, which indicates a 
continuous increase or decrease in the data change rate. Overall, the 
slope becomes less steep, making plateaus, in the 40–60 min trend than 
in the 20–40 min trend, and it is expected that if the experiment lasts 
more than 60 min, recovery or stabilization will be made. However, 

Fig. 4. Experiment procedure.  
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since recovery or stabilization was not clearly observed within the 
observation time, residual trend was selected as the thermoregulatory 
feature. The residual trend indicates the fluctuations of the data in the 
40–60 min period. So, smaller residual trend indicates plateauing, spe
cifically possibility of faster stabilization. Overshooting means a slope in 
the 20–40 min period, while residual trend means a slope in the 40–60 
min period. 

2.3.3. Statistical analysis 
Statistical analysis was carried out from three perspectives: (i) age 

difference; (ii) ramp type; and (iii) ramp direction. Independent samples 
t-test in each temperature ramp (i.e., DRU, DRD, CRU, and CRD) was 
performed to statistically analyze the age differences concerning ther
moregulatory features. Independent sample t-test is a statistical test used 
to compare the means of two independent groups. When the p-value is 
less than 0.05, it indicates a significant difference between the means of 
the two groups. After comparing age differences, a paired t-test was 
performed to discover differences in thermoregulatory features ac
cording to the temperature ramp. Specifically, the thermoregulatory 
features according to the temperature ramp type (i.e., discrete and 
continuous ramp) were compared and analyzed, and the difference ac
cording to the temperature ramp direction (i.e., ramp up and down) was 
analyzed. When the p-value of the paired t-test is less than 0.05, it in
dicates a significant difference between the means of the two conditions. 

3. Results 

3.1. Data summary 

3.1.1. Controlled temperature ramps 
Fig. 6 depicts the temporal dynamics of controlled temperature 

ramps. Initially, during the 0–20 min period, the temperature in DRU, 
DRD, CRU, and CRD converged at approximately 22–24 ◦C. However, 

Fig. 5. Process of data analysis.  

Table 2 
Recording interval and percentage of missing data.  

Physiological response Recording interval (s) Missing data (%) 

DRU DRD CRU CRD 

Blood glucose 120 2.10 3.23 2.90 2.18 
Systolic blood pressure 300 1.67 0.63 0.63 0.21 
Diastolic blood pressure 300 1.67 0.63 0.63 0.21 
Heart rate 1 2.50 2.50 0 0 
Pulse rate 1 4.68 6.75 1.77 13.54 
Oxygen saturation 1 4.67 6.73 1.77 13.54 
Perfusion index 1 4.67 6.74 1.77 13.54 
Electrodermal activity 0.25 2.50 2.50 0 0 
Skin temperature 0.25 2.50 2.50 0 0 

Note: DRU stands for discrete ramp-up; DRD for discrete ramp-down; CRU for 
continuous ramp-up; and CRD for continuous ramp-down. 
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after the discrete temperature ramp at 20 min, DRU and DRD main
tained average temperatures in the range of 32–34 ◦C and 15–17 ◦C, 
respectively. Additionally, in CRU and CRD, the peak value was recor
ded at approximately 45 min, after which the temperatures remained at 
32–34 ◦C and 14–17 ◦C. These results indicate that the temperature 
ramps in the artificial climate chamber were effectively generated in 
accordance with the pre-defined temperature ramps scenario. 

Fig. 7 depicts the temporal dynamics of TSV and TCV during tem
perature ramps. Initially, during the 0–20 min, subjects perceived the 
exposed thermal environment as neutral and comfortable. However, 
starting from the 20-min when the temperature ramp occurred, they 
experienced sensations of coldness or hotness and felt uncomfortable in 
response to the thermal environment. Notably, in DRU and DRD with 
extreme temperature ramps, subjects exhibited heightened sensitivity in 
evaluating the thermal environment, resulting in an earlier emergence 
of the peak values of TSV and TCV. Additionally, younger subjects have 
higher peak value in comparison to elderly subjects. After reaching the 
peak value, the TSV and TCV tended to stabilize and remained relatively 
consistent until the end of the 60-min experiment. Interestingly, during 

DRD and CRD, there were instances where the TSV and TCV displayed a 
tendency to recover instead. 

3.1.2. Physiological responses 
Fig. 8 demonstrates the average temporal dynamics of physiological 

responses under various temperature ramps. First, it can be confirmed 
that the BG of elderly subjects is consistently higher than that of younger 
subjects in all temperature ramps. Although the absolute value varies 
depending on the age group, it shows almost similar patterns in over
shooting and recovery according to the temperature ramp. The BG 
decreased and increased instantaneously in hot and cold environments. 
In addition, it tended to return to 0–20 min after overshooting of higher 
intensity in the discrete temperature ramp. On the other hand, moderate 
overshooting in the continuous temperature ramp, seemed to last a little 
longer than in the discrete temperature ramp, but showed a tendency to 
return as well. 

The changing patterns of the cardiovascular system and peripheral 
vascular system, are as follows. In the case of SBP and DBP, the values of 
elderly subjects were higher than those of younger subjects most of the 
time during the experiment. In general, BP decreased in the temperature 
ramp-up condition, while BP tended to increase in the temperature 
ramp-down. However, the changing patterns of BP were inconsistent, 
and thus, SBP and DBP were excluded in thermoregulatory feature 
extraction and statistical analysis. Nevertheless, HR and PR of the car
diovascular system showed consistent temporal dynamics according to 
the temperature ramp. HR and PR increased in the temperature ramp-up 
condition, whereas they decreased in the temperature ramp-down con
dition. In addition, this tendency was more distinct in the discrete ramp, 
but there was a relatively smaller difference in the continuous ramp. 

In the peripheral vascular system, OS and PI showed opposite 
changing patterns depending on the temperature direction. In the tem
perature ramp-up condition, OS decreased and PI increased, whereas in 
the temperature ramp-down condition, OS increased and PI decreased. 
In all ramp types and directions, they tended to stabilize after achieving 
the highest or lowest peak due to the overshooting. In OS and PI, the 
degree of overshooting was more prominent in the discrete ramp than in 

Fig. 6. Temporal dynamics of controlled temperature.  

Fig. 7. Temporal dynamics of psychological responses under temperature ramps.  
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Fig. 8. Temporal dynamics of physiological responses under temperature ramps.  
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the continuous ramp. 
Lastly, EDA and SKT in the integumentary system tended to increase 

or decrease continuously without clear recovery or stabilization after 
overshooting according to the temperature ramp. Both EDA and SKT 
increased in the temperature ramp-up condition. However, EDA slightly 
increased or decreased in the temperature ramp-down condition, while 
SKT decreased. The analysis found that in the temperature ramp-up 
condition, the discrete ramp had a significantly higher peak value 
than the continuous ramp. It was also found that the residual trend of 
EDA and SKT showed plateauing phenomena with gradual decreases in 
slope after overshooting. 

3.2. Thermoregulatory response under the temperature ramp 

3.2.1. Thermoregulation in the secretion system 
SM Table S1 summarizes overshooting and recovery time in BG to 

temperature ramps. As a result, there was no statistically significant 
difference (i.e., p < 0.05) in overshooting between young and elderly 
subjects. That is, a significant age difference in thermoreceptor re
sponses was not observed through the change of BG. However, there was 
a statistically significant age difference in the recovery time of BG under 
the discrete temperature ramp. In the DRU condition, the BG of young 
subjects (9.3 ± 2.49 min) recovered to the initial state approximately 
4.8 min faster than elderly subjects (14.1 ± 6.71 min). Similarly, in the 
DRD condition, the BG of young subjects (10.6 ± 5.92 min) recovered 
approximately 8.2 min faster than elderly subjects (18.8 ± 6.48 min). In 
other words, young subjects maintained relatively better homeostasis of 
BG against the discrete ramp than elderly subjects. 

In addition, overshooting of BG of all subjects was relatively distinct 
in the discrete ramp. Overshooting in the ramp-up condition was more 
than 3 times greater in DRU (-1.75 ± 0.69) than in CRU (-0.5 ± 0.21). 
Likewise, in the ramp-down condition, overshooting was about 2.5 times 
greater in DRD (2.01 ± 0.74) than in CRD (0.75 ± 0.38). That is, in the 
discrete ramp condition, thermoreceptor responses became relatively 
more active among all subjects. At the same time, DRD (14.9 ± 7.36 
min) recovered to the original state approximately 4.4 min faster than 
CRD (19.3 ± 7.05 min). This is because overshooting became a lot 
steeper in DRD, and gradual overshooting lasted a little longer in CRD, 
resulting in a difference in recovery time. 

The recovery time of BG was relatively delayed in the ramp-down 
condition compared to the ramp-up condition. In the discrete ramp 
condition, recovery time was delayed by 3.2 min in DRD (14.8 ± 7.11 
min) compared to DRU (11.6 ± 5.82 min). Similarly, in the continuous 
ramp condition, recovery time was delayed by 3.7 min in CRD (17.6 ±
7.0 min) compared to CRU (13.9 ± 4.64 min). Therefore, it can be 
confirmed that the homeostasis of BG is relatively low in a cold envi
ronment rather than a hot environment. It was also confirmed that 
overshooting was more than 1.5 times higher in DRD (0.77 ± 0.38) than 
in DRU (0.5 ± 0.21). 

3.2.2. Thermoregulation in cardiovascular system 
SM Table S2 synthesizes the overshooting and variability in HR to 

temperature ramps. There was a statistically significant age difference in 
overshooting of HR under the temperature ramp-up condition (i.e., DRU 
and CRU). In the DRU condition, overshooting of HR in young subjects 
(0.44 ± 0.28) was approximately 1.6 times greater than that of elderly 
subjects (0.25 ± 0.19). Similarly, in the CRU condition, overshooting of 
HR in young subjects (0.40 ± 0.26) was about 1.6 times larger than that 
of elderly subjects (0.25 ± 0.11). Additionally, in the discrete ramp 
condition, there was a statistically significant age difference in the 
variability of HR. In the DRU condition, the variability of young sub
jects’ HR (96.94 ± 45.70) was larger than that of elderly subjects’ HR 
(64.20 ± 42.37). Even in the DRD condition, the variability of young 
subjects’ HR (143.62 ± 67.22) was larger than that of the elderly sub
jects’ HR (92.89 ± 71.39). In other words, the variability of young 
subjects was greater than that of elderly subjects, which suggests that 

the autonomic neural control of heart rate was more active among 
young subjects. 

Additionally, there was no statistically significant difference in 
overshooting and the variability of HR according to the ramp type. 
However, there was a statistically significant difference in the variability 
according to the ramp direction. In addition, the variability was higher 
in the discrete ramp-down condition and the continuous ramp-down 
condition. Specifically, DRD (119.68 ± 73.75) was 1.5 times larger 
than DRU (81.10 ± 46.46), and CRD (105.99 ± 59.06) was 1.4 times 
larger than CRU (77.46 ± 25.99). 

SM Table S3 summarizes the overshooting and variability in PR to 
temperature ramps. The findings revealed that there was a statistically 
significant difference in overshooting of PR between young and elderly 
subjects under the continuous ramp condition. In the CRU condition, 
overshooting of PR was greater in young subjects (0.37 ± 0.19) than in 
elderly subjects (0.26 ± 0.98). Similarly, in the CRD condition, over
shooting of PR was larger in young subjects (-0.38 ± 0.23) than in 
elderly subjects (-0.23 ± 0.17). That is, the thermoreceptor response of 
PR was relatively more sensitive in the condition of change to a hot 
environment for young subjects than for elderly subjects. In addition, 
there were statistically significant differences in the variability under all 
temperature ramps, and the variability of young subjects was higher 
than that of elderly subjects in all temperature ramp conditions. 

Meanwhile, statistically significant differences according to the ramp 
type were found in the overshooting in ramp-down conditions. DRD 
(0.67 ± 0.83) showed more than two times greater overshooting than 
CRD(0.30 ± 0.21). In addition, a statistically significant difference ac
cording to the ramp direction was found only in overshooting of the 
discrete ramp. Specifically, DRU (0.27 ± 0.15) was about two times less 
than DRD (0.64 ± 0.79). There was no statistically significant difference 
in variability according to the ramp type and direction. 

3.2.3. Thermoregulation in the peripheral system 
SM Table S4 outlines the overshooting and stabilization time in OS to 

temperature ramps. The results demonstrate a statistically significant 
age difference in overshooting of OS between under DRD and CRU 
conditions. Specifically, in the DRD condition, overshooting of OS in 
young subjects (0.106 ± 0.084) was about 3 times larger than that of 
elderly subjects (0.034 ± 0.034). In the CRU condition, overshooting of 
OS in young subjects (-0.051 ± 0.024) was about 1.5 times larger than 
that of elderly subjects (-0.035 ± 0.022). Additionally, in the discrete 
ramp condition, there was a statistically significant difference in the 
stabilization time of OS between young and elderly subjects. In the DRU 
condition, the OS of young subjects (16.0 ± 7.58 min) stabilized 
approximately 6.6 min faster than elderly subjects (22.6 ± 8.65 min). 
Similarly, in the DRD condition, the OS of young subjects (14.0 ± 7.70 
min) stabilized approximately 10.2 min faster than elderly subjects 
(24.2 ± 9.38 min). That is, the thermoreceptor response of OS to rapid 
temperature changes was relatively more sensitive, and homeostasis was 
better in young subjects than in elderly subjects. 

In addition, the stabilization time of OS of all subjects was further 
delayed in the continuous ramp with gradual temperature changes. In 
the ramp-up condition, stabilization time was further delayed 12.08 min 
in CRU (31.32 ± 4.82 min) than in DRU (19.24 ± 8.45 min). Similarly, 
in the ramp-down condition, stabilization time was further delayed 6.85 
min in CRD (25.85 ± 7.87 min) than in DRD (19.0 ± 9.96 min). At the 
same time, overshooting of OS was twice as larger in DRU (-0.082 ±
0.069) than in CRU (-0.042 ± 0.024) 

Likewise, the stabilization of OS was relatively delayed under the 
continuous ramp-up condition. In the continuous ramp condition, sta
bilization time was further delayed by 4.6 min in CRU (30.6 ± 5.55 min) 
than in CRD (26.0 ± 7.87 min). 

SM Table S5 presents the overshooting and stabilization time in PI to 
temperature ramps. The findings indicate a statistically significant dif
ference in overshooting of PI between young and elderly subjects under 
the ramp-up condition. Specifically, in the DRU condition, overshooting 
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of PI in young subjects (0.341 ± 0.154) was about 1.5 times larger than 
that of elderly subjects (0.228 ± 0.117). In the CRU condition, over
shooting of PI was about 1.5 times greater in young subjects (0.32 ±
0.12) than in elderly subjects (0.192 ± 0.107). That is, the thermore
ceptor response of PI was relatively sensitive among young subjects in 
the condition of change to a hot environment. On the other hand, there 
was no statistically significant difference in stabilization time between 
young and elderly subjects. 

In addition, the stabilization time of PI of all subjects was relatively 
delayed in the continuous ramp with gradual temperature changes. In 
the ramp-up condition, stabilization time was further delayed 4.4 min in 
CRU (19.3 ± 8.26 min) than in DRD (14.9 ± 5.98 min). 

Likewise, the stabilization time of PI was relatively delayed in the 
continuous ramp-up condition of change to a hot thermal environment. 
In the discrete ramp condition, stabilization time was further delayed 
about 4.8 min in DRU (14.8 ± 6.29 min) than in DRD (10.0 ± 10.1 min). 
Similarly, in the continuous ramp condition, stabilization time was 
further delayed by 6.7 min in CRU (19.7 ± 8.56 min) than in DRD (13.0 
± 8.96 min). 

3.2.4. Thermoregulation in the integumentary system 
SM Table S6 reveals the overshooting and residual trend in EDA to 

temperature ramps. There was no statistically significant age difference 
in overshooting which means no significant age difference in thermo
receptor response. However, there was a statistically significant age 
difference in residual trend of EDA under the discrete ramp condition. In 
the DRU condition, residual trend of EDA in elderly subjects (0.325 ±
0.362) was about 2,5 times larger than that of young subjects (0.131 ±
0.178). Similarly, in the DRD condition, residual trend of EDA was about 
4 times greater in elderly subjects (0.004 ± 0.006) than in young sub
jects (0.001 ± 0.006). 

Also, overshooting of EDA of all subjects was relatively prominent 
under the ramp-up condition. In the discrete ramp condition, over
shooting was more than 13 times greater in DRU (0.279 ± 0.557) than in 
DRD (0.02 ± 0.033), while residual trend was about 40 times larger in 
DRU (0.197 ± 0.258) than in DRD (0.005 ± 0.004). Similarly, in the 
continuous ramp condition, the intensity of overshooting was more than 
10 times greater in CRU (0.149 ± 0.288) than in CRD (0.014 ± 0.019), 
while that of residual trend was about 44 times larger in CRU (0.222 ±
0.441) than in CRD (0.005 ± 0.006). 

SM Table S7 shows the findings on the overshooting and residual 
trend in SKT to temperature ramps. There were statistically significant 
age differences in overshooting under the discrete ramp condition. In the 
DRU condition, overshooting of SKT in young subjects (0.177 ± 0.995) 
was about 1.5 times larger than that of elderly subjects (0.106 ± 0.125). 
Similarly, in the DRD condition, overshooting of SKT was about 2.5 
times greater in elderly subjects (-0.037 ± 0.095) than in young subjects 
(-0.094 ± 0.054). 

Moreover, overshooting of SKT of all subjects was prominent under 
the discrete ramp condition. Overshooting in the ramp-up condition was 
more than 1.5 times greater in DRU (0.157 ± 0.099) than in CRU (0.091 
± 0.074). Also, in the ramp-down condition, it was more than 1.5 times 
larger in DRD (0.093 ± 0.046) than in CRD (0.062 ± 0.035). On the 
contrary, residual trend of SKT of all subjects was relatively prominent 
in the continuous ramp condition. In the ramp-up condition, residual 
trend was 1.5 times greater in CRU (0.158 ± 0.074) than in DRU (0.112 
± 0.099). Also, in the ramp-down condition, it was 1.5 times larger in 
CRU (0.147 ± 0.053) than in DRU (0.099 ± 0.037). 

Likewise, overshooting of SKT was relatively prominent under the 
ramp-up condition. In the discrete ramp condition, overshooting was 
more than 1.5 times greater in DRU (0.160 ± 0.099) than in DRD (0.093 
± 0.047). Similarly, in the continuous ramp condition, overshooting was 
about 1.5 times greater in CRU (0.09 ± 0.074) than in CRD (0.062 ±
0.034). 

4. Discussions 

4.1. Thermoregulatory responses and mechanism 

Among the nine types of physiological responses obtained through 
the experiment, overshootings were observed in seven types of physio
logical responses, except for SBP and DBP. This empirical evidence 
supports the theoretical mechanism of the overshooting phenomenon in 
thermoregulation, which suggests that when thermoreceptors detect 
temperature changes, there is an immediate increase in their firing rate. 

Moreover, in comparison with the temperature ramp direction, 
overshooting occurred in the same direction for HR, PR, PI, EDA, and 
SKT, whereas overshooting occurred in the opposite direction for BG and 
OS. Specifically, in the temperature ramp-down condition, BG seemed to 
temporarily rise while increasing metabolism to maintain body tem
perature. In addition, HR and PR decreased with blood vessel constric
tion to prevent heat loss while decreasing blood volume, thus affecting 
OS and PI. Contrary to the general physiological theory that both OS and 
PI decrease under the temperature ramp-down condition, the data trend 
of OS measured in this experiment increased. This is because respiratory 
activity becomes active while increasing sympathetic nerve activity to 
temporarily maintain body temperature in a cold environment. Mean
while, EDA and SKT tended decrease with peripheral vessel constriction. 
In the temperature ramp-up condition, these thermoregulatory re
sponses and mechanisms acted in inverse. Specifically, BG temporarily 
decreased as blood vessels dilated and sweat was released to promote 
heat dissipation. In addition, HR and PR increased as blood circulation 
was accelerated to secrete sweat. Despite the general theory that OS and 
PI increase due to blood circulation, the data trend of OS was the 
opposite of what was expected. It can be assumed that the reason is a 
decrease in dissolved oxygen concentration or a lack of oxygen because 
of reduced blood flow. In addition, EDA increased due to sweat release, 
and SKT increased with blood circulation activated. 

In the wake of the overshooting, a tendency to recover back to the 
initial state was observed in these physiological responses, as the control 
center and effectors worked to restore body temperature to normal 
range. However, there was a difference in the degree of recovery to the 
initial state depending on the system of effectors. BG that belongs to the 
secretion system tended to immediately recover to the initial state after 
overshooting due to the temperature ramp. HR and PR that belong to the 
cardiovascular system tended to recover to the initial state or stabilize at 
the peak point where overshooting occurred, while OS and PI that 
belong to the peripheral vascular system showed stabilization at the 
peak point. Meanwhile, EDA and SKT that belong to the integumentary 
system did not reach stabilization during the observation time. How
ever, since the plateauing phenomenon occurs in which the range of 
change gradually decreases, stabilization is expected if the temperature 
change lasts for a long period. 

4.2. Age differences in thermoregulation 

The analysis found a statistical age difference in the thermoregula
tory mechanism of nine types of physiological responses observed 
throughout the experiment. In particular, this difference was more 
prominent in the recovery or stabilization phenomenon rather than 
overshooting. Firstly, a significant difference in overshooting was found 
in HR, PR, OS, PI, and SKT, and overshooting was steeper in young 
subjects than in elderly subjects. This suggests that the thermoreceptor 
response of the young subject is relatively more sensitive. Secondly, all 
significant differences in recovery or stabilization phenomena were 
observed only in the discrete ramp. It took more time for elderly subjects 
to recover BG to the initial state after overshooting than young subjects. 
Similarly, more time was required for stabilization for elderly in OS. 
These results showed that maintaining homeostasis against thermoreg
ulatory response was relatively more effective among young subjects. It 
was also observed that the residual trend of EDA, the slope of the 40–60 
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min period, was less smaller for young subjects than elderly, which can 
be interpreted that stabilization being faster among young subjects. 
Thirdly, the variability of HR and PR was more significantly higher in 
young subjects. This suggests sympathetic nerve activity in thermoreg
ulation was more active among younger subjects. 

Through these findings, it can be inferred that elderly individuals are 
more likely to be at risks under temperature ramps than young in
dividuals. Regarding thermoregulation, steep overshootings can be 
positively interpreted as indicative of a well-functioning thermoregu
latory mechanism with sufficiently robust sigals transmitted to the brain 
under temperature ramps. In this regard, elderly individuals may 
encounter more challenges in thermoregulatory mechanisms as their 
overshootings appear to be weaker compared to younger. However, 
there is also possibility where steep overshootings becoming triggers of 
symptoms such as strokes as they are instant and intensive responses 
themselves. While young individuals may be more capable of handling 
intensive loads generated during the process of thermoregulation, pre
cautions should be exercised. Also, recovery or stabilization is another 
important feature in thermoregulation aspect. Unlike overshootings, 
recovery or stabilization takes a certain period of time and thus, can 
affect human body significantly. Moreover, recovery or stabilization 
time serves as an indicator of the proper functioning of homeostasis. 
Therefore, it can be deduced that elderly individuals have more troubles 
in thermoregulations with weaker overshootings and longer recovery or 
stabilization time. Furthermore, the age difference in thermoregulatory 
response was more evident in discrete ramp conditions than in contin
uous ramp conditions. This means that elderly individuals are more 
vulnerable to thermoregulatory disorders than young individuals in 
summer and winter, with extreme outdoor and indoor temperatures. In 
addition, elderly individuals have lower sensitivity of thermoreceptor 
response than young individuals, showing passive thermoregulatory 
response required for body temperature regulation. Thus, elderly in
dividuals may be at risk when exposed to extreme and discrete ramps 
due to insufficient thermoregulatory response. In addition, another 
problem arises that the recovery or stabilization of the thermoregulatory 
response is delayed compared to young individuals. For example, as 
residual trend of EDA is greater than that of young individuals, contin
uous sweat secretion leads to excessive water loss. 

4.3. Thermoregulation differences under various temperature ramps 

The most significant difference in thermoregulatory response ac
cording to the temperature ramp type (i.e., discrete and continuous) and 
direction (i.e., up and down) was found in BG and SKT. Firstly, a sig
nificant difference in temperature ramp type was prominent in BG, OS 
and SKT. Depending on the temperature ramp type, BG showed steeper 
overshooting under the discrete ramp condition, and OS took more time 
to stabilize under the continuous ramp condition. Meanwhile, SKT 
showed significant differences in overshooting and residual trend under 
all temperature ramps. Compared to EDA that belongs to the same 
integumentary system, overshooting of SKT was slightly more 
consistent. 

Secondly, significant differences in the temperature ramp direction 
were clearly shown in BG, HR, PI, EDA, and SKT. It is noted that whether 
discrete or continuous, ramp-down conditions slowed the recovery time 
of BG. The variability of HR was about twice as large in a cold envi
ronment, and the stabilization time of PI in the ramp-up condition took 
longer than the ramp-down condition. Both overshooting and residual 
trend of EDA showed significant differences. These results suggest that 
as EDA is closely related to sweating, a dynamic change occurs, espe
cially in the ramp-up condition. However, there was an intentional 
difference of approximately 3 ◦C in absolute values between the tem
perature ramp-up and down. This disparity could have caused slight 
distortions in the experimental results and corresponding comparative 
analysis (i.e., between the temperature ramp-up and down). If the ramps 
in both directions were equally formed, it is assumed that there would be 

slight changes in physiological values. Nevertheless, since this 
comparative analysis focused on thermoregulatory features rather than 
raw values, any alterations in the analysis are expected to be insignifi
cant, and the overall trend is highly likely to remain consistent. 

4.4. Recommendations for elderly individuals under temperature ramps 

To this end, recommendations for elderly individuals’ health under 
temperature ramps are suggested as follows: 

First, in the seasons like summer and winter, it is necessary to pre
vent exposure to the discrete ramp and buffer the temperature ramp. In 
addition, gradual temperature control is essential before or after going 
out or when entering another indoor space where the cooling or heating 
does not work properly. Meanwhile, various methods of buffering the 
temperature difference between outdoor and indoor space can reduce 
the burden on homeostasis to maintain the body temperature of elderly 
individuals. For example, with the recent development of smart tech
nology capable of remotely controlling the indoor environment, tem
perature control has been made to immediately relieve hotness or 
coldness when people enter the room after going out. However, since 
increasing the temperature ramp for instant relief of thermal discomfort 
may cause an excessive load on thermoregulation in homeostasis, 
gradual control is required for the heating or cooling system. When the 
outside is extremely hot or cold, efforts are also needed for people to 
control the temperature between the indoor and the outside temperature 
for a certain period before and after going out. Specifically, insufficient 
thermoregulatory responses can lead to disorders such as heatstroke or 
hypothermia [56,57]. 

Second, elderly individuals diagnosed with diabetes or pre-diabetes 
should pay more attention to situations where the temperature drops 
rather than situations where the temperature rises. According to the 
study’s findings, BG’s recovery time was delayed in situations where the 
temperature dropped. Therefore, elderly individuals who have diffi
culties stably maintaining the homeostasis of BG should be careful not to 
be exposed to a rapid temperature drop when the intensity of over
shooting increases and the recovery time is long. According to the results 
Baker and Dawson(1986), 43% of patients hospitalized for diabetes had 
pathological disorders associated with hypothermia [58]. Another 
research showed that hypothermia was identified in 23.4% of patients 
with severe hypoglycemia [59]. 

Third, rather than manual control, automatic control of the heating 
and cooling system is recommended for elderly individuals. Elderly in
dividuals’ overshooting was found to have a lower intensity than young 
individuals. The elderly individual’s thermoreceptor seems to be rela
tively insensitive to the temperature ramp stimulus. This is consistent 
with the result of the perceived thermal sensation examined in the 
previous studies as well as the findings of this study [21–23]. In other 
words, elderly individuals have weak thermoregulation for the tem
perature ramp and lack the ability to recognize and control it properly 
[24]. Moreover, elderly individuals with diseases associated with 
cognitive decline, such as dementia, or suffer from physical discomfort, 
have difficulty controlling appropriate temperature and thus are likely 
to develop thermoregulatory disorders. Therefore, it is recommended 
that elderly individuals use automatic control systems such as smart 
heating and cooling system that detects and reflects recent outdoor 
temperature. 

5. Conclusions 

The aging population is leading to an emerging interest in the health 
and well-being of elderly individuals, whose health is more likely to be 
threatened by extreme climates. This study investigated the age differ
ences in thermoregulatory responses under temperature ramps. 

20 young and 20 elderly subjects participated in experiments, during 
which physiological and psychological responses were collected. The 
temperature ramps varied in four types: (i) discrete ramp-up; (ii) 
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discrete ramp-down; (iii) continuous ramp-up; and (iv) continuous 
ramp-down. The thermoregulatory features were extracted from each 
physiological response and statistical analysis was conducted to discover 
significant differences between ages and ramp types and directions. The 
main findings of this study are as follows:  

• Thermoregulatory features, specifically overshooting and recovery 
or stabilization, were discovered in physiological responses.  

• There were statistically significant differences between young and 
elderly subjects’ overshooting and recovery or stabilization time.  

• Elderly subjects have insensitive thermoreceptors with smaller 
overshootings, and recovery and stabilization time also took longer 
than younger subjects.  

• Types and directions of ramp temperature impact thermoregulatory 
responses. 

Based on the main findings of this study, recommendations for 
elderly individuals regarding temperature ramps were suggested. It is 
recommended that elderly individuals avoid discrete temperature ramps 
that extreme outdoor temperatures can form. Also, as they have weaker 
thermoregulatory responses, methods to buffer the temperature ramps 
were suggested. Elderly individuals with diabetes have to be cautious 
about exposure to cold environments. These recommendations can 
contribute to enhancing the health and well-being of the elderly. 

However, this study has some limitations. First, more significant 
differences could have been found if the ramp-down conditions were 
more extreme. Due to concerns about elderly individuals’ health issues, 
the temperature has only ramped down to 14–17 ◦C. In the winter, 
temperature differences indoors and outdoors can be over 20 ◦C, so this 
ramp might be much more threatening to elderly individuals. Second, 
there were limitations that were yielded from equipment used to mea
sure physiological responses. For instance, E4 wristband could only 
measure the local skin temperature whereas more reliable data could 
have been obtained if various local skin temperatures were collected. 
Also, unlike other continuous measuring equipment, blood pressure (BP) 
monitors could only measure discrete values. This could possibly affect 
the data quality, and if BP had been appropriately measured, the over
shooting and stabilization phenomena might have been observed. 
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Nomenclature 

BG Blood glucose level 
BP Blood pressure 
CGMS Continuous glucose monitoring system 
CRD Continuous ramp-down 
CRU Continuous ramp-up 
DBP Diastolic blood pressure 
DRD Discrete ramp-down 
DRU Discrete ramp-up 
EDA Electrodermal activity 
HR Heart rate 
IRB The institutional review board 
OS Oxygen saturation 
PI Perfusion index 
PMV Predicted mean vote 
PR Pulse rate 
SBP Systolic blood pressure 
SDNN Standard deviation of nn interval 
SKT Skin temperature 
TCV Thermal comfort vote 
TSV Thremal sensation vote 
WHO World health organization 
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