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ABSTRACT
We tested the hypotheses that older adults with cardiovascular co-morbidities will demonstrate
greater changes in body temperature and exaggerated changes in blood pressure before initiating
thermal behavior. We studied twelve healthy younger adults (Younger, 25 § 4 y) and six older
adults (‘At Risk’, 67 § 4 y) taking prescription medications for at least two of the following
conditions: hypertension, type II diabetes, hypercholesterolemia. Subjects underwent a 90-min test
in which they voluntarily moved between cool (18.1 § 1.8�C, RH: 29 § 5%) and warm (40.2 § 0.3�C,
RH: 20 § 0%) rooms when they felt ‘too cool’ (C!W) or ‘too warm’ (W!C). Mean skin and intestinal
temperatures and blood pressure were measured. Data were analyzed as a change from pretest
baseline. Changes in mean skin temperature were not different between groups at C!W (Younger:
C0.2 § 0.8�C, ‘At Risk’: C0.7 § 1.8�C, P D 0.51) or W!C (Younger: C2.7 § 0.6�C, ‘At Risk’: C2.9 §
1.9�C, P D 0.53). Changes in intestinal temperature were not different at C!W (Younger: 0.0 §
0.1�C, ‘At Risk’: C0.1 § 0.2, P D 0.11), but differed at W!C (-0.1 § 0.2�C vs. C0.1 § 0.3�C, P D 0.02).
Systolic pressure at C!W increased (Younger: C10 § 9 mmHg, ‘At Risk’: C24 § 17 mmHg) and at
W!C decreased (Younger: ¡4 § 13 mmHg, ‘At Risk’: -23§ 19 mmHg) to a greater extent in ‘At Risk’
(P � 0.05). Differences were also apparent for diastolic pressure at C!W (Younger: ¡2 § 4 mmHg,
‘At Risk’: C17 § 23 mmHg, P < 0.01), but not at W!C (Younger Y: C4 § 13 mmHg, ‘At Risk’: ¡1 §
6 mmHg, P D 0.29). Despite little evidence for differential control of thermal behavior, the initiation
of behavior in ‘at risk’ older adults is preceded by exaggerated blood pressure responses.
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Introduction

The risk of cardiovascular events is elevated during
cold and heat exposure.1 This risk is particularly pro-
nounced in older adults,1 and even more so in those
presenting with cardiovascular co-morbidities (e.g.,
hypertension, type II diabetes, hypercholesteremia,
etc.).2 This risk is likely due to the relative hyper- or
hypotensive challenges induced by cold or heat expo-
sure,3 which can acutely increase the chance of cardio-
vascular events.4 Notably, healthy older adults exhibit
altered hemodynamic responses to heat5,6 and cold7,8

exposure, and there is evidence that these responses
are further exacerbated in older adults with cardiovas-
cular co-morbidities, such as hypertension.9,10 Thus,
there is a need to understand interactions between
temperature regulation and hemodynamic responses
in this population of older adults ‘at risk’ of cardiovas-
cular events during thermal stress.

Autonomic thermoregulatory responses (i.e., sweat-
ing, shivering, skin blood flow) are impaired in
healthy older adults,11 and the presence of cardiovas-
cular co-morbidities, such as hypertension,12 type II
diabetes13 and hypercholesteremia,14 further impairs
aspects of autonomic thermoeffector activation. Nota-
bly, however, body temperature is regulated by both
autonomic and behavioral responses,15 with behavior
being the most efficient and effective thermoregulatory
modality.15,16 Thermal behavior in young, healthy
adults is elicited primarily by changes in skin tempera-
ture.17-21 The use of behavioral responses prevents
changes in internal temperature18-21 and sweating or
changes in metabolism.18,21 However, utilizing thermal
behavior does not eliminate transient changes in blood
pressure, and corresponding hemodynamic responses,
prior to initiating behavior.20,21 Compared to younger
adults, thermal behavior in healthy older adults is
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initiated after greater changes in body temperature.22-
26 Whether thermal behavior is similarly affected and
whether the hemodynamic responses upon the initia-
tion of thermal behavior are altered in older adults
with cardiovascular co-morbidities (i.e., ‘at risk’ older
adults) is unknown. Therefore, the purpose of this
study was to test the hypotheses that older adults
with cardiovascular co-morbidities will demonstrate:
i) greater changes in body temperature and ii) exag-
gerated changes in blood pressure before initiating
thermal behavior.

Methods

Subjects

Twelve younger adults and six older adults with car-
diovascular co-morbidities participated in this study.
The subject characteristics are presented in Table 1.
Subjects were physically active, non-smokers,

cognitively normal, and reported to be free from any
signs or symptoms related to neurological, including
peripheral neuropathy, or psychological diseases.
Younger and older subjects were matched for anthro-
pometric characteristics. A portion of these data from
the younger group of subjects has been presented in a
previously published manuscript that tested a unique
hypothesis.21

Younger subjects were not taking any medications
except oral contraceptives (n D 2 females) and were
free of any cardiovascular or metabolic disease. Youn-
ger female subjects were eumenorrheic and were not
pregnant, which was confirmed via a urine pregnancy
test. ‘At risk’ older subjects were permitted to partici-
pate if they had pharmacologically controlled
hypercholesteremia (statin therapy, n D 5), type II
diabetes (metformin, n D 2), or hypertension (ANGII
antagonist, n D 2 or ACE inhibitor, n D 1). All of
these subjects were taking medications for at least
two of these conditions. All subjects taking medica-
tion were in a stable disease state, as indicated by no
change in medication dosage in more than three
months. All medications were reported to be taken as
prescribed and taken at the same time every day.
Each of these prescription drugs exerts primary
or secondary effects that either augment14,27,28 or
impair27,29 cardiovascular and/or thermoregulatory
function. To our knowledge, the effect of combined
therapies on cardiovascular and/or thermoregulatory
function is unknown. All older female subjects were
postmenopausal. These conditions were chosen
because they are common in older adults and because
all three are risk factors for cardiovascular events, but
they can be well controlled via prescription medica-
tion. This was deemed important from the perspec-
tive of subject safety during study participation.
Moreover, the use of pharmacologically controlled
subjects conferred a high external validity compared
to these subjects withholding their medications prior
to the study.

Each subject was fully informed of the experimental
procedures and possible risks before giving informed
written consent. The study was approved by the Insti-
tutional Review Board at the University at Buffalo,
and performed in accordance with the standards set
by the latest revision of the Declaration of Helsinki.
Subjects visited the laboratory on two occasions. Visit
one was a screening and familiarization visit and visit
two was the experimental trial.

Table 1. Subject characteristics.

Younger At Risk

Sex (M/F) 6 / 6 3 / 3
Age (y) 25 § 3 (19 – 32) 67 § 4 Y (62 – 74)
Height (cm) 173 § 13 (157 – 204) 167§ 9 (158 – 183)
Weight (kg) 77.6 § 13.1 (59.5 – 104.0) 78.1 § 12.8 (57.4 – 97.2)
Body surface area

(m2)
1.9§ 0.2 (1.6 – 2.4) 1.9 § 0.1 (1.7 – 2.0)

Sum of skinfolds
(mm)

137 § 53 (61 – 210) 156 § 54 (100 – 230)

Body fat (%) 26 § 13 (8 – 47) 30 § 13 (20 – 50)
Prescription

medications (n)
0 6 Y

Hypertension (ANGII
antagonists/ACE
inhibitors)

0 3 (2/1)

Type II Diabetes
(metformin)

0 2

Hypercholesteremia
(statins)

0 5

Screening heart rate
(bpm)

64 § 11 (52 – 88) 62 § 10 (48 – 72)

Screening systolic
blood pressure
(mmHg)

118 § 9 (106 – 138) 136 § 7 Y (130 – 148)

Screening diastolic
blood pressure
(mmHg)

72 § 9 (60 – 90) 78 § 15 (58 – 102)

Screening mean
arterial pressure
(mmHg)

88 § 8 (76 – 101) 97 § 11 Y (77 – 117)

Physical activity
(high/moderate/
low) a

4 / 7 / 1 3 / 3 / 0

Montreal Cognitive
Assessment
Score b

29 § 2 (26 – 30) 27 § 1 Y (26 – 27)

Mean § SD (range), Ydifferent from younger (P � 0.05), astratified according
to Craig et al.34, ball subjects were in the normal range for age group:
�26.77
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Instrumentation and measurements

Height and weight were measured with a stadiometer
and scale (Sartorius Corp. Bohemia, NY, USA), and
body surface area was calculated accordingly.30 Skin-
fold thickness was measured in triplicate at the chest,
axilla, triceps, subscapula, abdomen, suprailliac, and
thigh (Harpenden, Baty International, UK), and per-
cent body fat was estimated from body density,31

which was calculated from the sum of skinfolds for
males32 and females.33 Urine specific gravity was mea-
sured in duplicate using a refractometer (Atago USA,
Inc., Bellevue, WA, USA). Physical activity level was
estimated using the validated International Physical
Activity Questionnaire34 and cognitive ability was mea-
sured using the Montreal Cognitive Assessment.35

At least 60 min prior to any experimental testing,
subjects swallowed a telemetry pill (HQ Inc., Palmetto,
FL, USA) for the measurement of internal tempera-
ture. One younger male and one ‘at risk’ older male
had contraindications for taking the telemetry pill. In
these subjects, rectal temperature was measured at a
depth of 10 cm past the anal sphincter using a general
purpose thermistor (Mon-a-therm, Mallinckrodt
Medical, Inc., St. Louis, MO, USA). Mean skin tem-
perature was measured as the weighted average of six
thermocouples (Omega Engineering, Inc. Stamford,
CT, USA) attached to the following locations: abdo-
men (14%), calf (11%), chest (22%), lower back (19%),
thigh (14%), and upper back (19%).36 Mean skin and
internal temperatures are evenly weighted for produc-
ing thermal discomfort during resting conditions.37,38

Thus, because thermal discomfort is the perceptual
mediator of thermal behavior,39 mean body tempera-
ture was calculated as 0.5 x internal temperature C 0.5
x mean skin temperature (Tbody1:1), as has been
recently employed.40 Mean body temperature was also
calculated as 0.9 x internal temperature C 0.1 x mean
skin temperature while in a warm environment
(Tbody9:1) and 0.67 x internal temperature C 0.33 x
mean skin temperature in a cool environment
(Tbody3:1). These weightings reflect the relative contri-
butions of mean skin and internal body temperatures
to autonomic thermoeffector activation during expo-
sure to warm41 and cool42 environments, whereas
Tbody1:1 reflects the contributions of these variables
to thermal behavior.40

Heart rate was measured continually from a three
lead electrocardiogram (DA100C, Biopac Systems, Inc.

Goleta, CA, USA). Beat-to-beat blood pressure was
measured via the Penaz method (Finometer Pro, FMS,
Amsterdam, The Netherlands). Finometer derived
blood pressure data were corrected to a manual blood
pressure taken by an experienced member of the
research team during the pre-testing period. Finometer
derived blood pressure waveforms were maintained
throughout all experimental testing. Stroke volume
was estimated from the blood pressure waveform using
Modelflow.43 Cardiac output was calculated as the
product of stroke volume and heart rate, while total
peripheral resistance (TPR) was calculated as the quo-
tient of cardiac output and mean arterial pressure.
Stroke work (stroke volume x mean arterial pressure),
rate pressure product (RPP, systolic pressure x heart
rate), and cardiac power output [mean arterial pressure
x cardiac output x (2.22 £ 10¡3)] were calculated as
indices of left ventricular work,44 myocardial oxygen
demand,45 and left ventricular power.46

Skin blood flow (SkBF) was measured via integrated
laser Doppler flowmetry (Periflux System 5010,
Perimed, Stockholm, Sweden) at two locations: One
on the dorsal surface of the left forearm, the other on
the pad of the index fingertip of the left hand. At both
locations, the laser Doppler probe was inserted into a
thin plastic holder and the local temperature was
allowed to drift with changes in skin temperature. The
accuracy of the skin blood flow measurement was
ensured based upon the observation of a clear pulsatile
signal that coincided with the pulse wave. The laser
Doppler system was regularly calibrated according to
the manufacturers specifications. Skin blood flow data
are reported as absolute values and normalized to
mean arterial pressure, providing an index of cutane-
ous vascular conductance (CVC), which is indicative
of cutaneous vasomotor tone.

Local sweat rate was measured by securing a plastic
capsule that covered 3.9 cm2 of skin on the dorsal sur-
face of the left forearm and on the midline of the chest
beneath the sternal notch. These capsules were per-
fused with dry nitrogen at a flow rate of 0.6 L/min.
The water vapor of the gas exiting the capsules was
measured by capacitance hygrometry (HMT130,
Vaisala, Woburn, WA, USA), and local sweat rate was
calculated by multiplying the absolute humidity out-
put (sensitive to 0.1 g/m3) by flow rate and dividing
that value by the surface area of the capsule.47 The
measurement of local sweat rate was sensitive to
0.01 mg/cm2/min.
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Metabolic data were obtained via a facemask and
three-way non-rebreathing valve (Han Rudolph, Inc.,
Shawnee, KS, USA) that was worn throughout the
study. The rate of metabolic heat production was
calculated from oxygen uptake and the respiratory
exchange ratio (RER) and normalized to body surface
area using a standard equation.48 Oxygen uptake and
carbon dioxide production (sensitive to 0.1 L/min)
were calculated from minute ventilation and the frac-
tion of expired oxygen and carbon dioxide using the
Haldane Transformation. Minute ventilation was cal-
culated from expired airflow that was measured via
a heated pneumotachometer (Hans Rudolph, Inc.
Shawnee, KS, USA), which was continually integrated
over 30 s and corrected to STPD. The fraction of
expired oxygen and carbon dioxide (Vacumed,
Ventura, CA, USA) was continually measured from a
3 L mixing chamber. The calculation of the rate of
metabolic heat production was sensitive to 1 W/m2.

Thermal sensation [to the nearest 0.5, 1 D cold, 4 D
neutral, 7 D hot49], thermal discomfort [to the nearest
0.5, 1 D comfortable, 4 D very uncomfortable49], and
perceptions of sweating and shivering [to the nearest
0.5, 0 D none, 10 D most ever20] were measured on
subjective scales.

Experimental protocol

Subjects arrived at the laboratory euhydrated, con-
firmed via urine specific gravity �1.02050 (Younger:
1.013 § 0.007, ‘At Risk’: 1.007 § 0.003), and having
refrained from strenuous exercise, alcohol and caffeine
for 12 h, and food for 2 h. Subjects in the ‘At Risk’
group were instructed to take their medication as pre-
scribed the day of testing. To control for menstrual
cycle hormones, younger females were tested during
the first 10 days following self-identified menstruation
(n D 4) or during the placebo phase of their oral con-
traceptives (n D 2), a period in which estrogen and
progesterone are at their lowest levels.51 All experi-
mental testing was conducted during the winter
months in Buffalo, NY, USA (outdoor temperature on
day and time of experimental protocol: 1 § 7�C).
Time of day was not controlled. Subjects wore a cotton
t-shirt, underwear, athletic shorts, and light sandals
[estimated insulation of clothing ensemble: 0.3 Clo52].

Following instrumentation, subjects rested quietly,
seated on a mesh chair in a 25.5§ 0.7�C (24§ 6% rel-
ative humidity) environment for 20 min. Following

this rest period, the thermostat in room in which the
subjects were seated was lowered. This marked the
beginning of the thermal behavior assessment, which
was 90 min in duration. The temperature of this room
gradually decreased to 17.6 § 1.2�C (36 § 12% rela-
tive humidity, Fig. 1). At any time during the room
cooling, and throughout the thermal behavior assess-
ment, subjects could move between the cool room and
the adjacent warm room, which was maintained at
40.0 § 0.6�C (20 § 0% relative humidity, Fig. 1). The
decision to behaviorally thermoregulate was defined
as the decision to move from cool to warm (C!W)
or from warm to cool (W!C).18-21 Subjects passively
moved between the two rooms by pressing a button
on a remote control. This shuttled them between the
two rooms without exertion and allowed for continual
data collection. The amount of time spent in each
environment prior to behaving was recorded. Subjects
watched from a selection of non-stimulating docu-
mentaries and maintained the same seated posture
throughout the assessment. During the baseline
period, subjects were read an instructional script that
reviewed the experimental procedures and instructed
them to exit the warm room when they became ‘too
warm’ and exit the cool room when they became ‘too
cool’.18-20 This ‘shuttle box’ thermal behavioral model
provides a reliable index of thermoregulatory behavior

Figure 1. Temperature dynamics of the cool and warm rooms.
Baseline measurements were taken at 0 min in the cool room
after 20 min seated rest in a 25.5 § 0.7�C (24 § 6% relative
humidity) environment. After the Baseline period, the cool room
was set to 17.6 § 1.2�C (36 § 12% relative humidity) and the
90 min behavioral assessment commenced (dashed line) in the
midst of this progressive room cooling. The warm room was
maintained at 40.0 § 0.6�C (20 § 0% relative humidity) through-
out, while the average temperature in the cool room during the
thermal behavioral assessment was 18.1 § 1.8�C (29 § 5% rela-
tive humidity). Mean § SD, n D 18 (Younger: n D 12, ‘At Risk’:
n D 6).
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in humans,19 and is considered better than other mod-
els (e.g., thermal gradient, self-paced exercise53,54)
because it allows for the determination of the exact
moment at which a decision to behaviorally thermo-
regulate is made.55

Data and statistical analyses

Physiological data were sampled continuously at
100 Hz via a data acquisition system (Biopac MP150,
Goleta, CA, USA). These data were analyzed at Base-
line, which was a 60 s average at the end of the 20 min
pre-protocol resting period and as a 30 s average
immediately prior to C!W and W!C. Perceptual
data were collected at Baseline and upon C!W and
W!C. Each subject behaved a different number of
times during the thermal behavior protocol. Thus,
data were averaged across behaviors for a given sub-
ject, as we have done previously.18-21 To account for
any age-related differences at Baseline, data at C!W
and W!C were analyzed as a change from Baseline.

Subject characteristics and data at Baseline were
analyzed using unpaired t-tests. Data at C!W and
W!C were analyzed using mixed-model two-way
repeated measures ANOVA (group x behavior, 2 £
2). The exceptions are changes in metabolic heat pro-
duction (C!W), sweat rate (W!C), Tbody3:1
(C!W) and Tbody9:1 (W!C), which were only ana-
lyzed at C!W or W!C as noted. These data were
analyzed via unpaired t-tests. All data were assessed
for approximation to a normal distribution and sphe-
ricity, and no corrections were necessary. Where
appropriate, post hoc pairwise comparisons were
made using unpaired t-tests. Data were analyzed using
Prism software (Version 6, GraphPad Software Inc. La
Jolla, CA, USA). A priori statistical significance was
set at P � 0.05. Actual P-values are reported where
possible. Data are reported as mean § SD.

Results

Baseline

Mean skin (PD 0.06) and intestinal (PD 0.08) temper-
atures did not differ between groups at Baseline, while
Tbody1:1 was higher in the Younger group (P D 0.02,
Table 2). Tbody3:1 and Tbody9:1 were also higher in the
Younger group (P � 0.03, Table 2). Mean arterial
pressure and systolic pressure were both higher in the
‘At Risk’ group compared to the Younger group at

Baseline (P� 0.03), while diastolic pressure did not dif-
fer between groups during this time (PD 0.08, Table 2).
Likewise, heart rate (P D 0.13), cardiac output (P D
0.43), TPR (P D 0.08), RPP (P D 0.12), and cardiac
power output (P D 0.19) did not differ between groups
at Baseline, whereas stroke volume (P D 0.03) and
stroke work (P D 0.01) were higher in the ‘At Risk’
group (Table 2). There were no differences between
groups in activation of the autonomic thermoeffectors
(e.g., SkBF, CVC, sweat rate, and metabolic heat
production) at Baseline (P � 0.15, Table 2). Subjects
generally felt thermally comfortable, perceived neutral
thermal sensation and did not perceive to be sweating
or shivering, and there were no differences between
groups (P� 0.10, Table 2).

Thermal behavior characteristics

The time before behaving and the number of behav-
iors did not differ between the Younger and ‘At Risk’
groups at either C!W or W!C (P � 0.59, Table 3).

Table 2. Baseline values.

Younger ‘At Risk’

Body Temperatures
Mean skin temperature (�C) 31.9§ 0.7 31.2 § 1.0
Internal temperature (�C) 37.2§ 0.3 37.0 § 0.3
Tbody1:1 (�C) 34.5 § 0.3 34.1 § 0.6 Y

Tbody3:1 (�C) 35.4 § 0.2 35.1 § 0.4 Y

Tbody9:1 (�C) 36.7 § 0.3 36.4 § 0.3 Y

Hemodynamics
Mean arterial pressure (mmHg) 83 § 8 90 § 6 Y

Systolic pressure (mmHg) 113§ 12 126 § 10 Y

Diastolic pressure (mmHg) 68 § 7 73 § 6
Heart rate (bpm) 75 § 9 67 § 10
Stroke volume (mL/beat) 81 § 8 90 § 12 Y

Cardiac output (L/min) 6.0§ 1.1 6.0 § 0.7
TPR (mmHg/L/min) 16.4 § 2.8 18.2 § 2.2
RPP (mmHg x bpm / 1000) 8.4§ 1.6 8.4 § 1.4
Cardiac power output (W) 1.1§ 0.3 1.2 § 0.2
Stroke work (mL / beat x mmHg) 6.6§ 1.1 8.2 § 1.2 Y

Autonomic Thermoeffectors
Fingertip SkBF (PU) 232§ 167 173 § 150
Fingertip CVC (PU/mmHg) 1.8§ 1.1 1.6 § 1.3
Forearm SkBF (PU) 28 § 19 31 § 8
Forearm CVC (PU/mmHg) 0.32 § 0.24 0.29 § 0.08
Chest sweat rate (mg/min/cm2) 0.05§ 0.02 0.06 § 0.02
Forearm sweat rate (mg/min/cm2) 0.06§ 0.01 0.07 § 0.01
Metabolic heat production (W/m2) 60 § 10 56 § 13
Perceptions
Thermal discomfort (a.u.) 1.1§ 0.2 1.2 § 0.4
Thermal sensation (a.u.) 3.9§ 0.4 3.7 § 0.4
Sweating (a.u.) 0.0§ 0.0 0.0 § 0.0
Shivering (a.u.) 0.2§ 0.4 0.0 § 0.0

Mean § SD, Younger: n D 12, ‘At Risk’: nD 6, Tbody1:1: mean body tempera-
ture with internal and mean skin temperatures weighted 1:1, Tbody3:1:
mean body temperature with internal and mean skin temperatures
weighted 3:1, Tbody9:1: mean body temperature with internal and mean
skin temperatures weighted 9:1, TPR: total peripheral resistance, RPP: rate
pressure product, SkBF: skin blood flow, CVC: cutaneous vascular conduc-
tance, Ydifferent from younger (P � 0.03)
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However, the time before behaving was longer W!C
compared to C!W in the ‘At Risk’ group (P D 0.02,
Table 3).

Body temperatures

The change in internal temperature was not different
between the Younger and ‘At Risk’ groups at C!W
(P D 0.11). Internal temperature changed to a greater
extent at W!C compared to C!W in the Younger
group (P D 0.02) such that the change in internal tem-
perature was greater in the Younger group compared
to the ‘At Risk’ group (P D 0.02, Fig. 2). Changes in
mean skin temperature and Tbody1:1 were not differ-
ent between groups at C!W or W!C (P � 0.38),
while the mean skin temperature and Tbody1:1 at the
decision to behave were higher at W!C compared to

Table 3. Thermal behavior characteristics and perceptual
responses.

Younger ‘At Risk’

C!W
Time before behaving (min) 9.8 § 4.3 8.4 § 2.8
Number of behaviors (#) 4 § 2 5 § 5
Thermal discomfort (a.u.) 2.0 § 0.2 2.2 § 0.6 Y

Thermal sensation (a.u.) 2.5 § 0.5 2.1 § 0.6
Sweating perception (a.u.) 0.0 § 0.1 0.0 § 0.0
Shivering perception (a.u.) 1.3 § 1.1 2.5 § 2.4
W! C
Time before behaving (min) 14.5 § 4.3 18.9§ 18.4 *

Number of behaviors (#) 4 § 2 4 § 2
Thermal discomfort (a.u.) 2.1 § 0.2 2.7 § 0.5 *

Thermal sensation (a.u.) 5.7 § 0.4 * 5.8 § 0.4 *

Sweating perception (a.u.) 1.2 § 1.1 * 0.9 § 0.9 *

Shivering perception (a.u.) 0.0 § 0.0 * 0.0 § 0.1 *

Mean § SD, Younger: n D 12, ‘At Risk’: n D 6, C!W: decision to move from
cool-to-warm, W!C: decision to move from warm-to-cool, Ydifferent from
younger (P < 0.01), �different from C!W (P � 0.02)

Figure 2. Changes (D) in intestinal, mean skin, and mean body temperatures upon the decision to move from cool-to-warm (C!W) and
from warm-to-cool (W!C) in younger adults (n D 12) and ‘at risk’ older adults (n D 6). Mean § SD, � different from C!W (P � 0.02), Y

different from younger (P D 0.02). Tbody1:1: mean body temperature with internal and mean skin temperatures weighted 1:1, Tbody3:1:
mean body temperature with internal and mean skin temperatures weighted 3:1, Tbody9:1: mean body temperature with internal and
mean skin temperatures weighted 9:1.
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C!W (P < 0.01). At C!W, changes in Tbody3:1 did
not differ between groups (P D 0.11, Fig. 2). However,
changes in Tbody9:1 differed between groups at W!C
(P D 0.04, Fig. 2).

Autonomic thermoeffector activation

The change in forearm and fingertip SkBF and CVC
did not differ between the Younger and ‘At Risk’
groups at C!W (P � 0.38, Fig. 3). The change in

Figure 3. Changes (D) in forearm and fingertip skin blood flow (SkBF) and cutaneous vascular conductance (CVC) upon the decision to
move from cool-to-warm (C!W) and from warm-to-cool (W!C) in younger adults (n D 12) and ‘at risk’ older adults (n D 6). Mean §
SD, � different from C!W (P < 0.01), Y different from younger (P � 0.04).

Figure 4. Changes (D) in metabolic heat production upon the decision to move from cool-to-warm (C!W), and chest and forearm
sweat rate upon the decision to move from warm-to-cool (W!C) in younger adults (n D 12) and ‘at risk’ older adults (n D 6). Mean §
SD, actual p-values are reported.
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forearm and fingertip SkBF and CVC at W!C was
greater than at C!W in both groups (P < 0.01).
The magnitude of increase in fingertip SkBF and
CVC was greater in the ‘At Risk’ compared to the
Younger group (P�0.04), but there were no differ-
ences between groups at the forearm location (P �
0.40, Fig. 3).

Changes in metabolic heat production at C!W
did not differ between the Younger and ‘At Risk’
groups (P D 0.18, Fig. 4). Changes in both chest (P D
0.058) and forearm (P D 0.055) sweat rate at W!C
were greater in the ‘At Risk’ group (Fig. 4).

Hemodynamic responses

The change in mean arterial pressure was not different
between groups at C!W (P D 0.35, Fig. 5). However,
the change in both systolic and diastolic pressure was
greater at C!W in the ‘At Risk’ group compared to
the Younger group (P � 0.05, Fig. 5). Mean arterial
pressure and systolic pressure were lower at W!C in
both groups (P < 0.01, Fig. 5), while diastolic pressure
at W!C only decreased in the ‘At Risk’ group (P <

0.01, Fig. 5). The magnitude of changes in mean arterial
pressure and systolic pressure at W!C were greater in
the ‘At Risk’ group compared to the Younger group
(P�0.03, Fig. 5). Changes in diastolic pressure at
W!C did not differ between groups (PD 0.29, Fig. 5).

Changes in heart rate (P D 0.82), cardiac output
(P D 0.12), and TPR (P D 0.51) were not different
between groups at C!W (Fig. 6). However, at C!W
the change in stroke volume differed between groups;
stroke volume increased in the ‘At Risk’ group and
decreased in the Younger group (P D 0.02, Fig. 6).
Heart rate was higher at W!C compared to C!W
in both groups (P < 0.01) and there were no differen-
ces between groups (P D 0.46, Fig. 6). The change in
stroke volume differed between C!W and W!C in
the ‘At Risk’ group (P D 0.05), but not in the Younger
group (P D 0.52, Fig. 6). However, the change in
stroke volume did not differ at W!C between groups
(P D 0.84, Fig. 6). The change in cardiac output dif-
fered between C!W and W!C in the Younger
group (P D 0.02), but not in the ‘At Risk’ group (P D
0.39, Fig. 6). However, the change in cardiac output
did not differ at W!C between groups (P D 0.45,
Fig. 6). TPR was lower at W!C compared to C!W
in both groups (P < 0.01) and there were no differen-
ces between groups (P D 0.13, Fig. 6).

The change in RPP at C!W did not differ between
groups (P D 0.11, Fig. 7). However, changes in cardiac
power output (P < 0.01) and stroke work (P < 0.01)
were greater in the ‘At Risk’ group compared to the

Figure 5. Changes (D) in mean arterial pressure, systolic pressure
and diastolic pressure upon the decision to move from cool-to-
warm (C!W) and from warm-to-cool (W!C) in younger adults
(n D 12) and ‘at risk’ older adults (n D 6). Mean § SD, � different
from C!W (P < 0.01), Y different from younger (P � 0.05).
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Younger group (Fig. 7). Change in RPP (P < 0.01),
cardiac power output (P < 0.01) and stroke work
(P < 0.01) differed between C!W and W!C in the
‘At Risk’ group, but not in the Younger group (P �
0.07, Fig. 7). While the change in RPP (P D 0.06) and
cardiac power output (P D 0.11) between groups at
W!C did not reach statistical significance, stroke
work decreased to a greater extent at W!C in the ‘At
Risk’ group compared to the Younger group (P <

0.01, Fig. 7).

Perceptual responses

Younger subjects felt slightly thermally uncomfortable
at both C!W and W!C (P D 0.64, Table 3). How-
ever, the ‘At Risk’ subjects were more thermally
uncomfortable at C!W (P D 0.02) and was more
uncomfortable at C!W compared to the Younger
group (P < 0.01, Table 3). Subjects felt cooler at
C!W compared to W!C (P < 0.01) and there were
no differences between groups (P D 0.49, Table 3). At
C!W subjects perceived to be very slightly shivering
and at W!C they perceived to be very slightly

sweating, with no differences between groups (P �
0.40, Table 3).

Discussion

In contrast to our first hypothesis, we observed no
differences in the time before initiating thermal
behavior (Table 3), the total number of behaviors
during the thermal behavioral assessment (Table 3),
or changes in Tbody1:1 (Fig. 2) between groups at
C!W or W!C. As a result, at C!W there was no
evidence for differential changes in SkBF/CVC
(Fig. 3) or metabolic rate (Fig. 4) between groups.
Interestingly, at W!C the ‘At Risk’ group exhibited
greater increases in fingertip SkBF (Fig. 3) and sweat
rate (Fig. 4) compared to the Younger group. In sup-
port of our second hypothesis, we observed greater
increases in systolic and diastolic pressure at C!W
and greater reductions in systolic, diastolic and mean
arterial pressure at W!C in the ‘At Risk’ group
(Fig. 5). These data obtained from a relative small
sample of ‘at risk’ older adults demonstrate that
utilization of thermal behavior in older adults with

Figure 6. Changes (D) in heart rate, stroke volume, cardiac output, and total peripheral resistance (TPR) upon the decision to move from
cool-to-warm (C!W) and from warm-to-cool (W!C) in younger adults (n D 12) and ‘at risk’ older adults (n D 6). Mean § SD, � differ-
ent from C!W (P � 0.05), Y different from younger (P � 0.02).
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cardiovascular co-morbidities does not likely prevent
hemodynamic changes that can challenge cardiovas-
cular function, despite that thermal behavior is gener-
ally not altered in this population.

Thermal behavior in older adults with
cardiovascular co-morbidities

Thermal behavior in healthy older adults is initiated
after greater changes in body temperature compared
to younger adults.22-26 In the present study, we found
no evidence that the utilization of thermal behavior
differed between ‘at risk’ older adults and young
healthy adults. Specifically, the time before initiating
thermal behavior and the total number of behaviors
during the 90-min thermal behavioral assessment did
not differ between groups (Table 3). Furthermore, the
magnitude of changes in mean skin temperature and
Tbody1:1 (i.e., the stimulus for behavioral thermoeffec-
tor activation37-39) did not differ between groups at
C!W or W!C (Fig. 2). Consistent with our previ-
ous data,18,20,21 however, we observed lower internal
temperatures at W!C compared to C!W in the
Younger group (Fig. 2). This is not likely to be causal
in the decision to behaviorally thermoregulate because
the direction of the changes are counter to that which
would be expected,18 but is probably a function of the
redistribution of blood flow in the body owing to
changes in mean skin temperature.56 Interestingly,
internal temperature did not differ between C!W or
W!C in the ‘At Risk’ group (Fig. 2). Because internal
temperature was elevated at C!W (Fig. 2), we do not
believe that these differences in internal temperature
contributed to the initiation of thermal behavior.
Rather, the observed changes in internal temperature
in the ‘At Risk’ group likely reflect an age and/or dis-
ease related attenuation in blood flow redistribution
during exposure to cool and warm environments.6

Tbody3:1 (i.e., the stimulus for autonomic thermoef-
fector activation in a cool environment42) upon the
initiation of thermal behavior did not differ between
groups (Fig. 2). Thus, it was not surprising that at
C!W changes in forearm or fingertip SkBF/CVC
(Fig. 3) and metabolic rate (Fig. 4) were not different
between the ‘At Risk’ and Younger groups. Interest-
ingly, despite that increases in forearm SkBF/CVC did
not differ between groups at W!C (Fig. 3), the ‘At
Risk’ group exhibited greater increases in fingertip
SkBF/CVC (Fig. 3) and sweat rate (Fig. 4) at W!C.
This is likely because of the greater thermal stimulus
at W!C in the ‘At Risk’ group, such that Tbody9:1
(i.e., the stimulus for autonomic thermoeffector acti-
vation in a warm environment41) was higher than in
the Younger group (Fig. 2). This finding might suggest

Figure 7. Changes (D) in rate pressure product (RPP), cardiac
power output, and stroke work upon the decision to move from
cool-to-warm (C!W) and from warm-to-cool (W!C) in younger
adults (n D 12) and ‘at risk’ older adults (n D 6). Mean § SD, �

different from C!W (P < 0.01), Y different from younger
(P < 0.01).
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differential control of thermal behavior in a warm
environment in ‘at risk’ older adults, compared to
their young, healthy counterparts.

In contrast to non-glabrous (i.e., hairy) skin, vaso-
constrictor responsiveness in glabrous (i.e., non-hairy)
skin is well maintained in older adults.57 Thus, it was
surprising that differences in SkBF/CVC at W!C
were observed in glabrous skin (i.e., fingertip) and not
non-glabrous skin (i.e., forearm) (Fig. 3). Glabrous
skin is innervated by only sympathetic vasoconstrictor
nerves.58 Therefore, the observation that fingertip
SkBF/CVC was higher at W!C in the ‘At Risk’ group
compared to the Younger group (Fig. 3), suggests that
for a given increase in body temperature ‘at risk’ older
adults exhibit a greater withdrawal of cutaneous vaso-
constrictor tone to this vascular bed. Notably, the role
that glabrous skin and the thermal status of the hands
and feet play in the initiation of thermal behavior is
largely unknown. However, we have previously identi-
fied that extremity (i.e., fingertip) temperatures,
and the thermal perceptions thereof, may contribute
to the decision to behaviorally thermoregulate.20

Unfortunately, in the current study extremity temper-
atures were not measured. However, it is likely that
fingertip skin temperature was higher at W!C in the
‘At Risk’ group given that a rise in SkBF promotes
increases in skin temperature.59 Thus, we speculate
that a greater change in extremity skin temperature
occurred prior to the initiation of thermal behavior in
the ‘At Risk’ group compared to the Younger group.
This speculation for a greater thermal stimulus prior
to W!C is supported by greater increases in Tbody9:1
and sweat rate at W!C in the ‘At Risk’ group
(Fig. 4). This is contrasted by data indicating that
young healthy adults utilize thermal behavior before
the activation of sweating.21 The increases in sweat
rate in the ‘At Risk’ group at W!C may reflect a reli-
ance upon the activation of sweating in the decision to
behaviorally thermoregulate. That is, thermal discom-
fort, and thus the decision to behaviorally thermoreg-
ulate,39 can be brought about or exacerbated by skin
wetness,60 which occurs subsequent to sweating.61

Thus, it is possible that the ‘At Risk’ group was using
the activation of sweating, and resulting perception of
skin wetness, in the decision to behaviorally thermo-
regulate. Unfortunately, however, we did not measure
skin wetness or wetness perception in the current
study. Nevertheless, it is clear that further research is
required to elucidate the signals underlying the

initiation of thermal behavior in a warm environment
in older adults with cardiovascular co-morbidities.

Hemodynamic responses upon the initiation
of thermal behavior in older adults with
cardiovascular co-morbidities

We have previously identified that the initiation of
thermal behavior in young healthy adults coincides
with elevations in blood pressure at C!W and reduc-
tions in blood pressure at W!C.20 This occurred
despite modest changes in body temperature and was
likely due to changes in vascular resistance occurring
largely because of changes in cutaneous vasomotor
tone.20,21 In the present study, thermal behavior was
initiated after relatively similar changes in body tem-
perature between groups (Fig. 2). However, we
observed greater relative hypertension at C!W and
relative hypotension at W!C in the ‘At Risk’ group
compared to the Younger group (Fig. 5). Such findings
at C!W were expected given that hypertensive older
adults demonstrate greater increases in blood pressure
for a given reduction in body temperature.10 However,
the greater hypotension in the ‘At Risk’ group at
W!C was somewhat unexpected given data indicat-
ing that blood pressure during heat exposure is main-
tained equally as well in healthy older and younger
adults.62 The reason for this observation is likely
related to age dependent delays in baroreflex respon-
siveness during baroreceptor unloading induced by
heat stress.63 Thus, we speculate that had the exposure
to the warm environment been more prolonged or
severe any differences between groups would have
been diminished. Admittedly, however, this specula-
tion ignores any impact of cardiovascular co-morbid-
ities and/or medications on baroreflex function during
heat exposure. Notably, while baroreflex function in
individuals with hypertension, type II diabetes and
hypercholesteremia are impaired,64-67 to our knowl-
edge, any such interactions during heat exposure are
unknown.

Our data indicate that ‘at risk’ older adults do not
likely utilize thermal behavior in such a manner that
protects them against temperature induced changes in
blood pressure. Such a finding suggests that during
thermal stress the utilization of behavioral strategies
to thermoregulate does not fully alleviate the risk of
cardiovascular events in older adults with cardiovascu-
lar co-morbidities, despite that they are medicated to
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alleviate this risk. This is indirectly reflected in our
indices of cardiac stress, which generally demon-
strated greater changes in myocardial oxygen demand
(RPP), left ventricular power (cardiac power output),
and left ventricular work (stroke work) in the ‘At Risk’
group compared to the Younger group upon the deci-
sion to behaviorally thermoregulate (Fig. 7). Particu-
larly striking are the differential increases in cardiac
stress at C!W (Fig. 7) because these changes can
readily challenge cardiovascular function.4 Impor-
tantly, at W!C it could be argued that the ‘At Risk’
group was better off than the Younger group, owing
to greater reductions in left ventricular work (stroke
work) (Fig. 7). That said, the ramifications of the
greater swings in hemodynamic and cardiac stress
indices observed in the ‘At Risk’ group between
C!W and W!C remains to be seen. Furthermore,
despite these observations, it is likely that the utiliza-
tion of thermal behavior successfully attenuates the
risk of cardiovascular events in ‘At Risk’ older adults
compared to if behavioral thermoregulation was not
employed. Although this is a logical conclusion, direct
evidence is required.

Given that there were no differences in TPR
(Fig. 6) or SkBF/CVC (Fig. 3) at C!W between
groups, the reasons underlying the differential changes
in blood pressure at C!W are unclear from the
present study. However, this may be due to subtle dif-
ferences in cardiac output that failed to reach statisti-
cal significance in the current study (P D 0.12) and/or
that there were differences in vascular resistance in
areas not assessed (e.g., in the viscera68). Furthermore,
despite no differences between groups regarding
changes in heart rate, cardiac output, and TPR at
C!W, the ‘At Risk’ group demonstrated increases in
stroke volume (Fig. 6). This finding is supported by
previous data indicating that during more severe cold
stress stroke volume is largely unchanged in healthy
young adults, but increases in older adults.8 The pres-
ent study extends these findings to indicate that the
modest thermal stress incurred prior to initiating
thermal behavior in a cool environment is sufficient
to evoke differential changes in stroke volume that are
not buffered by reductions in heart rate (Fig. 6). Col-
lectively, this contributed to the exacerbated increases
in stroke work at C!W (Fig. 7).

The reasons for the greater hypotension observed at
W!C in the ‘At Risk’ group are not likely due to dif-
ferential changes in cardiac output (Fig. 6), TPR

(Fig. 6), or forearm SkBF/CVC (Fig. 3). It is tempting
to suggest that the greater hypotension may be due to
greater increases in glabrous SkBF/CVC (Fig. 3). How-
ever, this is unlikely given that the modest increases in
body temperature at W!C would have only
increased glabrous skin blood flow in the hands and
feet by a combined »0.1 L/min,69 which comprises a
very small proportion of cardiac output (less than
»2%). Thus, it is likely that the greater hypotension
observed at W!C in the ‘At Risk’ group is due to the
aforementioned delays in baroreflex responsiveness
during baroreceptor unloading induced by heat
stress.63 However, direct evidence is required.

Considerations

There are a number of methodological considerations
that warrant attention. First, we included a relatively
low number of subjects in our ‘At Risk’ older group.
This may have limited our statistical power and chal-
lenged our ability to identify statistical significance in
some instances. In the interest of full disclosure,
therefore, we have presented our data as mean § SD
and have reported actual p-values throughout the
manuscript. We believe this best allows the reader to
independently interpret our data. Second, our ‘At
Risk’ group was relatively heterogeneous and medica-
tions were not withheld. This was done to improve
the external validity of the study. However, it should
be noted that the independent effect of the disease
process, in the absence of prescription medication,
on behavioral thermoregulation and associated
hemodynamic responses in older adults with cardio-
vascular co-morbidities remains unknown. Moreover,
further studies should aim to delineate the indepen-
dent impact of each cardiovascular co-morbidity
independently. Nevertheless, to our knowledge this is
the first study of its kind. Thus, this study should be
considered as a first step towards targeted studies
aiming to examine the independent and combined
effects of cardiovascular co-morbidities on thermo-
regulatory behavior and the cardiovascular conse-
quences in older adults. Third, we assumed that a
lack of change in dosage was indicative of a stable
disease state. This does not take into account compli-
ance with taking the prescription medications and we
do not have blood data to support if the drugs were
appropriate at controlling cholesterol and/or glucose
(e.g., HbA1c) levels. Fourth, the control group in the
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present study was comprised of young, healthy
adults. As a result, the independent contribution of
aging on the primary dependent variables in the pres-
ent study remains unknown. Fifth, Modelflow under-
estimates stroke volume during more severe whole-
body heat stress.70 The use of Modelflow in the pres-
ent study was deemed acceptable because there are
no other methods that can provide a beat-to-beat
measure of stroke volume and because it is unlikely
that moderate changes in skin temperature modify
aortic impedance and compliance, factors proposed
as the reason why Modelflow is inaccurate during
passive heat stress.70 Notably, however, whether this
holds true in older adults with cardiovascular co-
morbidities during thermal stress is unknown. Sixth,
because intestinal temperature is slower to change to
alterations in body heat loss or gain compared to
esophageal temperature,71 our measurement of intes-
tinal temperature may not have been sensitive
enough to detect small changes in body heat content
between groups. Thus, future studies should employ
the measurement of esophageal temperature. Finally,
given that the accuracy of mean skin temperature
measurements is generally improved as the number
of measurement locations increases,72,73 our 6 site
mean skin temperature measurement may not have
been as robust as the measurement of �10 sites.72

Perspectives

It is predicted that the frequency and severity of heat
events will increase in the coming decades, while peri-
odic cold events will persist.74 Cardiovascular health is
particularly susceptible to hot and cold ambient tem-
peratures.1 Such deleterious health outcomes have
been suggested to be driven by the cardiovascular
adjustments that occur secondary to changes in body
temperature.75,76 These adjustments can acutely
increase cardiovascular risk,4 particularly in popula-
tions with cardiovascular co-morbidities. The present
study demonstrates exaggerated hemodynamic adjust-
ments upon the initiation of thermoregulatory behav-
ior in older adults with cardiovascular co-morbidities.
These differential hemodynamic changes occurred
despite that thermal behavior was elicited by relatively
modest changes in body temperature that did not dif-
fer from young, healthy adults and that these ‘at risk’
older adults were appropriately medicated for their
conditions. These findings suggest that ‘at risk’ older

adults do not likely utilize thermal behavior in such a
manner that protects them against thermal induced
hemodynamic changes that can provoke cardiovascu-
lar events. However, it is likely that the utilization of
thermal behavior attenuates the risk of cardiovascular
events compared to if behavioral thermoregulation
was not employed and body temperatures deviated to
a greater extent.

Conclusions

The present study demonstrates that the initiation of
thermal behavior in older adults with cardiovascular
co-morbidities is preceded by exaggerated reductions
in blood pressure in a warm environment and
increases in blood pressure in a cool environment.
These divergent blood pressure responses generally
resulted in exacerbated changes in indices of cardiac
stress in these ‘at risk’ older adults. Notably, these
hemodynamic differences occurred despite that the
utilization of thermal behavior did not differ between
this population and healthy, younger adults. Collec-
tively, these findings suggest that the appropriate utili-
zation of thermal behavior in older adults with
cardiovascular co-morbidities does not protect them
against thermal induced hemodynamic changes that
can challenge cardiovascular function.

Abbreviations
D Change from baseline
C!W Decision to move from the cool to the

warm room
CVC Cutaneous vascular conductance
PU Perfusion units
RER Respiratory exchange ratio
RPP Rate pressure product
SkBF Skin blood flow
TPR Total peripheral resistance
Tbody1:1 mean body temperature with internal and

mean skin temperatures weighted 1:1
Tbody3:1 mean body temperature with internal and

mean skin temperatures weighted 3:1
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mean skin temperatures weighted 9:1
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