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Aging is known to influence the physiological control of the
thermoeffector responses (cutaneous vasodilation and
sweating) that facilitate heat dissipation during heat stress.
However, it was only recently that these maladaptations were
shown to translate to an attenuated capacity for whole-body
(i.e. over the entire body surface) heat dissipation during
exercise. Emerging evidence indicates that secondary factors
(e.g. cardiorespiratory fitness, chronic disease, among others)
may modify the impact of age on heat dissipation. Currently,
however, a focused overview on this topic is unavailable. The
purpose of this brief review was therefore to synthesize recent
research on the independent and interactive effects of age on
heat dissipation during exercise-heat stress and highlight areas
for further exploration.
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Introduction

Older adults are susceptible to heat-related illness and
other adverse health effects during heat stress [1-3] and
experience greater heat-induced reductions in exercise
tolerance compared to young individuals [4]. This is
likely due, in part, to impairments in the thermoeffector
responses (cutaneous vasodilation and sweating) that
facilitate heat dissipation [5°°]. While this risk is com-
pounded by elevated global temperatures and escalating
frequency and intensity of extreme heat events [6],
exercise is increasingly recommended as a means of
preventing the age-related decline in physiological func-
tion [7,8] and the number of older adults performing
physical activity in hot environments on a daily basis
(e.g. in occupational settings) is growing [9]. Classic

studies have demonstrated age-related maladaptations
in the physiological control of cutaneous vasodilation
and sweating. However, whether those impairments
influence the capacity for heat dissipation and the subse-
quent change in body heat storage is what will ultimately
define one’s risk of developing potentially dangerous
levels of hyperthermia during heat stress. Accordingly,
evaluating the independent bearing of age on heat dissi-
pation during exercise-heat stress is an on-going and
highly active field of study.

Recent work in this domain indicates that aging attenu-
ates heat dissipation in adults as young as 40-years of
age compared to their younger counterparts during
exercise-heat stress [10]. In more recent years, empha-
sis has been directed to understanding how secondary
factors known to independently modulate thermoeffec-
tor function (e.g. cardiorespiratory fitness, chronic dis-
ease) may modify the effect of age on heat dissipation
[11°°12,13,14°°]. Since aging is accompanied by
changes in those factors, such information is of critical
importance for understanding age-related changes in
thermoregulatory function. Currently, however, a
focused overview of those advancements is unavailable.
In this brief review, we therefore provide a summary of
contemporary studies on the independent effects of age
on heat dissipation during exercise-heat stress. We also
include an update of recent work uncovering interac-
tions between the effects of aging, cardiorespiratory
fitness and chronic disease (among other factors) on
heat dissipation, as well as highlight important areas for
future exploration.

Isolating the effect of age on heat dissipation
During exercise, heat dissipation is facilitated by eleva-
tions in skin blood flow and sweat secretion occurring in
response to increased deep-body (core) and peripheral
(skin, muscle) temperatures. Findings from many classic
studies indicate an altered relation (i.e. onset and ther-
mosensitivity; Figure 1a) between mean body tempera-
ture (weighted sum of body core and mean skin tem-
peratures) and the activation of these heat loss responses
with aging [5°°,15]. More recent studies in this domain
have focused on the mechanisms underpinning altered
modulation of thermoeffector responses in older adults.
This work has identified roles for microvascular and
autonomic dysfunction in attenuated vasomotor respon-
siveness, as recently reviewed in depth by Kenney [16]
and Greaney er al. [17], respectively, as well as altered
pre-synaptic and post-synaptic control of sweating as
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Increases in body temperature elicit neurally mediated elevations
in SkBF and SR to facilitate heat dissipation.

This relation can be modeled by its:

[1] Onset - body temperature threshold at which elevations in SkBF/SR
first occur. Changes in its value are thought to represent altered central
modulation of thermoreffector function.

[2] Thermosensitivity - linear relation between SkBF/SR and further

increases in body temperature. Changes in its value are thought to
represent altered peripheral modulation of thermoreffector function.

[3] Plateau - no further increases in SKBF/SR occur despite continued
elevations in body temperature. Corresponds to the physiological
capacity for heat dissipation.

*Note that two individuals can have different onsets/thermosensitivities
but similar plateaus (blue dashes) and vice-versa (red dashes).

Thermoregulatory control is also dependent on passive (physical)
heat exchange, which is determined by T, and M-W.

The passive system (coloured lines) describes physical heat transfer
between the environment and the body, where a higher rate of heat
dissipation is associated with a lower body temperature. Increases in T,
and/or M-W shift this relation up and to the right.

The interaction between passive (physical) and active (physiological) heat
exchange therefore determines steady state rate of heat dissipation (H4
and H,) and corresponding body temperatures (T, and T,) during
compensable exercise.

The combined influence of T, and M-W determines HLg,, and the
rate of heat dissipation achieved in compensable conditions will

be directly related to this value.

In this way, the effect of a given inter-individual factor on

thermoregulatory function can be achieved by comparing

thermoreffector function (i.e., SkBF/SR) or body temperature responses

(i.e., mean body or core temperature) between groups performing

exercise at a fixed HLgg.

When evaluating the effect of a given factor during exercise, heat
dissipation should be assessed through a range of HLg,to determine

the threshold at which altered heat dissipation is observed.

For example, despite differences in active control of SkBF/SR between
groups (blue and red lines in panel A), alterations in heat dissipation are
not observed at low or moderate HLpe,. At high HLge, however,
differences in the capacity for heat dissipation become apparent.
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Schematic illustration of the integrated thermoregulatory control during exercise. Relation between active physiological control of skin blood flow
and sweating (Panel (a)) and passive (physical) heat exchange with the environment (Panel (b); redrawn in part from Gisolfi et al. [50]) determines
required heat dissipation and prevailing body temperature. Exercise bouts of increasing requirements for heat dissipation to achieve heat balance
(HLReg) can be used to assess the effect of a given factor on the capacity for heat dissipation (Panel (c)). SkBF, skin blood flow; SR, sweat rate;

Ta, ambient temperature; M-W, metabolic heat production.

highlighted by Shibasaki ¢z /. [15]. For example, cle-
vated arginase activity and depletion of essential cofac-
tors have been shown to contribute to attenuated nitric
oxide-dependent cutaneous vasodilation in older adults
during whole-body heating [18].

While that research has been instrumental to our under-
standing of the relation between age and declining

thermoeffector function, it does not allow for isolation
of the full effect of age on heat dissipation. Studies
imposing encapsulated heat stress (e.g. with a water
perfused suit) provide valuable information regarding
differences in open-loop control of skin blood flow and
sweating between young and older adults but little insight
into the effect of age on heat dissipation during exercise
(Figure 1a). Even when exercise models are employed,
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Whole-body heat dissipation measured at the end of three 30 min exercise bouts at low (~410 W), moderate (~520 W) and high (~620 W) requirements for
heat loss (HLgeg). Data reported for young (blue symbols; VOppear: 50ml kg~ "min~") and older (red symbols; VOzpear: 38 ml kg~ " min~") as well as endurance-
exercise trained (MA-T, green symbols; VOppear: 51 ml kg~ " min~") and untrained (MA-UT, yellow symbols; VOopeax: 37 ml kg~ " min~"). *, Difference in versus
young; T, versus middle-aged trained; P < 0.05. Redrawn from Stapleton et al. with permission from the authors [11°°].

thermoeffector responses are often assessed between
groups exercising at a fixed percentage of peak aerobic
power (VOzpeak), Which can lead to differences in meta-
bolic heat production (due to different absolute work
rates) and thereby passive (physical) heat exchange
(Figure 1b).

For those reasons, contemporary studies have evaluated
the effect of aging (among other factors) by matching
groups for the relative stimulus for heat dissipation, or
requirement for heat loss (HLgq), which is determined
by the heat load generated by exercise (metabolic) as well
as the convective, radiative and conductive heat gained
from the environment when exercise is performed in hot
ambient conditions [19°,20,21]. HLR.q represents the
balancing point between heat dissipation facilitated by
increases In cutancous vasodilation and sweating
(Figure 1a) and heat exchange occurring passively (phys-
ical) with the surrounding environment (Figure 1b). This
model therefore allows for assessment of negative feed-
back control of heat dissipation and mean body tempera-
ture. As illustrated in Figure 1a (blue dashes), the effect of
a given factor, age or otherwise, on the relation between
body temperature and the activation of effector responses
does not necessarily reflect a reduction in heat loss
capacity. Heat dissipation is therefore best assessed
through a range of exercise-HLgp.q to determine the
threshold at which between-group differences occur
(Figure 1c); a model akin to using an incremental exercise
protocol to evaluate VO;peak.

Original investigations matching HLg., between age
groups during exercise (by prescribing a fixed rate of
metabolic heat production) reported attenuated whole-
body heat dissipation in adults as young as 40 years of
age relative to younger individuals [10,22-25]. However,

because those studies employed a single exercise-HLgcq,
the threshold at which age-related attenuations in thermo-
effector function occurred could not be determined. This
issue was addressed by Stapleton ¢7 @/., who, employing an
incremental-HLgcq protocol, demonstrated that heat dis-
sipation was similar between older and younger men [11°°]
and women [26] during light exercise but attenuated in
older adults at moderate and high exercise-HLg.4 by ~25
and ~30—40 W m %, respectively (Figure 2). Moreover, in
the largest study to date (# = 87 healthy adults aged 20-70
years), McGinn e a/. [27] showed that increasing age dis-
playsasignificant negative association with heat dissipation
during exercise at a moderate HLge, (~200W m_z),
amounting to a ~4% reduction in heat dissipation per
decade (Figure 3). Importantly, in those studies heat dissi-
pation was most often assessed in healthy young and older
participants who were homogeneous for secondary factors
known to influence thermoregulatory function (e.g. sex,
body morphology, cardiorespiratory fitness), indicating that
the attenuation in heat dissipation observed in older versus
younger adults is independently related to both HL i, and
age. Finally, it should be noted that the effect of aging on
heat dissipation is mediated primarily via attenuated sweat
output, which reduces evaporative heat loss [10,11°°,22—
26], the major pathway for heat dissipation during exercise
[19°,20,21]. That said, age-related alterations in dry heat
exchange (i.e. conductive, convective and radiative heat
exchange) have also been observed [22,28].

Emerging interactions

When assessed in heterogeneous groups of participants, a
large portion of the inter-individual variation (23-100%)
in thermoregulatory responses (e.g. heat dissipation, body
core temperature, local sweat rate) during exercise at a
fixed HL,., remains unexplained by the independent
effects of factors known to modulate thermoeffector
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Progressive reductions in whole-body heat loss with increasing age.
Whole-body heat dissipation during exercise at a fixed requirement for
heat loss of ~200Wm~2, presented as a simple linear regression (top
panel) and subgroup analysis (bottom panel). *, Difference versus
young; P <0.05, Redrawn from McGinn et al. with permission from the
authors [27].

function [29]. This raises the possibility that interactions
between those factors may contribute greatly to individ-
ual differences in heat dissipation [29]. Aging is accom-
panied by a host of physiological and physical changes,
including morphological changes (e.g. weight, lean mass,
adiposity), reductions in cardiorespiratory fitness and the
development of chronic disease. Appropriately, recent
studies have been directed toward evaluating age-related
alterations in heat dissipation in the context of those
factors. The following sections will focus primarily on
the physiological interactions.

Cardiorespiratory fitness

Since VOppcqi declines naturally with age [7,8] and ele-
vated cardiorespiratory fitness has been linked with aug-
mented skin blood flow and sweating in older adults

during heat stress [15], Stapleton ez a/. [11°°] evaluated
the interaction between age and cardiorespiratory fitness
on heat dissipation (Figure 2). While heat dissipation was
reduced in both non-endurance trained older (~65 years-
old) and middle-aged (~48 years-old) men compared to
their younger counterparts (~21 years-old) at exercise-
HLRgeq > 260 W m ™2, heat loss was maintained at a level
similar to the young in endurance-trained middle-aged
men (~49 years-old). This effect is likely associated with
improved cardiorespiratory fitness per se [30], rather than
the thermoregulatory adaptation associated with regular
physical activity [31], although this has not been directly
confirmed in older adults. Regardless, endurance-training
appears to attenuate age-related reductions in the physi-
ological capacity for heat dissipation; a notion consistent
with current consensus regarding the importance of reg-
ular physical activity to the preservation of physiological
function [7,8].

Chronic disease

Aging is also accompanied by the development of chronic
health conditions that can increase the risk of heat-related
morbidity/mortality [1,32]. Recent studies have therefore
sought to assess the effect of those conditions on thermo-
regulatory function in older adults and their outcomes
suggest that specific conditions may exacerbate age-
related impairments in heat dissipation during exercise.

The effect of heart failure on thermoregulatory function
during heat stress has received much attention in recent
years [33]. While heart failure has been associated with
attenuated skin blood flow during passive heating [34-
36], alterations in sweating have been less consistently
observed [34,35]. In line with those findings, Balmain
et al. [12] demonstrated reduced cutaneous vasodilation in
heart failure patients (~60 years-old) compared to age-
matched controls during relative intensity-matched exer-
cise (60%VOzpear) in a warm environment (30°C). How-
ever, the sweating response did not appear altered and
core temperature was not different between groups. Sim-
ilarly, Benda ez a/. [14°°] reported comparable elevations
in core temperature between patients with heart failure
(~65 years-old) and healthy controls during exercise at
65%VO;peak in temperate conditions (22°C). Since exer-
cise was prescribed as a relative intensity, HLr.q was
lower in the heart failure group in both studies [12,14°°].
The similar core temperature responses may therefore
indicate a heart failure-related impairment in heat dissi-
pation, though this remains to be confirmed (see future
directions section below). Furthermore, thermoregulatory
responses have solely been evaluated in individuals with
reduced ejection fraction (systolic heart failure) [12,14°°],
which potentially explains the consistent observations of
reduced skin blood flow [12,34-36]. However, ~50% of
heart failure diagnoses are characterized by preserved
ejection fraction (diastolic heart failure) [37]. Whether
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those individuals also exhibit altered thermoregulatory
function remains to be determined.

Typically affecting adults >54 years of age [38], type
2 diabetes mellitus is associated with reduced microvas-
cular responsiveness to local skin heating [39] and phar-
macological stimulation [40] as well as attenuated sweat-
ing during passive exposure to a hot (39°C) environment
[41]. In the context of exercise, those functional reduc-
tions translate to attenuated heat dissipation, as reported
by Kenny ez /. [13] who observed impaired whole-body
heat loss in individuals with type 2 diabetes (~55 years-
old) exercising at an HLg¢q of ~160 W m~2, when com-
pared to age-matched controls without the disease. It is
important to consider, however, that heat dissipation was
studied in individuals with well controlled diabetes (Hae-
moglobin A, of ~7.3%) and no diagnosed peripheral
neuropathy. It is therefore likely that diabetes-related
impairments in heat dissipation are exacerbated in indi-
viduals with less well controlled type 2 diabetes and/or
advanced peripheral neuropathy, especially considering
reduced sweat rate to pharmacological stimulation is used
to screen for diabetic peripheral neuropathy [42].

Future directions

While we have begun to uncover interactions between
age and other inter-individual (i.e. factors that differ
primarily between individuals) physiological modulators
of heat dissipation, more thorough investigation into their
interplay is needed, especially in light of the potentially
interactive effects of these factors on heat dissipation
among individuals with heterogeneous characteristics
[29]. For example, the capacity for heat dissipation is
reduced in young women versus men during exercise at
high HLRcq (~300W m™2) [43]; however, while age-
related impairments in heat loss have been demonstrated
in both men [11°°] and women [26], it is currently
unknown if the magnitude of that impairment differs
between sexes. Likewise, the interaction between age
and intra-individual modulators (i.e. factors modifiable
within individuals over relatively short periods) of heat
loss such as heat acclimation/acclimatization and hydra-
tion state should be explored. In fact, the latter has been
recently shown to exert differential influence on thermo-
regulatory function between young and middle-aged men
[28].

Recent work indicates that common chronic diseases (i.e.
heart failure, type 2 diabetes) may exacerbate age-related
impairments in thermoreffector function and/or body
temperature regulation during exercise-heat stress
[12,13,14°°]. In those studies, however, responses were
evaluated during exercise at a single HLg.q or matched
for relative exercise intensity thereby prohibiting evalua-
tion of the full extent to which these conditions impact
thermoregulatory function (Figure 1c). While the similar
core temperatures observed between heart failure

patients and healthy controls by Balmain e /. [12] and
Benda ¢z a/. [14°°] may be related to a reduced physiolog-
ical capacity for heat dissipation (e.g. red dashes in
Figure 1a), they may just as easily stem from an altered
relation between thermoreffector function and mean
body temperature (e.g. blue dashes in Figure 1a). As
discussed, those studies also only evaluated specific sub-
populations of individuals with the disease in question (e.
g. individuals with reduced ejection faction or individuals
without diabetic peripheral neuropathy). Additionally,
there are multiple other prevalent health conditions
including obesity [44,45] and hypertension [46] that
can effect thermoregulatory function. However, their
influence on heat dissipation during exercise and poten-
tial interactions with age remain uncertain. Delineation of
the interactive effects of age and common chronic dis-
eases on whole-body heat dissipation (and the associated
mechanisms) represents an important avenue for further
exploration, especially given that not only do these con-
ditions elevate the risk of adverse health effects during
heat stress [1,32] but in many cases exercise is an impor-
tant adjunct to their management [1,8,47].

Finally, given the small number of studies on this topic, it
remains uncertain whether the effects observed in spe-
cific exercise and environmental conditions translate into
other conditions. This is important, as it is known that
one’s physiological response to a fixed HL,., can differ
depending on the relative contribution of metabolic and
environmental heat load [21]. As discussed, the majority
of studies have shown that aging reduces the capacity for
evaporative heat dissipation [10,11°%,22-26], which is the
primary mechanism of heat loss during exercise, espe-
cially in the heat [19°,20,21]. However, it is currently
unclear whether the magnitude of those age-related
impairments is similar during exercise in temperate con-
ditions, wherein the skin-environment temperature gra-
dient allows convective and radiative heat loss [19°,20,21].
This may also complicate the evaluation of secondary
factors, such as heart failure, which primarily influence
skin blood flow [34-36] and may therefore have greater
thermoregulatory implications in temperate environ-
ments. Indeed, a recent example of the differential effect
of the ambient environment on heat dissipation between
young and older adults can be found in a study by Gagnon
et al. [48°,49], who observed electric fan use (increased air
velocity) exacerbated hyperthermia in older (~68 years-
old) but not younger (~26 years-old) men in response to
progressive elevations in ambient humidity while resting
in a hot environment (42°C). Presumably, these findings
stem from an elevated convective heat gain that was
offset by improved sweat evaporation in the young but
not older adults.

Conclusions
Recent years have brought considerable advances in our
understanding of the isolated influence of age on whole-body
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heat dissipation during exercise-heat stress, while uncovering
exciting new interactions between aging and other individual
factors (e.g. cardiorespiratory fitness, chronic disease). None-
theless, our understanding of these interrelations remains
incomplete. Future work is therefore required to delineate
the independent and interactive effects of factors influencing
heat dissipation and the development of hyperthermia during
exercise in the heat in the context of aging.
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