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Abstract

Studies have reported that older females have impaired heat loss responses during work in
the heat compared to young females. However, it remains unclear at what level of heat
stress these differences occur. Therefore, we examined whole-body heat loss [evaporative
(Hg) and dry heat loss, via direct calorimetry] and changes in body heat storage (AH,, via di-
rect and indirect calorimetry) in 10 young (2314 years) and 10 older (5815 years) females
matched for body surface area and aerobic fithess (VO,peak) during three 30-min exercise
bouts performed at incremental rates of metabolic heat production of 250 (Ex1), 325 (Ex2)
and 400 (Ex3) W in the heat (40°C, 15% relative humidity). Exercise bouts were separated
by 15 min of recovery. Since dry heat gain was similar between young and older females
during exercise (p=0.52) and recovery (p=0.42), differences in whole-body heat loss were
solely due to He. Our results show that older females had a significantly lower He at the end
of Ex2 (young: 383134 W; older: 343+39 W, p=0.04) and Ex3 (young: 437+36 W; older:
389429 W, p=0.008), however no difference was measured at the end of Ex1 (p=0.24).
Also, the magnitude of difference in the maximal level of Hg achieved between the young
and older females became greater with increasing heat loads (Ex1=10.2%, Ex2=11.6% and
Ex3=12.4%). Furthermore, a significantly greater AH,, was measured for all heat loads for
the older females (Ex1: 178144 kJ; Ex2: 15138 kJ; Ex3: 21625 kJ, p=0.002) relative to
the younger females (Ex1: 127135 kJ; Ex2: 96145 kJ; Ex3: 146146 kJ). In contrast, no dif-
ferences in Hg or AH,, were observed during recovery (p>0.05). We show that older habitu-
ally active females have an impaired capacity to dissipate heat compared to young females
during exercise-induced heat loads of >325 W when performed in the heat.
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Introduction

A number of studies have shown that thermoregulatory function (i.e., heat loss through sweat-
ing and skin blood flow) during exercise is compromised in older compared to younger males
[1,2,3,4,5,6,7]. However, there have been very few studies that have examined the effects of
aging on the body’s ability to dissipate heat during exercise in females [8,9,10,11], all of which
showed that older females have impaired tolerance to work in the heat. While these studies
consistently demonstrated that aging in females is associated with impairments in heat dissipa-
tion, it remains unclear if the impairment in heat loss only occurs above a certain level of heat
load (defined as the sum of metabolic heat production and dry heat exchange) and therefore re-
quirement for heat loss.

At the onset of dynamic exercise, there is an instant and rapid elevation in the rate of meta-
bolic heat production. However, this immediate increase in heat production is not initially oft-
set by an increase in the rate of whole-body heat loss. Thus, the thermal imbalance caused by
the lag in the activation of thermoefferent activity (i.e., sweating and skin blood flow) relative
to the rapid gain in heat production causes pronounced increases in body heat storage during
the early stages of exercise. A decrease in thermosensitivity and/or delay in the onset threshold,
as previously shown to occur in older adults [5,6,12,13], would increase the duration of this
heat imbalance resulting in a greater amount of heat stored in the body. This is consistent with
a recent study by Larose et al. [8] who observed marked reductions in whole-body evaporative
heat loss in older compared to young females after the first 10 min of exercise. This resulted in
greater heat storage during four short intermittent (i.e., 15 min) exercise bouts performed at a
fixed rate of metabolic heat production of 300 W [equivalent to ~44% peak oxygen uptake
(VO,peak)] in the heat [35°C and 20% relative humidity (RH)] [8].

While the aforementioned study by Larose et al. [8] demonstrated age-related differences in
the body’s physiological ability to dissipate heat occurs in the early stages of exercise during a
moderate heat load (metabolic plus environmental heat load equivalent to ~320 W), it was not
possible to discern if these age-related differences are observed with extended periods of exer-
cise. As such, it is unknown if older females are able to achieve heat balance (i.e., rate of heat
production matched with rate of heat loss), and therefore a stable core temperature, as exercise
continues. A sustained reduction in whole-body heat loss would result in a progressive increase
in body heat storage. If left unchecked, this could result in a heat-related injury or even death.
In fact, previous studies reported that older females demonstrate attenuated local sweat rates as
early as 30-min during a 2-h exercise protocol (35-40% VO,peak) in a hot, dry environment
(48°C, 10% RH) compared to younger females matched for aerobic fitness, body surface area,
and body adiposity [9,11]. A reduction in the level of sudomotor activity achieved for a given
heat load, and therefore requirement for heat loss, would result in a greater heat storage and
core temperature response as observed in these previous studies [9,11]. While these findings
provide some evidence to suggest that age-related impairments are sustained with prolonged
exercise, it remains unclear if age-related differences in the physiological capacity to dissipate
heat remain intact or increase as the heat load becomes greater.

In light of the above knowledge gaps, the purpose of this study was to determine if age-
related differences in whole-body heat loss are only evidenced above a certain heat load, and
therefore requirement for heat loss, and if the degree of impairment augments with increases
in heat load. To achieve this objective, we compared whole-body heat loss as assessed using di-
rect calorimetry in young and older females during three 30-min intermittent exercise bouts
performed at increasing levels of metabolic heat production of 250, 325 and 400 W, each sepa-
rated by 15-min of recovery, under a constant environmental heat load (40°C and 15% RH).
These rates of metabolic heat production were chosen to ensure that a compensable heat stress
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condition was achieved during the first exercise bout, progressing to a fully uncompensable
condition during the final exercise bout for the older females. Based on previous studies show-
ing differences in heat loss between young and older females at moderate levels of heat load
(i.e., ~320 W or ~40% VO,peak), we hypothesized that differences in the capacity to dissipate
heat between young and older females would occur at or near this threshold and that the mag-
nitude of difference would become greater with progressive increases in heat load. As a conse-
quence, older females would increasingly store more heat with elevated levels of heat stress.

Methodology
Ethics statement

The experimental protocol was approved by the University of Ottawa Health Sciences and Sci-
ence Research Ethics Board, in accordance with the Declaration of Helsinki. Volunteers pro-
vided written informed consent before participating in the study.

Participants

Twenty females volunteered for the study and were divided into two groups of 10 young (23 +
4 years) and 10 older (58 + 5 years) females. Participants were matched for height (young: 1.66
+0.02 m; older: 1.66 + 0.04 m, p = 0.73), body mass (young: 63.6 + 5.9 kg; older: 60.0 + 4.9 kg,
p = 0.16), body surface area (young: 1.70 + 0.07 m> older: 1.67 + 0.08 m?, p = 0.23), body fat
percentage (young: 23.9 £ 5.2%; older: 24.3 = 5.7%, p = 0.76) and VO,peak (young: 39.7 £ 8.0
mLO,-kg ' -min’'; older: 39.0 + 7.7 mLO,-kg "-min™", p = 0.80). All participants were non-
smokers and did not report any history of hypertension, heart disease, diabetes or autonomic
disorders. The young female participants had not taken medications except monophasic oral
contraceptive, which provided 30-35 ug of ethinyl estrogen and low dose progestin for 21 days
and placebo for 7 days. To control for hormonal effects, the younger females were tested in the
early to mid-follicular phase (1-9 days after the onset of menstruation). All older females were
postmenopausal; however two of the older females were on hormone replacement therapy. A
3-month recall physical activity questionnaire [14] revealed that all participants were habitually
active (i.e., 3-4 days per week of continuous exercise of 30-60 min per session).

Experimental design

Each participant completed one preliminary and one experimental session. During the prelimi-
nary session, body height, mass, and density, as well as VO,peak were determined. Body height
was determined using a stadiometer (Detecto, model 2391, Webb City, MO, USA), while body
mass was measured using a digital high-performance weighing terminal (model CBU150X,
Mettler Toledo Inc., Mississauga, ON, Canada). Body surface area was subsequently calculated
from the measurements of body height and mass [15]. Body density was measured using the
hydrostatic weighing technique, and body fat percentage was calculated using the Siri equation
[16]. VO peak was measured during an incremental exercise protocol performed on a cycle er-
gometer (Corival, Lode B.V., Groningen, Netherlands) which consisted of a 2-min warm-up at
40 W followed by 20 W increments every minute until the participant could no longer main-
tain a pedaling cadence of at least 60 rpm. For the older females, a 12-lead ECG was monitored
throughout the maximal exercise test by a qualified technician to detect any abnormalities in
heart activity. If abnormalities were detected, participants were excluded from the study and re-
ferred to their physician; however, no abnormalities were detected in the participants screened.
The experimental protocol was performed in a whole-body direct air calorimeter regulated
to an ambient temperature of 40°C and 15% RH. An equal number of young and older females
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performed the experimental protocol in the morning and in the afternoon. Participants con-
sumed a light meal or snack before their arrival (approximately 2 hours before testing) and
were asked not to run or bike on their way to the laboratory to avoid any thermal stimuli. Addi-
tionally, strenuous activity and alcohol were avoided for 24 hours and caffeine for 12 hours be-
fore the experimental session. Participants were instructed to drink ~250 mL of water before
going to bed the night before the experimental session as well as in the morning of and within
2 hours of the start of the experimental session. Thereafter, no fluid was ingested.

All participants wore a light pair of athletic shorts, sports bra and sandals. Following the
placement of sweat capsules, skin blood flow probe, heart rate monitor and core temperature
probe/pill, participants rested for a 30-min baseline period on an upright seated cycle ergome-
ter located in the calorimeter. Baseline rest was followed by three bouts of 30-min cycling exer-
cise (Ex) at increasingly greater rates of metabolic heat production of 250 W (Ex1), 325 W
(Ex2), and 400 W (Ex3). Each exercise bout was followed by a 15-min recovery period in the
direct calorimeter. The workloads were equivalent to a 35.9 + 5.5% and 37.9 + 7.8% for ExI,
47.1 £ 7.8% and 50.6 + 10.4% for Ex2, and 58.7 £ 9.6% and 62.9 + 12.8% for Ex3 of their pre-
determined VO,peak for the young and older females respectively, ora 36 + 6 W and 35+ 7 W
for Ex1, 60 £ 5 W and 57 £ 8 W for Ex2 and 80 £ 8 W and 76 + 9 W for Ex3 external workload
for young and older females, respectively.

Measurements

Whole-body evaporative heat loss and dry heat exchange as well as change in body heat storage
were quantified using the modified Snellen direct whole-body air calorimeter. A detailed expla-
nation of how direct calorimetry measures whole-body heat loss and heat storage has been de-
scribed in a previous publication [17]. Also, a full technical description of the fundamental
principles and performance characteristics of the Snellen calorimeter is available [18]. In sum-
mary, direct calorimetry measured whole-body evaporative loss and dry heat exchange (radia-
tion, conduction, convection), yielding an accuracy of 2.3 W for the measurement of whole-
body heat loss while indirect calorimetry was used to measure metabolic heat production. Elec-
trochemical gas analyzers located outside of the calorimeter (AMETEK model S-3A/1 and CD
3A, Applied Electrochemistry, Pittsburgh, PA, USA) were used to determine the concentration
of expired O, and CO, during experimental sessions and subsequently the respiratory ex-
change ratio (RER). Using the energy equivalent for the full oxidation of carbohydrates (19.63
k] per L of O, consumed) and fats (21.13 k] per L of O, consumed), metabolic heat production
can be subsequently calculated [17]. To account for respiratory heat exchange, expired air was
recycled back into the calorimeter. The change in body heat storage was subsequently calculat-
ed by subtracting the total amount of heat produced and heat dissipated over the experimental
protocol. The amount of evaporation required to achieve heat balance was calculated by com-
bining the rates of metabolic heat production and dry heat exchange.

Local sweat production was measured using the ventilated capsule technique. A 3.8 cm?
plastic capsule was attached to three skin sites (upper back, chest and forearm) with an adhe-
sive ring and topical skin glue (Collodion HV, Mavidon Medical products, Lake Worth, FL,
USA). Compressed dry air was passed through the capsule at a rate of 1.0 L-min™. Water con-
tent of the effluent air was measured using high precision dew point mirrors (model 473, RH
systems, Albuquerque, NM, USA). Local sweat rate was calculated using the difference in water
content between effluent and influent air multiplied by the flow rate and normalized for the
skin surface area under the capsule.

Laser-Doppler velocimetry was employed for measuring skin blood flow (PeriFlux System
5000, Main control unit; PF5010 LDPM). A laser-Doppler probe (Perimed integrating probe
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413, Jarfalla, Sweden) was affixed to the skin on the surface of the left forearm in an area which
did not seem overly vascular upon visual inspection and provided stable readings at rest. To
measure maximal skin blood flow, the heater housing the laser-Doppler probe was heated to
44°C until maximal skin vasodilation was achieved (~40 min) [19].

Esophageal temperature was measured with a thermocouple temperature probe (Mon-a-
therm General Purpose Temperature Probe, Mallinckrodt Medical Inc., St-Louis, MO, USA).
The esophageal probe was inserted 40 cm past the nostril entrance while the participants
sipped water (100-300 mL) through a straw. Visceral temperature was measured using a tele-
metric pill (VitalSense ingestible capsule thermometer is a Class II Medical Device according to
21 DFR 8982.1845; Mini Mitter Company Inc.) which moves freely and unobstructed through
the digestive tract and is generally eliminated within 48 hours of ingestion [20]. The telemetric
pill provides an estimate of internal body temperature. Mean skin temperature was calculated
as the weighted average of 4 skin temperature measurements: upper trapezius 30%, chest 30%,
quadriceps 20%, and back calf 20% [21]. Data were collected in 15-s intervals and were dis-
played and recorded in spreadsheet format using a HP Agilent data acquisition module (model
3497A; Agilent Technologies Canada Inc., Mississauga, ON, Canada) and a personal computer
with LabVIEW software (Version 7.0, National Instruments, Austin, TX, USA).

Heart rate was monitored, recorded continuously, and stored using a Polar coded WearLink
and transmitter, Polar RS400 interface, and Polar ProTrainer 5 software (Polar Electro Oy,
Finland).

Statistical analysis

For all variables, minute averages were calculated to carry out the statistical analyses. Baseline
values were obtained by averaging the last 5-10 min of data during the 30-min baseline resting
period. Mean body temperature was calculated as: 0.9 x esophageal temperature + 0.1 X mean
skin temperature [22]. Whole-body evaporative heat loss was plotted against the corresponding
mean body temperature. Thereafter, the onset threshold and thermosensitivity of whole-body
evaporative heat loss during each exercise period was determined using the linear portion of
each response and analyzed using a segmented regression analysis as described by Cheuvront
et al. (2009) using a computer algorithm (GraphPad Prism 6.0, GraphPad Software, La Jolla,
CA, USA) [23]. The onset threshold corresponded to the intercept of the regression line with
the evaporative heat loss values at rest, while the thermosensitivity was defined as the slope of
the regression line. The time constant (t, time it takes to reach 63.2% of the total response) and
amplitude (difference between evaporative heat loss at the onset and at the end of each exercise
bout) of the evaporative heat loss response was calculated for each exercise bout.

Physical characteristics, baseline values and cumulative changes in body heat storage were
analyzed using independent samples ¢ tests. Dependent variables of rates of metabolic heat pro-
duction, whole-body evaporative heat loss and dry heat exchange, evaporative requirement for
heat loss, changes in body heat storage, as well as esophageal, visceral and mean skin tempera-
tures, local sweat rates and skin blood flow, heart rate responses, evaporative heat loss onset
thresholds, thermosensitivities, time constants, and amplitudes were analyzed to compare re-
sponses as a function of increasing heat loads (primary analysis). For this purpose, we used a
two-way analysis of variance (ANOVA) performed with one factor of age (2 levels: young and
older) and the repeated factor of either end exercise (three levels: Ex1, Ex2, Ex3) or end recov-
ery (three levels: Recl, Rec2, Rec3). We conducted a secondary analysis to further examine
whole-body evaporative heat loss by determining at what time point differences in whole-body
evaporative heat loss between young and older females occur during each exercise heat load
separately. To do so, we used a two-way ANOVA to compare whole-body evaporative heat loss
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between groups for each heat load separately with a repeated factor of time (six levels: 5, 10, 15
20, 25 and 30 min) and a non-repeated factor of group (two levels: young and older). When a
significant main effect was observed, post hoc comparisons were carried out using the Bonfer-
roni procedure. The level of significance for all analyses was set at p<0.05. Statistical analyses
were performed using commercially available statistical software (GraphPad Prism 6.0, Graph-
Pad Software, La Jolla, CA, USA). All values are reported as mean + standard deviation.

Results

Responses as a function of increasing heat loads—Whole-body direct
calorimetry

Baseline and Exercise. There were no differences (p = 0.28) in baseline rates of metabolic
heat production between the young (94 + 14 W) and older (87 + 12 W) females. By experimen-
tal design, the rate of metabolic heat production increased from Ex1 to Ex2, Ex1 to Ex3 and
Ex2 to Ex3 in both young and older females (p<0.001), but was similar between age groups for
Ex1 (young: 251 + 7 W; older: 253 + 17 W), Ex2 (young: 328 + 7 W; older: 330 + 6 W) and Ex3
(young: 404 + 8 W; older: 406 + 8 W) (p = 0.45). Furthermore, no differences were observed
for the rate of dry heat exchange at baseline (young: -65 + 14 W; older: -62 + 14 W, P = 0.59)
or during exercise (p = 0.52) between groups, but did change over time (p = 0.004) such that
the rate of dry heat gain was greater at the end of Ex2 compared to Ex1 for the older females
(p<0.05). The rates of dry heat exchange at the end of each exercise bout were: young: -79 £ 11
W and older: -75 + 19 W for Ex1; young: -82 + 9 W and older: -79 + 19 W for Ex2 and young:
-85+ 9 W and older: -80 + 19 W for Ex3. Consequently, the evaporative requirement for heat
loss did not differ between age groups at baseline (young: 159 + 16 W; 149 + 13 W, p = 0.14) or
during exercise (p = 0.78), but did increase from Ex1 to Ex 2, Ex1 to Ex3 and Ex2 to Ex3
(p<0.001). As a result, the net heat load for each exercise bout was 329 + 24 W (Ex1), 409 + 17
W (Ex2) and 488 + 16 W (Ex3).

Whole-body heat loss during exercise was solely due to evaporative heat loss as the negative
rate of dry heat exchange resulted in a net dry heat gain. Rates of whole-body evaporative heat
loss and the evaporative requirement for heat loss during baseline and exercise are presented in
Fig. 1. The rate of evaporative heat loss at baseline was lower in the older compared to young
females (young: 115 + 25 W; older: 88 + 24 W, p = 0.02). Additionally, despite exercising at
similar requirements for heat loss, a main effect of age on the rate of whole-body evaporative
heat loss was observed (p = 0.02) such that the rate of evaporative heat loss was greater for the
young compared to the older females at the end of Ex2 and Ex3. Furthermore, the rate of evap-
orative heat loss increased from Ex1 to Ex2, Ex1 to Ex3 and Ex2 to Ex3 in both groups
(p<0.001), but was 10.2%, 11.6% and 12.4% lower in the older compared to young females at
the end of Ex1, Ex2 and Ex3, respectively.

The changes in body heat storage are presented in Fig. 2. The amount of heat stored in the
body increased significantly between each exercise bout in both the young and older females
(p<0.001). Additionally, there was a main effect of age on change in body heat storage during
exercise (p = 0.002), whereby the young females had a lower amount of heat stored for all three
exercise periods (Ex1-3) compared to the older females.

Recovery. Rates of whole-body evaporative heat loss and the evaporative requirement for
heat loss during recovery are presented in Fig. 1. There were no age-related differences in the
rate of metabolic heat production during any of the recovery periods (p = 0.18), but the rate of
metabolic heat production was significantly lower (p = 0.03) for Rec3 relative to Recl and Rec2
in the older females. Furthermore, there was no main effect of age on the rate of whole-body
evaporative heat loss (p = 0.55), although evaporative heat loss increased from Rec1 to Rec2
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Fig 1. Mean 1 standard deviation rates of evaporative heat loss (circles) and the required amount of evaporation for heat balance (E,q, sSquares)
measured at baseline and over three 30-min exercise bouts (Ex 1, Ex 2 and Ex 3) and three 15-min recovery bouts (Rec 1, Rec 2 and Rec 3) in a hot,
dry (40°C, 15% RH) environment in young (grey) and older (white) females. There were no differences in the required amount of evaporation for heat
balance between groups. Significant difference (p<0.05) in evaporative heat loss from young is denoted by an asterisk (*). Significant difference from Ex1/
Rec1 is denoted by a cross (1). Significant difference from Ex2/Rec2 is denoted by a double cross (1).

doi:10.1371/journal.pone.0119079.9001

and Recl to Rec3 in both young and older females. Moreover, dry heat exchange (p = 0.42) and
the evaporative requirement for heat loss (p = 0.48) were similar between age groups at the end
of the recovery periods and did not change over time (p>0.05).

The changes in body heat storage during recovery and total heat storage (Ex plus Rec) are
presented in Fig. 2. The amount of body heat dissipated (and therefore resulting in a decrease
in body heat storage) was significantly greater compared to the previous recovery period in
both young and older females (p<0.001) due to the greater amount of heat stored during exer-
cise, but did not differ between age groups during any of the recovery periods (p = 0.79). How-
ever, there was a main effect of group on the total body heat storage (p = 0.02), whereby the
young females stored significantly less heat by the end of the three exercise/recovery cycles
compared to the older females.

Onset thresholds, thermosensitivities, time constants and amplitudes for
whole-body evaporative heat loss

Mean body temperature onset thresholds, thermosensitivities, time constants and amplitudes
for whole-body evaporative heat loss during each exercise bout are presented in Table 1. The
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mean body temperature onset threshold for whole-body evaporative heat loss increased from
Ex1 to Ex2 in the older females and from Ex2 to Ex3 in both the young and older females
(p<0.001). Moreover, the onset threshold for whole-body evaporative heat loss was significant-
ly different between groups (p = 0.02) such that the onset of evaporative heat loss occurred at a
greater mean body temperature for Ex2 and Ex3 for the older females compared to the young
females. Also, the thermosensitivity of evaporative heat loss was significantly lower for Ex3
compared to both Ex1 and Ex2 in the older females (p>0.05). However, there was no signifi-
cant difference in thermosensitivity between age groups (p = 0.10). Furthermore, the time con-
stant for the rate of evaporative heat loss decreased from Ex1 to Ex2 and Ex1 to Ex3 in both
young and older females, but was not different between young and older females (p = 0.41)
during exercise. In contrast, a main effect of age was evident for the amplitude of evaporative
heat loss (p = 0.05) such that the older females had significantly lower amplitudes for Ex2 and
Ex3, and increased from Ex1 to Ex2 and Ex1 to Ex3 in the young females only (p<0.05).

Esophageal, visceral mean skin temperatures

Baseline and Exercise. Esophageal, visceral and mean skin temperatures during exercise
are presented in Table 1. Baseline values for esophageal (young: 37.14 £ 0.26°C; older: 37.18 +
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Table 1. Esophageal, visceral and mean skin temperature responses during each exercise (Ex)/recovery (Rec) cycle and onset thresholds,

thermosensitivities, time constants and amplitudes of evaporative heat loss for each exercise bout.

Tes,-C Ex1 Rec1 Ex2 Rec2 Ex3 Rec3
Young 37.44+0.23 37.3310.24 37.74+0.32t 37.42+0.19 38.12+0.42t% 37.56+0.29t
Older 37.5910.15 37.5110.20 37.96x0.18t 37.650.29 38.33+0.221% 37.9120.41*tf
Tvisc,"c

Young 37.55+0.26 37.49+0.12 37.94+0.281 37.77+0.221 38.17+0.211% 37.85+0.141
Older 37.6510.28 37.60+0.27 37.90+0.221 37.7610.21 38.15+0.31t% 38.00+0.351%
Tsk,-C

Young 35.65+0.20 35.59+0.27 35.80+0.28 35.63+0.29 35.92+0.40 35.78+0.33%
Older 35.64+0.28 35.5310.25 35.7610.41 35.48+0.33 35.08+0.47t% 35.64+0.38%
Onset threshold of evaporative heat loss,°C

Young 36.92+0.30 37.060.19 37.20+0.20%

Older 37.04+0.15 37.33+0.19%t 37.504£0.26* 1%

Thermosensitivity of evaporative heat loss, W-°C™!

Young 569+152 4954144 4254220

Older 5704222 3924243 246114611

T, min

Young 10.412.6 5.0+1.3t 4.9+1.0t

Older 10.6+£3.8 7.0+3.31 4.7+1.9%

Amplitude, W

Young 153+33 191427t 214311

Older 167124 134+57* 160+70*

Values are mean + standard deviation.

Tes, €sophageal temperature.

Tyise, Visceral temperature.

Tsk, mean skin temperature.

T, time constant. Mean body temperature was used to calculated the onset threshold and thermosensitivity.
*Significant difference from young females.

1Significant difference from Ex1/Rec1.

1Significant difference from Ex2/Rec2.

doi:10.1371/journal.pone.0119079.t001

0.18°C), visceral (young: 37.22 + 0.25°C; older: 37.25 + 0.22°C) and mean skin (young: 35.44 +
0.35°C; older: 35.54 + 0.26°C) temperatures were similar between groups (all p>0.05). Esoph-
ageal and visceral temperature increased between each exercise bout (Ex1 to Ex3) in both the
young and older females (p<0.001) while mean skin temperature was greater for Ex2 and Ex3
relative to Ex1 in the young (p = 0.04) for Ex3 relative to Ex1 in the older females (p<0.001).
However, there was no main effect of age on esophageal (p = 0.09), visceral (p = 0.89) or mean
skin (p = 0.81) temperatures during exercise. Similar findings were observed when core and
mean skin temperatures were presented as a change from baseline; that is, there was no main
effect of age on esophageal (p = 0.15), visceral (p = 0.91) or mean skin (p = 0.73) temperatures
from baseline resting values.

Recovery. Recovery values for esophageal, visceral and mean skin temperatures are pre-
sented in Table 1. Esophageal and visceral temperatures were significantly greater at the end of
Rec3 relative to Recl in both young and older females and to Rec2 in the older females only
(p<0.001), but mean skin temperature was greater for Rec3 relative to Rec2 in both groups
(p<0.001). In addition, there was a main effect of age on esophageal temperature during recov-
ery (p = 0.04), such that the older females had a significantly greater esophageal temperature at
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the end of Rec3 compared to the young females (p<0.05). In contrast, visceral (p = 0.41) and
mean skin (p = 0.40) temperatures were not different between age groups during recovery.

Local heat loss and heart rate responses

Baseline and Exercise. Local sweat rate (chest, back and forearm), local skin blood flow
(forearm) and heart rate values are presented in Table 2. There were no differences between
groups in local sweat rates during baseline resting for sweat rate measured on the chest (young:
0.14 + 0.06 mg-min"'-cm?; older: 0.14 + 0.06 mg-min~"-cm2, p = 0.98), back (young: 0.20 +
0.16 mg-min"'-cm; older: 0.19 + 0.06 mg-min"'-cm, p = 0.78) and forearm (young: 0.16 +
0.12 mg~min'1~cm'2; older: 0.13 + 0.02 mg~min'1~cm'2, p = 0.36) skin sites. Local sweat rate at
all three sites increased significantly from one exercise bout to the next in both the young and
older females (p<0.001). On the other hand, sweat rates were similar during exercise between
age groups at the chest (p = 0.78), back (p = 0.99) and forearm (p = 0.61) skin sites. Further-
more, local skin blood flow did not differ between age groups at baseline (young: 43.3 + 17.1%;
older: 34.9 + 21.1%, p = 0.37) or during any of the three exercise bouts (p = 0.28), but did in-
crease from Ex1 to Ex2 in the older females (p = 0.009). Heart rate was significantly greater at
the end of Ex2 relative to Ex1 and at the end of Ex3 relative to Ex2 in both the young and older
females (p<0.001) but did not differ between age groups during exercise when presented as ei-
ther absolute (p = 0.07) or as a percentage of maximum (p = 0.80).

Table 2. Local heat loss and heart rate responses during each exercise (Ex)/recovery (Rec) cycle.

Ex1 Rec1 Ex2 Rec2 Ex3 Rec3
LSR—Chest, mg-min™'.cm
Young 0.37+0.07 0.20+0.04 0.51+0.12% 0.26+0.09t 0.62+0.15t% 0.27+0.111
Older 0.40+0.13 0.22+0.08 0.55+0.17t 0.26+0.12 0.63+0.22t% 0.34+0.11t%
LSR—Back, mg-min'-cm?
Young 0.52+0.27 0.26+0.16 0.69+0.27t 0.31+0.14 0.84+0.401% 0.30+0.11
Older 0.5410.16 0.32+0.10 0.71+0.221 0.3910.17 0.82+0.241% 0.47+0.23
LSR—Arm, mg-min™.cm™?
Young 0.391£0.19 0.194£0.10 0.55+0.19% 0.25+0.13 0.69+0.291%F 0.25+0.11
Older 0.381£0.13 0.24+0.10 0.53+0.19% 0.251+0.08 0.57+0.211%F 0.34+0.13
SkBF, % of max
Young 52.1£15.9 43.7+£16.4 56.5£13.5 45.3+17.7 57.0£17.3 45.5+16.1
Older 57.1+14.2 41.7+20.2 65.1+14.5% 46.2+17.8 65.1£10.6 44.5+21.3
HR, beats-min™
Young 117118 8717 140221 95+18%1 161+19t% 105+20t%F
Older 103£10 8218 12319t 8519t 146181t 91+141%
HR, % of max
Young 6419 48+10 77121 52+10% 88+10t% 58+11t%
Older 6415 514 775t 53+61 91+5t%F 5618t

Values are mean * standard deviation.

LSR, local sweat rate.
SkBF, skin blood flow.

HR, heart rate. % of max, percentage of individual’s maximum.

1Significant difference from Ex1/Rec1.
1Significant difference from Ex2/Rec2.

doi:10.1371/journal.pone.0119079.t002
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Recovery. Local sweat rate, skin blood flow and heart rate values during recovery are pre-
sented in Table 2. Local sweat rate was greater for Rec2 compared to Recl on the chest in the
young and greater for Rec3 compared to both Recl and Rec2 on the chest and forearm in
the older females (p<0.05), but were otherwise stable during recovery. Furthermore, local
sweat rates were similar between groups at the chest (p = 0.75), back (p = 0.99) and forearm
(p = 0.61) skin sites during recovery. Moreover, no differences in local skin blood flow were
measured over recovery time (p>>0.05) or between age groups (p = 0.96) during recovery.
Heart rate was significantly greater at the end of Rec2 and Rec3 compared to Recl in both the
young and older females and was also greater at the end of Rec3 compared to Rec2 in the
young females (p>0.05), but was not different between age groups during recovery for absolute
(p = 0.21) or percentage of maximum (p = 0.81) values.

Time dependent changes of evaporative heat loss for each heat load

When each heat load was analyzed separately, a main effect of age on rates of whole-body evap-
orative heat loss was measured for Ex1 (p = 0.05), Ex2 (p = 0.02) and Ex3 (p = 0.009). This was
evidenced by the rate of whole-body evaporative heat loss being lower in the older females at 5
and 10 min for Ex1 (p<0.05), which was most likely the result of the lower rate of evaporative
heat loss in the older females during baseline. Moreover, the rate of evaporative heat loss was
lower in the older females at 20, 25 and 30 min for Ex2 and at 10, 15, 20, 25 and 30 min for Ex3
when compared to young females (p<0.05).

Discussion

We showed that the maximal rate of whole-body evaporative heat loss achieved during the
moderate (Ex2, 325 W) and highest (Ex3, 400 W) heat load employed was significantly lower
in older compared to young females matched for aerobic fitness, body surface area and body
composition. Furthermore, we showed for the first time that the degree of impairment in evap-
orative heat loss between the young and older females is greater as the requirement for heat
loss increases. Moreover, we showed that the onset threshold for the activation of whole-body
evaporative heat loss was delayed in older females relative to their younger counterparts for the
second and third heat loads. This was further exacerbated by a significantly more pronounced
decrease in the thermosensitivity of the response measured during the successive exercise
bouts in the older females. When combined with the attenuated rate of whole-body evaporative
heat loss measured throughout the exercise bout, the older females stored significantly more
heat than their younger counterparts and the magnitude of increase was more pronounced
with increases in the level of heat stress and therefore requirement for heat loss. Of particular
note, these impairments in whole-body evaporative heat loss and body heat storage were not
paralleled by differences in local heat loss responses of sweating and skin blood flow or in-
creases in core temperature assessed by esophageal and visceral temperature. Finally, no age-
related differences in heat loss or heat storage were observed during any of the recovery periods
with the exception of esophageal temperature being greater in the older females at the end of
the final recovery period.

Capacity for whole-body evaporative heat loss

Keeping in line with our study hypothesis, we observed that the capacity for whole-body evapo-
rative heat loss was significantly reduced in older compared to young females at the two highest
requirements for heat loss (Fig. 1). Although the time constant of the evaporative heat loss re-
sponse was similar between the young and older females during the exercise bouts, the younger
females exhibited greater amplitudes of change in evaporative heat loss for Ex2 and Ex3
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(Table 1). Thus, the younger females achieved greater levels of evaporative heat loss within the
same amount of time as the older females during Ex2 and Ex3. Impairments in the capacity to
dissipate heat in older females have also been reported by Anderson and Kenney [9] who ob-
served a reduction in sudomotor activity in older relative to young females at heat loads similar
to that of Ex2 (i.e., exercise at 40% VO,peak and ambient conditions of 48°C and 15% RH). In
the present study, we observed that older females attained a lower level of evaporative heat loss
at the end of the second and third heat load, while no difference was measured at the end of the
first heat load which suggests that sudomotor activity is impaired in older females above a heat
load threshold equivalent to ~330 W. Furthermore, our exercise model of progressive increases
in the evaporative requirement for heat loss allowed us to evaluate if the magnitude of differ-
ence in the body’s physiological capacity to dissipate heat becomes greater with progressive in-
creases in heat load. We observed that the separation in the rate of evaporative heat loss
between the young and older females was more pronounced with each exercise heat load (Ex1
=10.2%, Ex2 = 11.6% and Ex3 = 12.4%) despite the same increases in the requirement for heat
loss. Altogether, these results suggest that the maximal level of whole-body evaporative heat
loss achieved was lower in the older compared to young females for the two highest heat loads
employed, and the magnitude of impairment became more pronounced as the heat

load increased.

In order to determine whether the age-related impairments in heat loss are due to central
and/or peripheral modulations of sudomotor function, the onset threshold and thermosensitiv-
ity of whole-body evaporative heat loss can be examined in the context of the observed age-
related changes whole-body evaporative heat loss [24]. Previous studies have reported that
older adults have an increased mean body temperature threshold for the onset of sweating dur-
ing heat stress [25,26,27,28]. However, this finding is not always consistent whereby some stud-
ies observed no differences in the mean body temperature at which sweating began
[12,29,30,31]. As noted earlier, we observed an increase in the onset threshold for evaporative
heat loss in the older females for Ex2 and Ex3 (Table 1) which is reflective of the greater heat
storage for the older females over time. Furthermore, this was exacerbated by a significant re-
duction in the thermosensitivity of the response measured between Ex2 and Ex3 in the older fe-
males only. Taken together, our findings demonstrate that whole-body sudomotor activity is
attenuated with progressive increases in body heat storage in older females. Given that the
onset threshold represents a central modulation whereas the thermosensitivity of the response
represents a peripheral modulation [24], our findings indicate that the age-related impairments
in whole-body sudomotor activity in older females may be attributed to both a central and pe-
ripheral modulation of heat loss; a response which we show to be heat load dependent.

Time-dependent changes in whole-body evaporative heat loss

In addition to comparing the maximal rate of whole-body sudomotor capacity achieved during
exercise in older relative to young females, we also assessed the time-dependent changes in
whole-body evaporative heat loss for each exercise heat load. Despite observing no significant
differences in the maximal level of evaporative heat loss achieved at the end of the first exercise
bout between age groups, impairments in whole-body evaporative heat loss were evident dur-
ing the first 10 min of Ex1, but were similar between groups thereafter. Given that the onset
and thermosensitivity for whole-body evaporative heat loss did not differ between groups for
Ex1, the lower rate of evaporative heat loss measured for the older females during the early
stages of Ex1 was likely due to their lower rate of evaporative heat loss at baseline. In contrast
to Ex1, age-related differences in whole-body evaporative heat loss occurred as early as 20 min
into Ex2 and 10 min into Ex3 and remained lower for the duration of the 30-min exercise bout.
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This time dependent decrease in evaporative heat loss can be attributed to a delayed activation
of the response in the older females which was paralleled by a progressively greater reduction
in thermosensitivity measured during the successive exercise bouts in the older females only.
Consequently, the impaired ability to dissipate heat in the older females resulted in a 40%, 57%
and 47% greater change in body heat storage compared to young females for Ex1, Ex2 and Ex3,
respectively. While Anderson and Kenney [9] reported lower sweat rates after 30 min of exer-
cise at 40% VO,peak in a hot, dry environment (48°C, 10% RH) and Larose et al. [8] observed
a lower rate of whole-body evaporative heat loss in older females as early as 10 min after the
onset of exercise at a moderate heat load (i.e., ~320 W), we showed that as the heat load in-
creases, the separation in whole-body evaporative heat loss between young and older females
occurs earlier into exercise, thereby causing a greater amount of heat to be stored in the body.
Our findings demonstrate that age-related impairments in the physiological capacity to dissi-
pate heat are exacerbated with increases in the level of heat stress, and therefore as the require-
ment for heat loss becomes greater.

Core temperature and local heat loss responses

In contrast to the greater heat storage measured for the older females for each exercise bout,
differences in esophageal temperature responses were not evident until the very end of the in-
termittent exercise protocol (end of Rec3) (Table 1). Furthermore, no differences between
groups for visceral temperature were observed at any stage of exercise or recovery. Whole-body
calorimetry provides an accurate measure of changes in whole-body heat content whereas sur-
rogate measures of body core temperature only represent regional changes in heat content. Re-
gional tissue temperature at any point in time is the result of regional differences in metabolic
rate, conductive heat loss to adjacent tissues, and deep and peripheral convective blood flow
[17]. Thus, the disparity between body heat storage and core body temperatures can be as-
cribed to regional variations in tissue blood flow leading to differences in heat transfer/distribu-
tion between internal tissues, which occurs to a greater extent in older adults [32]. Of note
however, the cumulative amount of heat stored by the end of the exercise-rest protocol was
42% greater in the older compared to young females, which was comparable to the 41% greater
increase in esophageal temperature. This was also a similar finding to Larose et al. [8] who
showed that the cumulative change in body heat storage and net change in rectal temperature
were both ~63% greater in older females at the end of the exercise-rest cycles. Thus, despite the
differences in heat distribution/storage at the beginning of the Ex/Rec cycles, it appears that
core temperature gradually increases to reflect the changes in total body heat storage.

In the present study, we measured whole-body heat loss in parallel with local sweat rates at
the chest, upper back and forearm as well as skin blood flow on the forearm. Despite observing
marked differences in whole-body evaporative heat loss between young and older females at
the end of the second and third exercise bouts, no differences were measured for local heat loss
responses at the end of any of the exercise bouts (Table 2). To date, several studies have ob-
served age-related decrements in sweating which occurred at different rates across various re-
gions of the body [29,33,34,35]. Moreover, a high degree of heterogeneity has been observed
between different local measurement sites on the body for both sudomotor activity and skin
blood flow in adults of a similar age [35,36,37,38]. These previous observations are consistent
with our observation that sweat rates measured on the upper back were greater than those mea-
sured on the chest and forearm for both the young and older females (Table 2). Likewise,
Smith et al. [35] also observed higher sweat rates on the back compared to both the arm and
abdomen in young and older adults and Inoue et al. [29] observed higher sweat rates on the
back compared to the thigh in both young and older males during whole-body heating at rest.
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Furthermore, although we only measured skin blood flow at one site and therefore are unable
to make conclusions on regional variations of skin blood flow from our data, skin blood flow
has been reported to be lower on the chest and thigh in older compared to young males, with
no apparent differences between groups on the forehead [34]. Ultimately, the discrepancy be-
tween local and whole-body heat loss responses may lead to inaccurate conclusions regarding
the effect that aging can have on the body’s physiological capacity to dissipate heat in both
males and females. Whole-body direct calorimetry provides an accurate assessment of the
combined response of the 2-4 million sweat glands across the entire surface of the body which
can be used to examine differences in the body’s capacity to dissipate heat between groups.

Postexercise heat loss responses

In the present study, core temperature and body heat storage remained elevated above baseline
levels after each exercise bout (Fig. 1 and Table 2), while local and whole-body heat loss re-
sponses rapidly declined. This pattern of response has been observed in previous studies in
young adults [17,39] and has been attributed to nonthermal factors overriding the thermal con-
trol of heat loss during postexercise recovery [17,39]. Furthermore, despite the greater end-ex-
ercise heat storage with successive exercise bouts in the older females, the rates of whole-body
heat loss, and subsequently changes in body heat storage, during the postexercise recovery peri-
ods were similar between the young and older females. In fact, 7%, 47% and 47% of the heat
stored during each exercise bout was lost during Recl, Rec2 and Rec3, respectively in the
young females whereas only 6%, 30% and 36% of the heat stored during each exercise bout was
lost during Recl, Rec2 and Rec3, respectively in the older females. As such, it is possible that
the level of influence of nonthermal factors on heat loss postexercise may be even greater in
older compared to young females due to the greater heat storage at the end of each exercise
bout compared to the young females but similar heat loss responses postexercise. Further re-
search is required to establish the actual contribution of thermal and nonthermal mechanisms
governing heat loss postexercise in young and older females.

Considerations

The older females who volunteered for this study were of similar aerobic fitness as the young
females. This is consistent with the studies by Anderson and Kenney [9] and Larose et al. [8]
who also observed impaired heat loss in older relative to young females of similar aerobic ca-
pacity [8,9]. Thus, the decrements in local and/or whole-body heat loss in older females ap-
pears to be unrelated to aerobic capacity, but instead may reflect alterations in central and/or
peripheral control of sweating associated with advanced aging. It is important to consider that
the similar VO,peak values between groups in the present study, and others, may indicate that
the older females were more physically active than the average older female. In fact, the older
females in our study were in the 80 to 90" percentile while the younger females were in the 70
to 80™ percentile for aerobic capacity. Since high levels of aerobic fitness associated with regu-
lar endurance-type exercise, can improve thermoregulatory control during exercise
[40,41,42,43,44], less aerobically fit older females may have an even further attenuated capacity
to dissipate heat compared to both young and older, habitually active females.

Given that whole-body heat loss responses between groups were compared using a progres-
sive increase in the exercise-induced heat load, it remains unclear if the pattern and/or magni-
tude of difference in whole-body heat loss, and therefore body heat storage, observed between
groups would differ had each exercise condition been performed on separate days. It is known
that there is a greater activation of whole-body evaporative heat loss response following an ini-
tial exercise bout, termed the priming effect, and this response occurs irrespective of the age of
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the individual [3,8]. While we cannot determine how the prior exercise bout might have affect-
ed the rate of whole-body evaporative heat loss, and therefore the magnitude of difference in
body heat storage between groups, we consistently observed an attenuated rate of heat dissipa-
tion in older females relative to their young counterparts irrespective the greater thermal drive
associated with the successively greater exercise-induced heat loads. Future studies are required
to determine how a prior exercise bout might influence the extent to which these age-related
impairments may attenuate whole-body evaporative heat loss, and therefore body heat storage,
when exercise is performed at the higher exercise-induced loads where we show the greatest
differences between groups to occur.

Finally, another point to consider is that reproductive hormones may influence the thermo-
regulatory system, whereby estrogen and progesterone levels are reported to alter baseline core
temperatures [45,46]. In the present study, two of the older females were on hormone replace-
ment therapy (HRT). There were no significant differences in baseline esophageal temperature
between the young females (37.14 £ 0.26°C, n = 10) and older females not on HRT (37.15
0.16°C, n = 8). However, those who were taking HRT had a slightly elevated esophageal tem-
perature (37.32 + 0.21°C, n = 2). Despite the elevated core temperature at baseline, there were
no differences in changes in esophageal temperature (older no HRT: 37.90 + 0.43°C vs. HRT:
37.96 + 0.44°C) or body heat storage (older no HRT: 430 + 174 kJ vs. HRT: 418 + 10 kJ) be-
tween females who were taking or not taking HRT by the end of the exercise/recovery protocol
(p>0.05). Furthermore, these values are in sharp contrast to younger females whose change in
body heat storage was 247 + 155 kJ. Thus, HRT did not appear to affect the clear age-related
impairments in whole-body heat dissipation causing greater amounts of heat stored in the
body of the older compared to young females. Nevertheless, further studies are warranted to
tully examine the effects of HRT on whole-body heat storage.

Summary

We showed that older females demonstrated a lower capacity for whole-body evaporative heat
loss compared to young females when exercising in the heat at a rate of metabolic heat produc-
tion of >325 W. Further, we observed a greater separation between age groups with progressive
increases in the requirements for heat loss. These increasingly greater impairments in whole-
body sudomotor capacity between young and older females were the result of a greater onset
threshold and gradual decrease in thermosensitvity for the older females. Ultimately, the im-
paired capacity to dissipate heat led to greater heat storage in older females which was more
pronounced with increases in the level of heat stress.

Supporting Information

S1 Dataset.
(XLS)

S2 Dataset.
(XLSX)

Acknowledgments

The authors would like to thank all the volunteers for participating in this study. We would
also like to thank the entire Human and Environmental Physiology Research Unit team for
their contribution to the success of this project. The authors would like to thank Mr. Michael
Sabino of Can-Trol Environmental Systems Limited (Markham, ON, Canada) for

their support.

PLOS ONE | DOI:10.1371/journal.pone.0119079 March 19, 2015 15/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0119079.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0119079.s002

@' PLOS ‘ ONE

Older Females and Heat Loss Capacity

Author Contributions

Conceived and designed the experiments: JMS MPP ADF PB R]S JM GPK. Performed the ex-
periments: JMS MPP. Analyzed the data: JMS ADF GPK. Wrote the paper: JMS MPP ADF PB
RJS JM GPK.

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Larose J, Boulay P, Sigal RJ, Wright HE, Kenny GP. Age-related decrements in heat dissipation during
physical activity occur as early as the age of 40. PLoS One. 2013; 8: €83148. doi: 10.1371/journal.
pone.0083148 PMID: 24349447

Larose J, Boulay P, Wright-Beatty HE, Sigal RJ, Hardcastle S, Kenny GP. Age-related differences in
heat loss capacity occur under both dry and humid heat stress conditions. J Appl Physiol (1985). 2014;
117:69-79.

Larose J, Wright HE, Stapleton J, Sigal RJ, Boulay P, Hardcastle S, et al. Whole body heat loss is re-
duced in older males during short bouts of intermittent exercise. Am J Physiol Regul Integr Comp Phy-
siol. 2013; 305: R619-629. doi: 10.1152/ajpregu.00157.2013 PMID: 23883671

Smolander J, Korhonen O, limarinen R. Responses of young and older men during prolonged exercise
in dry and humid heat. Eur J Appl Physiol Occup Physiol. 1990; 61: 413—418. PMID: 2079060

Tankersley CG, Smolander J, Kenney WL, Fortney SM. Sweating and skin blood flow during exercise:
effects of age and maximal oxygen uptake. J Appl Physiol. 1991; 71: 236—-242. PMID: 1917747

Inbar O, Morris N, Epstein Y, Gass G. Comparison of thermoregulatory responses to exercise in dry
heat among prepubertal boys, young adults and older males. Exp Physiol. 2004; 89: 691-700. PMID:
15328309

Lind AR, Humphreys PW, Collins KJ, Foster K, Sweetland KF. Influence of age and daily duration of ex-
posure on responses of men to work in heat. J Appl Physiol. 1970; 28: 50-56. PMID: 5409789

Larose J, Wright HE, Sigal RJ, Boulay P, Hardcastle S, Kenny GP. Do older females store more heat
than younger females during exercise in the heat? Med Sci Sports Exerc. 2013; 45: 2265-2276. doi:
10.1249/MSS.0b013e31829d24cc PMID: 23715429

Anderson RK, Kenney WL. Effect of age on heat-activated sweat gland density and flow during exer-
cise in dry heat. J Appl Physiol. 1987; 63: 1089—-1094. PMID: 3654456

Drinkwater BL, Horvath SM. Heat tolerance and aging. Med Sci Sports. 1979; 11: 49-55. PMID:
481156

Kenney WL, Anderson RK. Responses of older and younger women to exercise in dry and humid heat
without fluid replacement. Med Sci Sports Exerc. 1988; 20: 155-160. PMID: 3367750

Hellon RF, Lind AR. Observations on the activity of sweat glands with special reference to the influence
of ageing. J Physiol. 1956; 133: 132—144. PMID: 13346639

Kenney WL, Morgan AL, Farquhar WB, Brooks EM, Pierzga JM, Derr JA. Decreased active vasodilator
sensitivity in aged skin. Am J Physiol. 1997; 272: H1609-1614. PMID: 9139942

Kohl HW, Blair SN, Paffenbarger RS Jr., Macera CA, Kronenfeld JJ. A mail survey of physical activity
habits as related to measured physical fitness. Am J Epidemiol. 1988; 127: 1228-1239. PMID:
3369421

DuBois D, DuBois EF. A formula to estimate the approximate surface area if height and weight be
known. Nutrition. 1989; 5: 303-311. PMID: 2520314

Siri WE. Gross composition of the body. In: Lawrence JH, Tobias CA, editors. Advances in Biological
and Medical Physics. New York: Academic; 1956. pp. 239-280. PMID: 13354513

Kenny GP, Jay O. Thermometry, calorimetry, and mean body temperature during heat stress. Compr
Physiol. 2013; 3: 1689-1719. doi: 10.1002/cphy.c130011 PMID: 24265242

Reardon FD, Leppik KE, Wegmann R, Webb P, Ducharme MB, Kenny GP. The Snellen human calo-
rimeter revisited, re-engineered and upgraded: design and performance characteristics. Med Biol Eng
Comput. 2006; 44: 721-728. PMID: 16937214

Taylor WF, Johnson JM, O'Leary D, Park MK. Effect of high local temperature on reflex cutaneous va-
sodilation. J Appl Physiol Respir Environ Exerc Physiol. 1984; 57: 191-196. PMID: 6469780

McKenzie JE, Osgood DW. Validation of a new telemetric core temperature monitor. J Therm Biol.
2004; 29: 605-611.

Ramanathan NL. A new weighting system for mean surface temperature of the human body. J Appl
Physiol. 1964; 19: 531-533. PMID: 14173555

PLOS ONE | DOI:10.1371/journal.pone.0119079 March 19, 2015 16/17


http://dx.doi.org/10.1371/journal.pone.0083148
http://dx.doi.org/10.1371/journal.pone.0083148
http://www.ncbi.nlm.nih.gov/pubmed/24349447
http://dx.doi.org/10.1152/ajpregu.00157.2013
http://www.ncbi.nlm.nih.gov/pubmed/23883671
http://www.ncbi.nlm.nih.gov/pubmed/2079060
http://www.ncbi.nlm.nih.gov/pubmed/1917747
http://www.ncbi.nlm.nih.gov/pubmed/15328309
http://www.ncbi.nlm.nih.gov/pubmed/5409789
http://dx.doi.org/10.1249/MSS.0b013e31829d24cc
http://www.ncbi.nlm.nih.gov/pubmed/23715429
http://www.ncbi.nlm.nih.gov/pubmed/3654456
http://www.ncbi.nlm.nih.gov/pubmed/481156
http://www.ncbi.nlm.nih.gov/pubmed/3367750
http://www.ncbi.nlm.nih.gov/pubmed/13346639
http://www.ncbi.nlm.nih.gov/pubmed/9139942
http://www.ncbi.nlm.nih.gov/pubmed/3369421
http://www.ncbi.nlm.nih.gov/pubmed/2520314
http://www.ncbi.nlm.nih.gov/pubmed/13354513
http://dx.doi.org/10.1002/cphy.c130011
http://www.ncbi.nlm.nih.gov/pubmed/24265242
http://www.ncbi.nlm.nih.gov/pubmed/16937214
http://www.ncbi.nlm.nih.gov/pubmed/6469780
http://www.ncbi.nlm.nih.gov/pubmed/14173555

@' PLOS ‘ ONE

Older Females and Heat Loss Capacity

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.

Shibasaki M, Wilson TE, Crandall CG. Neural control and mechanisms of eccrine sweating during heat
stress and exercise. J Appl Physiol. 2006; 100: 1692—-1701. PMID: 16614366

Cheuvront SN, Bearden SE, Kenefick RW, Ely BR, Degroot DW, Sawka MN, et al. A simple and valid
method to determine thermoregulatory sweating threshold and sensitivity. J Appl Physiol. 2009; 107:
69-75. doi: 10.1152/japplphysiol.00250.2009 PMID: 19423839

Nadel ER, Mitchell JW, Saltin B, Stolwijk JA. Peripheral modifications to the central drive for sweating. J
Appl Physiol. 1971; 31: 828-833. PMID: 5123659

Sagawa S, Shiraki K, Yousef MK, Miki K. Sweating and cardiovascular responses of aged men to heat
exposure. J Gerontol. 1988; 43: M1-8. PMID: 3335747

Foster KG, Ellis FP, Dore C, Exton-Smith AN, Weiner JS. Sweat responses in the aged. Age Ageing.
1976; 5: 91-101. PMID: 1274803

Crowe JP, Moore RE. Proceedings: Physiological and behavioural responses of aged men to passive
heating. J Physiol. 1974; 236: 43P-45P. PMID: 4818516

Fennell WH, Moore RE. Responses of aged men to passive heating. J Physiol. 1973; 231: 118P-119P.
PMID: 4720930

Inoue Y, Nakao M, Araki T, Murakami H. Regional differences in the sweating responses of older and
younger men. J Appl Physiol. 1991; 71: 2453-2459. PMID: 1778946

Inoue Y, Shibasaki M, Ueda H, Ishizashi H. Mechanisms underlying the age-related decrement in the
human sweating response. Eur J Appl Physiol Occup Physiol. 1999; 79: 121-126. PMID: 10029332

Collins KJ, Dore C, Exton-Smith AN, Fox RH, MacDonald IC, Woodward PM. Accidental hypothermia
and impaired temperature homoeostasis in the elderly. Br Med J. 1977; 1: 353-356. PMID: 837095

Kenney WL, Munce TA. Invited review: aging and human temperature regulation. J Appl Physiol
(1985). 2003; 95: 2598-2603. PMID: 14600165

Dufour A, Candas V. Ageing and thermal responses during passive heat exposure: sweating and sen-
sory aspects. Eur J Appl Physiol. 2007; 100: 19-26. PMID: 17242944

Inoue Y, Shibasaki M. Regional differences in age-related decrements of the cutaneous vascular and
sweating responses to passive heating. Eur J Appl Physiol Occup Physiol. 1996; 74: 78—84. PMID:
8891504

Smith CJ, Alexander LM, Kenney WL. Nonuniform, age-related decrements in regional sweating and
skin blood flow. Am J Physiol Regul Integr Comp Physiol. 2013; 305: R877—-885. doi: 10.1152/ajpregu.
00290.2013 PMID: 23926135

Inoue Y, Kuwahara T, Araki T. Maturation- and aging-related changes in heat loss effector function. J
Physiol Anthropol Appl Human Sci. 2004; 23: 289-294. PMID: 15599077

Smith CJ, Havenith G. Body mapping of sweating patterns in athletes: a sex comparison. Med Sci
Sports Exerc. 2012; 44: 2350-2361. doi: 10.1249/MSS.0b013e318267b0c4 PMID: 22811031

Smith CJ, Kenney WL, Alexander LM. Regional relation between skin blood flow and sweating to pas-
sive heating and local administration of acetylcholine in young, healthy humans. Am J Physiol Regul
Integr Comp Physiol. 2013; 304: R566—-573. doi: 10.1152/ajpregu.00514.2012 PMID: 23389110

Kenny GP, Jay O, Journeay WS. Disturbance of thermal homeostasis following dynamic exercise. Appl
Physiol Nutr Metab. 2007; 32: 818—-831. PMID: 17622300

Buono MJ, Sjoholm NT. Effect of physical training on peripheral sweat production. J Appl Physiol
(1985). 1988; 65: 811-814.

Cheung SS, McLellan TM. Heat acclimation, aerobic fithess, and hydration effects on tolerance during
uncompensable heat stress. J Appl Physiol (1985). 1998; 84: 1731-1739.

Gisolfi C, Robinson S. Relations between physical training, acclimatization, and heat tolerance. J Appl
Physiol. 1969; 26: 530-534. PMID: 5781602

Havenith G, van Middendorp H. The relative influence of physical fithess, acclimatization state, anthro-
pometric measures and gender on individual reactions to heat stress. Eur J Appl Physiol Occup Phy-
siol. 1990; 61: 419—-427. PMID: 2079061

Selkirk GA, McLellan TM. Influence of aerobic fitness and body fatness on tolerance to uncompensable
heat stress. J Appl Physiol (1985). 2001; 91: 2055-2063.

Brooks EM, Morgan AL, Pierzga JM, Wladkowski SL, O'Gorman JT, Derr JA, et al. Chronic hormone re-
placement therapy alters thermoregulatory and vasomotor function in postmenopausal women. J Appl
Physiol (1985). 1997; 83: 477-484.

Tankersley CG, Nicholas WC, Deaver DR, Mikita D, Kenney WL. Estrogen replacement in middle-aged
women: thermoregulatory responses to exercise in the heat. J Appl Physiol (1985). 1992; 73: 1238—1245.

PLOS ONE | DOI:10.1371/journal.pone.0119079 March 19, 2015 17/17


http://www.ncbi.nlm.nih.gov/pubmed/16614366
http://dx.doi.org/10.1152/japplphysiol.00250.2009
http://www.ncbi.nlm.nih.gov/pubmed/19423839
http://www.ncbi.nlm.nih.gov/pubmed/5123659
http://www.ncbi.nlm.nih.gov/pubmed/3335747
http://www.ncbi.nlm.nih.gov/pubmed/1274803
http://www.ncbi.nlm.nih.gov/pubmed/4818516
http://www.ncbi.nlm.nih.gov/pubmed/4720930
http://www.ncbi.nlm.nih.gov/pubmed/1778946
http://www.ncbi.nlm.nih.gov/pubmed/10029332
http://www.ncbi.nlm.nih.gov/pubmed/837095
http://www.ncbi.nlm.nih.gov/pubmed/14600165
http://www.ncbi.nlm.nih.gov/pubmed/17242944
http://www.ncbi.nlm.nih.gov/pubmed/8891504
http://dx.doi.org/10.1152/ajpregu.00290.2013
http://dx.doi.org/10.1152/ajpregu.00290.2013
http://www.ncbi.nlm.nih.gov/pubmed/23926135
http://www.ncbi.nlm.nih.gov/pubmed/15599077
http://dx.doi.org/10.1249/MSS.0b013e318267b0c4
http://www.ncbi.nlm.nih.gov/pubmed/22811031
http://dx.doi.org/10.1152/ajpregu.00514.2012
http://www.ncbi.nlm.nih.gov/pubmed/23389110
http://www.ncbi.nlm.nih.gov/pubmed/17622300
http://www.ncbi.nlm.nih.gov/pubmed/5781602
http://www.ncbi.nlm.nih.gov/pubmed/2079061

