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Abstract 21 

This study aimed to determine age-related differences in thermoregulatory and cardiovascular 22 

responses to a wide range of gradual ambient temperature (Ta) changes. Morphologically 23 

matched normotensive elderly and young males participated. The participants wearing only 24 

shorts rested during the 3-hour experiment. After 30 minutes of baseline at 28°C, Ta increased 25 

linearly to 43°C in 30 min (warming) and then gradually decreased to 13°C in 60 min (cooling). 26 

Ta was rewarmed to 28°C in 30 min (rewarming), and that temperature was maintained for an 27 

additional 30 min (second baseline). During the warming phase, there were no age-related 28 

differences in blood pressure (BP) and rectal temperature (Tre), despite a significantly lower 29 

cutaneous vascular conductance and heart rate in the elderly (P<0.05). At the end of the cooling 30 

phase, systolic blood pressure (SBP) in the elderly was significantly higher than the young 31 

(155.8±16.1 and 125.0±12.5 mmHg, P<0.01). There was a consistent age group difference in 32 

SBP during rewarming. Mean skin temperature was significantly lower in the elderly during 33 

rewarming (P<0.05). Tre decreased more in the elderly and was significantly lower at the end of 34 

the experiment than the younger participants (36.78±0.34 and 37.01±0.15°C, P<0.05). However, 35 

there were no age group differences in thermal sensation. In conclusion, even normotensive 36 

elderly participants have a greater and more persistent BP response to cold than younger adults, 37 

suggesting that the elderly might be at a higher risk of cardiac events during cooling and 38 

subsequent rewarming. 39 

 40 

Keywords 41 
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Elderly, Ambient temperature change, Blood pressure, Cutaneous vascular conductance, Rectal 42 

temperature, Skin temperature 43 

 44 

Abbreviations 45 

Ad  Body surface area 46 

BP Blood pressure 47 

CVC Cutaneous vascular conductance 48 

DBP  Diastolic blood pressure 49 

HR  Heart rate 50 

MAP  Mean arterial blood pressure 51 

RH Relative humidity 52 

SBP  Systolic blood pressure 53 

SkBF  Skin blood flow 54 

Ta  Ambient temperature 55 

Tf-f  Skin temperature difference between forearm and finger 56 

Thand Hand skin temperatures 57 

Tre  Rectal temperature 58 

T
_

sk  Mean skin temperature 59 

TS  Thermal sensation 60 

WHO World Health Organization 61 

62 
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1. Introduction 63 

Field and epidemiological studies demonstrate that air temperature affects human health, 64 

especially in the elderly (e.g., Yu et al. 2012). Many experimental studies have focused on the 65 

physiological and subjective responses of the elderly to heat and cold exposure. 66 

Thermoregulatory responses to cold and heat load are sluggish and weakened in the elderly 67 

compared to the young (e.g., Kenney and Munce 2003). Core temperatures increase more in 68 

older adults than younger individuals during heat exposure mainly due to reduced sweat gland 69 

output and skin blood flow (Inoue et al. 1996; Kenney and Munce 2003; Kenny et al. 2017). 70 

During cold exposure, the core temperature in the elderly decreases more due to an attenuated 71 

vasoconstrictor response (Inoue and Shibasaki 1996; Frank et al. 2000; Kenney and Munce 72 

2003; DeGroot et al. 2007) and/or less heat production (Frank et al. 2000; Kingma et al. 2011) 73 

compared to the young. 74 

Cardiovascular responses to heat and cold stress deteriorate in older adults. During heat 75 

exposure, cardiac output decreased in older more than younger people (Minson et al. 1998; 76 

Gagnon et al. 2016). During cold exposure, systolic blood pressure (SBP) increases more in the 77 

elderly than in the young (Wagner and Horvath 1985; Tochihara et al. 1993; Collins et al. 1995; 78 

Jansen et al. 2001; Hess et al. 2009; Hashiguchi et al. 2011). Many previous studies on 79 

age-related differences in thermoregulatory and cardiovascular responses were conducted 80 

during sudden and steady state exposure to cold and heat, since it has been well known that the 81 

temperature disparity between warm living room and cold bedroom or dressing room would be 82 

a risk of cardiac events in the elderly people (Umishio et al. 2019; Tochihara et al. 2012). 83 
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Whereas, daily fluctuation of the ambient temperature (Ta) in one room could also induce larger 84 

variation in blood pressure (BP), which is associated with cardiovascular disease (Kario 2016). 85 

Despite WHO recommends indoor Ta should be above 18 °C (WHO 2018), a recent nationwide 86 

survey in Japan revealed that the lowest living room temperature in winter is only 12.6 °C on 87 

average and below 18 °C in 90 % of houses (Umishio et al. 2020). The room temperature fall at 88 

night in poorly insulated house with local heating might induce morning hypertension (Umishio 89 

et al. 2019), which is strongly associated with cardiovascular events (Karino 2016). However, 90 

physiological responses during slow gradual Ta changes have only been investigated in limited 91 

number of studies (Ohnaka et al. 1993; DeGroot and Kenney 2007; Schellen et al. 2010). 92 

Moreover, in previous studies, Ta was altered within a relatively narrow range of mild cold and 93 

warm temperatures (19–28 °C, Ohnaka et al. 1993; 17–25 °C, Schellen et al. 2010) or between 94 

neutral and hot (21.5–39.5 °C, Ogawa et al. 1993). Thus, in older adults, the response to a wide 95 

range of gradual Ta changes, especially to severe cold environment below the recommended 96 

lowest indoor Ta (WHO 2018), is unclear. Additionally, persistent high BP in the elderly during 97 

rewarming after mild cold exposure was reported (Kingma et al. 2011). Thus, age-related 98 

differences in the cardiovascular responses after severe cold exposure are another concern that 99 

needs further investigation. 100 

Physiological responses to heat and cold are affected by anthropological characteristics, 101 

including body fat and body surface area to mass ratio (Ad/mass) (Inoue et al. 2009; Kenny and 102 

Munce 2003). Additionally, basal function of the cardiovascular system, such as resting blood 103 

pressure, affect physiological responses to heat and cold exposure (Shigeomi et al. 2001; Kenny 104 
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et al. 2010; Hintsala et al. 2014). In general, the elderly have more body fat, higher body mass 105 

index (BMI) and Ad/mass ratio, and higher basal blood pressure than the young (Umemura et al. 106 

2019). Thus, thermoregulatory and cardiovascular responses in the elderly are often confounded 107 

by morphological characteristics and higher resting blood pressure. Controlling for these 108 

confounding factors when making age group comparisons will clarify the thermoregulatory and 109 

cardiovascular response per se to hot and cold in older adults. 110 

The purpose of this study was to determine age-related differences in thermoregulatory and 111 

cardiovascular response during a wide range of Ta changes from severe heat to cold and 112 

subsequent rewarming. Morphologically matched normotensive older and younger participants 113 

were compared to remove the confounding bias of body fat difference, Ad/mass ratio, and BP in 114 

the elderly. We hypothesized that even in the normotensive elderly, impairment in 115 

thermoregulatory and cardiovascular response to wide range of ambient temperature would be 116 

observed compared to the younger counterparts with matched morphological characteristics. In 117 

addition, persistent hypertension would be observed during rewarming after severe cold 118 

exposure even in the normotensive elderly. 119 

 120 

2. Methods 121 

2.1. Participants 122 

Nine healthy young males and nine healthy elderly males participated in this study. Table 1 123 

shows the physical characteristics of the subjects for both groups in Mean±SD. Body surface 124 

area (Ad) was estimated according to the equation of Takahira (1925). The percentage of body 125 
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fat (%fat) was estimated from the sum of skinfold thickness on the back and upper arms 126 

(Nagamine and Suzuki 1964). Although, there were significant differences (P < 0.01) in age and 127 

height between the young and elderly groups, other morphological characteristics, including 128 

mass, BMI, %fat, Ad/mass and three points skinfold thickness were not significantly different. 129 

Before enrolling in the study, all participants were examined by a medical doctor to confirm that 130 

they were normotensive (systolic and diastolic blood pressure were less than 140 and 90 mmHg, 131 

respectively), with no medication, and no history of cardiovascular disease. Participants were 132 

selected by matching their basal blood pressure and morphological characteristics between the 133 

groups. A medical doctor attended in all experiments involving the elderly to check their health 134 

condition. All volunteers provided written informed consent after receiving a full explanation of 135 

the study requirements and the risks involved. The Institutional Review Board of Kyushu 136 

University approved the experimental protocol (#108). 137 

 138 

2.2. Procedures 139 

The experiments were conducted during the summer, beginning around 10 a.m. At the 140 

beginning of each experiment, Ta, the relative humidity (RH), and air velocity of the climatic 141 

chamber were set at 28 °C, 65%, and less than 0.15 m/sec, respectively. Participants wore shorts, 142 

and sensors and devices for physiological measurements were attached. Participants stayed in 143 

the chamber at rest in a sitting position for at least 30 min (baseline). Then, Ta was increased to 144 

43 °C linearly over 30 min at a rate of 0.5 °C/min (warming phase) followed by cooling to 145 

13 °C over 60 min at a rate of -0.5 °C/min (cooling phase). Then, Ta was rewarmed to 28 °C 146 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



8 

over 30 min at a rate of 0.5 °C/min (rewarming phase) and maintained for an additional 30 min 147 

(second baseline) as shown in Figure 1. Ta changes in the climatic chamber was measured at 10, 148 

40, 80, and 120 cm height from the floor. RH could not be controlled during the Ta changes but 149 

was in a similar pattern in all experiments. In general, gradually decreased to around 35% RH 150 

during the warming phase and increased to 55-60% RH during the cooling phase. The RH data 151 

was not available during rewarming phase due to sensor trouble. 152 

 153 

2.3. Measurements 154 

Rectal temperature (Tre) was measured at a depth of 13 cm from the anal sphincter using a 155 

thermistor probe (ITPO10-11, Nikkiso-YSI CO., Ltd., Japan). Skin temperatures at different 156 

body locations (forehead, back, abdomen, forearm, hand, finger, thigh, calf, and instep) were 157 

measured with thermistor probes (ITPO10-12, Nikkiso-YSI CO., Ltd., Japan). Rectal and skin 158 

temperatures were recorded every minute using data loggers (LT8A, Gram Corporation, Japan), 159 

and 10-minute averages were used for the analysis. Mean skin temperature (T
_

sk) was calculated 160 

using the following modified Hardy-DuBois formula (1937). 161 

T
_

sk = 0.07Tforehead + 0.175Tback + 0.175Tabdomen + 0.14Tforearm + 0.05Thand 162 

+ 0.19Tthigh + 0.13Tcalf + 0.07Tinstep 163 

The difference in skin temperature between the forearm and finger (Tf-f) was calculated to assess 164 

vasoconstriction and vasodilation (House and Tipton 2002; Schellen et al. 2010). 165 

Systolic and diastolic blood pressures (SBP and DBP) were measured every 10 minutes from 166 

the left upper arm using an automatic tonometer (HEM-737, OMRON, Japan). The mean 167 
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arterial blood pressure (MAP) was estimated as DBP, plus one-third of the pulse pressure (SBP - 168 

DBP). Skin blood flow in the forearm (SkBF) was monitored using laser Doppler flowmetry 169 

(FLO-C1, Omegawave Inc., Japan). During the experiment, changes in SkBF (%SkBF) were 170 

normalized relative to the baseline (baseline was 100%). The forearm's cutaneous vascular 171 

conductance (CVC) was calculated by dividing the %SkBF by MAP (%/mmHg). The heart rate 172 

(HR) was measured using an electrocardiogram (AU-512, Fukuda Denshi, Japan) with chest 173 

leads. The slopes of the regression line between cardiovascular parameters (BP, CVC and HR) 174 

and T
_

sk during cooling phase were calculated in each participant to evaluate sensitivity of 175 

cardiovascular responses to skin cooling. Shivering was detected based on the observations of 176 

the investigator. Bodyweight loss was estimated by weighing nude subjects before and after the 177 

experimental session using a precision body scale with a 1-gram resolution (ID2, Mettler-Toledo, 178 

Germany). 179 

Thermal sensation (TS) was rated every 10 min during the protocol using a 9-point scale (+4: 180 

very hot, +3: hot, +2: warm, +1: slightly warm, 0: neutral, −1: slightly cool, −2: cool, −3: cold, 181 

−4: very cold). 182 

 183 

2.4. Statistical analysis 184 

Physiological parameters were compared using a two-way repeated-measures analysis of 185 

variance (ANOVA), where the factors were age group and time. Age group differences in 186 

physiological parameters were compared using an unpaired Student's t-test. The group 187 

difference in TS was analyzed using a Mann-Whitney U-test. The relationships between T
_

sk and 188 
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blood pressure, CVC, and HR were analyzed using Pearson's correlation coefficient. All data are 189 

presented as mean ± SD. Differences at P < 0.05 were considered significant for all statistical 190 

analyses. Analyses were conducted using a statistical software (IBM SPSS Statistics version 20, 191 

IBM). 192 

 193 

3. Results 194 

3.1. Body temperatures 195 

Changes in mean (SD) Tre, T
_

sk, hand skin temperatures (Thand), and Tf-f every 10 min for both 196 

groups are shown in Figure 2. The ANOVA showed significant main effects of time and 197 

interaction between age group and time for Tre, T
_

sk, Thand, and Tf-f (P < 0.05). The Tre time course 198 

in both groups showed similar trends from the baseline to the heating and cooling phases (Fig. 199 

2A). However, Tre decreased more in the elderly during the rewarming phase, and Tre was 200 

significantly lower in elderly participants than young participants at the end of the experiment 201 

(P < 0.05). 202 

There were no significant differences in T
_

sk (Fig. 2B) between the groups during the first 20 203 

min of the experiment, but T
_

sk was significantly lower in the elderly compared with the young 204 

at 30 and 40 min during warming phase (P < 0.05). During the cooling phases, T
_

sk did not differ 205 

significantly between the two groups. However, T
_

sk was significantly lower in the elderly 206 

compared with the young during the last 60 min of the experiment (rewarming phase and 207 

second baseline) (P < 0.05). Similar trends were also found in Tforehead, Tabdomen, Tthigh, and Tcalf. 208 

The time course and age-related differences in Thand (Fig. 2C) showed specific trends compared 209 
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with other skin regions. There were no differences in Thand between the groups for the first 80 210 

min (from baseline to warming phase) of the experiment. However, during the cooling period, 211 

Thand in the elderly was significantly higher than Thand in the young (P < 0.05). During the 212 

rewarming phase at 130 min, Thand reached the lowest value, and the average difference in Thand 213 

between groups was 1.56 °C (P < 0.01). After that, Thand of the young rewarmed by an average 214 

of 3.81 °C at the end of the experiment, but the elderly rewarmed by only 1.07 °C. There were 215 

no age-related differences in Tf-f during the baseline, warming, cooling, and rewarming periods 216 

(Fig. 2D). However, Tf-f of the elderly was significantly greater during the second baseline than 217 

the young (P < 0.05). 218 

 219 

3.2. Thermoregulatory and cardiovascular responses 220 

The mean SBP, DBP, MAP, %SkBF, CVC, and HR at 10 min intervals are shown in Figure 3. 221 

The ANOVA showed significant main effects of time (P < 0.05) and significant interactions 222 

between age groups and time (P < 0.01) for SBP, DBP, MAP, %SkBF, CVC, and HR. There 223 

were no differences in SBP between the groups for the first 100 min of the experiment (Fig. 3A). 224 

However, during the cooling phase, the SBP of the elderly was significantly higher than the 225 

young participants (P < 0.05). SBP in the young decreased to the first baseline level during the 226 

rewarming period. In contrast, SBP in the elderly remained elevated and the significant group 227 

differences continued through the second baseline until the end of the experiment (P < 0.05). 228 

Significant group differences in DBP were observed during the cooling phase at 110 min and 229 

during the rewarming phase at 140 min (P < 0.05, Fig. 3B). Changes in MAP were similar to 230 
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SBP (Fig. 3C). 231 

%SkBF during the warming phase was significantly higher in the young group compared with 232 

the elderly group (P < 0.05, Fig. 3D), which peaked at the end of the phase and was 1.7-fold 233 

higher in the young. During the cooling phase, %SkBF decreased in both groups to less than the 234 

baseline level; there were no age-related differences at the latter half of the phase. During the 235 

rewarming phase and the second baseline, %SkBF was still less than the baseline in both groups. 236 

Time course changes in CVC were similar to %SkBF (Fig. 3E). 237 

HR was significantly lower in the elderly than in the young from the baseline to the first half of 238 

the experiment's cooling phase (P < 0.05, Fig. 3F). During the first 30-min of baseline, the 239 

average HR was 67.3 ± 12.3 beats/min and 76.7 ± 6.2 beats/min in the elderly and the young, 240 

respectively. The increase in HR from the baseline was significantly less in the elderly (2.9 ± 3.4 241 

beats/min) than in the young participants (5.9 ± 1.5 beats/min) during the warming phase (P < 242 

0.05). The reduction of HR during the cooling phase was significantly less in the elderly (-10.2 243 

± 2.0 beats/min) than in the young participants (-15.6 ± 4.1 beats/min) (P < 0.05). During the 244 

rewarming phase and the second baseline, there were slight recoveries in HR for both groups 245 

and no significant differences between groups. 246 

Total body weight loss during the 3-hour experiment tended to be smaller in the elderly (103 ± 247 

13 g/m2) than in the young participants (123 ± 3 g/m2), but group differences were not 248 

statistically significant. No visible shivering was observed during the experiments for any 249 

subjects. 250 

 251 
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3.3. Sensitivity of the cardiovascular response to mean skin temperature reduction 252 

The slope of the SBP, DBP, MAP, CVC, and HR versus T
_

sk during the cooling phase (60 to 120 253 

min) were assessed in each individual. Table 2 summarizes the mean values in both groups. The 254 

sensitivity of SBP and MAP to T
_

sk reduction was significantly greater in the elderly than the 255 

young participants (P < 0.01). In contrast, there was no group difference in the sensitivity of 256 

DBP to T
_

sk. CVC and HR decreased significantly less in response to the T
_

sk reduction in the 257 

elderly than the young group (P < 0.01). 258 

 259 

3.4. Subjective response 260 

Changes in mean TS are shown in Figure 4. TS changed as Ta changed in both groups; no group 261 

differences were detected throughout the experiment.  262 

 263 

4. Discussion 264 

Several reports focused on age-related differences in BP and body temperature regulation during 265 

cooling and rewarming. The elderly generally have greater body fat (Inoue et al. 1992; Kingma 266 

et al. 2001; Ohlendorf et al. 2020) and higher baseline blood pressure (DeGroot and Kenney 267 

2007; Uemura et al. 2019) than younger individuals. However, these reports do not account for 268 

the confounding effects of morphological characteristics and resting blood pressure on the 269 

response to temperature changes. Therefore, in this study, the participants were selected to 270 

minimize differences between the young and elderly groups in their body fatness, Ad/mass ratio, 271 

BMI, and basal blood pressure. This selection enabled us to focus on the age-related differences 272 
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in thermoregulatory and cardiovascular responses to dynamic changes in ambient temperatures. 273 

 274 

4.1. Cardiovascular and thermal responses during warming 275 

In this study, despite the similar baseline blood pressures, the significantly lower 276 

forearm %SkBF and CVC in the elderly during heat exposure (Fig. 3DE), was in line with 277 

previous studies reporting smaller increases in skin blood flow in the elderly (Kenney and 278 

Munce 2003; Kenny et al. 2017). This result suggests that dry heat loss (vasodilation response 279 

to the heat) is impaired in the elderly. 280 

There were significant age-related differences in cardiac response (HR) to heat in addition to 281 

the %SkBF and CVC. From baseline to the hot environment period, HR was significantly lower, 282 

and HR increased less in response to heat stress in the elderly compared with the young group 283 

(Fig. 3F). In agreement with this result, previous research demonstrated a lower HR response to 284 

passive heating in the elderly than young participants (Inoue and Shibasaki 1996; Miwa et al. 285 

2002; Gagnon et al. 2015; Gagnon et al. 2016). Recently, Kenny et al. (2017) reported 286 

significantly lower cardiac output, HR, and limb blood flow in the elderly after 3 hours of heat 287 

exposure (44 °C) compared with the young. Young people have sufficient cardiac output to 288 

support greater skin vasodilation in hot environment; whereas, both the cardiac response and 289 

skin vasodilation are impaired in older adults during heat exposure (Inoue et al. 2009). 290 

Despite the lower %SkBF, CVC and HR in the elderly group, there were no group differences 291 

in core body temperature (Tre) during warming and the subsequent cooling phase (Fig. 2A). 292 

Previous reports demonstrate a slight increase in Tre (37.8 and 37.6 °C in the elderly and young, 293 
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respectively) and a moderate increase in HR (18–20 beats/min) after 3 hours of heat exposure at 294 

44 °C (Kenny et al. 2017). In the present study, the increase in HR during the 30-min gradual 295 

warming period to 43 °C was only 3–6 beats/min. Furthermore, total body weight loss during 296 

the 3-hour experiment was only 103–123 g/m2. These results indicate that the heat stress 297 

induced by our protocol might not be severe enough to evaluate age-related difference in 298 

sudomotor response to elevated core body temperature. 299 

During the gradual warming phase, blood pressure (SBP, DBP, and MAP) did not change 300 

significantly from the baseline in either age group (Fig. 3ABC). This tendency continued during 301 

the beginning of the cooling phase (until 90 min) when Ta was higher than the baseline. Since 302 

there was greater skin vasodilation (%SkBF and CVC) in the young participants, one might 303 

expect lower blood pressure. However, blood pressure was maintained in both groups during the 304 

warming phase. In line with the present study, previous studies reported that MAP was 305 

maintained when young or elderly individuals were exposed to long periods of moderate 306 

(Kenny et al. 2017) or severe heat (Minson et al. 1998). 307 

 308 

4.2. Cardiovascular and thermal responses during cooling and rewarming 309 

During the cooling phase (60–120 min), T
_

sk decreased in both groups with no group differences 310 

(Fig. 2B). However, Thand was significantly higher in the elderly group during the latter half of 311 

cooling (Fig. 2C). The difference in Thand may be due to less vasoconstriction in the extremities 312 

in the elderly (Richardson et al. 1992; Tochihara et al. 1993; Frank et al. 2000). The higher Thand 313 

in the elderly continued during the substantial rewarming phase, which may have led to greater 314 
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heat loss and a drop in Tre (Fig. 2A). However, during rewarming and the second baseline, T
_

sk 315 

was significantly lower in the elderly group (Fig. 2B). Also, the elderly participants showed 316 

significantly greater Tf-f, a surrogate index of vasoconstriction (House and Tipton et al. 2002), at 317 

the second baseline (Fig. 2D). This data suggests that vasoconstriction in the elderly during the 318 

second baseline was greater than in the young. Even with less heat loss in the elderly, indicated 319 

by the lower T
_

sk and greater Tf-f, the decrease in Tre was greater than in the young during the 320 

rewarming and second baseline periods (Fig. 2A). One of the potential mechanisms for 321 

explaining the continuous drop in Tre during rewarming phase would be greater venous return in 322 

the elderly from cooler extremities to the core body region (Natsume et al. 1992). 323 

Considering heat balance regulating core body temperature and the matched morphological 324 

characteristics in this study, the elderly group likely had less cold-induced thermogenesis (CIT) 325 

during the cooling phase. Several reports demonstrate less metabolic heat production in older 326 

adults and their core body temperature decreases more during mild cold exposure (DeGroot and 327 

Kenney 2007; Kingma et al. 2011). One limitation of the present study is that metabolic heat 328 

production was not measured. However, considering previous studies' findings (Kingma et al. 329 

2011; Chen et al. 2013), the greater core temperature drop in the elderly can be at least partly 330 

explained by less CIT, which might be associated with less brown adipose tissue activity in 331 

older adults (Yoneshiro et al. 2011; Chen et al., 2013). 332 

BP in hypertensive elderly individuals increases more in response to cold exposure (Shigeomi et 333 

al. 2001) or reaches higher level with similar BP change from baseline compared to 334 

normotensive counterparts (Hintsala et al. 2014). This study's major finding is that even in 335 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



17 

non-hypertensive elderly individuals, BP increased more during the cooling phase than in the 336 

young (Fig. 3ABC). Especially, BP increased rapidly in the last 20 min of the phase and 337 

significant age-group difference was observed at 110 and 120 min when Ta was below 18 °C, 338 

which is the lowest indoor temperature of the WHO guideline (WHO 2018). The average 339 

forearm %SkBF in the elderly group was maintained at baseline level at 100 min (Ta = 23 °C), 340 

then decreased to 65.8% of baseline at 110 min when Ta reached 18 °C. Thus, it is suggested 341 

that the rapid increase in BP in the elderly would be induced when Ta dropped below the 342 

threshold for cutaneous vasoconstriction. This rapid increase in BP during gradual cooling may 343 

also increase the risk of cardiac events. The age-related difference in BP response to cold would 344 

be explained by the greater sensitivity of SBP and MAP to the reduction in T
_

sk in the elderly 345 

(Table 2). In contrast, the reduction in HR in response to T
_

sk cooling was significantly less in 346 

the elderly (Table 2). These results indicate that HR downregulation might be dampened in older 347 

adults due to impaired baroreflex for maintaining BP (Laitinen et al. 1998). 348 

In general, skin temperature cooling induces cutaneous and visceral vasoconstriction, resulting 349 

in increased BP (Hess et al. 2009; Wilson et al. 2007). In this study, there were no group 350 

differences in %SkBF and CVC in the forearm, T
_

sk, or Tf-f during the latter half of the cooling 351 

phase; the level of cutaneous vasoconstriction may be similar in the two groups. Therefore, the 352 

age-related difference in BP regulation during cold exposure can be explained by the reduced 353 

sensitivity of the baroreflex in the elderly (Laitinen et al. 1998; O'Mahony et al. 2000; Monahan 354 

2007; Okada et al. 2012) and/or greater vascular resistance due to stiffer blood vessels (Hess et 355 

al. 2009). At the thermoneutral baseline, the non-hypertensive elderly participants in this study, 356 
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who may have higher vascular stiffness, could maintain their basal BP with downregulation of 357 

resting HR. However, the elderly participants could not regulate their BP in a cold environment 358 

as their younger counterparts, probably because of the increased blood vessel stiffness and 359 

limitations in HR reduction. 360 

During the rewarming period, BP in the young participants returned to baseline levels, whereas 361 

BP in the elderly did not completely recover. Differences between the groups were highly 362 

significant, especially in the SBP. A large age-related gap in SBP remained throughout the 363 

recovery period. During rewarming and the second baseline, %SkBF and CVC in the forearm 364 

was similar in both groups. However, significantly lower T
_

sk and larger Tf-f (Fig. 2BD) in the 365 

elderly reflected greater cutaneous vasoconstriction. Wilson et al. (2007) reported that 366 

vasoconstriction in both peripheral and visceral arteries results in increased BP during skin 367 

cooling. Tre was significantly lower in the elderly at the end of the experiment (Fig. 2A). Thus, 368 

the central integration of cold stimuli from deep body and skin receptors may have enhanced 369 

cutaneous and visceral vasoconstriction to maintain a higher BP. 370 

A study similar to the present study focused on persistent high BP in the elderly during 371 

rewarming after mild cold exposure (Kingma et al. 2011). In line with the present study, they 372 

reported higher SBP in the elderly during cooling and rewarming. Moreover, Kingma et al. 373 

(2011) suggested a greater risk of increased SBP after rewarming in the elderly, especially when 374 

body fat was lower. In the present study, morphological factors were excluded since 375 

morphological characteristics were matched between age groups. Therefore, the observed 376 

age-related differences in BP can be explained by the thermoregulatory responses, 377 
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cardiovascular responses, and blood vessels' stiffness. 378 

 379 

4.3. Thermal sensation during the experiment 380 

The time course of TS was similar to dynamic changes of Ta in both groups (Fig. 4). There were 381 

no age-related differences in TS during the warming phase. This result is in line with a previous 382 

report demonstrating similar TS in young and elderly females during 49 min of heat exposure at 383 

35 °C (Tochihara et al. 1993). The time course of TS in both groups was also similar during 384 

cooling, rewarming and the second baseline. Previously, Tochihara et al. (1993) investigated TS 385 

of young and elderly females after sudden cold exposure at 10 °C for 49 min. The elderly felt 386 

less coldness than the young immediately after entering the cold chamber; they then gradually 387 

reached similar cold sensation as the young at the end of the exposure. Based on the results, 388 

they suggested that elderly people would have delayed sensitivity to cold (Tochihara et al. 1993). 389 

Opposed to their result, similar TS in young and elderly groups in the present study might be 390 

due to the protocol of the gradual temperature change. However, a gap between the subjective 391 

TS and body temperature change in the elderly was observed in this study. During rewarming 392 

and the second baseline, the elderly group showed significantly lower T
_

sk than the young, and 393 

Tre decreased continuously throughout the experiment (Fig. 2AB), whereas, TS in both groups 394 

was similar. This might lead to blunted behavioral thermoregulation in the elderly (Natsume et 395 

al. 1992; Ohnaka et al. 1993). Additionally, during cooling and rewarming phase, the elderly 396 

showed substantial and persistent rise in their BP (Fig. 3ABC). These results might indicate a 397 
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relatively blunted subjective thermal sensitivity to the reduction in body temperature in older 398 

adults, with higher risk of cardiac events. This could partly be supported by the evidence 399 

reporting blunted cutaneous thermal sensitivity thresholds in the elderly to warm and cold 400 

stimuli on their skin (Tochihara et al. 2011; Inoue et al. 2016). The gap between body 401 

temperature and TS, the large pressor response to cold, and a persistently higher BP during 402 

rewarming was observed even in the normotensive elderly participants in this study. The greater 403 

cold-induced cardiovascular strain and lower T
_

sk with similar cold sensation as young adults 404 

could be another potential cause for the higher risk of cardiac events in the elderly, since their 405 

thermal behavior for regulating appropriate thermal environment might be impaired. 406 

 407 

4.4. Limitation 408 

Since metabolic rate was not measured in this study, the discussion on the age-related difference 409 

in their metabolic thermogenesis and BAT activity was speculative. 410 

Physical fitness is known as one of the factors affecting physiological response to heat and cold 411 

stress (Havenith 1995; Yoshida et al. 1998). Since no group difference was observed in BMI and 412 

basal BP, the elderly participants in this study might be physically fit relative to the general 413 

elderly people. However, since the fitness level in both age groups was not measured and 414 

controlled in this study, it was not able to distinguish the confounding effect of physical fitness. 415 

There was limitation to extend the finding to different season, since the experiments were 416 

conducted in summer. Especially, physiological response to Ta reduction might differ in winter 417 

when participants are acclimatized to cold. 418 
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 419 

5. Conclusions 420 

We investigated age-related differences in thermoregulatory and cardiovascular responses 421 

during a wide range of Ta changes by comparing morphologically matched normotensive elderly 422 

and young participants. Despite the lower CVC and HR observed in the elderly during the 423 

warming phase, there were no age-related differences in BP and Tre. During the cooling phase, 424 

BP in the elderly was significantly higher than the young, and the persistently higher BP 425 

continued during rewarming. Although T
_

sk decreased similarly in both groups during cooling, 426 

T
_

sk recovered slower in the elderly during rewarming. Tre decreased more in the elderly, and 427 

group difference reached significance at the end of the experiment. However, there was no age 428 

group difference in their TS. These results indicated that, even in the normotensive older adults, 429 

there could be a latent risk of cardiac events during gradual cold exposure and subsequent 430 

rewarming, with similar thermal sensation as young adults. 431 

 432 

Acknowledgments 433 

The authors would like to thank the participants for their cooperation. We would also like to 434 

express our thanks to Prof. Titis Wijayanto and Prof. Akiko Chishaki for their academic advice 435 

and support. 436 

 437 

Author contributions 438 

YT, KY, KF, and HK conceived and designed research. KY, KF, YK, and HK conducted the 439 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



22 

experiments. YT, KY, KF, and HW analyzed data. YT and HW wrote the draft of the manuscript. 440 

All authors read and approved the manuscript. 441 

 442 

Funding 443 

This study was supported in part by a Grant-in-Aid from Daikin Industries, LTD. 444 

445 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



23 

Reference 446 

Blondin, D.P., Labbe, S.M., Phoenix, S., Guerin, B., Turcotte, E.E., Richard, D., Carpentier, 447 

A.C., Haman, F., 2015. Contributions of white and brown adipose tissues and skeletal 448 

muscles to acute cold-induced metabolic responses in healthy men. J. Physiol. 593(3), 449 

701–714. 450 

Chen, K.Y., Brychta, R.J., Linderman, J.D., Smith, S., Courville, A., Dieckmann, W., 451 

Herscovitch, P., Millo, C.M., Remaley, A., Lee, P., Celi, F.S., 2013. Brown fat activation 452 

mediates cold-induced thermogenesis in adult humans in response to a mild decrease in 453 

ambient temperature. J. Clin. Endocrinol. Metab. 98, E1218–E1223. 454 

Collins, K.J., Abdel-Rahman, T.A., Goodwin, J., McTiffin, L., 1995. Circadian body 455 

temperatures and the effects of a cold stress in elderly and young subjects. Age and Ageing. 456 

24, 485–489. 457 

DeGroot, D.W., Kenney, W.L., 2007. Impaired defense of core temperature in aged humans 458 

during mild cold stress. Am. J. Physiol. 292(1), R103–108. 459 

Frank, S.M., Raja, S.N., Bulcao, C., Goldstein, D.S., 2000. Age-related thermoregulatory 460 

differences during core cooling in humans. Am. J. Physiol. Regul. Integr. Comp. Physiol. 279, 461 

R349–R354. 462 

Gagnon, D., Schlader, Z.J., Candall, C.G., 2015. Sympathetic activity during passive heat stress 463 

in healthy aged humans. J. Physiol. 593, 2225–2235. 464 

Gagnon, D., Romero, S.A., Ngo, H., Sarma, S., Cronewll, W.K., Poh, P.Y.S., Stoller, D., Levine, 465 

B.D., Candall, C.G., 2016. Healthy aging does not compromise the augmentation of cardiac 466 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



24 

function during heat stress. J. Appl. Physiol. 121, 885–892. 467 

Hashiguchi, N., Kumamoto, T., Chishaki, A., Tochihara, Y., 2011. Effects of vertical air 468 

temperature gradients on physiological and psychological responses in the elderly. J. 469 

Human-Environment System. 14, 9–17. 470 

Havenith, G., Luttikholt, V.G.M., Vrijkotte, T.G.M., 1995. The relative influence of body 471 

characteristics on humid heat stress response. Eur. J. Appl. Physiol. 70, 270–279. 472 

Hess, K.L., Wilson, T.E., Sauder, C.L., Gao, Z., Ray, C.A., Monahan, K.D., 2009. Aging affects 473 

the cardiovascular responses to cold stress in humans. J. Appl. Physiol. 107, 1076–1082. 474 

Hintsala, H., Kandelberg, A., Herzig, K.H., Rintamäki, H., Mäntysaari, M., Rantala, A., 475 

Antikainen, R., Keinänen-Kiukaanniemi, S., Jaakkola, J.J.K., Ikäheimo, T.M., 2014. Central 476 

aortic blood pressure of hypertensive men during short-term cold exposure. Am. J. Hypertens. 477 

27(5), 656–664. 478 

House, J.R., Tipton, M.J., 2002. Using skin temperature gradients or skin heat flux 479 

measurements to determine thresholds of vasoconstriction and vasodilatation. Eur. J. Appl. 480 

Physiol. 88, 141–145. 481 

Inoue, Y., Gerrett, N., Ichinose-Kuwahara, T., Umino, Y., Kiuchi, S., Amano, T., Ueda, H., 482 

Havenith, G., Kondo, N., 2016. Sex differences in age-related changes on peripheral warm 483 

and cold innocuous thermal sensitivity. Physiol. Behav. 164, 86–92. 484 

Inoue, Y., Ichinose-Kuwabara, T., Nakamura, S., Ueda, H., Yasumatsu, H., Kondo, N., Araki, T., 485 

2009. Cutaneous vasodilation response to a linear increase in air temperature from 28 °C to 486 

40 °C in prepubertal boys and young men. J. Physiol. Anthropol. 28(3), 137–144. 487 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



25 

Inoue, Y., Nakao, M., Araki, T., Ueda, H., 1992. Thermoregulatory responses of young and older 488 

men to cold exposure. Eur. J. Appl. Physiol. 65, 492–498. 489 

Inoue, Y., Shibazaki, M., 1996. Regional differences in age-related decrements of cutaneous 490 

vascular and sweating responses to passive heating. Eur. J. Appl. Physiol. 74, 78–84. 491 

Jansen, P.M., Leineweber, M.J., Thien, T., 2001. The effect of a change in ambient temperature 492 

on blood pressure in normotensives. J. Human Hypertension. 15, 113–117. 493 

Kario, K., 2016. Evidence and perspectives on the 24-hour management of hypertension: 494 

Hemodynamic biomarker-initiated ‘anticipation medicine’ for zero cardiovascular event. 495 

Progress in Cardiovascular Diseases. 59(3), 262–281. 496 

Kenny, G.P., Yardley, J., Brown, C., Sigal, R.J., Jay, O., 2010. Heat stress in older individuals 497 

and patients with common chronic diseases. CMAJ. 182(10), 1053–1060. 498 

Kenny, G.P., Poiriera, M.P., Metsiosc, G.S., Boulayd, P., Dervisa, S., Friesen, S.D., Malcolmb, J., 499 

Sigal, R.J., Seelyf, A.J.E., Flouris, A.D., 2017. Hyperthermia and cardiovascular strain during 500 

an extreme heat exposure in young versus older adults. Temperature. 4(1), 79–88. 501 

Kenney, W.L., Fowler, S.R., 1988. Methylcholine-activated eccrine sweat gland density and 502 

output as a function of age. J. Appl. Physiol. 65, 1082–1086. 503 

Kenney, W.L., Munce, T.A., 2003. Physiology of Aging: Aging and human temperature 504 

regulation. J. Appl. Physiol. 95, 2598–2603. 505 

Kingma, B.R.M., Frijins, A.J.H., Saris, W.H.M., van Steenhoven, A.A., van Marken Lichtenbelt, 506 

W.D., 2011. Increased systolic blood pressure after mild cold and rewarming: Relation to 507 

cold-induced thermogenesis and age. Acta. Physiol. 203, 419–427. 508 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



26 

Laitinen, T., Hartikainen, J., Vanninen, E., Niskanen, L., Geelen, G., Lansimies, E., 1998. Age 509 

and gender dependency of baroreflex sensitivity in healthy subjects. Am. J. Physiol. 84(2), 510 

576–583. 511 

Minson, C.T., Wladkowski, S.L., Cardell, A.F., Pawelczyk, J.A., Kenny, W.L., 1998. Age alters 512 

the cardiovascular response to direct passive heating. J. Appl. Physiol. 84(4), 1323–1332. 513 

Miwa, C., Sugiyama, K., Kawamura, Y., Deguchi, A., Iwase, S., 2002. Effects of aging on 514 

cardiovascular and thermoregulatory function during 40℃ bathing in humans (in Japanese). J. 515 

Jpn. Soc. Balneol. Climatol. Phys. Med. 65(4), 187–193. 516 

Monahan, K.D., 2007. Effect of aging on baroreflex function in humans. Am. J. Physiol. Regal. 517 

Integr. Com. Physiol. 293, R3–R12. 518 

Ogawa, T., Ohnishi, N., Imai, K., Sugenoya, J., 1993. Thermoregulatory responses of old men to 519 

gradual changes in ambient temperature. J. Thermal Biol. 18, 345–348. 520 

Nagamine, S., Suzuki, S., 1964. Anthropometry and body composition of Japanese young men 521 

and women. Human Biol. 36, 8–15. 522 

Natsume, K., Ogawa, T., Sugenoya, J., Ohnishi, N., Imai, K., 1992. Preferred ambient 523 

temperature for old and young men in summer and winter. Int. J. Biometeorol. 36, 1–4. 524 

Ohlendorf, D., Kerth, K., Osiander, W., Holzgreve, F., Fraeulin, L., Ackermann, H., Groneberg, 525 

D.A., 2020. Standard reference values of weight and maximum pressure distribution in 526 

healthy adults aged 18–65 years in Germany. J. Physiol. Anthropol. 39, 39. 527 

Ohnaka, T., Tochihara, Y., Tsuzuki, K., Nagai, Y., Tokuda, T., Kawashima, Y., 1993. Preferred 528 

temperature of the elderly after cold and heat exposures determined by individual 529 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



27 

self-selection of air temperature. J. Thermal Biol. 18, 349–353. 530 

Okada, Y., Galbreath, M.M., Shibata, S., Jarvis, S.S., VanGuny, T.B., Meier, R.L., 531 

Vongpatanasin, W., Levine, B.D., Fu, Q., 2012. Relationship between sympathetic sensitivity 532 

and arterial stiffness in elderly men and women. Hypertension. 59, 98–104. 533 

O'mahony, D., Bennett, C., Green, A., Sinclair, A.J., 2000. Reduced baroreflex sensitivity in 534 

elderly humans is not due to efferent autonomic dysfunction. Clin. Sci. (Lond.) 98(1), 535 

103–110. 536 

Richardson, D., Tyra, J., McCray, A., 1992. Attenuation of the cutaneous vasoconstrictor 537 

response to cold in elderly men. J. Gerontol. Med. Sci. 47, M211–M214. 538 

Schellen, L., W.D., van Marken Lichtenbelt, W.D., Loomans, M.G.L.C., Toftum, J., de Wit, 539 

M.H., 2010. Differences between young adults and elderly in thermal comfort, productivity, 540 

and thermal physiology in response to a moderate temperature drift and a steady-state 541 

condition. Indoor Air. 20, 273–283. 542 

Shigeomi, S., Sato, W., Enzan, K., Yoshioka, N., 2001. Sudden death during bathing in the 543 

elderly (in Japanese). JJAAM. 12, 109–120. 544 

Takahira, H., 1925. A study of metabolic rate in the Japanese; surface area in the Japanese and 545 

its estimation equation (in Japanese). Eiyo-kenhou. 1, 64–95. 546 

Tochihara, Y., Hashiguchi, N., Yadoguchi, I., Kaji, Y., Shoyama, S., 2012. Effects of room 547 

temperature on physiological and subjective responses to bathing in the elderly. J. 548 

Human-Environment System. 15(1), 13–19. 549 

Tochihara, Y., Kumamoto, T., Lee, J.Y., Hashiguchi, N., 2011. Age-related differences in 550 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



28 

cutaneous warm sensation thresholds of human males in thermoneutral and cool 551 

environments. J. Thermal Biol. 36, 105–111. 552 

Tochihara, Y., Ohnaka, T., Nagai, Y., Tokuda, T., Kawashima, Y., 1993. Physiological responses 553 

and thermal sensations of the elderly in cold and hot environments. J. Thermal Biol. 18, 554 

355–361. 555 

Uemura, S., Arima, H., Arima, S. et al., 2019. The Japanese Society of Hypertension Guidelines 556 

for the Management of Hypertension (JSH 2019). Hypertens. Res. 42(9), 1235–1481. 557 

Umishio, W., Ikaga, T., Kario, K., Fujino, Y., Hoshi, T., Ando, S., Suzuki, M., Yoshimura, T., 558 

Yoshida, H., Murakami, S., 2019. Cross-sectional analysis of the relationship between home 559 

blood pressure and indoor temperature in winter A national smart wellness housing survey in 560 

Japan, Hypertension. 74(4), 756–766. 561 

Umishio, W., Ikaga, T., Fujino, Y., Ando, S., Kubo, T., Nakajima, Y., Hoshi, T., Suzuki, M., 562 

Kario, K., Yoshimura, T., Yoshino, H., Murakami, S., 2020. Disparities of indoor temperature 563 

in winter: A cross-sectional analysis of the Nationwide Smart Wellness Housing Survey in 564 

Japan, Indoor Air. 30(6), 1317–1328. 565 

Wagner, J.A., and Horvath, S.M., 1985. Cardiovascular reactions to cold exposures differ with 566 

age and gender. J. Appl. Physiol. 58(1), 187–192. 567 

Wilson, T.E., Sander, C.L., Kearney, M.L., Kuipers, N.T., Lenuenberger, U.A., Monaham, K.D., 568 

Ray, C.A., 2007. Skin-surface cooling elicits peripheral and visceral vasoconstriction in 569 

humans. J. Appl. Physiol. 103, 1257–1262. 570 

World Health Organization, 2018. WHO Housing and health guidelines. 571 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



29 

https://www.who.int/publications/i/item/9789241550376. Accessed April 21, 2021. 572 

Yoneshiro, T., Aita, S., Matsushita, M., Okamatsu-Ogura, Y., Kameya, T., Kawai, Y., Miyagawa, 573 

M., Tsujisaki, M., Saito, M., 2011. Age-related decrease in cold-activated brown adipose 574 

tissue and accumulation of body fat in healthy humans. Obesity. 19, 1755–1760. 575 

Yoshida, T., Nagashima, K., Nakai, S., Yorimoto, A., Kawabata, T., Morimoto, T., 1998. 576 

Nonshivering thermoregulatory responses in trained athletes: effects of physical fitness and 577 

body fat. Jpn. J. Physiol. 48(2), 143–148. 578 

Yu, W., Mengersen, K., Wang, X., Ye, X., Guo, Y., Pan, X., Tong, S., 2012. Daily average 579 

temperature and mortality among the elderly: a meta-analysis and systematic review of 580 

epidemiological evidence. Int. J. Biometeorol. 56, 569–581. 581 

582 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



30 

Figures captions 583 

Fig. 1 Time course of gradual ambient temperature change during the experiment. 584 

 585 

Fig. 2 Time course of rectal temperature (A), mean skin temperature (B), hand skin temperature 586 

(C), and skin temperature difference between forearm and finger (D). Values are means and 587 

standard deviation. * and ** indicate significant differences between groups (P < 0.05 and P < 588 

0.01, respectively). 589 

 590 

Fig. 3 Time course of systolic blood pressure (A), diastolic blood pressure (B), mean arterial 591 

blood pressure (C), skin blood flow in the forearm (D), cutaneous vascular conductance in the 592 

forearm (E), and heart rate (F). Values are means and standard deviation. * and ** indicate 593 

significant differences between groups (P < 0.05 and P < 0.01, respectively). 594 

 595 

Fig. 4 Time course of thermal sensation. Values are means and standard deviation. Thermal 596 

sensation is assessed using 9-point scale (4: very hot, 3: hot, 2: warm, 1: slightly warm, 0: 597 

neutral, −1: slightly cool, −2: cool, −3: cold, −4: very cold). 598 

599 
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Table 1 Physical characteristics of the subjects (Mean ± SD). 600 

  Elderly   Young 

  (n = 9)   (n = 9) 

Age (years) 69.6 ± 3.2 ** 22.3 ± 1.2 

Height (cm) 161.7 ± 3.8 ** 171.0 ± 5.6 

Mass (kg) 56.4 ± 9.6 
 

62.9 ± 7.6 

Body mass index 21.5 ± 3.2  21.6 ± 3.4 

Body fat (%) 14.6 ± 6.3 
 

15.0 ± 4.8 

Ad/mass (m2/kg) 277.8 ± 23.7 
 

270.0 ± 18.3 

SFabdomen (mm) 17.3 ± 10.2 
 

14.8 ± 9.4 

SFarm (mm) 8.4 ± 4.5 
 

9.2 ± 4.5 

SFback (mm) 13.4 ±4.2   13.6 ± 6.5 

Ad: body surface area, SF: skinfold thickness; ** P < 0.01 601 

 602 

Table 2 Sensitivity of the cardiovascular response to mean skin temperature reduction during 603 

the cooling phase (Mean ± SD). 604 

  Elderly   Young 

Sensitivity of SBP to T
_

sk (mmHg/°C) −5.65 ± 1.82 ** −1.36 ± 1.23 

Sensitivity of DBP to T
_

sk (mmHg/°C) −2.10 ± 0.61  −1.20 ± 1.16 

Sensitivity of MAP to T
_

sk (mmHg/°C) −3.28 ± 0.63 ** −1.25 ± 1.12 

Sensitivity of CVC to T
_

sk (%/mmHg/°C) 0.21 ± 0.08 ** 0.45 ± 0.20 

Sensitivity of HR to T
_

sk (bpm/°C) 1.64 ± 0.30 ** 2.28 ± 0.58 

The values are group averaged slopes of cardiovascular response versus T
_

sk assessed in each 605 

participant. SBP, DBP, and MAP: systolic, diastolic, and mean arterial blood pressure; CVC: 606 

cutaneous vascular conductance; HR: heart rate; T
_

sk: mean skin temperature; ** P < 0.01 607 
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