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A B S T R A C T   

More frequent and intense periods of extreme heat (heatwaves) represent the most direct challenge to human 
health posed by climate change. Older adults are particularly vulnerable, especially those with common age- 
associated chronic health conditions (e.g., cardiovascular disease, hypertension, obesity, type 2 diabetes, chronic 
kidney disease). In parallel, the global population is aging and age-associated disease rates are on the rise. 
Impairments in the physiological responses tasked with maintaining homeostasis during heat exposure have long 
been thought to contribute to increased risk of health disorders in older adults during heatwaves. As such, a 
comprehensive overview of the provisional links between age-related physiological dysfunction and elevated 
risk of heat-related injury in older adults would be of great value to healthcare officials and policy makers 
concerned with protecting heat-vulnerable sectors of the population from the adverse health impacts of heat
waves. In this narrative review, we therefore summarize our current understanding of the physiological me
chanisms by which aging impairs the regulation of body temperature, hemodynamic stability and hydration 
status. We then examine how these impairments may contribute to acute pathophysiological events common 
during heatwaves (e.g., heatstroke, major adverse cardiovascular events, acute kidney injury) and discuss how 
age-associated chronic health conditions may exacerbate those impairments. Finally, we briefly consider the 
importance of physiological research in the development of climate-health programs aimed at protecting heat- 
vulnerable individuals.   

1. Introduction 

The most direct threat to human health posed by climate change is 
heat stress stemming from global increases in the frequency, intensity, 
and duration of extreme heat events (heatwaves) (Haines and Ebi, 
2019; Watts et al., 2019). Heatwaves are accompanied by elevated 
morbidity and mortality in vulnerable sectors of the population due to 
multiple acute pathophysiological conditions (e.g., heatstroke, adverse 
cardiovascular events, kidney injury) (Semenza et al., 1999, 1996; 
Huang et al., 2012; Vaidyanathan et al., 2019). Older adults are among 
the most at risk, especially those with age-associated chronic conditions 
linked with heat-vulnerability (e.g., cardiovascular disease, type 2 
diabetes, obesity) (Bouchama et al., 2007; Kenny et al., 2010; Semenza 
et al., 1999; Vandentorren et al., 2006). The global population is aging 

and the prevalence of age-associated disease is on the rise (Suzman 
et al., 2015). Coupled with more frequent and intense heatwaves, this 
means that a growing number of vulnerable older adults are at in
creasing risk of heat-related illness and injury. To this end, the World 
Health Organization has projected that annual heat-related deaths in 
individuals aged ≥65 years will increase by as much as 250,000 by 
mid-century, unless rapid progress toward climate adaptation is made 
(World Health Organization, 2014). 

Improving climate resiliency and reducing heat-related burden ne
cessitates the development of appropriate public health programs (e.g., 
heat warnings, heat-health action plans) and training of healthcare 
providers to better recognize, manage, and communicate the health 
impacts of extreme heat (Haines and Ebi, 2019; Mayrhuber et al., 
2018). A critical step in realizing these goals is the identification and 
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characterization of factors associated with heat-vulnerability (Frumkin 
et al., 2015). It is widely appreciated that impaired physiological re
sponses to heat exposure contribute to reduced thermotolerance in 
older adults, especially those with common age-associated chronic 
conditions (Flynn et al., 2005; Haines and Ebi, 2019; Kenney et al., 
2014; Kenny et al., 2010). It is also likely not a coincidence that the 
organ systems tasked with maintaining homeostasis during heat stress 
often exhibit the greatest strain or injury (Flynn et al., 2005; Kenney 
et al., 2014). A more complete understanding of the physiological basis 
of heat vulnerability would therefore aid healthcare officials and policy 
makers concerned with protecting vulnerable sectors of the population 
from the adverse health impacts of extreme heat. 

Here, we provide a comprehensive overview of the mechanisms by 
which aging impairs the acute physiological response to heat stress, 
highlighting dysregulation in the physiological systems responsible for 
maintaining body temperature and haemodynamic stability. We then 
examine how these impairments may contribute to acute heat-related 
injury and impact pre-existing chronic health conditions. Finally, we 
briefly consider the emerging role of physiological research in addres
sing climate-related health challenges. 

2. Aging and the integrated physiological response to heat 
exposure 

Heat-vulnerability is influenced by advanced age more than any 
other non-modifiable risk factor (Haines and Ebi, 2019; Mayrhuber 
et al., 2018; Watts et al., 2019). For instance, during the European 
heatwave of 2003 (∼70,000 heat-attributable deaths), mortality in 
France increased by 40–100% in older adults (≥65 years), with rela
tively modest elevations in middle-aged adults (35–64 years; 
∼20–30%) and little change in the young (< 35 years) (Fouillet et al., 
2006; Robine et al., 2008). As previously reviewed, in brief, by Kenny 
et al. (2010) and Kenney et al. (2014), impaired regulation of body 
temperature and haemodynamic stability (maintenance of arterial 
blood pressure and end-organ perfusion) are thought to contribute to 
the development of heat-vulnerability with aging. In this section we 
discuss the physiological mechanisms supporting homeostasis during 
heat exposure (Fig. 1) and how they are impacted by aging independent 
of the development of overt chronic health conditions (hereafter re
ferred to as healthy aging) (Fig. 2). Older adults are considered as in
dividuals over the age of 65 years (Suzman et al., 2015), with middle- 
age encompassing those aged 35–64 years. It should be noted, however, 
that the physiological alterations associated with aging and, by exten
sion, heat vulnerability are progressive and complex and strongly re
lated to genetic and lifestyle factors. 

2.1. Body temperature regulation 

To maintain a stable internal environment conducive to health, 
humans strive to regulate body temperature within a narrow range 
(∼36.5–37.0°C). This requires a fine balance between endogenous heat 
produced as a by-product of metabolism and the dry (convection, ra
diation, conduction) and evaporative heat exchanges between the in
dividual and surrounding environment. Those heat exchanges occur 
according to thermal- and water-pressure gradients between the skin 
and the environment, which can be modified by behavioral and auto
nomic thermoeffector responses. The most powerful thermoeffectors 
are of behavioral origin (Flouris and Schlader, 2015). Moving to a 
cooler location and use of air-conditioning, for example, have been 
linked to lower morbidity and mortality during heatwaves (Bouchama 
et al., 2007; Kenny et al., 2010; Mayrhuber et al., 2018; Semenza et al., 
1999). However, some older adults may be unable to modify their be
havior due to impaired functional and cognitive capacity and/or ability 
to sense their own thermal state (Guergova and Dufour, 2011; Matthies 
et al., 2008). In other cases, elderly adults are unwilling or unable to 
employ simple measures such as opening windows due to costs, 

ambient noise and pollution, or fear of crime (Klinenberg, 2015). These 
individuals must rely more heavily on the autonomic regulation of body 
temperature, which will be the primary focus of this review. 

Upon exposure to a hot environment, dry heat gain will initially 
exceed the rate of heat loss, causing an increase in body heat storage 
that is further augmented by any elevations in heat production from 
physical activity (Kenny and Jay, 2013). The resultant rise in body 
temperature is sensed by thermoreceptors located primarily in the 
central nervous system and skin (Hensel, 1974). Feedback from these 
receptors is integrated in the preoptic anterior hypothalamus (Boulant, 
1981), which triggers thermoeffector mechanisms to restore a balance 
between heat gain and loss to prevent continued rises in body tem
perature (Kenny and Jay, 2013). Sympathetically-driven cutaneous 
vasodilation and eccrine sweating comprise the primary autonomic 
thermoreffector responses to heat stress. Cutaneous vasodilation facil
itates blood flow and convective heat delivery to the skin. The resultant 
increase in skin temperature augments dry heat loss in temperate en
vironments by widening the skin-environment thermal gradient and 
buffers dry heat gain in hotter conditions (Kenny and Jay, 2013). Si
multaneously, blood-borne heat is released through the evaporation of 
sweat secreted by the 2–3 million eccrine sweat glands distributed 
across the skin surface (Taylor and Machado-Moreira, 2013). Sweat 
evaporation provides the greatest capacity for heat dissipation and is 
the primary avenue of heat loss during exposure to hot, dry environ
ments (Kenny and Jay, 2013). This is because evaporative heat loss 
occurs independent of environmental temperature along the skin-en
vironment water-vapour gradient. However, this also means that in
creased ambient humidity reduces evaporative heat loss (Chen et al., 
2019). 

In instances where heat loss is sufficient to offset heat gain (com
pensable conditions), the rate of body heat storage will return to zero 
and core temperature will stabilize, albeit, at an elevated level (Fig. 3). 
By contrast, hotter and more humid conditions can cause the rate of 
evaporative heat loss required to attain heat balance to exceed the 
maximal heat loss permitted by the environment (Kenny and Jay, 
2013). In such conditions, termed uncompensable, continued exposure 
will cause a progressive rise in body temperature that can compromise 
health if left unchecked. 

2.2. Thermoregulation in older adults 

Recent years have seen marked advances in our understanding of 
age-related impairments in thermoregulatory function (Kenney, 2017; 
Meade et al., 2019c). Early investigations in this domain led to the 
belief that aging is associated with increased skin blood flow during 
heat stress (Hellon and Lind, 1956, 1958). However, following seminal 
work by Kenney (1988), who demonstrated blunted elevations in 
forearm blood flow with increasing body temperature in middle-aged- 
to-older (55–68 years-old) compared to young men (19–30 years-old) 
during exercise, studies have consistently demonstrated impaired vas
cular responses to heat stress in middle-aged and older adults (Kenney, 
2017). This impairment is primarily owed to attenuated nitric-oxide 
(NO)-dependent vasodilation secondary to reductions in NO bioa
vailbility resulting from elevated reactive oxygen species (ROS) and 
arginase activity (Holowatz et al., 2006; Meade et al., 2019a). Also 
contributing to compromised skin blood flow in heat-stressed older 
adults is blunted autonomic control of the cutaneous circulation 
(Greaney et al., 2016) and reduced cardiac reserve (Kenney et al., 
2014). 

Aging is also associated with reductions in sweat production. While 
the number of sweat glands responsive to thermal stimuli is unaffected 
by aging (Inoue et al., 1991), the output from each gland for a given 
change in body temperature or in response to pharmacological stimuli 
is attenuated (Inoue et al., 1999b; Kenney and Fowler, 1988). A re
duced contribution of NO (Meade et al., 2019a) and altered sweat gland 
potassium channel function (McGarr et al., 2019) have been shown to 
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Fig. 1. A schematic summary of the integrated physiological responses tasked with maintaining homeostasis during extreme heat exposure. The green, red and blue 
boxes denote the thermoregulatory, cardiovascular and fluid regulatory systems, respectively. These broad classifications reflect the discussion of these systems in the 
main text. Positive associations (e.g., increase in one factor elicits an increase in the of the downstream factor) are denoted by the solid arrows. Negative associations 
(e.g., increase in one factor elicits a decrease in the downstream factor) are denoted by the dashed arrows. Abbreviations: BV, blood volume; SkBF, skin blood flow; 
AVP, arginine vasopressin; ANG-II, angiotensin II; ALDO, aldosterone). (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 

Fig. 2. A Venn diagram summarizing the age-related impairments in the integrated physiological responses to heat stress thought to contribute to the increased risk 
of acute adverse health events in older relative to young adults during heatwaves (see main text for details). 
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contribute. The net effect is a reduction in whole-body sweat rate, 
limiting the potential for evaporative heat loss (Meade et al., 2019c). 

As a result of these alterations, activation of cutaneous vasodilation 
and sweating with increasing body temperature is blunted with aging 
(Kenney and Munce, 2003; Shibasaki et al., 2013). Consequently, stu
dies have generally reported greater elevations in body heat storage and 
core temperature in older compared to younger adults during en
vironmental heat exposure (Table 1). For example, Kenny et al. (2017) 
observed ∼80% greater heat storage (equivalent to a ∼0.5°C greater 
elevation in mean body temperature) in middle-aged-to-older 
(55–73 years-old) compared to young adults (18–28 years-old) during 
3-hours of resting heat exposure. More importantly, the latter group did 
not achieve heat balance. Based on this, the authors postulated that 
continual increases in heat storage and body temperature would have 
occurred, reaching potentially dangerous levels if exposure duration 
was extended (Kenny et al., 2017). That said, it is important to note, 
that most studies that have evaluated the effect of age on physiological 
responses to environmental heat exposure have employed extreme 
ambient conditions (Table 1) that likely do not represent those ex
perienced during heatwaves. Whether older adults experience pro
gressive increases in heat storage and body temperature during heat
waves remains to be evaluated; though, this hypothesis is supported by 
preliminary data from our laboratory (Fig. 3). 

2.3. Haemodynamic regulation 

During heat stress, profound cardiovascular adjustments act to 
support body temperature regulation and maintain haemodynamics. In 
young adults, cutaneous vasodilation can elevate skin perfusion from 
∼0.3 L/min at rest to ∼6–7 L/min during extreme heat stress (Minson 
et al., 1998). To compensate for the resultant fall in peripheral re
sistance, cardiac output increases by up to 7 L/min, primarily through 
elevations in heart rate (Rowell et al., 1969). Stroke volume is 

maintained (or slightly elevated), despite falling central venous pres
sure and cardiac preload, via increased myocardial contractility 
(Bundgaard-Nielsen et al., 2010). Concurrent vasoconstriction of the 
splanchnic and renal vascular beds facilitates re-distribution of blood to 
central and cutaneous regions (Chapman et al., 2019; Minson et al., 
1998). These alterations are coordinated by sympathetic activation in 
proportion to the magnitude of heat stress (Gagnon et al., 2015; Rowell, 
1990) and, in young adults, are typically sufficient to maintain cuta
neous perfusion and arterial pressure (Crandall and Wilson, 2015). 

2.4. Aging and haemodynamic regulation during heat stress 

Compared to their younger counterparts, older individuals exhibit 
smaller increases in cardiac output during heat stress, limiting eleva
tions in skin blood flow (Minson et al., 1998). There are several putative 
contributing mechanisms: endothelial dysfunction, central artery stif
fening, reductions in cardiac reserve, and blunted autonomic function. 
Regarding the former, aging is associated with diffuse endothelial 
vascular dysfunction. This is due, primarily, to systemic reductions in 
NO bioavailability that impair vasodilation of the cutaneous micro
vasculature (Kenney, 2017) and the upstream peripheral arteries 
(Celermajer et al., 1994). Reduced endothelium-dependent vasodilation 
along with other structural (e.g., vessel fibrosis) and functional (e.g., 
altered autocrine and paracrine signaling) changes contribute to in
creasing stiffness of the central and conduit vessels (Chirinos et al., 
2019; Zieman et al., 2005). Central arteries stiffen with aging (Mitchell 
et al., 2004) and the associated loss of vessel elasticity results in a 
widening of the arterial pulse pressure and increasing variability in the 
rate of forward flow (Hashimoto and Ito, 2010). This mechanism is 
likely involved in the reduced ability of the systemic circulation to re
spond to heat exposure, given that indices of arterial stiffness in older 
adults are not altered by acute heat stress (Schlader et al., 2019b), 
though future research is required to confirm this hypothesis. 

Age-related central cardiac dysfunction also contributes to the in
adequate cardiovascular responses to heat exposure. Elevations in 
cardiac output during heat stress are blunted in older adults (Minson 
et al., 1998), likely due to attenuated beta-adrenergic responsiveness 
and altered cardiac mechanics (Spina et al., 1998), which limit maximal 
cardiac output (Fleg et al., 1995). Further, stroke volume is reduced for 
a given left ventricular filling pressure in non-heat stressed (Arbab- 
Zadeh et al., 2004) and heat stressed conditions (Minson et al., 1998). 
While the stroke volume response to whole-body heating does not ap
pear altered by aging, older adults exhibit lesser elevations in heart 
rate, contributing to the attenuated increases in cardiac output (Gagnon 
et al., 2016). Age-related reductions in maximal heart rate also mean 
that older adults rely more heavily on a limited heart rate reserve to 
facilitate cardiac adjustments during hyperthermia (Kenney et al., 
2014). 

Finally, aging is associated with impaired autonomic regulation of 
blood pressure (e.g., baroreflex sensitivity) (Monahan, 2007), which 
may further compromise the systemic cardiovascular response and 
maintenance of blood pressure during heat stress (Engelland et al., 
2020; Schlader et al., 2016). Relatedly, older adults exhibit lesser re
ductions in renal and splanchnic blood flow during whole-body heating 
due to impaired sympathetic vasoconstrictor responses in these vascular 
beds (Minson et al., 1998). As such, they are less able to redistribute 
blood from the peripheral to central vascular beds to support elevated 
circulatory demands. It should be noted, however, that as with previous 
work detailing the effect of age on thermoregulatory responses, the 
hemodynamic adjustments to heat stress in young and older adults have 
been delineated primarily during conditions with low ecological va
lidity (e.g., encapsulated, water-perfused suit). Consequently, further 
work is required to assess the extent to which the above highlighted 
age-related differences translate to conditions more representative of 
heatwaves (discussed in Section 4). 

Fig. 3. Unpublished data from our laboratory showing rectal temperature in 
one young and two older women over a 9-h heatwave simulation (40°C, ∼15% 
relative humidity; heat index: 38°C). These conditions were chosen to simulate 
the heat index experienced during recent heatwaves in North America in 2018 
(Ottawa, Ontario; 34°C and 58%; heat index: 41°C) and Europe in 2003 (Paris, 
France; 38°C and 25%; heat index: 38°C). In the young (20 years; black line) 
and older (74 years; green line) women, thermal equilibrium is achieved by the 
end of exposure; albeit, at an elevated temperature in the older participant 
likely due to altered onset and thermosensitivity but a similar plateau to the 
young woman, as shown in panel A. In the 77-year-old woman (pink line), 
conditions have overwhelmed the body’s capacity to dissipate heat (and achieve 
heat balance) and body temperature continues to rise. This participant was 
removed from the heat after 6 h due to feelings of light headedness and nausea. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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2.5. Body fluid regulation 

Precise regulation of body fluid balance is crucial to the main
tenance of intravascular volume to support hemodynamic stability and 
heat loss. As heat exposure progresses, marked dehydration can develop 
due to sustained elevations in sweat rate which can reach ∼0.3 L/h 
during resting heat exposure (Kenny et al., 2017; Morris et al., 2019) 
and ≥2 L/h during physical activity in a hot environment (Sawka et al., 
2007). Since sodium and other electrolytes are reabsorbed during the 
production of sweat from the plasma-derived precursor fluid (Sato, 
1977), heat-induced dehydration elicits a state of hemoconcentration 
(Harrison, 1985), reduced circulating volume (hypovolemia), and ele
vated serum osmolality (hyperosmotic/hypernatremic) (Cheuvront and 
Kenefick, 2014). These alterations attenuate cutaneous vasodilation 
and sweating responses for a given body temperature (Sawka et al., 
1985; Senay, 1968), which in turn widens the core-to-skin temperature 
gradient, lowering the required skin blood flow and sweating to 
maintain heat balance. This response likely facilitates haemodynamic 
stability while also preventing further fluid loss in low heat-stress 
conditions. At higher levels of heat stress, however, dehydration at
tenuates the heat loss that is achievable (Meade et al., 2019b), poten
tially lowering the environmental threshold for uncompensibility. At 
the same time, cardiovascular strain is exacerbated by dehydration as 
the absolute hypovolemia (due to fluid loss) compounds the heat- 

induced relative hypovolemia resulting from reduced peripheral re
sistance (Sawka et al., 2015). 

Dehydration triggers regulatory adjustments to restore a state of 
euhydration. Alterations in plasma osmolality are relayed to the hy
pothalamus from central osmoreceptors in the internal carotid artery 
(Bourque, 2008). Increases in osmolality of as little as 1–2% promote 
water acquisition (thirst) and renal water conservation via direct neural 
signaling and the secretion of arginine vasopressin, which acts on the 
kidney to reduce free water clearance (Andreoli et al., 2010; Tamma 
et al., 2015). Hormonal control of fluid balance is supported by the 
activation of the renin-angiotensin-aldosterone system (RAAS) sec
ondary to renal hypoperfusion. RAAS activation elicits elevations in 
circulating angiotensin-II, which has myriad effects on the cardiorenal 
axis (e.g., reduces renal blood flow, augments thirst and vasopressin 
release), and the subsequent release of aldosterone by the adrenal 
cortex to promote renal sodium retention (Andreoli et al., 2010). He
modynamic alterations sensed via low pressure baroreceptors located in 
the systemic veins and walls of the heart also influence vasopressin 
secretion (Andreoli et al., 2010) and thirst (Stachenfeld et al., 1997). 
Highly sensitive physiological control of extracellular volume and os
molality result in daily fluid intake that closely matches fluid loss under 
non-heat stressed conditions. During heat stress, however, most in
dividuals undergo a net fluid loss (voluntary dehydration), even with 
unrestricted access to fluids (Greenleaf and Sargent, 1965). 

Table 1 
Summary of studies assessing differences in thermoregulatory function between young (18–34 years-old) and middle-aged (35–59 years-old) or older (≥65 years-old) 
adults during resting exposure to hot environments.        

Study Participants Environmental 
conditionsc 

Exposure 
duration 

Primary findingsd 

na Age (years)b  

Drinkwater et al. 
(1982) 

10 women 38 (2) 40°C, 40% RH 
Heat index: 48°C 

120 min No differences in evaporative heat loss (determined via sweat losses) were 
observed between groups. Rectal temperature increased by ∼0.1–0.2°C during 
exposure but was not different between age groups. 

10 women 58 (2)  

Dufour and Candas 
(2007) 

15 men 24 (12) 40°C, 43% RH 
Heat index: 50°C 

90 min Older adults and middle-aged had lower local sweat rates (forehead, chest, 
thigh, calf) compared to younger adults. Sublingual temperature was ∼0.4°C 
greater in the older and middle-aged men compared to the young group. 

15 men 45 (12) 
15 men 68 (14)  

Hellon and Lind 
(1956) 

12 men 18–23 38°C, 58% RH 
Heat index: 54°C 

65 min Whole-body sweat rate was not different between age-groups. Rectal 
temperature increased by ∼0.2–0.3°C during exposure but was not different 
between age groups. 

12 men 44–57  

Hellon and Lind 
(1958) 

6 men 17–26 38°C, 58% RH 
Heat index: 54°C 

150 min Forearm blood flow was higher in the older adults compared to their younger 
counterparts (∼50%). Rectal temperature increases by ∼0.2°C but was not 
different between groups. 

6 men 41–57 

6 men 17–26 38°C, 58% RH 
Heat index: 54°C 

65 min Forearm blood flow was higher in the older adults compared to their younger 
counterparts (∼50%). Rectal temperature increases by ∼0.1°C but was not 
different between groups. 

6 men 41–57  

Kenny et al. (2017) 30 adults 23 (3) 44°C, 30% RH 
Heat index: 52°C 

180 min Compared to younger adults, older adults stored 80% more heat (∼175 kJ), 
equivalent to a ∼0.5°C difference in mean body temperature. Rectal 
temperature was ∼0.2°C greater in the older adults. 

30 adults 62 (6)  

Miescher and Fortney 
(1989) 

6 men 26 (2) 45°C, 25% RH 
Heat index: 51°C 

240 min Increase in rectal temperature was ∼0.6°C greater in the older compared to 
younger men. 5 men 64 (2)  

Sagawa et al. (1988) 10 men 27 (7) 40°C, 40% RH 
Heat index: 48°C 

135 min No differences in sweat loss or local sweat rate (chest, head, forearm, abdomen, 
thigh). Esophageal temperature at end exposure was ∼0.2°C greater in the 
older vs young adults. 

6 men 66 (4)  

Shoenfeld et al. (1978) 29 adults 24 (3) 80–90°C, 3–4% RH 
Heat index: 56–65°C 

10 min Rectal temperature increased by ∼0.3–0.5°C during exposure but was not 
different between age groups. 14 adults 42 (1) 

17 adults 63 (4)  

Stapleton et al. (2013) 12 adults 21 (3) 36.5°C, 20% RH 
Heat index: 35°C 

120 min Compared to younger adults, older adults stored 36% more heat (∼75 kJ). 
Rectal temperature was ∼0.3°C greater in the older adults. 12 adults 65 (5) 

12 adults 21 (3) 36.5°C, 60% RH 
Heat index: 50°C 

120 min Compared to younger adults, older adults stored 26% more heat (∼125 kJ). 
Rectal temperature was ∼0.4°C greater in the older men. 12 adults 65 (5) 

Notes: 
a Sex of study groups designated as men, women, or adults (both men and women). 
b Age groups designated as they appear as published. Age is presented as a range or mean (SD). 
c Environmental conditions indicate air temperature relative humidity (RH). 
d Data represent the change (Δ) in rectal temperature from baseline/resting to end-exposure (imputed when not provided).  
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2.6. Aging and body fluid during heat stress 

Aging may compromise body fluid regulation during heatwaves via 
multiple mechanisms. Compared to the young, older adults have a di
minished thirst response to dehydration (Phillips et al., 1984; Takamata 
et al., 1999), which may be explained by blunted sensitivity to eleva
tions in plasma osmolality (Phillips et al., 1991) and reduced involve
ment of the baroreflex (Stachenfeld et al., 1997). Diminished thirst is 
compounded by impaired renal water conservation (Dontas et al., 1972; 
Mack et al., 1994) resulting from blunted renal sensitivity to vaso
pressin (Tamma et al., 2015) and dysregulation of the RAAS (Takamata 
et al., 1999; Yoon and Choi, 2014). Further, while dehydration has been 
consistently shown to attenuate whole-body sweat rate during heat 
stress in young adults (Sawka et al., 1985; Senay, 1968), this effect 
appears blunted by aging (Meade et al., 2019b). As such, older adults 
exhibit an impaired ability to mitigate further sweat-induced fluid 
losses during dehydration; though, the significance of this alteration to 
fluid balance is likely minor. 

Altered body fluid regulation renders older adults at increased 
susceptibility for dehydration. This is particularly relevant given their 
lower total body water (Schoeller, 1989) and intravascular volume 
(Davy and Seals, 1994); a given absolute fluid loss represents a larger 
reduction in the volume of these compartments compared younger 
adults. Despite this, the daily fluid intake of older adults is generally 
within normal ranges in non-heat stressed conditions (Lowik et al., 
1989). Thus, community living older individuals are not typically hy
pohydrated, despite often overstated reports to the contrary (see  
Kenney and Chiu (2001)). That said, it should be noted that older adults 
undergo greater voluntary dehydration during heat-exposure compared 
to their younger counterparts (Takamata et al., 1999) and oral rehy
dration is delayed following heat stress and/or water deprivation 
(Phillips et al., 1984). Thus, even healthy older adults are at increased 
risk of dehydration during prolonged and repeated heat exposure, as 
occurs during a heatwave. 

3. Acute and chronic dysfunction during heatwaves 

To summarize the preceding section, healthy aging causes myriad 
physiological alterations that limit the homeostatic response to heat 
exposure. Unsurprisingly, heatwaves are associated with stark eleva
tions in hospital admissions (Bobb et al., 2014) and deaths (Semenza 
et al., 1996) due to catastrophic failure of body temperature regulation 
(heatstroke). In many cases, however, acute injury during heatwaves 
results from pathophysiological conditions typically considered to be 
non-heat-related (e.g., adverse cardiovascular events, acute kidney in
jury). This is not to say that altered body temperature regulation does 
not contribute. Even in compensable conditions, heat balance will be 
achieved at higher body temperatures in older adults during heat ex
posure (Fig. 3). Since heatwaves last days to weeks, low-to-moderate 
levels of hyperthermia, cardiovascular strain, and dehydration may be 
sustained over protracted periods (e.g., during peak daytime hours over 
multiple days). To fully appreciate the etiology of heat-related injury, 
we must therefore consider the physiological effects of prolonged and/ 
or repeated elevations of body temperature, as these will ultimately 
determine compensatory alterations, strain, and injury in vulnerable 
bodily systems. 

For logistical and ethical reasons, research on the quantitative links 
between age-related maladaptation and elevated risk of adverse health 
outcomes is scarce. We can, however, draw provisional links between 
known physiological alterations accompanying aging and disease and 
the development of acute injury and dysfunction in the context of heat 
exposure. An overview is provided in Fig. 4, along with supplemental 
information on conditions not covered in the main text. Throughout 
this discussion it is important to consider that although each is 

presented separately, there is considerable overlap between the 
etiology and pathophysiology of aging and the discussed conditions. 
Further, they rarely develop in isolation; over half of adults in the 
United States aged ≥65 years, for example, are living with two or more 
chronic conditions (Centers for Disease Control Prevention, 2015). 
Along these same lines, it would be remiss to ignore the effects of 
common medications on the mechanisms discussed (Table 2). All this to 
say that there is likely no single common pathway of heat-related in
jury; rather, it is the nexus of physiological impairment(s) and patho
physiological states that determines the risk for an individual exposed 
to extreme heat (Rothman, 1976; Sturmberg et al., 2019). 

3.1. Heat illness 

Heat illness is a blanket term used to describe multiple pathophy
siological conditions related directly to elevated body temperature. 
These exist on a continuum describing the extent of dysregulation, 
ranging from heat edema, heat-cramps and heat rash, to heat exhaus
tion and heat stroke (Székely et al., 2015). Many of these conditions are 
associated primarily with discomfort and contribute minimally to heat- 
related mortality. In this section, we will focus on the deadliest heat- 
illness: heat stroke. 

3.1.1. Heat stroke (extreme hyperthermia) 
Heat stroke is a medical emergency in which elevated ambient 

(classic or non-exertional form) and/or metabolic (exertional form) 
heat stress overwhelms the physiological capacity for heat dissipation 
leading to extreme hyperthermia (typically core temperature of ≥40°C) 
and a rapid cascade of systemic dysfunction. During heatwaves, older 
adults are at particular risk of classic heat stroke (Epstein and Yanovich, 
2019; Leon and Bouchama, 2015). Mortality rates in those affected can 
reach  >  50% (Epstein and Yanovich, 2019; Jones et al., 1982) and 
survivors often experience long-term functional limitations and an 
elevated risk of future morbidity and mortality (Argaud et al., 2007; 
Wang et al., 2019). The etiology of heat stroke is complex and the as
sociated pathophysiological mechanisms have been detailed extensively 
(Epstein and Yanovich, 2019; Leon and Bouchama, 2015). Briefly, heat- 
induced cytotoxicity in sensitive tissues (e.g., brain, vasculature, gas
trointestinal tract) leads to the development of systemic inflammatory 
response syndrome (SIRS) and disseminated intravascular coagulo
pathy (DIC) causing central nervous system dysfunction, multi-organ 
damage and, if left untreated, death. 

There are several mechanisms by which aging may influence the 
development of heat stroke. For one, age-related impairments in cuta
neous vasodilation and sweating mean that older adults experience 
greater levels of hyperthermia compared to young adults during heat 
exposure (Table 2) and body temperature regulation may be over
whelmed at lower levels of heat stress (Fig. 3). Coupled with inadequate 
cardiovascular responses to support elevated circulatory demand, 
especially during superimposed dehydration, older adults are at greater 
risk of extreme elevations in core temperature and cardiovascular col
lapse, setting the stage for the development of SIRS, DIC, and ensuing 
organ damage (Leon and Bouchama, 2015). 

Older adults are also likely predisposed to SIRS, a key event in 
heatstroke pathogenesis, which occurs due to dysregulation of the in
flammatory response (Leon and Bouchama, 2015). The severity of SIRS 
can be magnified by accompanying endotoxemia that develops due to 
increased gastrointestinal permeability (Moseley et al., 1994) sec
ondary to oxidative and ischemic damage to the mesenteric epithelium 
(Hall et al., 2001). Aging is characterized by chronic low-grade in
flammation stemming from increased basal levels of pro-inflammatory 
mediators (e.g., TNF-α, IL-6) and ROS (e.g., superoxide, H2O2) along 
with reductions in their anti-inflammatory and antioxidant counter
parts (Liguori et al., 2018; Michaud et al., 2013). Consequently, older 
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adults exhibit a reduced ability to buffer inflammatory/oxidative in
sults, and likely experience greater inflammatory and oxidative tissue 
damage during heat stress; a hypothesis supported by work in humans 
(Wright et al., 2014) and animals (Del Vesco et al., 2017; Ilievska et al., 
2016). 

Heat stroke can also lead to DIC, in which diffuse microvascular 
emboli develop (Leon and Bouchama, 2015), due to damage to the 
vascular endothelium (Bouchama et al., 1996). Also involved is cross- 
talk with the above-discussed inflammatory pathways, as highlighted in 
a case-control analysis linking elevations in pro-inflammatory cyto
kines, endothelial dysfunction and coagulation in heatstroke victims 
during the 2003 European heatwave (Huisse et al., 2008). Elevated 
body temperatures and reduced central blood volume during heat stress 
elicit a state of hypercoagulability (Meyer et al., 2013). In older adults, 
this is compounded by endothelial dysfunction, vascular remodeling 
(e.g., atherosclerosis) (Previtali et al., 2011), and hematological 
changes (e.g., increased platelet aggregation) (Le Blanc and 
Lordkipanidze, 2019) that promote thrombosis and the development of 
acquired coagulopathies (Wilkerson and Sane, 2002) and, by extension, 
DIC. Thus, not only are older adults at elevated risk of extreme 

hyperthermia during heatwaves, they are likely pre-disposed to SIRS 
and DIC due to exacerbated activation of inflammatory, oxidative 
stress, and coagulation pathways. 

3.2. Major adverse cardiovascular events and cardiovascular disease 

As much as 90% of heatwave-associated mortality is attributable to 
major adverse cardiovascular events (MACE; e.g., myocardial infarc
tion, ischemic stroke) (Huang et al., 2012; Lavados et al., 2018; 
Semenza et al., 1996). Importantly, the risk of MACE in extreme am
bient temperatures is not only elevated in those with pre-existing car
diovascular diseases (CVD) but also in individuals without overt CVD 
(Bhaskaran et al., 2012; Kenney et al., 2014). Many of these events 
occur unexpectedly, before individuals are hospitalized. This manifests 
as marked elevations in out-of-hospital deaths due to cardiac arrest or 
circulatory disease (Kang et al., 2016; Linares and Diaz, 2008), yet 
little-to-no change, or even decreases, in cardiovascular-related hospi
talizations (Bobb et al., 2014; Linares and Diaz, 2008; Vaidyanathan 
et al., 2019). 

The physiological basis for increased risk of cardiovascular events 

Fig. 4. Overview of the pathways by which heat stress may influence the development of acute injury and impact chronic physiological dysfunction in multiple 
physiological systems in older adults during heat exposure (see main text for details). AKI, acute kidney injury; CKD, chronic kidney disease; GFR, glomerular 
filtration rate; T2DM, type 2 diabetes mellitus. Also provided is supplemental information regarding the effect of heat exposures on conditions not covered in the 
main text: neurological (Hermstad and Adams, 2010; Lohmus, 2018), cerebrovascular (Bain et al., 2015; Lavados et al., 2018; Schlader et al., 2016), arterial/venous 
(Thomas et al., 2017) and respiratory (De Sario et al., 2013). These conditions have been shown to be worse during heat exposure and/or heatwaves, but mechanistic 
links are relatively undefined. 

R.D. Meade, et al.   Environment International 144 (2020) 105909

7



during heatwaves has been discussed in depth by Kenney et al. (2014). 
In general, increased incidence of MACE in older adults is thought to 
stem from reduced myocardial perfusion (Crandall et al., 2008) and 
augmented myocardial strain (Davido et al., 2006; Hausfater et al., 
2010). Concurrently, impaired regulation of body temperature and 
fluid status are associated with hyperviscosity and hypercoagulability, 
increasing the risk for acute coronary events (Keatinge et al., 1986; 
Roberts et al., 2008) and ischemic stroke (Lavados et al., 2018). Re
latedly, hyperthermia may elevate the risk of atherosclerotic plaque 
rupture by exacerbating on-going inflammation or perhaps through 
more direct mechanisms (Stefanadis et al., 2017; Verheye et al., 2002). 
It should be cautioned, however, that much of the support for these 
mechanisms is based on clinical and experimental (animal) observa
tions in heatstroke victims (Davido et al., 2006; Hausfater et al., 2010; 
Roberts et al., 2008). Future work is therefore required to confirm the 

mechanisms through which protracted heat stress influences the 
etiology of MACE. 

3.2.1. Cardiovascular diseases 
More people die of CVD every year than of any other cause (World 

Health Organization, 2019). Perhaps unsurprisingly, pre-existing CVD 
has been reported to increase mortality risk during a heatwave by as 
much as 6-fold (Bouchama et al., 2007; Kenny et al., 2010). The um
brella term CVD encapsulates acquired and congenital disorders related 
to the heart and blood vessels. The mechanistic foundation of each 
disease progression is beyond the scope of this review, but deteriora
tions in cardiac (Fouad et al., 1984; Redfield et al., 2003), vascular 
(Feihl et al., 2009; Mattace-Raso et al., 2006) and autonomic function 
(Palatini and Julius, 2009), and inflammatory status (Diaz et al., 2019; 
Shah and Lecis, 2019) are evident across the spectrum of CVD. Chronic 

Table 2 
Potential effects of common medications on physiological responses during heat exposure.     

Classifications Used to treat Potential effects during heat exposure  

ACE inhibitors and ARBs 
e.g., ramipril, perindopril, losartan, candesartan 

- Hypertension  
- Heart failure  
- Chronic kidney disease  
- Diabetic nephropathy 

- Increased risk for AKI, electrolyte imbalances  
- Dehydration, hypovolemia  
- Hypotension  
- Blunted sensation of thirst  
- Impaired renal autoregulation  

Anti-adrenergics and beta-blockers 
e.g., prazosin, metoprolol 

- Hypertension  
- Arrhythmias 

- Increased risk for heatstroke  
- Impaired sweating  
- Blunted chronotropic reserve  
- Hypotension  

Antiarrhythmics 
e.g., amiodarone, digoxin, quinidine 

- Arrhythmias - Can cause diarrhea, increased risk for dehydration  
- May inhibit sweating (disopyramide)  
- Kinetic profile and toxicity influenced by dehydration and reduced renal 
clearance (digoxin)  

Calcium channel blockers 
e.g., amlodipine, diltiazem 

- Hypertension  
- Arrhythmias 

- Increased risk for heatstroke  
- Can cause diarrhea, increasing risk for dehydration, hypovolemia  
- Hypotension (amlodipine)  
- Blunted chronotropic reserve (diltiazem and verapamil)  

Diuretics 
e.g., hydrochlorothiazide, furosemide, Spironolactone 

- Hypertension  
- Heart failure  
- Kidney failure  
- Edema  
- Liver failure 

- Increased risk for heatstroke, AKI, electrolyte imbalances (hyperkalemia with 
spironolactone)  
- Dehydration, hypovolemia  
- Blunted increase in cardiac output  
- Hypotension  

NSAIDs 
e.g., ibuprofen, naproxen 

- Arthritis, bursitis, tendonitis  
- Analgesia 

- Increased risk for AKI  
- Nephrotoxic – may compound the risk for AKI during heat stress and 
dehydration  
- Impair renal autoregulation  

Anticholinergics 
e.g., antimuscarinics, antinicotinics 

- Dizziness (vertigo, motion-sickness)  
- GI disorders  
- Respiratory disorders (COPD) 

- Increased risk for heatstroke (hyperthermia)  
- Impaired sweating  
- Blunted increase in cardiac output  
- Hypotension  

Antidepressants 
e.g., SSRIs, tricyclics 

- Depressive disorders  
- Anxiety disorders 

- Increased risk for heatstroke (tricyclic, SSRI)  
- Increased risk for hyponatremia (SSRIs)  
- May impair sweat rate (many)  
- Limit increase in cardiac output (tricyclic)  
- Hypotension (tricyclic)  

Antipsychotics 
e.g., haloperidol, loxapine thioridazine 

- Dementia  
- Schizophrenia  
- Bipolar disorder 

- Impaired sweating  
- May induce hyperthermia (neuroleptic malignant syndrome)  

Other medications 
e.g., metformin, insulin dapagliflozin, anti-coagulants 

- Diabetes  
- Coagulation disorders  
- Others (many) 

- Kinetic profile and toxicity influenced by dehydration and reduced renal 
clearance  
- Potential for masked symptoms of hypoglycemia (sweating, tachycardia, 
fatigue) 

Notes: ACE, angiotensin converting enzyme; ARB, angiotensin receptor blocker; AKI, acute kidney injury; COPD, chronic obstructive pulmonary disease; GI, gastro 
intestinal; NSAIDs, non-steroidal anti-inflammatory drugs; SSRIs, selective serotonin reuptake inhibitors. Information compiled from Blachère and Perreault (2012); 
Blachère et al. (2011); Westaway et al. (2015).  
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deterioration in those regulatory systems likely acts to compound the 
acute dysfunction addressed above, further increasing mortality risk 
when exposed to extreme heat events. The physiological impact of 
isolated common disease states and co-morbidities on responses to heat 
stress, where data are available, are addressed below and in Fig. 4. 

Most heat stress-related research has focused on congestive heart 
failure. While there are relatively fewer hospital admissions due to 
heart failure during summer months and heatwaves, those that are 
admitted have a worse prognosis (Bobb et al., 2014; Gotsman et al., 
2010). As discussed, however, reduced hospitalizations for heart failure 
may reflect increased of out-of-hospital incidents (Linares and Diaz, 
2008). Chronic heart failure results in widespread changes in the 
structure (Wroblewski et al., 1995) and function of the peripheral 
vasculature (Green et al., 2006; Kubo et al., 1991) along with over- 
activation of the RAAS (Diaz et al., 2019). Consequently, cutaneous 
vasodilation is attenuated during passive heating (Cui et al., 2005; 
Green et al., 2006). Further, heart failure - by definition - is associated 
with reductions in cardiac function that limit the appropriate haemo
dynamic adjustments to heat stress (Cui and Sinoway, 2014), likely 
increasing the risk of cardiovascular decompensation (Wilker et al., 
2012) and kidney injury (discussed below), especially in those under
going treatment with diuretics (Table 2) (Cruz et al., 2015). 

3.2.2. Hypertension 
Chronically elevated blood pressure is the leading risk factor for 

premature mortality globally (Mills et al., 2020). Hypertension was 
common among those who died during the Chicago 1995 heatwave 
(Klinenberg, 2015) and was associated with a ∼24% greater risk of 
hospitalization (Semenza et al., 1999), though this is not a universal 
finding (Kenny et al., 2010). Even at rest, the coordination between 
cardiac and cutaneous vascular activity is reduced progressively with 
aging and exacerbated with hypertension, even when managed with 
medication (Ticcinelli et al., 2017). Those with untreated hypertension 
exhibit endothelial dysfunction and attenuated cutaneous vasodilation 
during localized skin heating (Carberry et al., 1992; Smith et al., 2011). 
Similar responses have been observed during whole-body passive 
heating, and have been partially attributed to elevated oxidative stress 
and upregulated arginase activity (Holowatz and Kenney, 2007a, 
2007b). 

Consistent with these findings, non-medicated, middle-aged men 
with hypertension display blunted cardiovascular responses (cardiac 
output, forearm blood flow) relative to their normotensive counterparts 
during moderate (exercise) heat stress (Kenney and Kamon, 1984; 
Kenney et al., 1984). Despite this, increases in body temperature did not 
differ between groups. These studies therefore support the notion that 
hypertension does not have a direct effect on thermoregulation, but it is 
associated with impaired cardiovascular responses to heat exposure. 
While the development of hypertension is thought to stem, in large part, 
from alterations in renal sodium and fluid handling (Johnson et al., 
2015), its implications for fluid balance during prolonged heat stress 
are as of yet unknown. Elucidating the impact of hypertension on 
physiological responses to heat stress is complicated by its involvement 
in a variety of other chronic conditions (e.g., type 2 diabetes mellitus, 
chronic kidney disease) and that many common medications used in its 
treatment may also have important effects on thermoregulation and 
haemodynamic function (Table 2). 

3.3. Metabolic disorders 

3.3.1. Obesity 
Obesity is a global epidemic characterized by the accumulation of 

abdominal adiposity (Barzilai et al., 2012) and excess fat deposition in 
muscle (Slawik and Vidal-Puig, 2006) due to complex interactions 

between genetics, environmental, and lifestyle factors (Jura and Kozak, 
2016; Neeland et al., 2018). Obesity is highly prevalent in older in
dividuals and has been suggested to hasten the aging process and the 
development of other age-associated chronic conditions (Ahima, 2009; 
Jura and Kozak, 2016). Overweight and obese adults are also at greater 
risk for heat-related illness or injury (Koppe et al., 2004). Indeed, obese 
older adults were twice as likely to die during the 2003 European 
heatwave compared to their non-obese counterparts (Vandentorren 
et al., 2006), findings consistent with observations of heatstroke oc
curring at a rate 3.5 times higher in obese or overweight individuals 
compared to those of normal weight (Henschel, 1967). 

The increased risk of heat-related injury in obesity may stem, at 
least in part, from morphological and functional alterations affecting 
heat loss. With increases in body size, surface area increases at a pro
portionally slower rate than body mass. Despite a greater capacity to 
store heat due to their larger mass, this means that obese individuals 
also have a lower surface area per unit body mass from which to lose 
heat compared to their non-obese counterparts (Bar-Or et al., 1969; 
Speakman, 2018). Further, due to its lower thermal conductivity, in
creasing subcutaneous fat may impair core-to-skin heat transfer 
(Bhowmik et al., 2015). These alterations mean that obesity is asso
ciated with a morphological configuration that is disadvantageous to 
body temperature regulation during heat exposure. It has also been 
suggested that high adiposity may directly impair heat loss independent 
of morphology (Dervis et al., 2016); though, this effect is likely minor 
(Notley et al., 2019a). 

Obese individuals are likely at greater risk of cardiovascular events 
during heatwaves owing to structural and functional alterations to the 
cardiovascular system (Lee et al., 2014; Skrapari et al., 2007) and 
predisposition for CVD (Vasan, 2003). Likewise, obesity has been linked 
to altered water homeostasis and dehydration (Rosinger et al., 2016), 
plasma hyperosmolality (Stookey et al., 2007) and kidney dysfunction 
(Stevens et al., 2010), which may elevate the risk of electrolyte im
balances and renal disorders. Despite these theoretical links, however, 
to date there exists little research on the impacts of obesity on body 
temperature and haemodynamic regulation in older adults exposed to 
natural or simulated heatwaves. 

3.3.2. Type 2 diabetes 
Type 2 diabetes mellitus (T2DM) is associated with acquired insulin 

resistance, hyperinsulinemia and dysglycemia, vascular inflammation, 
stiffening, and atherosclerosis (Climie et al., 2019; Kenny et al., 2016). 
T2DM predominantly affects older adults, though its global prevalence 
is on the rise in all age-groups alongside growing rates of obesity and 
associated lifestyle factors (World Health Organization, 2016). Heat 
exposure does not appear to alter the risk of T2DM-related complica
tions. For instance, neither Bobb et al. (2014) nor Semenza et al. (1999) 
observed increased hospital admissions for diabetes-related causes 
(e.g., hyper- or hypoglycemia), whereas Vaidyanathan et al. (2019) 
reported small elevations (∼5%) at high ambient temperatures in 
some, but not all, regions of the continental United States. That said, 
individuals with diabetes have a greater risk of dying or being hospi
talized during exposure to temperature extremes (Kenny et al., 2010; 
Semenza et al., 1999), which may stem from T2DM-associated altera
tions in thermoregulatory and cardiovascular function that increase the 
risk of heat-related disorders over that associated with aging per se 
(Kenny et al., 2016). 

Individuals with T2DM exhibit impaired increases in cutaneous 
vasodilation in response to pharmacological stimulation (Beer et al., 
2008; Williams et al., 1996), local skin heating, and whole-body passive 
heat stress (Sokolnicki et al., 2009; Wick et al., 2006). These alterations 
likely stem from endothelial dysfunction as well as endothelium-in
dependent changes in control of skin blood flow secondary to structural 
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alterations of the vasculature, hyperglycemia and/or atherosclerosis 
(Kenny et al., 2016). Reductions in sweat rate are also characteristic of 
the disease (Petrofsky et al., 2005b; Rand et al., 2008), which typically 
manifest as lower body anhidrosis (inability to sweat normally) with 
compensatory upper body hyperhidrosis (abnormally excessive 
sweating) early in the disease, progressing to whole-body impairments 
over the long-term (Kenny et al., 2016). While duration of diabetes, 
long-term glycemic control, and presence of neuropathy are thought to 
determine the progression of these alterations (Fealey et al., 1989; Luo 
et al., 2012), even individuals with well-controlled T2DM exhibit a 
compromised ability to dissipate heat and regulate body temperature 
during moderate-to-high (exercise) heat stress (Kenny et al., 2013; 
Notley et al., 2019b). Conversely, a recent study demonstrated similar 
thermal and cardiovascular responses between middle-aged-to-older 
adults with and without T2DM during environmental heat exposure, 
though the participants with T2DM were physically active with well- 
controlled blood glucose (Poirier et al., 2020). Whether less active in
dividuals with poor glycemic control or related comorbidities (e.g., 
neurophathy) display similar responses, is currently unknown. 

Much of the general diabetes-related health burden stems from 
macrovascular and microvascular complications (Atkinson et al., 2014). 
In fact, cardiovascular events comprise the most common cause of 
death in individuals with T2DM (Tancredi et al., 2015). Compared with 
healthy aging, T2DM is associated with altered cardiovascular and 
autonomic function (Petrofsky et al., 2010; Rand et al., 2008), which 
can manifest as impaired blood pressure regulation (Low et al., 1975). 
These cardiovascular alterations are closely related to the extent of 
insulin resistance (Pikkujämsä et al., 1998) and glycemic control 
(Petrofsky et al., 2005a). T2DM is also associated with altered body 
water handling. Acute increases in blood glucose induce osmotic diur
esis, which may lead to hypovolemia (Kenny et al., 2016) and those 
with T2DM are at increased risk of developing electrolyte disorders 
(Liamis et al., 2014). Along these lines, prolonged hyperglycemia 
causes kidney dysfunction and is a leading cause of chronic renal failure 
(Molitch et al., 2004; Satirapoj, 2013). These conditions also disrupt 
fluid regulation, further increasing the risk of dehydration and asso
ciated deleterious health impacts (see below). 

3.4. Fluid and electrolyte balance and kidney function 

Emerging evidence clearly highlights the negative consequences of 
heat exposure and dehydration on kidney health (de Lorenzo and Liano, 
2017). This risk is likely greater in older adults due to structural and 
functional senescence in the kidney leading to impaired water and 
electrolyte handling (Flynn et al., 2005; Ó Flatharta et al., 2019). Dis
orders of body water balance (e.g., electrolyte disorders) and kidney 
dysfunction during heatwaves are well documented (Bobb et al., 2014; 
Conti et al., 2007; Lim et al., 2018; McTavish et al., 2018; Semenza, 
1999; Semenza et al., 1999; Vaidyanathan et al., 2019). Protracted and/ 
or repeated heat stress may also increase this risk of developing chronic 
kidney disease (CKD) (de Lorenzo and Liano, 2017). This increasingly 
common disease can, in turn, have a multitude of deleterious health 
consequences during heat exposure. Compared to the conditions high
lighted in the preceding sections, the physiological links between heat 
and electrolyte balance and kidney function are relatively well defined, 
likely due, in large part, to the growing epidemic of heat-related CKD in 
Mesoamerican agricultural workers (Lunyera et al., 2016; Schlader 
et al., 2019a). 

3.4.1. Fluid and electrolyte imbalance 
The incidence of electrolyte imbalances in older adults increases 

during heatwaves (Bobb et al., 2014; Vaidyanathan et al., 2019). Severe 
changes in body concentrations of sodium and potassium (among other 

electrolytes) disrupt cellular electrochemical gradients, which can have 
extreme effects in ‘excitable’ tissues (e.g., brain, heart, muscles) leading 
to a host of neurological (e.g., weakness, confusion) cardiovascular 
(e.g., peaked T waves, ST depression) and neuromuscular (e.g., tremors, 
cramps) signs and symptoms (Weiner and Epstein, 1970). The etiology 
and clinical manifestations of electrolyte disorders are thereby nu
merous and complex, and are, for those reasons, largely beyond the 
scope of the current review (see Weiner and Epstein (1970)). Here we 
focus primarily on hyper- and hyponatremia, the most common elec
trolyte imbalances seen in older adults and during heat exposure. Hy
perkalemia will be addressed briefly in the section on CKD; though, the 
risk of developing this dangerous electrolyte disorder is also elevated in 
older adults without overt CKD (Flynn et al., 2005; Perazella, 1996). 

Heat stress precipitates the development of hypernatremia (elevated 
circulating sodium concentration). During the production of sweat, 
dissolved electrolytes (chiefly sodium) are reabsorbed from the plasma- 
derived precursor fluid (Sato, 1977). Progressive sweating-induced 
fluid losses thereby elicit a state of hypernatremic (hyperosmotic) hy
povolemia; that is, sodium loss accompanied by a relatively greater loss 
of water from the body. This can lead to reductions in thermoregulatory 
and cardiovascular function which, if severe enough, can contribute to 
the development of heatstroke, MACE and kidney injury. Aging does 
not appear to influence sweat sodium reabsorption (Inoue et al., 1999a) 
but is associated with a reduced ability to concentrate urine (Dontas 
et al., 1972). Older adults are thereby pre-disposed to hypernatremia if 
fluid losses are not properly replenished by water acquisition, which, as 
previously discussed, is blunted with aging. 

The risk for hyponatremia (reduced circulating sodium concentra
tion) during heat stress is also elevated by aging. For instance, Giordano 
and colleagues (Giordano et al., 2018, 2017) observed that the pre
valence of mild and severe hyponatremia during emergency room visits 
in older adults was elevated in the summer (∼12.5 and 4.2%, respec
tively) compared to the preceding winter (∼9.4 and 0.3%), whereas no 
seasonal variations were detected in younger controls (∼3.7% and 
0.3%). While mild hyponatremia is common and not typically dama
ging (Moore et al., 2003), severe hyponatremia causes significant 
morbidity (Arieff, 1986). In fact, individuals hospitalized with serum 
sodium  <  127 mEq/L have a ∼2-fold greater risk of in-hospital mor
tality compared to those with normal sodium (Wald et al., 2010). As 
discussed, prolonged sweating elicits a relative hypernatremia as pro
portional water loss is greater than that of sodium; however, absolute 
extracellular sodium still decreases (Cheuvront and Kenefick, 2014). 
Thus, when older adults do drink, the consumption of hypotonic fluid 
(e.g., water) can lead to dilutional hyponatremia and perturbations in 
physiological function. There are a number of other age-associated 
contributing factors. For one, dietary sodium decreases in the summer 
(Leshem, 2017) and is generally lower in older adults due to reduced 
caloric intake (Hendi and Leshem, 2014). Additionally, senescent kid
neys are less able to excrete excess free water (Dontas et al., 1972). As 
such, age-related risks for hyponatremia (Giordano et al., 2016; Lindner 
et al., 2014) are likely compounded by heat stress, particularly in in
dividuals with comorbidities (e.g., T2DM, heart, renal failure) and/or 
taking medications that affect fluid balance (e.g., certain diuretics;  
Table 2). 

3.4.2. Acute kidney injury 
In addition to electrolyte imbalances, extreme heat is associated 

with elevations in morbidity and mortality due to kidney disorders 
(Conti et al., 2007; Flynn et al., 2005). This includes an increased in
cidence of acute kidney injury (AKI), particularly in older adults (Lim 
et al., 2018; McTavish et al., 2018). AKI involves the onset of kidney 
damage or failure over the course of hours to days, indicated primarily 
by a reduction in glomerular filtration rate (GFR; < 60 ml/min/ 
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1.73 m2) and azotemia (increased circulating urea and creatinine) 
(Basile et al., 2012; Kellum et al., 2012). Broadly speaking, AKI can be 
divided into three major classifications describing its etiology (pre- 
renal, intrinsic, post-renal) (Thadhani et al., 1996). Reduced kidney 
function and a predisposition for dehydration place older adults at in
creased susceptibility for the pre-renal form, especially those with un
derlying conditions (e.g., T2DM, hypertension, CKD) or taking medi
cations affecting kidney function (Table 2) (Pascual et al., 1995). In pre- 
renal AKI, reduced GFR occurs due to up-stream haemodynamic al
terations (e.g., reduced systemic or renal blood flow). In most cases, this 
condition is easily reversed by addressing the underlying cause 
(Thadhani et al., 1996). However, marked and/or prolonged renal hy
poperfusion can progress to intrinsic AKI, which is associated with 
tubular ischemia and injury (Basile et al., 2012) and can lead to po
tentially life-threatening conditions (e.g., hyperkalemia) (Doyle and 
Forni, 2016). 

Heat-stress and dehydration superimposed upon age-related al
terations in renal autoregulation may explain the increased incidence of 
AKI in older adults during heatwaves. During heat stress, reductions in 
renal blood flow occur due to sympathetically-mediated vasoconstric
tion (Chapman et al., 2019). Heat-induced renal vasoconstriction and 
reductions in renal blood flow are attenuated with aging (Minson et al., 
1998). However, it is important to note that basal renal blood flow 
decreases by ∼10% per decade after the 4th decade (from ∼1200 ml/ 
min) (Hollenberg et al., 1974). As a result, absolute renal blood flow is 
lower in older adults compared to their younger counterparts under 
both normal and heat-stressed conditions (Minson et al., 1998). 

Renal hypoperfusion during heat stress is amplified by concurrent 
dehydration (Smith et al., 1952) via increases in sympathetic nervous 
system activity (Stocker et al., 2005) as well as elevated circulating 
vasopressin and angiotensin II (Bie, 1980; Di Nicolantonio and 
Mendelsohn, 1986). Although the systemic actions of these hormones 
are reduced in older adults (Tamma et al., 2015; Weinstein and 
Anderson, 2010; Yoon and Choi, 2014), vasoactive sensitivity of the 
renal medulla to angiotensin II and other vasoconstrictors (e.g., ade
nosine) appears preserved or even increased (Chen et al., 2001; Tank 
et al., 1994) due to age-related oxidative stress (Ouzeau et al., 2016; 
Zou et al., 2001). Oxidative stress may also reduce renal production of 
NO and prostaglandins, which would normally act to oppose the actions 
of renal vasoconstrictors (Baylis, 2009; Weinstein and Anderson, 2010). 
Thus, reductions in renal perfusion during dehydration are likely ex
acerbated in older adults, especially in those taking medication that 
further impair renal autoregulation (Table 2). 

Renal hypoperfusion causes ischemic damage to the vascular en
dothelium and tubular epithelium in a complex process involving ATP 
depletion and increased generation of pro-inflammatory mediators and 
ROS (Basile et al., 2012; Nath and Norby, 2000). As ischemia pro
gresses, microvascular injury contributes to sustained tissue hypoxia, 
inflammation and oxidative stress, extending the tubular insult (Basile 
et al., 2012; Nath and Norby, 2000; Thadhani et al., 1996). During 
heatwaves, tubular injury may be compounded by hyperosmolality- 
induced upregulation of the polyol-fructokinase pathway, which in
itiates the release of inflammatory mediators and ROS during the me
tabolism of fructose in the proximal tubule (Cirillo et al., 2009). This 
pathway is thought to be a major contributor to the on-going epidemic 
of heat-nephropathy and CKD in agricultural workers (de Lorenzo and 
Liano, 2017) and has also been implicated in the age- and disease-re
lated decline in kidney function (Lanaspa et al., 2014; Roncal-Jimenez 
et al., 2016). Recent work in rodents also indicates that moderate but 
repeated elevations in body temperature (∼1°C) may hasten kidney 
injury by increasing inflammation and oxidative stress (Sato et al., 
2019). 

In summary, multiple lines of evidence indicate that physiological 
alterations occurring during healthy aging may increase the risk of AKI 
during heatwaves by facilitating the initial ischemic event and/or by 
amplifying and extending the ensuing inflammatory cascade. Due to 
structural and functional senescence in the kidney (Thadhani et al., 
1996), older adults are also less able to resolve tubular injury and re
cover from AKI (Schmitt et al., 2008). 

3.4.3. Chronic kidney disease (CKD) 
The prevalence of overt kidney disease is rapidly increasing in older 

adults (Stevens et al., 2010), progressing from asymptomatic reductions 
in renal function (chronically reduced GFR and azotemia) to end-stage 
kidney failure (Levey and Coresh, 2012). Diabetes, hypertension 
(Stevens et al., 2010), inflammation and oxidative stress (Vlassara 
et al., 2009) as well as previous incidents of AKI (Ishani et al., 2009) 
augment the risk of developing CKD. Currently, CKD is a leading cause 
of death globally and its burden is on the rise (Stevens et al., 2011). In 
fact, CKD now affects 24–36% of individuals aged ≥64 years (Zhang 
and Rothenbacher, 2008) and as many as 50% of individuals over the 
age of 70 years in the United States (Stevens et al., 2011). 

Information pertaining to thermoregulatory function in older adults 
with CKD is scarce. One expects that, due to diminished ability to 
regulate bodily fluid and electrolytes (Abuelo, 2007), individuals with 
CKD would experience more rapid declines in cardiovascular and per
haps thermoregulatory function during heat exposure. As such, CKD 
presumably hastens and/or amplifies the development of heat stress- 
associated MACE (Flynn et al., 2005), electrolyte imbalances 
(Mahaldar, 2012) and AKI (Levey and Coresh, 2012). Chronically in
jured kidneys exhibit a blunted ability to concentrate urine increasing 
the risk for hypernatremia whereas complications with the disease (e.g., 
non-osmotic release of vasopressin) can precipitate hyponatremia 
(Mahaldar, 2012). Similarly, impaired potassium excretion (Musso 
et al., 2006) and regulation of acid-base balance (Frassetto and 
Sebastian, 1996) can contribute to the development of hyperkalemia, 
which can lead to fatal arrhythmias. Finally, upregulation of coagula
tion pathways increases the risk of thrombotic complications (Flynn 
et al., 2005; Huang et al., 2017). While this is typically associated with 
patients with end stage renal failure (Darlington et al., 2011; Vaziri 
et al., 1994), elevated levels of procoagulant factors (e.g., fibrinogen, d- 
dimer) have been observed in individuals with moderate CKD (Huang 
et al., 2017). Both mechanisms are thought to have contributed to in
creased mortality in older adults during recent heatwaves (Flynn et al., 
2005). 

4. Next steps: Integrating physiological research with public 
health 

An organism’s ability to maintain internal consistency in the face of 
external (environmental) perturbations is central to health (Fig. 5). In 
the context of the preceding discussion, it is evident that our under
standing of the mechanistic links between heat exposure and health is 
still in its infancy. Given the scope of the problem, elucidating those 
links will require an integrated research approach, combining techni
ques and expertise from multiple disciplines including (but not limited 
to) public health, medicine and physiology (Capon et al., 2019). Phy
siological research is inherently integrated (Billman, 2020), spanning 
the divide between assessing homeostatic regulation in isolated cells 
and organs to evaluating the physiological effects of a multitude of 
environmental factors on health and performance (Joyner, 2011). 
These tenets lend themselves to translational and integrated research 
approaches aimed at addressing pressing public health concerns (Seals, 
2013). 
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As a crucial first step, a move toward ecological study design is 
warranted to improve our ability to utilize the results from physiolo
gical research to help generate and refine public health guidance during 
heatwaves. For example, much of our understanding of the thermo
regulatory and cardiovascular responses to resting heat stress comes 
from studies employing whole-body passive heating. In this model, 
convective heating of the subject is typically induced through perfusion 
of hot water through an encapsulated, tube-lined garment (Rowell, 
1974), allowing for precise control over the absolute and temporal 
profiles of the resultant rise in body core temperature. The integrated 
physiological responses are then evaluated. However, because heat 
transfer is restricted due to the encapsulated design, body temperatures 
are not allowed to naturally equilibrate with the environment (i.e., heat 
balance cannot be achieved) and extreme hyperthermia can quickly 
develop (Rowell et al., 1969). Further, because of the rapid transfer of 
heat through water (25 times greater thermal conductivity vs dry air) 
(Parsons, 2014) and restricted sweat evaporation due to the en
capsulated design, skin temperatures can reach upwards of ∼40°C 
(Minson et al., 1998). Highly elevated skin temperatures can exacerbate 
elevations in cutaneous vascular conductance by 1) activation of sym
pathetic cutaneous vasodilator activity, increasing skin blood flow 
(Crandall and Wilson, 2015) and 2) directly augmenting cutaneous 
venous capacitance (Rowell et al., 1971). Furthermore, since whole- 
body passive heating studies are often conducted with participants in 
the supine position, end-diastolic volume is maintained (Crandall et al., 
2008) supporting the marked elevations in cardiac output (Rowell 

et al., 1969) 
By contrast, studies that have employed resting environmental heat 

exposure have generally shown attenuated elevations in body tem
perature and cardiovascular adjustments compared to suit-heating 
models in both young and older adults (see Fig. 6 for example). In that 
work, however, exposure duration has been relatively short (≤4 h) 
(Table 1) whereas heatwaves, by definition, occur over extended per
iods (e.g., days to weeks). Further, most of those studies have employed 
conditions unrepresentative of heatwaves. For instance, the heat index 
(an effective temperature index that considers the effects of air tem
perature and ambient humidity) of the environmental heat-exposure 
studies highlighted in Table 1 generally ranged from 48 to 65°C 
(median: 51°C), with the exception of the study by Stapleton et al. 
(2013) (heat index: 35°C). By comparison, peak day-time outdoor 
conditions in several large heatwaves from 1995 to 2012 were less 
severe ∼36–51°C (median: 43°C) (Jay et al., 2015). Furthermore, most 
people, especially older adults, spend ≥70% (average of ∼17 h/day) of 
their time in the home (Spalt et al., 2016), where summer temperatures 
in continental climates can range anywhere from ≤ 22°C, if the home is 
actively cooled, to ≥35°C in the case of insulated and poorly ventilated 
domiciles (White-Newsome et al., 2012). In order for evidence-based 
public health policies to capitalize on physiological research, a critical 
first step is the development and refinement of study designs to better 
assess physiological responses of healthy and vulnerable populations 
during exposures with durations and intensities more representative of 
those experienced during heatwaves. 

Fig. 5. Bircher’s model of health (Bircher, 2005) 
applied to heatwaves. In this example health is 
seen as a balance between physiological potential 
(complex and adaptive interactions between 
physiological systems) and environmental de
mands (determined by the number and magni
tude of environmental stressors). In temperate 
conditions, internal physiological function 
(health, blue arrow) is maintained in both young 
and older adults since biological potential ex
ceeds environmental demands. During exposure 
to heatwave conditions, integrated physiological 
responses in young adults (reflected in their 
elevated physiological potential) are sufficient to 
meet increased environmental demands and 
health is maintained. In older adults, age- and/or 
disease-related reductions in potential impede 
the blunted physiological response to elevated 
environmental demand, resulting in acute pa
thology (red arrow). Note that, for the purpose of 
this discussion, this view has been simplified to 
include only demands imposed by the environ
ment and inherited biological (physiological) 
potential. Ones’ potential to respond to life de
mands is also influenced by acquired potential 
related to education, psychological and spiritual 
development, socioeconomic status, social ca
pital and physical ability (e.g., aerobic fitness). 
(For interpretation of the references to colour in 
this figure legend, the reader is referred to the 
web version of this article.) 
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5. Summary 

In this review, we summarized current knowledge on the mechan
isms by which aging limits the acute physiological response to heat 
stress and discussed how dysregulation in the implicated physiological 
systems – those responsible for body temperature, cardiovascular, and 
fluid regulation – may contribute to increased risk of adverse health 
events during heatwaves. We also considered the role of age-associated 
chronic disease and other comorbidities in modifying that risk. Our 
understanding of the mechanistic links between heatwaves and health 
are, in many cases, still insufficient. In our view, a move toward eco
logical study design is required to better integrate physiological re
search in public health programs and climate-health models and im
prove our ability to protect vulnerable sectors of the population. 
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