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THESIS ABSTRACT 

 

This thesis examined thermoregulatory responses in heart failure (HF) patients during 

exercise at a fixed relative intensity, and at an intensity that elicited a fixed rate of 

metabolic heat production (Hprod) in a warm environment (30°C). Additionally, the 

efficacy of a chronic, high-dose (5mg/d for 6wk) pharmacological intervention (folic 

acid supplementation) as a strategy for improving skin blood flow (SkBF) responses 

and thus, thermoregulatory control in these patients during exercise was assessed. The 

findings of three experiments conducted to achieve these aims are presented in this 

thesis. 

Experiment #1 was designed to compare thermoregulatory responses in HF and controls 

(CON) during exercise in the heat. Ten HF (New York Heart Association [NYHA] class 

I-II), and eight CON were included in the study. Core temperature (Tc), skin 

temperature (Tsk), and cutaneous vascular conductance (CVC – and index of SkBF) 

were assessed at rest and during one hour of cycling exercise at 60% of maximal 

oxygen uptake. Hprod and the evaporative requirements for heat balance (Ereq) were also 

calculated. Whole-body sweat rate (WBSR) was determined from pre-post nude body 

mass corrected for fluid intake. While Hprod (HF: 3.9 ± 0.9; CON: 6.4 ± 1.5 W/kg) and 

Ereq (HF: 3.3 ± 0.9; CON: 5.6 ± 1.4 W/kg) were lower (p < 0.01) for HF compared to 

CON, both groups demonstrated a similar rise in Tc (HF: 0.9 ± 0.4; CON: 1.0 ± 0.3°C). 

Despite this similar rise in Tc, Tsk (HF: 1.6 ± 0.7; CON: 2.7 ± 1.2°C), and the elevation 

in CVC (HF: 1.4 ± 1.0; CON: 3.0 ± 1.2 au/mmHg) were lower (p < 0.05) in HF 

compared to CON. Additionally, WBSR (HF: 0.36 ± 0.15; CON: 0.81 ± 0.39 L/h) was 

lower (p = 0.02) in HF compared to CON; however, was similar when corrected for 

differences in Ereq (p = 0.83). Collectively, these data suggest that patients with HF may 
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be limited in their ability to manage a thermal load and distribute heat content to the 

body surface (i.e., skin), secondary to impaired circulation to the periphery. 

Experiment #2 was designed to examine thermoregulatory responses in HF and CON 

during exercise at a fixed rate of Hprod, and therefore Ereq, in a 30°C environment. A 

total of 20 men; 10 HF and 10 CON similar in body size, were included in the study. 

Rectal temperature (Trec), local sweat rate (LSR), and CVC were measured throughout 

60-min of cycle ergometry. WBSR was estimated from pre-post nude body weight 

corrected for fluid intake. Despite exercising at the same rate of Hprod (HF: 338 ± 43; 

CON: 323 ± 31 W, p = 0.25), the rise in Trec was greater (p < 0.01) in HF (0.81 ± 

0.16°C) than CON (0.49 ± 0.27°C). In keeping with a similar Ereq (HF: 285 ± 40; CON: 

274 ± 28 W, p = 0.35), no differences in WBSR (HF: 0.45 ± 0.11; CON: 0.41 ± 0.07 

L/h, p = 0.38) or LSR (HF: 0.96 ± 0.17; CON: 0.79 ± 0.15 mg/cm2/min, p = 0.50) were 

observed between groups. However, the rise in CVC was lower in HF than CON (HF: 

0.83 ± 0.42; CON: 2.10 ± 0.79 au/mmHg, p < 0.01). Additionally, the cumulative body 

heat storage estimated from partitional calorimetry was similar between groups (HF: 

154 ± 106; CON: 196 ± 174 kJ, p = 0.44). Collectively, these findings demonstrate that 

HF patients exhibit a blunted SkBF response, but no differences in sweating. Given that 

HF had similar body heat storage to controls at the same Hprod, their greater rise in core 

temperature can be attributed to a less uniform internal distribution of heat between the 

body core and periphery. 

In light of the findings of Experiments #1 and #2, Experiment #3 was subsequently 

designed to examined the effect of folic acid supplementation (5mg/d for 6wk) on 

vascular function (brachial artery flow-mediated dilation [FMD]), and SkBF responses 

(CVC) during 60-min of exercise at a fixed Hprod (300 W) in a 30°C environment in 10 

HF (NYHA class I-II) patients and 10 CON. Serum folic acid concentration increased in 
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HF (pre-intervention: 1.4 ± 0.2; post-intervention: 8.9 ± 6.7 ng/ml, p = 0.01) and CON 

(pre-intervention: 1.3 ± 0.6; post-intervention: 5.2 ± 4.9 ng/ml, p = 0.03). FMD 

improved by 2.1 ± 1.3% in HF (p < 0.01), but no change was observed in CON post-

intervention (p = 0.20). During exercise, the external workload performed on the cycle 

ergometer to attain the fixed level of Hprod for exercise was similar between groups (HF: 

60 ± 13; CON: 65 ± 20 W, p = 0.52). Increases in CVC during exercise were similar in 

HF (pre: 0.89 ± 0.43; post: 0.83 ± 0.45 au/mmHg, p = 0.80) and CON (pre: 2.01 ± 0.79; 

post: 2.03 ± 0.72 au/mmHg, p = 0.73), although the values were consistently lower in 

HF for both pre- and post-intervention measurement intervals (p < 0.05). Furthermore, 

mean arterial pressure was similar in HF (pre: 98 ± 5; post: 94 ± 5 mmHg, p = 0.53) and 

CON (pre: 102 ± 3; post: 100 ± 3 mmHg, p = 0.65), and no differences were observed 

between groups during both exercise trials (all p > 0.05). These findings demonstrate 

that folic acid improves vascular endothelial function in patients with HF, but does not 

enhance SkBF during exercise at a fixed Hprod in a warm environment. 

The work presented in this thesis serves to expand our current understanding of the 

mechanisms responsible for impaired thermoregulatory control, particularly during 

exercise in the heat, in patients with HF. Furthermore, whilst folic acid did not serve to 

improve thermoregulatory SkBF during exercise in HF, folic acid improved vascular 

endothelial function to a greater extent in HF than CON. These data indicate that while 

folic acid does not alleviate the development of thermal strain during exercise in HF, its 

utility as a viable treatment option for reducing and/or preventing disease-related 

changes in vascular endothelial function in these patients warrants further investigation.  
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PROLOGUE 

 

This thesis outlines research that has been undertaken by Bryce Nicholas Balmain 

(candidate) to fulfil the requirements for the degree Doctor of Philosophy. 

The candidate has prepared this thesis as a series of publications, which have each been 

published in an international peer-reviewed journal. Each manuscript (experimental 

chapter) corresponds to specific research questions within the context of the thesis.  

The contributions made by the candidate have been declared and explicitly expressed 

for all publications within this thesis. 



CHAPTER ONE: INTRODUCTION 

 

Individuals with heart failure (HF) represent one of the most rapidly growing subgroups 

of cardiovascular disease populations in developed countries 1, which is due primarily to 

an aging population and improvements in survival rates for those with coronary artery 

disease 2. The prognosis for HF is extremely poor, with a median life expectancy of less 

than five years upon diagnosis, and HF-related mortality is as poor, if not worse, than 

some cancers 2-4. According to the Australian Institute of Health and Welfare, an 

estimated 30,000 new cases of HF are diagnosed annually in Australia 5. Furthermore, a 

recent review published in 2016 reported that the current prevalence of HF in Australia 

is approximately 3.1% of the population aged over 60 years, and 13.6% aged over 80 

years 6. The rising incidence, coupled with an aging population secondary to 

advancements in cardiovascular medicine and healthcare, is leading to an ever growing 

financial burden for the healthcare system. Indeed, current global estimates put the cost 

of HF at approximately $108b per annum 7. 

By definition, the hallmark of HF is impaired myocardial function; that is, the ability of 

the heart to pump sufficient blood to adequately meet the metabolic demands of the 

body is limited 8. Consequently, even in those individuals with relatively mild HF (New 

York Heart Association Class I-II), common symptoms include slight (if any) limitation 

in physical activity which can result in early onset of fatigue and dyspnea. Myocardial 

dysfunction leads to a cascade of events, with one of the first being activation of the 

renin-angiotensin-aldosterone system and increased activation of the sympathetic 

nervous system 9. Consequently, systemic vasoconstrictor activity is enhanced in HF 

patients to compensate for a reduced cardiac reserve to maintain blood pressure 10. 

Hence, there is strong evidence that HF patients’ exhibit impaired autonomic and 
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cardiovascular function. Furthermore, environmental heat exposure elicits reflex 

responses in sweating and skin blood flow (SkBF) to facilitate heat dissipation in 

healthy individuals to prevent the continuing rise in core temperature 11. Given that 

these heat dissipating responses are mediated by autonomic and cardiovascular 

adjustments 12, 13, the altered autonomic and cardiovascular function associated with HF 

has the potential to impair patients’ ability to effectively respond to thermal challenges.  

Climate change has been widely regarded as a global threat of considerable magnitude 

for human health. This is because heat waves have led to extremely high levels of 

excess morbidity and mortality 14, 15. For example, the most severe cases on record to 

date are the 1995 heat wave in the United States (Chicago) and the 2003 heat wave in 

Western Europe (Paris) where a combined total of approximately 16000 excess deaths  

were reported 16, 17. Of the reported cases, it appeared that aged individuals, those taking 

a range of cardiovascular medications, and those with underlying cardiopulmonary 

disease had the poorest outcomes with higher rates of admission to emergency 

departments, as well as mortality rates 18-22. These prognostic factors are commonly 

seen in patients with HF, and as a result, thermoregulation in HF has received growing 

interest in recent years amongst clinicians and researchers alike, leading some to 

suggest that these patients may be extremely vulnerable to heat-related illness 23-28. 

Indeed, there is evidence of marked increases in illness and death during heat waves and 

in the summer months for these patients 23-25, 29. 

To date, several studies have examined thermoregulation in patients with HF during 

passive heat exposure to elucidate potential mechanisms of thermoregulatory 

dysfunction 30-33. Whilst these studies have consistently found evidence of reduced 

thermoregulatory control 30-33, the fact that these studies were performed during passive 

heat exposure does not permit the extrapolation of the findings to whole-body open air 
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scenarios (e.g., during exercise). Moreover, two studies to date have examined 

thermoregulation in patients with HF during exercise in thermo-neutral conditions 34, 35. 

However, the results of these studies are not readily transferable to the HF population 

due to several limitations. Indeed, a limitation that commonly exists among these 

studies 34, 35 is that differences in biophysical factors such as metabolic heat production 

(Hprod) and body morphology (e.g., body mass and surface area) have not been 

accounted for. Given there is strong evidence that these biophysical factors 

independently influence thermoregulatory responses 36, and that the aforementioned 

studies did not account for these differences in biophysical factors, it is therefore 

difficult to determine whether the previously reported findings are due to HF per se, or 

are simply ascribed to between-group differences in biophysical factors. 

Of the studies that have examined thermoregulation in HF, a common finding is that HF 

patients appear to demonstrate impaired thermoregulatory-induced increases in SkBF 

compared to age-matched health controls 30-32, 35. Since HF results in vascular 

endothelial dysfunction and impaired vascular responsiveness to nitric oxide (NO), it 

may be argued that impaired NO-dependent vasodilation in the cutaneous circulation 

may be responsible for the diminished thermoregulatory-induced rise in SkBF 

previously observed in these patients. As such, the NO pathway might be an important 

target for potential intervention strategies aimed at improving vascular endothelial 

function and accompanying changes in peripheral (including skin) blood flow in 

response to a heat stress in this population.  

In regards to potential interventions that aim to improve SkBF, recent published work 

has demonstrated that chronic, high-dose (5mg/d for 6wk), oral folic acid 

supplementation improves vascular endothelial function and SkBF in healthy older 

individuals and in those with cardiovascular and metabolic disease populations through 
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NO-dependent mechanisms 37-41. Given that HF patients appear to be at risk of heat-

related illness secondary to poorer circulation to the periphery, folic acid 

supplementation may improve vascular endothelial function and SkBF (and thus, 

thermoregulatory control) during environmental heat exposure, and in particular, during 

physical activity. The latter is an important consideration since routine exercise is an 

integral treatment modality for the management of HF 8, 42, and that physical activity in 

and of itself imposes a significant thermoregulatory challenge. Therefore, the efficacy 

of folic acid to improve thermoregulatory control via enhancing SkBF responses in HF 

patients, particularly during exercise, requires further investigation. 

 

1.1 Significance and statement of the problem 

Although thermoregulatory responses have been extensively studied during exercise in 

healthy individuals, our understanding still remains limited in patients with HF. This is 

principally due to the fact that no study to date has used an appropriate experimental 

protocol to examine thermoregulatory responses during exercise in this population – 

where all between-group differences in biophysical factors have been accounted for. 

Determining how HF influences thermoregulatory responses during exercise has 

important mechanistic and practical implications. There is now strong evidence that 

regular physical activity in HF leads to a reduction in the severity of HF-related 

symptoms, decreased mortality, and improved prognosis and health-related quality of 

life 8, 42. Hence, therapeutic exercise, prescribed through rehabilitation programs, 

remains a key HF management strategy. Whilst many centre-based rehabilitation 

programs are conducted in climate-controlled indoor facilities, individuals with HF are 

encouraged to undertake regular, home-based exercise 8, 42. Indeed, this may entail 

exercise performed in varied environments (including outdoors and/or hot ambient 
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conditions) and across a broad range of exercise intensities (including high-intensity 

exercise, implying high levels of Hprod). Another important point to highlight is that 

many activities of daily living such as walking, gardening, and domestic duties would 

be performed at a relatively high percentage of maximum aerobic capacity in patients 

with HF. Accordingly, the increased cardiovascular demand associated with 

thermoregulation in hot weather may also significantly compromise the ability to 

perform such tasks. Thus, a comprehensive investigation into the thermoregulatory 

responses during exercise in patients with HF warrants consideration. 

Currently, the options for preventing heat-related illness in those with HF, particularly 

during exercise, are limited. Indeed, the health benefits associated with exercise for HF 

still far outweigh the consequences of not performing exercise purely as a means to 

escape the potentially harmful effects of hot weather. Thus, intervention strategies (e.g., 

folic acid) that may improve patients’ ability to manage a thermal load and potentially 

aid in reducing the risk of heat-related illness in HF patients whilst performing 

prescribed routine physical activity would be of considerable benefit. Accordingly, folic 

acid supplementation as a strategy for improving heat-induced SkBF responses and 

thus, thermoregulatory control in HF patients during exercise warrants further 

investigation. 

 

1.2 Specific purpose of the research 

This thesis was designed to examine the following specific aims: 

1) Examine thermoregulatory responses and human heat balance parameters in HF 

patients compared to age-matched healthy control participants during exercise at an 

intensity that closely represents the level of intensity that is prescribed through 

rehabilitation programs for HF (60% of maximal oxygen uptake) in a warm 
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environment, while accounting for differences in body mass and the biophysical 

properties associated with heat production. 

 

2) Examine thermoregulatory responses in HF patients compared to age-matched 

healthy control participants during exercise at a fixed rate of Hprod in a warm 

environment. 

 

3) Examine the effect of chronic, high-dose (5mg daily for 6 weeks) oral folic acid 

supplementation on SkBF responses during exercise at a fixed rate of Hprod (in W/kg 

total body mass) in HF patients compared to age-matched healthy control 

participants.  

 

4) Examine vascular endothelial function in HF patients compared to age-matched 

healthy control participants following chronic, high-dose (5mg daily for 6 weeks) 

oral folic acid supplementation.  

 

1.3 Thesis structure  

Chapter Two presents the literature review. This chapter provides an overview of 

human thermoregulation, and the mechanisms of heat exchange that underpin thermal 

homeostasis. This chapter also contains excerpts from two published manuscripts 

entitled ‘Heart failure and thermoregulatory control: can patients with heart failure 

handle the heat?’ and ‘Aging and thermoregulatory control: the clinical implications of 

exercising under heat stress in older individuals’.  

Chapter Three is presented as a published manuscript entitled ‘Altered 

thermoregulatory responses in heart failure patients exercising in the heat’. In this 
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experimental chapter, thermoregulatory control was assessed in HF patients (NYHA 

class I-II) and age-matched healthy control participants during exercise at a fixed 

relative intensity (60% of maximal oxygen uptake). The level of exercise intensity 

chosen in this experiment is clinically relevant as it closely represents the level of 

intensity that is prescribed through rehabilitation programs for HF, and that of which 

patients are encouraged to perform at as part of a home-based exercise program on most 

(if not all) days of the week, as recommended by current guidelines. Chapter three 

addresses specific aim 1. 

Chapter Four is presented as a published manuscript entitled ‘Thermoeffector 

responses at a fixed rate of heat production in HF patients’. In this experimental chapter, 

an unbiased examination of thermoregulatory control was performed in HF patients 

(NYHA class I-II) and age-matched healthy control participants during exercise using 

the well-established method of matching groups for differences in biophysical factors 

associated with Hprod and body size. Chapter three addresses specific aim 2. 

Chapter Five is presented as a published manuscript entitled ‘Folic acid 

supplementation improves vascular endothelial function, yet not skin blood flow during 

exercise in the heat, in patients with heart failure’. In this experimental chapter, the 

efficacy of oral folic acid supplementation was examined as a potential intervention 

strategy to improve vascular endothelial function, and accompanying changes in SkBF 

during exercise in HF patients. Chapter five addresses specific aims 3 and 4. 

Chapter Six provides an overall summary of the research, discusses implications of the 

findings, acknowledges considerations for future research, and outlines the general 

conclusions of the thesis.  
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2.1 Human heat balance  

The primary function of the human thermoregulatory system is to maintain thermal 

homeostasis. Human thermoregulation is largely dependent on internal heat exchanges 

within the body between various tissues and compartments, as well between the surface 

of the skin and the surrounding environment 1. The mechanisms involved in thermal 

homeostasis include heat exchanges via convection, conduction, radiation and 

evaporation (Figure 2.1). Convection represents the transfer of heat which is dependent 

upon the temperature gradient between the skin surface and the surrounding 

environment. Convection is also influenced by the flow of air moving across the skin 

which can be due to environmental air current and/or self-generated air flow through 

movement 2. This mechanism also relates to the movement of heat inside the body, 

where core-to-peripheral temperature gradients serve to promote the convective transfer 

of heat content from the body core to the periphery 3, 4. Conduction characterizes the 

transfer of heat between two solid surfaces (molecule-to-molecule) that are in contact 

with one another 2. In terms of the conductive effect on whole-body heat balance, 

conduction is considered negligible as direct skin contact with a solid surface is 

typically brief, particularly during locomotion, and usually only involves a small surface 

area relative to the whole-body (i.e., sole of the foot) 1. Radiation is the mechanism by 

which heat is transferred via electromagnetic waves between a cool and warm body. 

Radiant heat loss is primarily dependent upon temperature gradients between the skin 

and surrounding environment 2. Lastly, evaporative heat loss represents a mechanism by 

which heat is lost to the surrounding environment by the evaporation of sweat at the 

skin surface and through respiratory ventilation. This is dependent upon the partial 

pressure of water vapour gradient between the surface of the skin (sweat) and ambient 
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air (humidity) 5. Of these mechanisms of heat exchange, evaporative heat loss offers by 

far the greatest capacity to dissipate heat from the skin surface to the environment 5-8. 

 

 

Figure 2.1 Schematic representation of human heat exchange mechanisms. 

 

Changes in heat storage inside the body (and subsequently core temperature) occur due 

to an imbalance between the rate of endogenous metabolic heat production (Hprod) and 

net heat loss from the skin surface and respiratory tract to the surrounding environment. 

In order to measure changes in body heat content, all components of the human heat 

balance equation must be mathematically quantified 1:  

S = M ± W − (K + C + R + Cres + Eres + Esk)(W) 

where: S represents the rate of heat storage inside the body; M represents metabolic 

energy expenditure; W represents the external workload; dry heat loss is characterized 

by the sum of K, C, and R, representing conduction, convection and radiation, 

Evaporation 

Loss of heat by evaporation of sweat 

 

Radiation 

Loss of heat by via 

electromagnetic waves 

 

Conduction 

Loss of heat by direct 

contact 

 

Convection 

Loss of heat by 

movement of air/fluid 

and temperature 

gradients 
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respectively; Cres and Eres represent the rates of convective and evaporative heat 

exchange from the respiratory tract, respectively; and Esk represents the rate of 

evaporative heat loss from the skin surface. If Hprod is balanced out by net heat loss (e.g. 

S = 0), core temperature reaches steady-state (Figure 2.2, Panel A); however, in the 

event that Hprod exceeds net heat loss (e.g. S > 0), core temperature will continue to rise 

(Figure 2.2, Panel B). As per convention, all components of the human heat balance 

equation are commonly expressed per unit of body surface area (BSA) in W/m2. Often, 

BSA is calculated using the DuBois and DuBois equation 9: 

BSA = 0.202 ∙ (body mass)0.425 ∙ (height)0.725(m2) 
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Figure 2.2 A: At rest, the rate of Hprod (solid line) is balanced out by the rate of Hloss 

(dotted line). At the onset of exercise, Hprod rapidly rises reaching a steady state within 

5min. Due to the delay in the onset of Hloss responses, Hloss does not immediately 

balance the rate of Hprod resulting in net heat storage. The additional heat energy stored 

inside the body initiates increases in sweating and skin blood flow to increase Hloss and 

achieve heat balance to prevent a continuing rise in core temperature (dashed line). B: 

When heat balance cannot be achieved, core temperature will continue to rise to 

potentially dangerous limits, and not plateau, due to limited Hloss capacity; the rate of 

Hloss required to achieve heat balance is greater than the maximum capacity for heat 

dissipation. Hprod: metabolic heat production; Hloss: net heat loss. 
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The following section is a description of the methods used for assessing 1) the rate of 

Hprod, and 2) the rate of net heat loss from the skin surface to the environment using an 

indirect calorimetry approach, which is typically the most commonly used method for 

estimating the above heat exchange mechanisms 1. 

 

Metabolic energy expenditure 

Metabolic energy expenditure (M) represents the energy that is released by the 

breakdown of adenosine triphosphate (ATP), which provides energy for skeletal muscle 

contraction. M can be estimated from the rate of oxygen consumption (V̇O2) and the 

respiratory exchange ratio (RER) 10: 

M = V̇O2 ∙
(

RER − 0.7
0.3 ∙ 𝑒𝑐) + (

1 − RER
0.3 ∙ 𝑒𝑓)

60 ∙ BSA
∙ 1000 (W/m2) 

RER=
V̇CO2 

V̇O2

 

where: ec and ef represent the caloric energy equivalent for the oxidation of 

carbohydrate (i.e., 21.13 kJ) and fat (i.e., 19.62 kJ) per litre of oxygen consumed, and 

V̇CO2 represents the rate of carbon dioxide production in litres per minute. Increases in 

metabolic and muscular activity causes a rise in Hprod which is due to the inefficiency of 

the metabolic reactions required to provide energy to the working muscles 11. Muscular 

contraction is extremely inefficient with approximately 80% of the energy generated 

produced as heat 12. For example, if ~100 W is produced per litre of oxygen consumed, 

only ~20 W will be utilised for mechanical work, and the remaining ~80 W will be 

produced as heat 11, 12. The rate of Hprod may be estimated by the difference between M 

and the external work rate (W): 
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Hprod = M − W (W/m2) 

Dry heat loss 

The rate of dry heat loss (Hdry) is the sum of the heat exchange via convection and 

radiation occurring between the surface of the skin and the surrounding environment 1. 

Hdry can be estimated by 13: 

Hdry = R + C (W/m2) 

R = hr ∙ (Tsk − Ta) (W/m2) 

C = hc ∙ (Tsk − Ta) (W/m2) 

where: R and C represent radiant and convective heat exchange, respectively; Tsk and Ta 

represent mean skin, and ambient temperature (°C), respectively; hr is the radiant heat 

exchange coefficient and hc is the convective heat exchange coefficient, which can be 

estimated by: 

hr = 4 ∙ 0.77 ∙ ε ∙ σ ∙ [(
Tsk + Tr

2
) + 273.15]

3

 (W ∙ m−2 ∙ K−1) 

hc = 8.3 ∙ 𝑣0.6 (W ∙ m−2 ∙ K−1) 

where: ԑ represents the emissivity of the skin (i.e., 0.95); σ represents the Stefan-

Boltzmann constant (5.67 . 10-8  W.m-2.K-1); Tr represents the average radiant 

temperature, which is assumed to equal Ta (°C); and v represents air velocity (m/s).  

 

Evaporative heat loss 

The term evaporation refers to the vaporisation of a liquid from its surface layer into its 

gaseous phase. At the level of the skin, the amount of energy required to evaporate one 

gram of liquid (sweat) is 2426 joules of energy (latent heat of vaporisation) 5. 
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Subsequently, the vaporised liquid moves down its partial pressure gradient across the 

surface of the skin to the surrounding environment. The evaporative requirement for 

heat balance can be estimated as:  

Ereq = Hprod − Hdry − Hres (W/m2) 

where: respiratory heat exchange (Hres) may be represented as: 

Eres + Cres = [0.0014 ∙ Hprod ∙ (34 − Ta) + 0.0173 ∙ Hprod ∙ (5.87 − Pa)] (W/m2) 

Pa =
Relative humidity ∙ Psa

100
 (kPa) 

Psa = 0.1 ∙ EXP ∙ [18.956 − (
4030.18

(Tsk + 235)
)] (kPa) 

where: Eres represents the evaporative heat loss from the respiratory tract and Cres 

represents the convective heat loss from the respiratory tract; Pa represents the ambient 

vapour pressure (kPa); and Psa represents the saturated vapour pressure (kPa). 

Evaporative heat loss from the skin (Esk) may be represented as: 

Esk =
(WBSR ∙ 1000 ∙ 2426)

3600
 (W/m2) 

where: WBSR represents whole-body sweat rate; and the number 2426 represents the 

latent heat of vaporisation of water in J/g 5.  

 

2.2 Thermoregulatory control 

Humans are homeotherms, and as such, core temperature is maintained between the 

narrow ranges of 35°C to 40°C, despite being exposed to a wide variety of 

environmental conditions. Indeed, maintaining core temperature within this safe, narrow 
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range ensures that metabolic reactions within the human body occur at a near-optimal 

level when possible 3. Accordingly, the human body has developed a sophisticated 

thermoregulatory system comprising of sensory-afferents, a central integratory system, 

as well as efferent-effector responses 3. Specifically, these efferent-effector responses 

include thermoregulatory-induced cutaneous vasoconstriction and/or vasodilation (and 

accompanying changes in blood flow re-distribution), and sweating 14. 

When humans are exposed to heat stress, physiological responses alter the temperature 

and water vapour pressure gradients between the skin and the surrounding environment 

to facilitate heat dissipation 2. Depending on the environmental condition, increases in 

skin temperature alone allow for increases in heat dissipation (Hdry) to the surrounding 

environment via the mechanisms highlighted in the previous section. Increases in skin 

temperature are, in part, due to the redistribution of blood from metabolically active 

organs and muscles to the periphery via adjustments in cutaneous vasomotor tone 15. In 

addition, sweating occurs and a large amount of heat content (2426 J/g of sweat) is 

liberated through evaporation (i.e., phase change of liquid to vapour) at the skin surface 

6. These responses are discussed in greater detail below.  

 

Sweating responses 

The thermoregulatory response with the greatest capacity for heat loss during heat stress 

is the evaporation of sweat and under conditions permitting full evaporation, 

evaporation is the primary mechanism for heat loss 6. Sweat is secreted from sweat 

glands located in all regions of the body. However, the secretion of sweat may show 

high inter-regional variability. This variability is dependent on the location of where the 

heat stress is administered, as well as the density and output of active eccrine sweat 

glands that exist in that area 16-18. When considering whole-body heat exposure, Smith 
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and Havenith 19 reported that the regions with the greatest local sweat rate are usually 

observed on the forehead, followed by the torso and limbs. Similar findings were 

reported by Cramer et al 20, who observed that local sweat rates were greatest on the 

forehead compared to other regions of the body in young healthy men during 60-min of 

constant load sub-maximal (60% V̇O2peak) cycling exercise in a 24°C laboratory 

environment. Indeed, the secretion and subsequent evaporation of sweat from the skin 

surface serves to reduce skin temperature and thus, facilitate the convective cooling of 

skin and the blood flowing to it (i.e., skin blood flow [SkBF]) before returning to the 

body core to aid in maintaining core temperature within a safe range 21.  

Stimulation of active eccrine sweat glands primarily occurs via acetylcholine release 

from sympathetic cholinergic neurons, which subsequently bind to muscarinic receptors 

located around the secretory coil of the sweat gland 22, 23. Upon stimulation, blood 

plasma follows sodium, chloride, and potassium through exposed cells into the 

glandular lumen away from the secretory coil to form what is known as ‘precursor’ 

sweat 24. Precursor sweat is isotonic in nature and is subsequently transported through 

the sweat gland duct towards the skin where sodium and chloride are reabsorbed, 

resulting in the secretion of an aqueous hypotonic fluid (i.e., sweat) onto the skin 

surface 24. Through secreting sweat onto the skin surface, the skin-to-ambient water 

vapour pressure gradient may increase which promotes the evaporation of sweat and 

thus, loss of heat from the skin surface to the environment to restore heat balance.  

 

Cutaneous vasomotor control 

The ability to adjust cutaneous vasomotor tone provides an effective means of 

redistributing cardiac output to modulate SkBF 25. Indeed, this allows for the convective 

transfer of heat content from the body core to the periphery 15. These responses enable 
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the distribution of internal heat content amongst various tissues in the body, as well as 

potentially raise skin temperature to facilitate increases in dry heat loss or minimise the 

rate of dry heat gain/delivery of heat from the environment to the body core when the 

gradient for dry heat exchange is reversed (provided that the ambient temperature was 

greater than skin temperature) at a given ambient temperature 3. Therefore, the 

thermoregulatory-induced redistribution of blood flow is seen as a fundamental 

thermoregulatory response, which may be in part mediated by a number of different 

central and peripheral mechanisms 26.  

The cutaneous vasculature and accompanying changes in SkBF are under dual 

sympathetic innervation consisting of an adrenergic vasoconstrictor, and an active 

cholinergic vasodilatory system 25-27. Upon exposure to a warm environment, the initial 

rise in SkBF occurs via a thermoregulatory reflex-induced withdrawal of sympathetic 

cutaneous vasoconstrictor activity. As core temperature rises, the active cutaneous 

cholinergic vasodilator system is subsequently engaged, which increases SkBF to a 

greater extent 28, 29. Active cutaneous vasodilation is mediated through the release of 

acetylcholine and unknown co-transmitters, which then facilitate cutaneous vasodilation 

through NO-dependant mechanisms 26. Given that previous studies have shown that the 

majority of the elevation in thermoregulatory-induced SkBF is mediated through active 

cutaneous vasodilation 30-32, it is within reason to suggest that a functioning active 

cutaneous cholinergic vasodilator system is vital during thermal challenges.  

 

2.3 Influence of biophysical factors on thermoregulatory responses 

Human thermoregulatory responses are characterised by a large degree in variability 

that may be explained by physiological and/or biophysical factors such as age 33, sex 34, 

and body morphology (i.e., body mass and BSA) 13. Given that differences in body 
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morphology are often associated with differences in age and sex, researchers have 

developed a model (i.e., passive system model) that divides the human body into 

segments (head, trunk, limbs) and compartments (skin, muscle, blood), each with their 

own mass and thermal properties that may influence heat exchange between visceral 

tissues, the skin, and the surrounding environment 1, 35. By combining these biophysical 

properties, total body mass and BSA can be derived, which are now-recognised to 

independently influence human heat exchange mechanisms that were highlighted 

previously in section 2.1. Until recently, these biophysical factors have not always been 

accounted for in studies that have compared thermoregulatory responses between 

independent groups 36-48. As such, it remains unclear as to whether the between-group 

differences in thermoregulatory responses described in many previous studies actually 

reflect the independent influence of each physiological factor that was thought to be 

isolated and under investigation (e.g., age, sex, aerobic capacity, burns, co-morbid 

disease) 36-48, or whether differences in biophysical factors may have been responsible. 

Indeed, it is now-recognised that to perform an unbiased comparison of 

thermoregulatory responses between independent groups, body mass and BSA, as well 

as differences in Hprod, must be controlled for 6, 10, 13, 49-51. 

From a biophysical perspective, changes in core temperature should be determined by 

net heat storage inside the body (i.e., difference between Hprod and net heat loss), body 

mass, and BSA. Since body mass represents the internal heat sink (i.e., mass that 

enables the body to store heat), differences in body mass should therefore influence core 

temperature responses for a given change in body heat storage and thus, Hprod. 

Accordingly, studies have reported differences in core temperature changes during 

exercise at a fixed absolute Hprod, which may be explained by differences in body 

morphology alone 13, 52. Lind 52 demonstrated changes in core temperature in young, 
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healthy individuals that varied by approximately 1.5°C at a fixed absolute Hprod during 

treadmill exercise. Since environmental factors and the rate of absolute Hprod were fixed 

in this study, the variation in core temperature observed between participants can only 

be ascribed to differences in total body mass. Similarly, Cramer and Jay 13 demonstrated 

that differences in body mass independently influenced changes in rectal temperature in 

healthy individuals when cycling at fixed levels of Hprod in a laboratory regulated at 

25°C (Figure 2.3). In this study, the greater heat sink of individuals with a larger body 

mass (~92 kg) resulted in a smaller change in rectal temperature at any absolute rate of 

Hprod compared to individuals with a smaller body mass (~68 kg). These findings 

suggest that core temperature changes are influenced during exercise by differences in 

body mass, independent of the rate of Hprod. Although standardizing exercise intensity to 

elicit a fixed absolute rate of Hprod is relatively simple 13, matching independent groups 

for total body mass may be impractical and/or not possible when examining 

clinical/special populations (i.e., co-morbid disease, children, obese). Therefore, a 

potential solution to the issue of matching independent groups for body mass may be to 

administer an exercise intensity that elicits a similar Hprod in watts per unit total body 

mass (Figure 2.4), as previously described 13. 
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Figure 2.3 Changes in rectal temperature in groups with a large (LG), and a small (SM) 

body mass during exercise at a fixed Hprod in Watts (W; 500 and 600 W) Tables at top 

indicate mean ± SD for Hprod and relative exercise intensity (%V̇O2peak). *Significant 

difference between LG and SM (p < 0.05). Adapted from Cramer and Jay 13. 
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Figure 2.4 Changes in rectal temperature in groups with a large (LG), and a small (SM) 

body mass during exercise at a fixed Hprod in Watts per unit total body mass (W/kg; 6.5 

and 9.0 W/kg) Tables at top indicate mean ± SD for Hprod and relative exercise intensity 

(%V̇O2peak). Adapted from Cramer and Jay 13. 

 

Similar to the responses in core temperature, thermoregulatory sweating may also be 

influenced by differences in biophysical factors associated with Hprod and body 

morphology. Gagnon and colleagues 6 recently reported that in the presence of no 

physiological impairment to sweating, the absolute evaporative requirement for heat 

balance (Ereq) explains approximately 95% of the variation in whole-body sweat rate 

during exercise across different ambient conditions and levels of Hprod. Therefore, it is 

within reason to suggest that the absolute Ereq is the primary determinant of whole-body 

sweat rate when making comparisons between independent groups. Furthermore, whilst 

these findings suggest that comparisons between whole-body sweat rate should be 

performed at a fixed rate of Ereq, differences in body morphology are also known to 
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influence local sweat rates despite similarities between the absolute Ereq and Hprod 
13. For 

example, an individual with a small BSA would require a greater amount of sweat to be 

produced per unit BSA to achieve the same absolute rate of evaporation compared with 

an individual with a larger BSA. This is consistent with the findings of Cramer and Jay 

13, who demonstrated that local sweat rate was significantly higher in individuals with a 

smaller BSA (~1.8m2) compared with individuals with a larger BSA (~2.1m2) during 

exercise at any given fixed rate of Ereq (Figure 2.5). These findings suggest that Ereq 

should be adjusted to BSA when comparing time-dependent and steady-state changes in 

local sweat rates between independent groups, particularly during exercise.  
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Figure 2.5 Mean local sweat rate (LSR) at rates of Ereq of 340 W, 400 W, 165 W/m2, 

and 190 W/m2 in large (LG) and small (SM) groups. Values are means ± SD. Tables at 

top indicate mean ± SD for Hprod in W and W/kg, the corresponding Ereq in W or W/m2, 

and work rate for each Ereq. *Significant difference between LG and SM. †Significant 

main effect of body size (P<0.05). Sourced from Cramer and Jay 13. 
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2.4 Thermoregulatory responses to exercise  

Human thermoregulatory responses to exercise have been well-described in the 

literature 25, 53-57. Even at moderate environmental temperatures (i.e., ~25°C), physical 

activity imposes a significant thermoregulatory challenge (rise in Hprod) due to the 

internal heat produced by cellular respiration 11. This rise in Hprod is due to the excess 

heat produced as a consequence of muscle inefficiency (~20%). Increases in Hprod 

during exercise result in concomitant increases in heat energy storage due to an initial 

imbalance (i.e., temporal dissociation) between Hprod and the rate of heat dissipation 1. 

The change in tissue temperature due to the resultant heat energy stored inside the body 

during exercise and/or gained due to environmental heat exposure provides thermal 

afferent impulses to the central nervous system 3. Specifically, nuclei of the anterior 

(pre-optic region) hypothalamus integrate thermal afferent information from central 

(core) and peripheral (skin) thermoreceptors 58, 59,  and subsequently send efferent 

signals via sympathetic pathways to appropriate effector organs to initiate (onset 

threshold) sustained increases in sweating and SkBF. These heat dissipating responses 

increase proportionally to the rise in core temperature with further modification from 

skin temperature (thermosensitivity) 60. Currently, the onset threshold and 

thermosensitivity of heat dissipating responses currently represent the only means that 

the physiology of body temperature control can be examined. 

 

Sweating responses during exercise 

A seminal study by Nielsen 61 demonstrated that, in accordance with the human heat 

balance theory, the rate of evaporation from the skin (and thus, whole-body sudomotor 

activity) is directly proportional to the Ereq during exercise. However, many studies have 

used an experimental protocol based on a fixed relative exercise intensity (%V̇O2peak) to 
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compare thermoregulatory responses (including sweating) between independent groups 

36, 38, 42, 43, 48, 62-78. The rationale to use such a protocol is based on the original findings 

of Saltin and Hermansen 44, who demonstrated that exercise at the same relative 

exercise intensity yielded similar core temperature responses in young healthy 

individuals, irrespective of aerobic capacity. Later in 1989, Greenhaff 79 also reported 

smaller changes in core body temperature during exercise at a fixed absolute intensity in 

young fit (V̇O2peak: 60-65 ml/min/kg) compared to unfit (V̇O2peak: 40-45 ml/min/kg) 

individuals. Similar findings were further observed by Fritzche and Coyle 76 and Gant et 

al 80 during exercise at a fixed %V̇O2peak in a similar climate (~23°C). Collectively, 

these findings have led to the long-held notion that inter-individual variability in core 

body temperature regulation during exercise is eliminated when the exercise intensity is 

expressed as a %V̇O2peak 
81. As such, experimental protocols administering exercise at a 

%V̇O2peak therefore became, and still remain, the most common approach to study 

thermoregulatory responses during exercise when making comparisons between 

independent groups.  

Over the last 15 years, there has been a paradigmatic shift from the concept that core 

temperature is driven according to %V̇O2peak, to an appreciation that the use of a fixed 

%V̇O2peak protocol leads to different rates of Hprod between independent groups who are 

not matched for absolute V̇O2peak 
10, 13. Accordingly, the participant group with the 

higher V̇O2peak generates a greater level of Hprod during exercise at a fixed %V̇O2peak. As 

such, a greater rate of net heat loss is required to offset the greater rate of Hprod elicited 

by the experimental protocol 6. Consistent with this suggestion is that greater sweat 

rates are commonly reported with increasing levels of fitness when exercise is 

prescribed at a fixed %V̇O2peak 
36, 43, 71, 82. As such, previous studies that used a 

%V̇O2peak approach might have incorrectly ascribed differences in thermoregulation to 
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the physiological factor that was thought to be isolated/under investigation (e.g., age, 

sex, aerobic capacity, burns, co-morbid disease) 36, 38, 42, 43, 48, 62-78, when different rates 

of Hprod and thus, Ereq may instead have been accountable. This may well be the case 

particularly if the assessment of biophysical factors associated with differences in Hprod 

was not included in previous studies using a %V̇O2peak protocol to assist in the 

interpretation of results.  

 

Cutaneous vasomotor control during exercise 

While the cutaneous circulation is recognised as a major effector organ of the 

thermoregulatory response, vasomotor control may also be influenced by non-

thermoregulatory factors that control blood pressure such as the baroreceptors 83. 

Previous work has demonstrated that SkBF plateaus at ~60% of its maximum during 

exercise in the heat in healthy individuals 84, even in the presence of hyperthermia, 

which may be due to an exercise-induced alteration in active cutaneous vasodilation 85. 

It has been proposed that this is likely the result of a non-thermoregulatory, 

baroreceptor reflex-mediated control of vascular conductance that redistributes blood 

flow away from the cutaneous circulation (SkBF) so as to maximise the delivery of 

oxygen to active skeletal muscle and maintain blood pressure 25. 

During exercise, demands for blood flow from metabolic vasodilation in exercising 

skeletal muscle challenges the cardiovascular system and its ability to protect blood 

pressure. Indeed, the heart is aided by increases in venous return (i.e., preload) as a 

result of muscular activity and associated muscle pumps 53. Accordingly, during 

exercise cardiac output may increase by 3-4 fold in healthy individuals depending on 

exercise capacity 25, 55, with the limiting factor being the pumping capacity of the heart. 

The redistribution of blood flow away from inactive visceral areas such as the renal and 
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splanchnic circulations, also promotes the increased delivery of blood flow to active 

skeletal muscle and assists in the maintenance of blood pressure 53. 

Whilst environmental heat exposure stimulates increases in SkBF, the combination of 

heat stress and exercise therefore further challenges the human cardiovascular system. 

As such, the maintenance of blood pressure and skeletal muscle perfusion, in the face of 

increases in SkBF to meet thermoregulatory demands necessitate an increase in cardiac 

output and redistribution of blood flow from inactive regions including the renal and 

splanchnic circulations  25. In light of these responses, the combined independent 

demands from the skin, active skeletal muscle (both locomotor and respiratory), and 

blood pressure regulation will likely exceed available cardiac output 53. In keeping with 

this suggestion, previous work has demonstrated that SkBF plateaus at ~60% of its 

maximum during exercise in the heat in healthy young individuals 84. This is likely the 

result of a baroreceptor reflex-mediated control of vascular conductance imposed by 

exercise-induced metabolic demands to redistribute blood flow away from the 

cutaneous circulation to maintain optimal skeletal muscle and cerebral perfusion, and 

blood pressure regulation  86. With such changes evident in apparently healthy young 

individuals, it may be argued that decrements in SkBF would be exacerbated in older 

individuals, particularly those who are over the age of 60 years, who exhibit altered 

cardiac and circulatory responses during heat stress relative to their younger healthy 

counterparts 87. Indeed, any limitation in SkBF (and/or sweating) during exercise in the 

heat may result in increases in core temperature if thermoregulatory demands cannot be 

appropriately dealt with.   
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2.5 Thermoregulatory responses and aging 

The influence of prolonged environmental heat exposure on human health is well 

recognised and well-described in the literature 3, 53. In fact, excess deaths due to heat 

stress increase with advancing age, and it has been suggested that people who are over 

the age of 60 years are among the worst affected 88, 89. Although the greater prevalence 

of comorbidities and use of medication may be, in part, responsible for heat-related 

deaths in this population, a number of studies have demonstrated that aging is 

associated with an attenuated physiological ability to dissipate heat 42, 90-92. As such, 

greater public health recognition of this problem is urgently needed given that climate 

change, coupled with an aging population, is exposing an increasingly greater number 

of individuals to the risks of heat-related morbidity and mortality. 

 

Sweating responses and aging 

As discussed previously, humans rely to a large extent on the ability to increase sweat 

production to regulate core temperature during environmental heat exposure. However, 

evidence to date suggests that older individuals exhibit alterations in sweating during 

heat stress compared to younger, gender-matched individuals 90, 93-99. A common 

finding amongst studies is that older individuals demonstrate a delayed core temperature 

onset threshold for sweating and a reduction in evaporative heat loss (due to a lower 

overall sweat rate) compared to their younger healthy counterparts. These age-related 

decrements in sweating do not appear to be due to a reduction in the number of 

activated sweat glands, but rather to a reduction in the amount of sweat produced per 

gland, as shown by studies in which sweat glands were pharmacologically-stimulated 64, 

99. The decrease in sweat gland output with aging may reflect age-related changes in 

sweat glands themselves (sweat gland atrophy) or a decrease in cholinergic sensitivity 
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100. Moreover, additional findings indicate that regional differences in sweat gland 

function exist between older and younger groups 101. Indeed, greater age-related effects 

have been commonly reported for sweat gland function on the forehead and limbs when 

compared to sweat glands located on the trunk. In light of these findings, it has been 

suggested that sweat gland function may decline in a peripheral-to-central direction as 

skin ages 98.  

With respect to examining sweating responses during exercise in the heat in older 

individuals, Kenney and Anderson 65 demonstrated that local sweat rate was less in 

older individuals than their younger counterparts during exercise at a relative intensity 

(40% of maximal oxygen uptake) in a laboratory regulated at 37°C and 48°C. 

Tankersley et al 36 and Inbar et al 42, demonstrated that local and whole-body sweat rate 

was lower in older individuals compared to younger individuals during exercise at 65% 

and 50% of maximal oxygen uptake, respectively, in a hot (30°C and 41°C, 

respectively) environment. The attenuated evaporative heat loss capacity found in older 

individuals result in greater heat energy stored inside the body which can cause body 

core temperature to rise to potentially dangerous levels. Whilst these findings 36, 42, 65  

support the above evidence in that the capacity to produce sweat during heat stress 

decreases with advancing age, the fact that older individuals appear to be at a greater 

risk of heat-related health problems may also be, in part, due to attenuated responses in 

SkBF during heat stress. Indeed, it has also been shown that a reduced sweat output is 

accompanied by a decrease in SkBF during heat exposure 90-92. 

 

Cutaneous vasomotor control and ageing 

The human thermoregulatory system has the ability to trigger large increases in SkBF in 

response to central and peripheral heating. Increases in SkBF occur due to increases in 
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perfusion pressure and/or reductions in cutaneous vascular resistance. However, with 

increasing age, even in the absence of adverse pathology, cutaneous vasomotor control 

is attenuated. This may render older individuals at a greater risk of heat-related illness 

during environmental heat exposure. A common finding among studies that have 

examined thermoregulation in healthy aging to date is that older individuals 

demonstrate impaired heat-induced rises in SkBF compared to their younger 

counterparts 38, 90-92, 102-104. While aging does not appear to independently influence the 

onset threshold for cutaneous vasodilation (and accompanying changes in SkBF) 105, 

studies have consistently shown that older individuals exhibit attenuated increases in 

SkBF for a given change in core temperature, as well as lower time-dependant changes 

in SkBF compared to younger individuals 38, 90-92, 102-104.  

In addition, SkBF responses during exercise in the heat are diminished to a much 

greater extent in older individuals compared to younger individuals 91. Indeed, the 

combined independent demands from the skin, active skeletal muscle (both locomotor 

and respiratory), and blood pressure regulation may potentially exceed available cardiac 

output in the older individual 53. Hence, if SkBF was to continue rising unabated during 

exercise, blood pressure would potentially fall which may then lead to a catastrophic 

perfusion failure of vascular beds. Of note, this impaired cutaneous vascular response to 

heat stress and/or during exercise reported in the aforementioned studies is observed 

even when older and younger individuals are matched for aerobic fitness, acclimation, 

and hydration status, suggesting that this is a primary function of human aging. 

During exercise and/or environmental heat stress, core temperature will continue to rise 

if sweating and SkBF responses do not facilitate heat dissipation at the rate required to 

maintain heat balance. Extended periods of heat stress can increase the likelihood of 

heat-related illness (particularly in the older individual) 105. Major heat-related 

35



conditions including heat stroke which is characterized as a severe elevation in body 

temperature that causes body tissue and central nervous system dysfunction 106, 107, all 

result from insufficient heat loss from the body. Not surprisingly, decreases in 

thermoregulatory control have been attributed to a combination of factors including 

alterations in sweating and SkBF 90-92. Aside from these well-documented age-related 

changes, alterations in cardiovascular function with co-morbid disease such as 

cardiovascular disease can also potentially contribute to altered thermoregulatory 

control in the older individual 105. Specifically, it must be acknowledged that a number 

of clinical reports have suggested that individuals with heart failure (HF) are 

predisposed to a greater risk of heat-related illness during environmental heat exposure 

95, 101, 105. This is evidenced by a marked increase in morbidity and mortality during heat 

waves and in the summer months for these patients 108-111. These observations suggest 

that thermoregulatory capacity during environmental heat stress may be severely altered 

in this population. 

 

2.6 Thermoregulatory responses and heart failure 

Whilst healthy individuals have a large capacity to tolerate environmental heat stress 54, 

the risks for heat-related illness appear to be compounded for individuals with HF. The 

increased susceptibility of heat-related illness previously observed in these patients is 

likely due to a number of factors particularly relating to HF-associated pathophysiology, 

as well as the pharmacotherapy for the management of the condition itself. This will be 

discussed in greater detail below. 

The Heart Failure Society of America and European Society of Cardiology define HF as 

a decreased ability of the heart to pump sufficient blood to adequately meet the 

metabolic demands of the body 112, 113. Indeed, cardiac dysfunction leads to a cascade of 
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events, with one of the first being activation of neurohumoral mechanisms to maintain 

cardiac output. The renin-angiotensin-aldosterone-system is chronically activated 114-116, 

and as a consequence, systemic vascular resistance is enhanced to compensate for a 

reduced cardiac reserve to regulate blood pressure 114. Moreover, it has been well-

documented that structural changes in the peripheral (including skin) vasculature occur 

in patients with HF; specifically, endothelial-dependent vasodilation, NO production 

and vascular responsiveness to NO is impaired in these patients 117-120. Apart from 

systemic mechanisms, direct cardiac sympathetic nerve activity is enhanced in HF 

patients, which may result from reflex changes in response to neural inputs such as 

baroreceptors, as well as raised levels of circulating catecholamines such as angiotensin 

II 114-116. Further increases in sympathetic activity may also result from increased 

activation of the metaboreflex during exercise in HF 121. Taken together, the combined 

effects of enhanced neurohumoral mechanisms and cardiac sympathetic nerve activity, 

as well as increased activation of the muscle metaboreflex serve to counteract the 

reduced elevation of cardiac output in an effort to maintain blood pressure. Whilst these 

compensatory mechanisms may be beneficial in the early stages of the disease, 

chronically the increased activity of these systems leads to further deterioration and 

progression of HF. 

Currently, there is no known cure for HF; however, risk factor management is an 

important therapeutic strategy. Exercise training is a well-recognized therapeutic 

modality in the management of many (if not all) chronic diseases 122; but until recently, 

patients with HF were advised to avoid physical activity for fear of a decline in cardiac 

function due to increased myocardial demands imposed by exercise 122-124. However, it 

has become recognised that physical activity restriction may in fact accelerate disease 

progression and worsen HF-related symptoms, whilst exercise training has been shown 
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to improve exercise capacity and health-related quality of life, and likely improve 

morbidity and mortality in these patients 125. Accordingly, a prescribed exercise training 

program is now recommended standard practice for patients with HF 112, 113.  

In addition to exercise prescription, pharmacotherapy is a cornerstone for the 

management of HF. Clinical trials have clearly shown that pharmacotherapy counteracts 

the neurohumoral activation in HF with the use of angiotensin-converting-enzyme 

inhibitors, angiotensin receptor blockers, and beta-blockers 126-128. Other treatments that 

have shown improvements in HF-associated morbidity and mortality, and symptomatic 

relief include diuretics, digoxin, and nitrate/hydralazine combinations 128-130. Whilst 

pharmacotherapy is endorsed as an integral treatment modality for HF patients 112, 113, 

131, previous studies have shown that pharmacotherapy may interfere with physiological 

responses essential for thermoregulation 88, 132, 133. Thus, the long term use of a variety 

of cardiovascular medications in combination with a strict fluid balance regime 134, 

specifically for the management of HF, may compromise thermoregulatory capacity and 

play a contributing role to the observed heat intolerance in HF patients. 

As described earlier, elevations in sweating and SkBF are the primary mechanisms in 

humans that serve to protect against potentially harmful elevations in heat strain. These 

heat dissipating responses are mediated by autonomic and cardiovascular adjustments 

53, and if these adjustments are attenuated, thermoregulatory control can be 

compromised. Thus, the alteration in autonomic and cardiovascular function associated 

with HF, such as an increased activation of the sympathetic nervous system, and 

impaired myocardial and peripheral vascular function as described above 114, 116, may in 

fact alter the capacity to manage a thermal challenge by influencing thermoregulatory-

induced sweating and SkBF responses 135, 136. Moreover, the pharmacological 

management of HF patients may further compromise thermoregulatory responses. 
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These heat dissipating responses in the context of HF are discussed in greater detail in 

the following sections. 

 

Sweating responses in heart failure patients 

Research to date suggests that HF patients have similar sweating responses to age-

matched healthy controls when exposed to passive whole-body heating 135, 137, 138. In a 

seminal study, Morgan and Nadas 138 reported that sweating was greater at rest in HF 

patients compared to healthy controls. Moreover, recent studies suggest that HF patients 

have similar sweating responses to healthy controls when exposed to passive whole-

body heating 135, 137. While these findings suggest that temperature sensing, cholinergic 

innervation, and sudomotor function are preserved in patients with HF, it must be 

acknowledged that no studies to date have examined sweating responses during exercise 

in this population. Indeed, to perform a comprehensive examination of sweating during 

exercise in these patients, a HF group of similar body mass/surface area as a control 

group must be compared during exercise in a given ambient temperature and relative 

humidity ensuring that differences in biophysical properties associated with Hprod and 

body morphology (i.e., mass and surface area) are controlled for. Hence, we believe 

thermoregulatory-induced sweating in HF is an area that requires further examination.  

 

Cutaneous vasomotor control in heart failure patients 

Although SkBF responses to whole-body and local heating have been extensively 

studied in healthy individuals, there is currently limited evidence describing these 

responses to heat stress in HF patients. In a seminal study, Zelis et al 139 reported that 

forearm SkBF was lower at rest in HF patients compared to healthy controls. More 

recently, two studies demonstrated that the rise in forearm vascular conductance was 
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~50% smaller in HF patients than that observed in healthy controls during passive local 

(forearm) and whole-body (water-perfused suit) heating 135, 137. Additionally, Cui et al 

demonstrated that despite preserved skin sympathetic nerve activity, the 

thermosensitivity of forearm vascular conductance was lower in HF patients compared 

to controls during whole-body heating, (Figure 2.6) 137. Consistent with the above, 

Green et al 136 demonstrated that NO-dependent cutaneous vasodilation and 

accompanying time-dependant changes in SkBF are impaired in HF patients compared 

to controls during passive whole-body chamber heating. Collectively, the results of 

these studies suggest that thermoregulatory-induced increases in SkBF are impaired in 

HF patients at rest 135-137, 139.  

 

 

Figure 2.6 Mean cutaneous vascular conductance and skin sympathetic nerve activity in 

response to increases in mean body temperature in controls (open circles) and heart 

failure patients (closed triangles) during passive whole-body heating. Adapted from Cui 

et al 137. 

 

The mechanisms responsible for impaired vascular conductance responses in HF are not 

yet well understood. Whilst the cutaneous vasculature (and accompanying changes in 
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SkBF) is regulated by two branches of the sympathetic nervous system (i.e., 

noradrenergic vasoconstriction, and active cholinergic vasodilation) 25, 26, it cannot be 

ruled out that the reduction in vascular conductance in HF may be, in part, due to 

enhanced sympathetic neural drive and/or impaired cutaneous active vasodilator activity 

at the local level. In addition to alterations in sympathetic nerve activity, the attenuated 

vascular conductance response in HF may be partially explained by impaired NO-

dependent vasodilation and/or structural changes in the cutaneous vascular endothelium 

136. The fact that HF results in vascular endothelial dysfunction 118, 119, and reduced 

vascular responsiveness to NO 117, 120, lends some support to this hypothesis. 

As described above in section 2.2, the majority of the total rise in SkBF in response to 

heat stress is attributed to active cutaneous vasodilation, which predominately occurs 

via NO-dependent mechanisms 26. Given that HF patients demonstrate impaired NO-

dependent vasodilation during environmental heat exposure 136, the NO pathway may be 

an important target for potential strategies aimed at improving vascular endothelial 

function in this population. Indeed, NO formation is dependent on the presence of 

tetrahydrobiopterin (BH4) 
140, 141, which is required to maintain the structure of NO 

synthase (NOs) for the production of NO 142. In conditions where BH4 bioavailability is 

limited, such as HF 143, NOs becomes structurally unstable and produces superoxide 

rather than NO 144. Superoxide is known to oxidize BH4, which further contributes to 

increased oxidative stress and vascular dysfunction 141. Taken together, decreases in 

BH4 bioavailability and subsequent increases in oxidative stress may contribute to 

attenuated NO-dependent vasodilation in HF patients, thereby negatively impacting 

peripheral, including SkBF and thus, heat content distribution and possibly even heat 

loss capacity in this population. 
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A number of studies have reported that dietary nitrate supplementation increases NO 

bioavailability in healthy middle-aged and older individuals, and in those with 

hypercholesterolemia and peripheral artery disease 145-151. These studies demonstrated 

that nitrate supplementation reduces levels of oxidative stress 146, 147, and improves 

vascular endothelial function via NO-dependent mechanisms 145, 148-151. Based on these 

findings, it may be argued that nitrate supplementation may serve to enhance NO-

dependent cutaneous vasodilation and therefore improve SkBF responses when 

individuals are exposed to elevated environmental temperatures.  

In contrast to nitrate supplementation, a potentially more viable, readily-available, and 

cost-effective dietary intervention strategy aimed at improving thermoregulatory control 

is folic acid supplementation. With growing interest, recent published work 

demonstrates that folic acid and its active metabolite, 5-methyltetrahydrofolate (5-

MTHF), improves vascular function in females with endothelial dysfunction 152, 153, 

individuals with hyperhomocystemia and hypercholesterolemia 154-156, and in patients 

with metabolic and coronary artery disease  157-160. A common finding amongst these 

studies is that subsequent improvements in vascular endothelial function with folic acid 

are mediated through NO-dependent mechanisms, secondary to a 5-MTHF-induced 

restoration of BH4 bioavailability and/or the direct binding of 5-MTHF at the BH4 

binding site to NOs, in place of naturally occurring BH4 
161-163. Given that HF patients’ 

exhibit impaired circulation to the periphery 135-137, 139, folic acid supplementation may 

serve to improve vascular endothelial function and accompanying SkBF responses 

during heat stress through NO-dependent mechanisms and thus, thermoregulatory 

control in this population. 

The addition of folic acid serves as an intriguing therapeutic strategy to assist in 

enhancing cutaneous vascular function and SkBF in HF patients. While HF patients 
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appear particularly susceptible to illness during heat stress, yet are prescribed exercise 

training as part of a holistic treatment strategy, pharmacological interventions that may 

improve patients’ ability to manage a thermal load would be of considerable benefit. 

This is an important consideration given that whilst most structured and/or supervised 

centre-based rehabilitation programs typically take-part in temperature-controlled 

environments 164, individuals with HF are encouraged to undertake regular, home-based 

exercise 112, 113. For individuals with mild disease (i.e., NYHA Class I-II), this may 

entail exercise performed in varied environments (including outdoors and/or hot 

ambient conditions) and across a broad range of exercise intensities (including high-

intensity exercise, implying high levels of Hprod). Thus, a comprehensive examination 

into the thermoregulatory responses during exercise, as well as folic acid 

supplementation as a strategy for improving thermoregulatory control via enhancing 

heat-induced circulatory function in HF patients (during exercise), warrants further 

investigation.  

 

2.7 Concluding statements and reiteration of primary aims 

To date, only a few studies have investigated thermoregulation in patients with HF 45, 

135-137. Evidence suggests that sweating responses during heat stress are not impaired; 

however, increases in SkBF are attenuated in HF, suggesting that these patients may be 

at a greater risk of heat-related illness secondary to impaired cutaneous vasodilation. 

Indeed, ~95% of total skin blood flow is attributed to active cutaneous vasodilation, 

which occurs via NO-dependant mechanisms 26. Given that HF patients demonstrate 

impaired NO-dependant vasodilation 136, the NO pathway may be an important target 

for potential intervention strategies aimed at improving vascular function in this 

population. Hence, folic acid may serve to improve skin blood flow responses during 
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environmental heat exposure, and in particular, during physical activity. The latter is an 

important consideration now that physical activity is recognised as an integral 

therapeutic modality for the management of HF 165, and that physical activity in and of 

itself imposes a significant thermoregulatory challenge. Therefore, this thesis was 

designed to perform a comprehensive examination of thermoregulatory control during 

exercise in the heat in patients with HF, and investigate the role of folic acid 

supplementation on thermoregulatory mechanisms in these patients.  
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3.1 Introduction 

Regular physical activity is endorsed as an integral therapeutic modality for the 

management of heart failure (HF) 1. While most structured and/or supervised exercise-

training programs typically take-part in temperature-controlled environments 2, HF 

patients may be encouraged to perform physical activity outside of formal rehabilitation 

programs, which can take place under a range of environmental conditions, including 

outdoors in a warm environment. A number of reports have shown that environmental 

heat exposure impacts HF-associated morbidity and mortality 3-5, suggesting that 

thermal tolerance to environmental heat stress may be altered in these patients.  

Exposure to increased environmental temperatures causes a number of physiological 

responses integral for thermoregulation 6. Cutaneous vasodilation and accompanying 

increases in skin blood flow both serve to distribute heat content to the body 

shell/surface (i.e., skin) to maintain core temperature within a safe range 7. The 

thermoregulatory redistribution of blood flow is a fundamental cardiovascular response 

6; however, to offset a decrease in vascular resistance (via cutaneous vasodilation), 

cardiac output increases in healthy individuals to prevent a catastrophic decrease in 

blood pressure 6. Although HF patients exhibit impaired myocardial function 1, systemic 

vasoconstrictor activity is enhanced to compensate for a reduced cardiac reserve to 

regulate blood pressure 8. As such, the autonomic and cardiovascular dysfunction 

associated with HF may in turn alter the capacity to increase the delivery of blood to the 

skin during a thermal challenge 7, 9. 

While sweating responses appear to be preserved in HF patients 10, 11, previous studies 

have shown that HF patients demonstrate attenuated increases in skin blood flow, as 

evidenced by reductions in cutaneous vascular conductance for a given rise in core 
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temperature during passive whole-body heating 7, 10. To date, studies have utilised 

passive whole-body heating techniques at supra-physiological temperatures, which does 

not permit the extrapolation of the findings to realistic whole-body open air (applied) 

scenarios. In addition, attenuated rises in skin blood flow and skin temperature have 

previously been reported in HF compared to control participants during exercise in a 

thermo-neutral environment 9, 12. However, the aforementioned studies examining 

thermoregulatory control during exercise in thermo-neutral environments 9, 12 did not 

take into account differences in biophysical properties such as body mass and surface 

area, as well as the management of heat content and the importance of evaporation 

relative to dry heat loss (convection and radiation) 13, 14. Importantly, it is now-

recognised that to perform an unbiased comparison of thermoregulatory responses 

between independent groups, biophysical properties associated with heat production and 

mass must be controlled 15. Indeed, how HF patients manage a thermal load during 

exercise under environmental heat stress while accounting for these factors remains to 

be described. 

Therefore, the purpose of this study was to examine thermoregulatory responses and 

human heat balance parameters in HF patients, compared to age-matched healthy 

control participants (CON) during exercise in a warm environment, while accounting 

for differences in body mass and the biophysical properties associated with heat 

production. It was hypothesised that HF patients would demonstrate an impaired 

thermoregulatory response primarily through a smaller rise in cutaneous vascular 

conductance compared to CON. 
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3.2 Methods 

Participants: A power calculation (G*Power version 3.1.9.2) was performed in order to 

determine the required sample size for the experiment. Based on conventional α (0.05) 

and β (0.80) values, and an effect size of 2.22 as in a previous study 13 using a similar 

design (i.e., independent groups) and primary outcome variables (i.e., core temperature), 

a minimum sample size of 16 participants (8 per group) was required. 

A total of 18 men volunteered to participate in this study; 10 HF patients (NYHA class 

I-II) who were recruited through the local Community Heart Failure Program of Gold 

Coast Health Services, and eight CON recruited from the surrounding community. 

Patients with HF were eligible to participate on the basis of the following criteria: aged 

50-75 yr; were within NYHA class I-II; no recent exacerbation of symptoms relating to 

HF within the past 3 months with no change in medications; free from implantable 

devices including a pacemaker and/or defibrillator; were free from any restriction of 

ambulation and mobility; and had to have been referred to and completed a 12-wk HF-

specific exercise-based rehabilitation program. CON were eligible to participate if they 

matched the study population for age, /gender, body mass, and body surface area; were 

apparently healthy non-smokers; free from cardiopulmonary, neurological, and/or 

metabolic diseases and any restriction of ambulation and mobility; and were not taking 

any cardiovascular medications at the time of participation in the study. Prior to all 

testing, the study purpose and experimental protocols were disclosed, and all 

participants provided written and witnessed informed consent. The experimental 

procedures were reviewed and approved by the Griffith University Human Research 

Ethics Committee, and complies with the guidelines set out in the Declaration of 

Helsinki (see appendix A). 
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Study design: All participants visited the laboratory on two separate occasions, with 

each visit separated by at least 48 hr. Participants refrained from strenuous physical 

activity, and consuming food and beverages containing caffeine and/or stimulants for 24 

hr prior to visiting the laboratory. During the first visit, participants underwent pre-

participation health screening, and performed a medically supervised incremental 

cycling test on a cycle ergometer to determine peak exercise values (heart rate and 

oxygen uptake). During the second visit, participants performed a prolonged (60-min) 

sub-maximal cycling test in a warm (30°C) laboratory environment (relative humidity: 

58 ± 8%).  

Incremental cycling test: Incremental cycling tests were performed on an electronically-

braked upright cycle ergometer (Lode Corival, Lode BV, Groningen, Netherlands) for 

the determination of peak exercise values (oxygen uptake and heart rate). The tests 

comprised a 3-min warm-up period of unloaded cycling, before the workload was 

increased by 10 W (HF) or 15 W (CON) every 60 s until the participant reached 

volitional fatigue or symptom limitation. Cardiac rhythm and pulmonary gas exchange 

were measured via 12-Lead electrocardiography (ECG) (X12+, Mortara Instrument, 

USA) and indirect calorimetry (Ultima, CardiO2, Medical Graphics Corporation, St. 

Paul, MN, USA), respectively. Peak heart rate and oxygen uptake (V̇O2peak) were 

determined as the highest 60 s bin-averaged values attained during the test.   

Sub-maximal cycling test: Participants consumed a telemetric temperature sensor 

capsule (Equivital EQ02, Hidalgo, Cambridge, UK) 16 approximately six hours 

preceding the cycling test. Prior to entering the laboratory, participants were 

instrumented in a thermo-neutral (22°C) environment with a 12-Lead ECG to monitor 

cardiac rhythm and measure heart rate, an optic probe (MP1-V2, Moor Instruments, 
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Milwey, UK) on the forearm (which was stabilized to ensure measurement accuracy)  

~3 cm distal to the cubital fossa to measure skin blood flux (an index of skin blood 

flow), and the Equivital system (Equivital EQ02, Hidalgo, Cambridge, UK) to record 

core (Tc) and skin (Tsk) temperature. Following instrumentation, participants entered the 

laboratory, which was heated to an ambient temperature of 30°C, and were seated on 

the upright cycle ergometer for 10-min of quiet rest (baseline). Once the 10-min 

baseline period concluded, participants commenced cycling at a preferred cadence 

without a warm-up period. The target cycling power output was 60% V̇O2peak, and 

participants maintained the workload for 60-min. Immediately following the cycling 

test, participants were weighed nude so as to determine whole-body sweat rate. All 

measurements were monitored continuously, and recorded at baseline and at 10-min 

intervals during the cycling test. 

Blood pressure was also measured at these time points by manual brachial artery 

auscultation using a mercury sphygmomanometer (Baumanometer Standby Model, 

W.C. Baum Co., Copiague, NY).  

Pulmonary gas exchange variables were measured, as described for the incremental 

exercise test, during the final 3-min of the baseline rest period, and at 10-min intervals 

(3-min measurement bins) during the sub-maximal cycling test for the determination of 

metabolic energy expenditure (M) as previously described 17:  

𝑀 = V̇̇O2 ∙
(

RER − 0.7
0.3 ∙ 𝑒𝑐) + (

1 − RER
0.3 ∙ 𝑒𝑓)

60
∙ 1000 (W) 

where: V̇O2 represents pulmonary oxygen uptake, RER represents the respiratory 

exchange ratio 17, and ec and ef represent the caloric energy equivalent for the oxidation 
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of carbohydrate (i.e., 21.13 kJ) and fat (i.e., 19.62 kJ) per litre of oxygen consumed. To 

determine metabolic energy expenditure in W/kg, M was divided by body mass. 

Heat balance calculations: On the day of testing, subjects were instructed to wear light, 

loose fitting clothing (i.e., shorts and t-shirt) so that dry insulation and evaporative 

resistance of clothing were considered negligible. All parameters were divided by total 

body mass to derive units in W/kg. Metabolic heat production (Hprod) was determined as 

the difference between M and the external workload (W): 

Hprod = 𝑀 − W (W/kg) 

The rate of dry heat loss (Hdry) was determined as: 

Hdry = 𝑅 + 𝐶 (W/kg) 

𝑅 = hr ∙ (Tsk − Ta) (W/kg) 

𝐶 = hc ∙ (Tsk − Ta) (W/kg) 

where: R and C represent radiant and convective heat exchange, respectively; Tsk and Ta 

represent mean skin, and ambient temperature (°C), respectively; and hr and hc are the 

radiant and convective heat exchange coefficients, respectively 13: 

hr = 4 ∙ 0.77 ∙ ε ∙ σ ∙ [(
Tsk + Tr

2
) + 273.15]

3

 (W ∙ m−2 ∙ K−1) 

hc = 8.3 ∙ 𝑣0.6 (W ∙ m−2 ∙ K−1)  

where: 0.77 represents the non-dimensional effective radiant surface area for a seated 

individual 18; ԑ represents the emissivity of the skin (0.95); σ represents the Stefan-

Boltzmann constant (5.67 . 10-8  W.m-2.K-1); Tr represents the mean radiant temperature, 
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which is assumed to equal Ta (°C); and v represents air velocity in m/s. Given that no 

fan was used, air velocity was < 0.2 m/s. Respiratory heat exchange (Hres) was 

determined as: 

Eres + Cres = [0.0014 ∙ Hprod ∙ (34 − Ta) + 0.0173 ∙ Hprod ∙ (5.87 − Pa)] (W/kg) 

Pa =
Relative humidity ∙ Psa

100
 (kPa) 

Psa = 0.1 ∙ EXP ∙ [18.956 − (
4030.18

(Tsk + 235)
)] (kPa) 

where: Eres and Cres represents evaporative and convective heat loss from the respiratory 

tract, respectively; Pa represent the evaporative and convective the ambient vapour 

pressure (kPa); and Psa represents the saturated vapour pressure (kPa). The evaporative 

requirement for heat balance (Ereq) was determined as: 

Ereq = Hprod − Hdry − Hres (W/kg)  

The calculation of Ereq was based on the 3-min average values of each heat balance 

parameter included in the equation. Potential evaporative heat loss from the skin (Esk) – 

assuming all secreted sweat evaporated – was determined as 19:  

Esk =
(WBSR ∙ 1000 ∙ 2426)

3600
 (W) 

where: WBSR represents whole-body sweat rate (calculated based on pre- and post-

exercise changes in nude body weight factoring in intra-exercise fluid consumption, 

which was measured using a dedicated measuring cylinder), which was expressed 

relative to Ereq to account for differences in Hprod elicited by the experimental protocol; 

and the number 2426 represents the heat of vaporisation of water in (J/g) 20.  

63



Thermometry: Tc and Tsk (chest, shoulder, anterior thigh, and calf) were monitored 

continuously using the Equivital system. An area-weighted mean skin temperature was 

subsequently calculated, as previously described 21: 

Tsk = 0.3 ∙ Tchest + 0.3 ∙ Tshoulder + 0.2 ∙ Tthigh +  0.2 ∙ Tcalf (°C) 

To account for the relative contribution of core and skin temperatures to the increases in 

skin blood flow, mean body temperature (Tb) was subsequently calculated as 22: 

Tb = 0.9 ∙ Tc + 0.1 ∙ Tsk (°C) 

Forearm cutaneous vascular conductance (CVC) was estimated from skin blood flux 

divided by mean arterial pressure 10. CVC was then expressed as a change from baseline 

resting values relative to changes in Tb.  

Statistical analysis: Statistical analysis was performed using SPSS 22.0 (SPSS Inc, 

Chicago, IL, USA). Between-group (HF and CON) participant characteristics, including 

peak incremental exercise test, and heat balance data were assessed using paired t-tests. 

A two-way analyses of variance (HF vs CON) with repeated measures was performed to 

examine whether changes in hemodynamic and thermometry measurements differed 

across time, as the within-participant factor between groups (HF vs CON). Pair-wise 

comparisons using Bonferroni adjustments were applied when a significant main effect 

was detected. A linear regression analysis was employed to determine the contributions 

of Tb to the change in CVC during exercise. Statistical significance was accepted at p < 

0.05. All data are presented as mean ± standard error of the mean.  
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3.3 Results 

Participant characteristics: Eighteen men; 10 patients with ischemic HF (NYHA class 

I-II) and eight CON were matched for age, gender, and body mass and surface area. All 

participants completed the incremental exercise test. As expected, HF demonstrated a 

lower absolute and relative V̇O2peak compared to CON and consequently, the peak 

power obtained was lower in HF compared to CON (Table 3.1). All participants 

completed the sub-maximal cycling test, and performed the cycling test in a similar (p > 

0.05) laboratory temperature (HF: 30.2 ± 0.3; CON 30.5 ± 0.2°C) and relative humidity 

(HF: 60.0 ± 0.7; CON 58.8 ± 0.8%).  
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Table 3.1 Participant characteristics 

Demographic and functional measures HF   CON  

Age (yr) 60 ± 7  62 ± 7 

Height (m) 1.76 ± 6.0  1.78 ± 5.1 

Body mass (kg) 91 ± 11  82 ± 11 

Body mass index (kg/m2) 29.3 ± 3.5  26.7 ± 2.4 

Body surface area (m2) 2.1 ± 0.1  2.0 ± 0.1 

Mean arterial pressure (mmHg) 89 ± 5  94 ± 7 

Heart rate (beats/min) 67 ± 18  63 ± 14 

Peak heart rate (beats/min) 136 ± 19  150 ± 14 

V̇O2peak (L/min) 1.6 ± 0.4  2.5 ± 0.6* 

V̇O2peak (ml/kg/min) 18.0 ± 3.5  31.2 ± 9.0* 

Age-predicted VO2peak (L/min) 2.5 ± 0.6  2.6 ± 0.8 

Peak power (W) 97 ± 41  188 ± 60* 

Left ventricular ejection fraction (%) 40 ± 10  65 ± 9* 

New York Heart Association Class (I:II) 3:7     

Cardiovascular medications        

ACE inhibitors 8 (80%)     

Beta-blockers 6 (60%)     

Diuretics 6 (60%)     

Lipid-lowering 6 (60%)     

Anti-coagulants 3 (30%)     

Data are mean ± SD. HF: heart failure participants; CON: control participants; V̇O2peak: 

peak oxygen uptake; ACE: angiotensin-converting-enzyme. *Significantly different 

between HF and CON participants. 

Haemodynamic responses: Heart rate (Figure 3.1, Panel A) increased from the onset of 

exercise in both groups (p < 0.01; group by time interaction: p = 0.87). Mean arterial 

pressure (Figure 3.1, Panel B) increased from the onset of exercise and remained stable 

thereafter in CON; in HF, mean arterial pressure did not change from rest, and 

consequently, remained lower (p < 0.01) than CON for the duration of exercise.  
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Figure 3.1 Heart rate (Panel A) and mean arterial pressure (Panel B) for HF and CON 

participants recorded at 10-min intervals during exercise. HF: heart failure; CON: 

control. Data are mean ± SEM. *Significantly different between groups, p < 0.05. 

 

Heat balance parameters: The biophysical properties associated with heat production 

are displayed in Table 3.2. The group-mean external workload was 58 ± 25 W for HF, 

and 109 ± 33 W for CON (p < 0.01). Due to exercising at a lower external workload, 

absolute Hprod, and Hprod per unit body mass were lower for HF compared to CON. 

Similarly, Ereq, Hres, and Hdry were lower in HF compared to CON. Furthermore, the 

estimated skin surface evaporation from whole-body sweat losses – assuming complete 

evaporation – Esk  was lower for HF than CON; however, the difference in Esk relative 

to Ereq (HF: 84 ± 22; CON: 117 ± 41%) was similar (p = 0.38) between the two groups. 
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Table 3.2 Biophysical properties associated with heat production in both HF and 

CON during the sub-maximal cycling test 

   HF  CON  

Hprod (W) 356 ± 89  516 ± 114* 

Hprod (W/kg) 3.9 ± 0.9  6.4 ± 1.5* 

Ereq (W/kg) 3.3 ± 0.9  5.6 ± 1.4* 

Hres (W/kg) 0.20 ± 0.06  0.32 ± 0.07* 

Hdry (W/kg) 0.31 ± 0.05  0.43 ± 0.09* 

Esk (W/kg) 2.6 ± 1.0  6.7 ± 3.2* 

Data are mean ± SEM. HF: heart failure participants; CON: control participants; Hprod: 

metabolic heat production; Ereq: evaporative requirements for heat balance; Hres: 

respiratory heat loss; Hdry: dry heat loss; Esk: evaporative heat potential. *Significantly 

different between HF and CON participants. 

 

Thermometric responses: For both groups, there was a similar and significant increase 

in Tc (Figure 3.2, Panel A, p < 0.01; group by time interaction: p = 0.21); however, Tsk 

increased to a greater extent during exercise in CON compared to HF (Figure 3.2, Panel 

B, group by time interaction: p = 0.04). 

 

Figure 3.2 Tc (Panel A) and Tsk (Panel B) for HF and CON participants recorded at 10-

min intervals during exercise. Tc: core temperature; Tsk: skin temperature; HF: heart 

failure; CON: control. Data are mean ± SEM. *Significantly different between groups, p 

< 0.05. 
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Forearm cutaneous vascular conductance: CVC (Figure 3.3, Panel A) increased to a 

greater extent during exercise in CON compared to HF (group by time interaction: p < 

0.01), and the change in CVC relative to the change in Tb (HF: 1.3 ± 0.9; CON: 2.6 ± 

0.9 change in CVC/°C) was lower (p = 0.02) in HF compared to CON (Figure 3.3, 

Panel B).  

 

 

Figure 3.3 CVC values recorded at 10-min intervals during exercise (Panel A), and 

changes in CVC (Panel B) in response to increases in Tb for HF and CON participants. 

CVC: forearm cutaneous vascular conductance; Tb: mean body temperature; HF: heart 

failure; CON: control. Data are mean ± SEM. *Significantly different between groups, p 

< 0.05. 

 

Sweating: whole-body sweat rate was lower (p = 0.02) in HF (0.36 ± 0.15 L/h) than 

CON (0.81 ± 0.39 L/h); however, was similar (p = 0.83) between groups when 

corrected for differences in Ereq (calculated WBSR values divided by Ereq). 
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3.4 Discussion 

This is the first study to examine both the thermoregulatory responses and heat balance 

parameters in HF during exercise. Our findings show that when exercising in a warm 

environment, HF had comparable changes in Tc to CON, even though metabolic heat 

production per unit mass (i.e., in W/kg) was greater in the latter. This similar Tc 

response was accompanied by a blunted rise in CVC in HF, whereas whole-body sweat 

rate was similar to CON when accounting for differences in Ereq. These findings 

demonstrate for the first time that thermoregulatory capacity in HF is disrupted during 

exercise combined with a thermal challenge.   

During environmental heat exposure, increases in skin blood flow serve to promote the 

convective transfer of heat content from the core to the skin. The general notion is that 

increasing skin blood flow raises skin temperature, thereby widening the skin-to-

ambient temperature gradient and facilitating heat loss 23. In the present study, while 

both groups demonstrated similar responses in Tc, Tsk (and in turn, Hdry) was lower in 

HF when compared to CON. These findings are similar to that of Benda and colleagues 

24 who documented attenuated rises in skin temperature in HF patients compared to 

healthy controls during cycling exercise in a thermo-neutral environment. These authors 

suggested that lower skin temperatures in HF patients may be reflective of an inability 

to increase skin blood flow (and raise skin temperature). Consistent with this suggestion 

is our observation that CVC, and consequently, the transfer of heat content from the 

body core to the periphery was diminished in HF compared to CON during exercise. 

The cutaneous vasculature is under dual sympathetic innervation consisting of an 

adrenergic vasoconstrictor, and an active cholinergic vasodilatory system which is 

responsible for most (up to ~95%) of the total rise is skin blood flow 25, 26.  Indeed, a 
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number of studies have demonstrated that peripheral vasoconstriction is enhanced in HF 

patients due to an overactive sympathetic nervous system 27-29. Thus, it is likely that the 

reduced skin blood flow (as evidenced by a diminished CVC) in HF in the present study 

may be, in part, due to enhanced vasoconstrictor sympathetic neural drive, and/or 

impaired cutaneous active vasodilator activity. Apart from neural mechanisms, previous 

studies have shown that ~30% of the thermoregulatory-induced elevation in skin blood 

flow is mediated through NO-dependant mechanisms 30, 31. Green and colleagues 7 

demonstrated that NO-dependant cutaneous vasodilation is impaired in HF patients 

when compared to healthy controls during passive whole-body heating. Hence, it may 

be argued that impaired NO-dependant cutaneous vasodilation may have at least 

partially contributed to the reduction in CVC in HF patients in the present study. 

Exercise coupled with environmental heat stress imposes a significant challenge to the 

human cardiovascular system 6. As such, competition may exist for limited cardiac 

output between blood pressure regulation, active skeletal muscle perfusion, and skin 

blood flow when this population is exposed to a thermal stress whilst performing 

exercise. If increases in cardiac output are not sufficient to offset the combined demands 

of the skin and active skeletal muscle, then the regulation of blood pressure will be 

challenged 32. Such a challenge to blood pressure regulation will induce a baroreceptor 

reflex-mediated response that has previously been shown to prevent further increases in 

skin blood flow even in the presence of hyperthermia 33, 34. Consistent with the above, 

blood pressure was well maintained in HF during exercise in the present study, despite 

being lower than CON.  

It is noteworthy that evaporative heat loss from the skin (Esk) was lower in HF 

compared to CON; but, when expressed relative to the evaporative requirements for 
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heat balance (Ereq), no differences were evident between the two groups. Considering 

that changes in Tc were similar in the present study, these findings suggest that internal 

heat management is compromised in HF. As a result, HF patients may have an impaired 

ability to redistribute internal heat content among various tissues in the body, and that 

internal heat storage is concentrated more toward the body core 24. The fact that HF 

demonstrated a lower rise in CVC for a given change in Tc (i.e., thermosensitivity) 

compared to CON in the present study, lends some support to this suggestion.  

It is well-known that the evaporation of sweat is the most effective means of dissipating 

heat to the environment 20. Previous studies have documented that Ereq is the primary 

factor that determines whole-body sweat rate under conditions permitting complete 

evaporation 14, 17. In the present study, absolute whole-body sweat rate was lower in HF 

compared to CON. This was expected given that HF were exercising at a lower Hprod, 

and Ereq represents a simple rearrangement of the heat balance equation by combining 

Hprod and the rate of Hdry 
14. As a result, whole-body sweat rate when corrected for 

differences in Ereq was similar between groups. Similarly, previous studies have shown 

that sweating responses, as well as skin sympathetic nerve activity are comparable 

between HF and control participants during passive whole-body heating 10, 11. 

Collectively, these findings, as well as the findings of the present study suggest that 

temperature sensing, and efferent sympathetic cholinergic sweat gland innervation and 

function may be preserved in HF. 

Methodological considerations 

Similar to others, the current study compared thermoregulatory responses between HF 

and CON using a fixed relative exercise intensity (%V̇O2peak) 
35-39. The rationale to use 

such a protocol is based on the original findings of Saltin and Hermansen 40, which led 
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to the notion that inter-individual variability in core temperature regulation during 

exercise is eliminated when the exercise intensity is expressed as a %V̇O2peak. However, 

recent evidence suggests that changes in core temperature are primarily determined by 

Hprod per unit mass 13, 17, 41. Indeed, differences as little as ~1.5 W/kg in Hprod have been 

demonstrated to result in significant changes in core temperature between groups with 

identical physiological control of their thermoregulatory system 13. However, in the 

present study we observed similar responses in Tc between the two groups, despite HF 

exercising with a much lower Hprod (i.e., ~2.5 W/kg). Hence, our results suggest that the 

ability to regulate core temperature during exercise is disrupted in HF, either through 

blunted heat loss responses and/or a less uniform distribution of heat content between 

the body core and peripheral tissues/skin surface. While our findings suggest that HF 

patients likely exhibit impairments in heat management, we note that future studies 

should prescribe exercise that elicits a fixed rate of Hprod in W/kg to assess 

thermoregulatory capacity by comparing core temperature responses during exercise 

between experimental (i.e., HF patients) and control groups 13. 

The present study examined HF patients who continued with standard care procedures, 

which included taking a variety of cardiovascular medications. Thus, it cannot be ruled 

out that thermoregulatory responses observed during exercise in HF may have been 

confounded by concurrent use of medication 42-44. Whilst we acknowledge the 

confounding influence of cardiovascular medications, we did not attempt to discontinue 

standard care procedures to allow for the extrapolation of data to the broader 

populations of HF patients, and daily situations. In addition, this study examined males 

with NYHA Class I-II HF, which limits the generalization of our findings to male HF 

patients with mild disease. Lastly, this study was performed at a given temperature 
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(~30°C) and relative humidity (~60%); as a result the findings cannot be extrapolated to 

more extreme environmental conditions (e.g., simulated heat wave exposure). 
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Conclusion 

Despite exercising with a lower Hprod per unit mass, our findings show that skin blood 

flow responses (i.e., CVC) during exercise in the heat are diminished in HF, whereas 

sweating responses are not impaired. As such, it appears that HF patients are limited in 

their ability to manage an endogenous thermal load, secondary to poorer circulation to 

the periphery. While routine exercise is recommended for the management of HF, the 

findings of the present study suggests that activity performed at a moderate intensity, 

coupled with environmental heat stress may predispose individuals with HF to a 

substantial (~1 degree) elevation in core temperature. Indeed, this may place HF at a 

greater risk of potentially larger elevations in core temperature and thus, heat-related 

events or a syncopal episode when these patients are exposed to, or are exercising at 

higher environmental temperatures. 
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4.1 Introduction 

While healthy individuals have a large capacity to tolerate environmental heat stress 1, 

patients with heart failure (HF) appear particularly susceptible to heat-related illness 

during heat exposure. This is evidenced by a marked increase in morbidity and 

mortality for these patients during bouts of hot weather and in the summer months 2-5. 

Upon exposure to the heat, the human thermoregulatory system engages a number of 

physiological mechanisms to maintain core body temperature within safe limits  

appropriate effector organs initiate increases in sweating and skin blood flow to 

facilitate the required rate of heat dissipation from the skin surface to the surrounding 

environment to balance the rate of heat that is internally generated 6, 7. These heat 

dissipating responses are mediated by autonomic and cardiovascular adjustments; if 

these adjustments are attenuated, thermoregulatory control can be compromised and 

may increase the risk of heat-related illness. In HF, the well-documented alteration in 

autonomic and cardiovascular function 8, therefore, has the potential to alter 

thermoregulatory responses.  

To date, there have been only a limited number of studies examining thermoregulation 

in the context of HF. Current evidence suggests that sweating responses are not 

impaired; but, increases in skin blood flow are attenuated in HF compared to healthy 

controls during passive whole-body heating 9-15. It is worth noting, however, that these 

studies examined HF patients in encapsulated environments (i.e., water-perfused suits 

and heating techniques at supra-physiological temperatures), and it is unclear whether 

any thermoregulatory decrements with HF are sufficient to meaningfully alter the 

prevailing heat strain during exercise in an open-air (non-encapsulated) environment.  

80



Recently, we reported that skin blood flow responses were lower in HF patients 

compared to healthy controls during exercise in a warm environment 9. Notably, these 

findings were limited by the use of a fixed relative exercise intensity (% peak oxygen 

uptake) 16, which resulted in a much lower rate of metabolic heat production in HF (3.9 

± 0.9 W/kg) than controls (6.4 ± 1.5 W/kg); however, similar core temperature 

responses were observed between the two groups 9. Indeed, this may indicate that HF 

patients’ exhibit attenuated heat loss responses. Furthermore, Benda et al 17 

demonstrated that core temperature responses were similar in HF patients and controls, 

even when exercising at the same absolute intensity and thus, potentially the same 

absolute metabolic heat production. However, this study failed to take into account 

differences in biophysical properties associated with body size, and the management of 

heat content and the importance of evaporation relative to dry heat loss (convection and 

radiation) 18, was not considered. Additionally, sweating and skin blood flow responses 

were not measured. As such, the subsequent conclusions that can be drawn from the 

reported data in this study 17 regarding thermoregulatory control during exercise in HF 

patients are limited. Therefore, in order to conclusively demonstrate the extent to which 

HF independently alters changes in thermoregulatory responses with exercise in the 

heat, a HF group of similar body mass/surface area as a control group must be 

compared at an exercise intensity that elicits the same metabolic heat production for 

both groups 16, 19.  

Therefore, the purpose of this study was to examine thermoregulatory responses in HF 

patients compared to age-matched healthy control (CON) participants of similar body 

size during exercise at a fixed rate of metabolic heat production in a non-encapsulated 

warm environment. It was hypothesised that HF patients would demonstrate a greater 

rise in core temperature than CON despite exercising at the same rate of metabolic heat 
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production, secondary to an impaired cutaneous vasodilatory response (an index of skin 

blood flow) but without any alterations in sweating (reflecting evaporative heat loss 

potential). 
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4.2 Methods 

Participants: A power calculation (G*Power version 3.1.9.2, Heinrich Heine University 

Düsseldorf, Düsseldorf, Germany) was performed to determine the required sample size 

for the study. Based on conventional α (0.05) and β (0.80) values, and an effect size of 

1.51 as in a previous study 16 using a similar design (i.e., independent groups) and 

primary outcome variables (i.e., core temperature), a minimum of 16 participants (8 per 

group) was required. 

Twenty men volunteered to participate in this study; 10 HF patients who were recruited 

through the local Community Heart Failure Program of Gold Coast Health Services, and 

10 age-matched healthy CON participants recruited from the surrounding community. 

Patients with HF were aged 50-75 y; New York Heart Association (NYHA) Class I-II; 

no recent exacerbation of HF-related symptoms and no change in medications within 

the past 3 months; free from any restriction of ambulation and mobility; and had to have 

been referred to and completed a 12-wk HF-specific exercise-based rehabilitation 

program. CON participants matched the study population for age and sex; were 

apparently healthy non-smokers; free from cardiopulmonary, neurological, and/or 

metabolic diseases and any restriction of ambulation and mobility; and were not taking 

any cardiovascular medications at the time of participation in the study. Prior to all 

testing, the study purpose and experimental protocols were disclosed, and all 

participants provided written and witnessed informed consent. The experimental 

procedures were reviewed and approved by the Griffith University Human Research 

Ethics Committee, and complies with the guidelines set out in the Declaration of 

Helsinki (see appendix A). 
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Study design: Participants visited the laboratory on two separate occasions with each 

visit separated by at least 48 h. Participants were required to refrain from strenuous 

exercise, and consuming food and beverages containing caffeine and/or stimulants for 

24 h prior to visiting the laboratory. During the first visit, participants underwent pre-

participation health screening (standardized medical history questionnaire and risk 

factor assessment) and performed a medically supervised 2-stage sub-maximal 

incremental cycling test on a cycle ergometer. Following a 10-min rest period 19, 

participants then performed a medically-supervised maximal incremental cycling test on 

the same cycle ergometer. During the second visit, participants completed a prolonged 

(60-min) constant load sub-maximal cycling test (Experimental exercise trial) in a warm 

(~30°C, ~25% relative humidity) laboratory environment.  

Preliminary sub-maximal incremental cycling test: Sub-maximal incremental cycling 

tests were performed on an electronically-braked upright cycle ergometer (Lode 

Corival, Lode BV, Groningen, Netherlands) to determine the relationship between 

external workload (W) and steady-state metabolic energy expenditure and thus, the 

metabolic heat production (Hprod) required for the experimental exercise trial for each 

participant 19. The test comprised two 5-min sub-maximal stages at individualised 

external workloads predicted to incorporate the target experimental Hprod for the 

experimental exercise trial. The required experimental Hprod was derived using assumed 

gross efficiency values (17%) 20. Pulmonary gas exchange was measured via indirect 

calorimetry (Ultima, CardiO2, Medical Graphics Corporation, St. Paul, MN, USA) 

throughout.  

Maximal incremental cycling test: Maximal incremental cycling tests were performed 

for the determination of peak exercise values (oxygen uptake and heart rate). The tests 
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comprised a 3-min warm-up period of unloaded cycling, before the workload was 

increased by 10 W (HF) or 15 W (CON) every 60 s until the participant reached 

volitional fatigue or symptom limitation. Cardiac rhythm and pulmonary gas exchange 

were measured via 12-Lead electrocardiography (ECG) (X12+, Mortara Instrument, 

Milwaukee, WI, USA) and indirect calorimetry, respectively. Peak heart rate and 

oxygen uptake (V̇O2peak) were determined as the highest 60 s bin-averaged values 

attained during the test.   

Experimental exercise trial: The experimental exercise trial comprised of 60-min of 

constant-load exercise on the upright cycle ergometer at an intensity eliciting a Hprod of 

4 W/kg 9. Prior to entering the laboratory, participants were instrumented in a thermo-

neutral (22°C) environment. Following instrumentation, participants entered the 

laboratory and were seated on the upright cycle ergometer for 10-min of quiet rest 

(baseline). Once the 10-min baseline period concluded, participants commenced cycling 

at a preferred cadence; the pre-selected workload was then be applied and participants 

required to maintain the workload for 60-min or until symptom limitation. All 

participants completed the experimental exercise trial in a similar (p > 0.05) ambient air 

temperature (HF: 29.8 ± 0.12; CON 29.9 ± 0.22°C) and relative humidity (HF: 24.2 ± 

0.5; CON 23.8 ± 0.1%), and all participants were provided with fluid (i.e., water at 

~37°C) ad libitum. 

Heart rate and rhythm, rectal (Trec) and skin (Tsk) temperatures, skin blood flux (an 

index of skin blood flow), and local sweat rate (LSR) were monitored continuously, and 

recorded at baseline and at 10-min intervals during the cycling test. Pulmonary gas 

exchange variables were measured as described above, during the final 3-min of the 

baseline rest period, and at 10-min intervals (3-min measurement bins). Blood pressure 
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was also measured at these time points by manual brachial artery auscultation using a 

mercury sphygmomanometer (Standby Model, Baumanometer, Copiague, NY, USA).  

Instrumentation: Heart rate and rhythm were monitored continuously using a 12-Lead 

ECG. A general-purpose paediatric thermistor (Mon-a-therm, Mallinckrodt Medical, St. 

Louis, MO, USA) self-inserted to a depth of ~12 cm beyond the anal sphincter was used 

to measure Trec. Skin temperature was measured at five sites with thermistors 

(MLT422/A, ADInstruments, Bella Vista, NSW, AUS), and an area-weighted mean was 

subsequently calculated to derive mean skin temperature (Tsk) as previously described 

21:  

Tsk = 0.15 ∙ Tarm + 0.15 ∙ Tshoulder + 0.2 ∙ Tthigh +  0.2 ∙ Tcalf + 0.30 ∙ Tback (°C) 

To account for the relative contribution of core and mean skin temperatures to the rise 

in skin blood flow and sweating responses, mean body temperature (Tb) was 

subsequently calculated as 22: 

Tb = 0.9 ∙ Trec + 0.1 ∙ Tsk (°C) 

Skin blood flux (an index of skin blood flow) was measured using laser-Doppler 

flowmetry. Laser-Doppler probes were placed on the forearm ~3 cm distal to the cubital 

fossa and on the upper back ~5 cm above the scapular spine over the trapezium. 

Cutaneous vascular conductance (CVC) was subsequently calculated from mean skin 

blood flux values divided by mean arterial pressure, and reported as a change from 

baseline values 11. Whole-body sweat rate (WBSR) was calculated based on pre- and 

post-exercise changes in nude body weight corrected for fluid consumption during 

exercise. LSR was measured using a ventilated sweat capsule (4.1 cm2) placed on the 

upper back next to the laser-Doppler probe. The flow of anhydrous air through the 
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capsule was regulated at 0.75 L/min (SV1B-AI05, Influx Measurements, Hampshire, 

UK). The vapour concentration of effluent air was measured using a factory-calibrated 

temperature and humidity transmitter (HMT310, Vaisala, Vantaa, Finland). LSR was 

calculated as the product of vapour concentration and flow rate, normalised to the skin 

surface area covered by the capsule to yield values in mg/cm2/min. 

Heat balance calculations: All participants were instructed to wear a light, loose fitting 

clothing ensemble (i.e., cotton shorts, socks and running shoes) so that dry insulation 

and resistance to evaporative heat loss were considered negligible. As per convention, 

heat balance parameters were estimated using partitional calorimetry and calculated in 

W/m2; however, these values are converted in W/kg of total body mass where 

appropriate. Metabolic energy expenditure (M) was estimated as:  

𝑀 = V̇̇O2 ∙
(

RER − 0.7
0.3 ∙ 𝑒𝑐) + (

1 − RER
0.3 ∙ 𝑒𝑓)

60 ∙ BSA
∙ 1000 (W/m2) 

Where: V̇O2 represents pulmonary oxygen uptake (in L/min), RER represents the 

respiratory exchange ratio (i.e., V̇CO2/ V̇O2) 
16, ec and ef represent the caloric energy 

equivalent for the oxidation of carbohydrate (i.e., 21.13 kJ) and fat (i.e., 19.62 kJ) per 

litre of oxygen consumed, and BSA represents body surface area. Hprod was determined 

as the difference between M and the external workload (W) in W/m2: 

Hprod = 𝑀 − W (W/m2) 

The rate of dry heat loss (Hdry) was determined as: 

Hdry = 𝑅 + 𝐶 (W/m2) 

𝑅 = hr ∙ (Tsk − Ta) (W/m2) 
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𝐶 = hc ∙ (Tsk − Ta) (W/m2) 

Where: R and C represent radiant and convective heat exchange, respectively; Tsk and 

Ta represent mean skin, and ambient temperature (both in °C), respectively; and hr and 

hc are the radiant and convective heat exchange coefficients, respectively: 

hr = 4 ∙ 0.77 ∙ ε ∙ σ ∙ [(
Tsk + Tr

2
) + 273.15]

3

 (W ∙ m−2 ∙ K−1) 

hc = 8.3 ∙ 𝑣0.6 (W ∙ m−2 ∙ K−1)  

Where: 0.77 represents the non-dimensional effective radiant surface area for a seated 

individual; ԑ represents the emissivity of the skin (0.95); σ represents the Stefan-

Boltzmann constant (5.67 . 10-8  W.m-2.K-1); Tr represents the mean radiant temperature, 

which is assumed to equal Ta (°C); and v represents air velocity in m/s. Given that no 

fan was used, air velocity was < 0.2 m/s. Respiratory heat exchange (Hres) was 

determined as: 

Eres + Cres = [0.0014 ∙ Hprod ∙ (34 − Ta) + 0.0173 ∙ Hprod ∙ (5.87 − Pa)] (W/m2) 

Pa =
Relative humidity ∙ Psa

100
 (kPa) 

Psa = 0.1 ∙ EXP ∙ [18.956 − (
4030.18

(Tsk + 235)
)] (kPa) 

Where: Eres and Cres represents evaporative and convective heat loss from the respiratory 

tract, respectively; Pa represent the evaporative and convective ambient vapour pressure; 

and Psa represents the saturated vapour pressure. The evaporative requirement for heat 

balance (Ereq) was determined as: 
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Ereq = Hprod − Hdry − Hres (W/m2)  

The calculation of Ereq was based on mean steady-state values (i.e., average of last 10-

min of exercise) from the experimental exercise trial of each heat balance parameter 

included in the equation. The cumulative body heat storage (S) throughout exercise was 

determined by:  

S = Hprod − (Hdry+ Hres+Esk)(kJ) 

Where each heat balance parameter was converted to kJ/min and subsequently 

summated across the 60-min experimental trial; and the cumulative amount of 

evaporative heat loss from the skin (Esk) was determined as 23: 

Esk =
(WBSR ∙ 1000 ∙ 2426)

1000
 (kJ) 

Where: WBSR represents whole-body sweat rate (in L/h); and the number 2426 

represents the latent heat of vaporisation of sweat in (J/g) 24. Esk was subsequently 

corrected for decrements in sweating efficiency (r) – i.e., Esk multiplied by obtained r 23: 

𝑟 = 1 −
wreq

2

2
 

Where wreq represents skin wettedness required for heat balance:  

𝑤req =
Ereq

Emax
 

Where Emax represents the maximum rate of evaporation to the environment 25:  

Emax = he ∙ (Psa −  Pa) (W/m2) 
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Where: he is the evaporative heat transfer coefficient, calculated as the product of hc and 

the Lewis number (16.5), and Psa – Pa represents the skin-to-air water vapour pressure 

gradient (in kPa). 

Echocardiography: Two-dimensional (2-D) and pulsed-wave Doppler 

echocardiography was performed using a Vivid E9 ultrasound system (GE Healthcare, 

Milwaukee, WI, USA) equipped with a 4.5 MHz sector-array probe (MS5 cardiac 

probe; GE Healthcare, Milwaukee, WI, USA). Parasternal and apical long-axis images 

were acquired at rest, 10-, 20-, 40-, and 60-min in an upright position during the sub-

maximal cycling test by a single experienced sonographer. All 2-D images were 

acquired at frame rates of 50-80 frames/sec, and all system settings were held constant 

throughout the sub-maximal cycling test for each participant. All images were stored 

digitally and subsequently transferred to an offline workstation and analysed using 

Echopac software (v113; GE Healthcare, Milwaukee, WI, USA). Stroke volume was 

calculated as the product of left ventricular outflow tract circumference and pulsed-

wave Doppler-derived blood velocity-time integral, measured immediately proximal to 

the aortic valve during systole. Cardiac output was quantified as the product of stroke 

volume and heart rate. 

Statistical analysis: Statistical analysis was performed using SPSS 22.0 (SPSS Inc, 

Chicago, IL, USA). Between-group (HF and CON) participant characteristics and 

human heat balance data were assessed using independent samples t-tests. A two-way 

analyses of variance (HF vs CON) with repeated measures was performed to determine 

whether changes in hemodynamic and thermoeffector measurements differed across 

time. Pair-wise comparisons using Bonferroni adjustments were applied when a 

significant interaction was detected. A linear regression analysis was employed to 

90



determine the contributions of Tb to LSR and the change in CVC during exercise 26. 

Thermosensitivity was determined as the slope of the relationship between these 

responses and Tb 
9. The onset threshold was determined by plotting LSR and mean skin 

blood flux values over time and visually determining the point at which these values 

systematically increased over three consecutive measurement intervals 22. The 

corresponding ΔTb at that specific time point was taken as the onset threshold 22. 

Statistical significance was accepted at p < 0.05. All data are presented as mean ± 

standard error of the mean.  
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4.3 Results 

Participant characteristics: Twenty men; 10 patients with ischemic HF (NYHA Class I-

II) and 10 CON participated in the study. Participant characteristics are displayed in 

Table 4.1. There were no differences in age, body mass, and body surface area between 

groups (p > 0.05); however, left ventricular ejection fraction was lower in HF than CON 

(p < 0.01). All participants completed the maximal incremental cycling test and as 

expected, HF demonstrated a lower V̇O2peak and peak power compared to CON (p < 

0.05). Additionally, both groups consumed a similar amount of fluid during the 

experimental exercise trial (HF: 0.28 ± 0.13; CON: 0.32 ± 0.15 L; p = 0.63). 
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Table 4.1 Participant characteristics 

Demographic and functional measures HF   CON  

Age (yr) 62 ± 7  61 ± 7 

Height (m) 1.7 ± 6.0  1.8 ± 5.7 

Body mass (kg) 90 ± 13  84 ± 12 

Body mass index (kg/m2) 29.3 ± 4.6  25.9 ± 3.2 

Body surface area (m2) 2.0 ± 0.2  2.0 ± 0.2 

Resting mean arterial pressure (mmHg) 89 ± 4  93 ± 3 

Resting heart rate (beats/min) 62 ± 12  64 ± 7 

Peak heart rate (beats/min) 118 ± 15  151 ± 22 

V̇O2peak (L/min) 1.7 ± 0.4  2.9 ± 0.5* 

V̇O2peak (ml/kg/min) 19.1 ± 5.2  34.1 ± 6.6* 

Age-predicted VO2peak (L/min) 2.3 ± 0.3  2.4 ± 0.7 

Peak power (W) 118 ± 24  211 ± 48* 

Left ventricular ejection fraction (%) 44 ± 11  66 ± 8* 

New York Heart Association Class (I:II) 3:7     

Cardiovascular medications        

ACE inhibitors 8 (80%)     

Beta-blockers 10 (100%)     

Diuretics 8 (80%)     

Lipid-lowering 6 (60%)     

Anti-coagulants 4 (40%)     

Data are mean ± SD. HF: heart failure participants; CON: control participants; V̇O2peak: 

peak oxygen uptake; ACE: angiotensin-converting-enzyme. *Significantly different 

between HF and CON participants, p < 0.05. 

 

Cardiorespiratory responses: For both groups there were similar and significant 

increases in heart rate (Figure 4.1, Panel A, p < 0.01; group*time interaction: p = 0.98) 

and mean arterial pressure (Figure 4.1, Panel B, p = 0.04; group*time interaction: p = 

0.93) from the onset of exercise. SV did not change from rest (Figure 4.1, Panel C, p = 

0.17); however, there was a significant increase in CO (Figure 4.1, Panel D, p = 0.01; 

group*time interaction: p = 0.74) from the onset of exercise in both groups. In addition, 
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ventilation was higher in HF compared to CON during exercise (HF: 44.2 ± 9.0; CON: 

31.6 ± 8.5 L/min; group*time interaction: p = 0.02). 

 

Figure 4.1 HR (Panel A), MAP (Panel B), SV (Panel C), and CO (Panel D) for HF and 

CON participants recorded at 10-min intervals during the sub-maximal cycling test. HR: 

heart rate; MAP: mean arterial pressure; SV: stroke volume; CO: cardiac output; HF: 

heart failure; CON: control. Data are mean ± SEM.  

 

Metabolic heat production, external workload, and evaporative heat balance 

requirements: Mean values for Hprod and evaporative heat balance requirements (Ereq) 

are displayed in Table 4.2. By design, Hprod was similar between HF and CON when 
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expressed per unit total body mass (p =0.44), per unit surface area (p = 0.23), and as an 

absolute value (p = 0.25). The external workload to attain the fixed level of Hprod was 

the same between both groups (HF: 63 ± 16; CON: 65 ± 20 W; p = 0.78). However, the 

corresponding relative exercise intensity (as a percentage of V̇O2peak) was higher in HF 

(56 ± 14 % vs CON: 32 ± 7 %; p < 0.01). Since both groups performed exercise in the 

same environmental condition (with similar increases in Hdry), the use of fixed rate of 

Hprod ensured that Ereq was the same between HF and CON (p = 0.39). Furthermore, 

Emax and wreq were not different (p > 0.05) between groups. 

Partitional calorimetry: Heat balance parameters estimated from partitional calorimetry 

are displayed in Table 4.2. Cumulative Hprod, Hres, Hdry, and estimated skin surface 

evaporation from whole-body sweat losses – after accounting for estimated decrements 

in sweating efficiency– Esk were similar between both groups (all p > 0.05). As a result, 

the estimated cumulative body heat storage during exercise was the same between HF 

and CON (p = 0.44).  
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Table 4.2 Mean heat balance parameters for HF and CON groups 

   HF  CON  

Metabolic heat production and evaporative heat balance requirements 

Hprod (W) 338 ± 43  323 ± 31 

Hprod (W/kg) 3.8 ± 0.5  3.9 ± 0.3 

Hprod (W/m2) 166 ± 16  160 ± 7 

Ereq (W/m2) 140 ± 15  136 ± 7 

Emax (W/m2) 201 ± 5  199 ± 11 

wreq 0.70 ± 0.08  0.69 ± 0.06 

Cumulative heat balance parameters estimated using partitional calorimetry 

Hprod (kJ) 1111 ± 201  1121 ± 121 

Hdry (kJ) 66 ± 19  67 ± 22 

Hres (kJ) 83 ± 22  92 ± 18 

Esk (kJ) 808 ± 159  772 ± 154 

S (kJ) 154 ± 106  189 ± 177 

Data are mean ± SD. HF: heart failure participants; CON: control participants; Hprod: 

metabolic heat production; Ereq: evaporative requirements for heat balance; Emax: 

maximum rate of evaporation possible in the ambient environment; wreq: skin 

wettedness required for heat balance. 

Core and mean skin temperature: During exercise, Trec increased to a greater extent in 

HF than CON (Figure 4.2, Panel A, group*time interaction: p < 0.01). Additionally, the 

end-exercise change in Trec was greater in HF (0.81 ± 0.16°C, v CON: 0.49 ± 0.27°C; p 

< 0.01). In contrast, Tsk did not differ between the two groups throughout exercise 

(Figure 4.2, Panel B, group*time interaction: p = 0.21).  
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Figure 4.2 Trec (Panel A) and Tsk (Panel B) for HF and CON participants recorded at 10-

min intervals during the sub-maximal cycling test. Trec: rectal temperature; Tsk: skin 

temperature; HF: heart failure; CON: control. Data are mean ± SEM. †Significant 

group*time interaction, p < 0.05. 

 

Skin blood flux and cutaneous vascular conductance: The onset threshold of skin blood 

flux did not differ between groups (p = 0.63); however, the rise in skin blood flux was 

lower in HF compared to CON (HF: 216 ± 33; CON: 326 ± 40 au; group*time 

interaction: p < 0.01). Furthermore, the thermosensitivity of CVC was lower in HF 

compared to CON (p < 0.01; Table 4.3) and as a consequence, the rise in CVC was 

lower in HF throughout exercise (Figure 4.3, Panel A, group*time interaction: p < 

0.01).  

Local and whole-body sudomotor sweating: The onset threshold and thermosensitivity 

of LSR measured on the upper back were similar between groups (both p > 0.05; Table 

4.3). As a result, there was no difference in LSR between HF and CON groups 

throughout exercise (Figure 4.3, Panel C, group*time interaction: p = 0.67). Similarly, 
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no difference was observed in WBSR between groups (HF: 0.45 ± 0.11; CON: 0.41 ± 

0.07 L/h; p = 0.38). 

 

Table 4.3 Onset threshold and thermosensitivity of thermoeffector responses 

   HF  CON  

Onset threshold of thermoeffector responses (Δ°C) 

Skin blood flux 0.08 ± 0.05  0.06 ± 0.06 

Local sweat rate 0.08 ± 0.06  0.03 ± 0.04 

Thermosensitivity of thermoeffector responses 

Cutaneous vascular conductance 

(au/mmHg/°C) 0.89 ± 0.64  4.02 ± 2.06* 

Local sweat rate (mg/min/cm2/°C) 1.32 ± 0.48  1.22 ± 0.75 

Data are mean ± SD. HF: heart failure participants; CON: control participants. 
*Significantly different between HF and CON participants, p < 0.05. 
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Figure 4.3 CVC (Panel A) and LSR (Panel C) values recorded at 10-min intervals 

during the sub-maximal cycling test, and changes in CVC (Panel B) and LSR (Panel D) 

in response to increases in Tb for HF and CON participants. CVC: mean cutaneous 

vascular conductance; LSR: local sweat rate Tb: mean body temperature; HF: heart 

failure; CON: control. Data are mean ± SEM. †Significant group*time interaction, p < 

0.05. 
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4.4 Discussion 

To the best of our knowledge, this is the first study to examine time-dependent 

thermoregulatory responses in patients with heart failure during exercise at a fixed rate 

of metabolic heat production in a warm non-encapsulated environment. Our findings 

show that heart failure patients have a greater rise in Trec than age-matched healthy 

controls, even when exercising at the same Hprod (in W/kg). Since a similar cumulative 

body heat storage was evident in both groups but a blunted CVC (thermosensitivity) 

observed in HF, the greater rise in Trec in these patients may reflect an impaired ability 

to redistribute internal heat content among peripheral tissues. These findings are in line 

with Kenny and Jay 27 where they suggested that if a greater amount of heat energy is 

stored in peripheral tissues, a smaller elevation in core temperature would be observed 

for a fixed change in body heat content. 

Similar to others that have examined thermoregulation in the context of HF 9, 11-15, a 

blunted rise in skin blood flow, as evidenced by a lower rise in CVC, was observed in 

HF patients compared to CON. It may be argued that the compensatory activation of 

neurohumoral mechanisms associated with HF contributes to the blunted cutaneous 

vasodilatory response (and thus, skin blood flow) in HF patients. Indeed, studies have 

shown that peripheral vasoconstriction is enhanced in HF patients due to an overactive 

sympathetic nervous system 8, 28. Thus, the reduced skin blood flow (as evidenced by a 

blunted CVC) in HF in the present study may be, in part, due to enhanced sympathetic 

activity, and/or impaired neural control of the cutaneous circulation. Aside from neural 

mechanisms, the attenuated skin blood flow response in HF may be explained by 

impaired nitric oxide (NO)-dependent cutaneous vasodilation. The fact that HF results 

in endothelial dysfunction 29, 30, and reduced vascular responsiveness to NO 31, lends 

some support to this suggestion. Hence, impaired NO-dependent cutaneous vasodilation 
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may have at least partially contributed to the lower rise in CVC in HF patients in the 

present study. 

To differentiate between a central and peripheral modulation of skin blood flow 

responses, we examined the onset threshold and thermosensitivity of the response 

during exercise. In the current study, the onset threshold for skin blood flow did not 

differ between the two groups. However, the thermosensitivity of CVC was much lower 

(~5 fold) in HF than CON. Given that changes in mean arterial pressure were the same 

for each group, these findings suggest that skin blood flow responses in HF patients are 

blunted purely from a peripheral perspective, given that peripheral modulations in body 

temperature regulation can only be detected when changes in the thermosensitivity exist 

without changes in the onset threshold 22, 32. The fact that HF patients increased cardiac 

output during exercise to a similar extent as CON, which in theory would provide 

sufficient blood flow to perfuse the skin and optimize heat content management among 

peripheral tissues to the same degree as CON, lends some support to this suggestion. 

Despite large differences in skin blood flow responses between groups, it is worth 

noting that the potential for net heat loss from the skin to the environment through dry 

(convection/radiation) and evaporative heat exchange were similar between HF and 

CON. Since heat storage is the cumulative difference between Hprod and heat 

dissipation, and that skin surface heat loss when exercising at the same fixed Hprod was 

similar between groups, it is not surprising that the cumulative amount of heat energy 

stored inside the body during exercise was also similar. Yet, Trec still increased to a 

greater extent in HF. As such, these findings provide evidence that HF patients exhibit 

impairments in heat management due to a less uniform distribution of heat content 

between the body core and the periphery/skin surface (secondary to impairments in skin 

blood flow responses), and that internal heat storage is concentrated more toward the 
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body core. Furthermore, Krack and colleagues 33 recently reported that HF leads to 

enhanced vasoconstriction in the gut and/or splanchnic region during exercise. As a 

consequence, inadequate blood flow to the gut/splanchnic region may reduce the 

amount of heat that is removed from this area, compounding heat accumulation and 

storage in the body core. 

The evaporation of sweat is essential for the effective dissipation of heat from the skin 

surface to the surrounding environment. Previous studies have shown that in the 

presence of no physiological impairment to sweating, Ereq determines WBSR under 

conditions permitting complete sweat evaporation 16, 18, 34. In the present study, Ereq and 

WBSR (and thus, Esk) were similar in HF and CON indicating no independent influence 

of HF on whole-body sweating. In addition to WBSR, it is well-established that 

irrespective of core temperature, differences in body surface area are known to 

influence LSR 19, 35. Because HF and CON groups in the present study were also 

matched for body surface area, exercise performed at a fixed Hprod also yielded the same 

Hprod (and thus, Ereq) per unit body surface area. Both groups demonstrated comparable 

responses in LSR during exercise, secondary to a similar core temperature onset 

threshold and thermosensitivity of the response. Our findings suggest that thermal-

afferent neural activity, sympathetic cholinergic innervation for a given thermal-afferent 

input, and sweat gland function may not be impaired in patients with HF. Similarly, 

previous studies have also shown that sweating responses, as well as skin sympathetic 

nerve activity are comparable between HF and control participants during passive 

whole-body heating 11, 12.  

Although studies have previously assessed thermoregulatory responses in HF patients 

during exercise 9, 15, 17, it must be acknowledged that these studies utilised experimental 

protocols (i.e., % peak oxygen uptake) that resulted in HF patients exercising at lower 
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levels of Hprod (secondary to a lower V̇O2peak) compared to the control group. An 

important consideration of the current study is that we employed an experimental 

protocol that elicited a fixed rate of Hprod, combined with a fixed environmental 

condition, to examine thermoregulatory responses in HF patients. Indeed, this 

experimental approach is essential to perform an unbiased comparison of between-

group thermoregulatory responses during exercise 16, 18, 19, 35. Therefore, unlike earlier 

studies, the differences in thermoregulatory responses reported in the present study (i.e., 

a greater rise in Trec in HF than CON despite a similar skin surface heat loss and 

cumulative body heat storage content) can only be ascribed to physiological differences 

in body temperature regulation in HF, rather than biophysical factors. 

Considerations 

Despite HF exhibiting a lower skin blood flow (as evidenced by a diminished CVC) 

than CON during exercise, cardiac output and mean arterial pressure were similar 

between groups. These findings suggest that estimated peripheral vascular resistance 

was also the same between groups. A potential explanation for this hemodynamic 

discrepancy is that the greater resistance within the cutaneous vascular bed in HF was 

balanced out by a concomitant reduction in resistance within other vascular beds. In the 

present study, HF patients exhibited a greater ventilatory response during exercise than 

CON. We have previously shown that the work of breathing across a range of 

submaximal exercise intensities is higher in patients with HF compared to healthy 

controls 36. This higher ventilation (and thus, work of breathing) may have necessitated 

a greater demand for blood flow, mediated by reduced resistance, to the lungs and/or 

respiratory muscles, as previously suggested 37. 

The present study used partitional calorimetry to estimate changes in net heat loss from 

the skin surface to the environment. With respect to the evaporation of sweat, this 
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method cannot fully determine if all sweat secreted on the skin surface evaporated to the 

environment. However, skin wittedness required for heat balance was the same between 

both groups. Thus, if there was any dripping of sweat, it is likely that both groups 

dripped sweat to the same extent. In addition to the evaporation of sweat, it is worth 

noting that skin temperature (and thus, dry heat loss) was similar between groups in the 

present study, despite HF exhibiting a lower skin blood flow than CON. Indeed, we 

measured skin temperature using the standard practice of thermistors placed on the skin 

surface; however, this method does not necessarily represent sub-dermal tissue 

temperature, but rather acts as an interface temperature between the body ‘shell’ and the 

surrounding environment. Consequently, the dynamics of heat exchange at the skin 

surface via convection/radiation and evaporation will likely dilute the effect of 

differences of skin blood flow on our measurement of skin temperature, particularly for 

the relatively modest (albeit practical) degree of heat strain induced in the present study.  

While both groups in the present study were matched for age, gender, and body mass 

and surface area, it is worth noting that body fat percentage was not taken into 

consideration. It is known that the specific heat capacity of fat tissue (2.97 kJ/kg/°C) is 

lower than lean tissue (3.66 kJ/kg/°C) 38. Consequently, a similar cumulative body heat 

storage would have theoretically elevated core temperature in individuals with a greater 

body fat percentage. Recently, Dervis and colleagues 38 demonstrated that a 20% 

difference in body fat percentage between experimental groups may lead to a greater 

change in core temperature in the group with a higher body fat percentage. Given that 

BMI was similar in HF and CON in the present study, it is unlikely that a 20% 

difference in body fat percentage existed between groups. Therefore, it is within reason 

to suggest that any thermoregulatory implications due to the influence of body fat 

percentage in the present study were negligible. 
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This study examined NYHA Class I-II HF patients, which limits the generalization of 

our findings to those patients with mild disease. Furthermore, the present study 

examined stable, well-compensated HF patients who continued with standard care 

procedures, which included taking a variety of cardiovascular medications. For 

example, beta-blockers have been shown to attenuate skin blood flow responses during 

thermal challenges in young healthy individuals 39. Indeed, given that beta-blockade is a 

standard first line therapy for HF, and that all HF patients in the present study were 

taking beta-blockers, we cannot exclude the possibility that the thermoregulatory 

responses observed in HF may have been confounded by concurrent use of medication. 

Whilst we recognise the confounding influence of cardiovascular medications, we did 

not attempt to discontinue standard care procedures to allow for the extrapolation of 

data to the broader population of patients with compensated HF, and daily situations. 

Perspectives and significance 

Determining how HF influences thermoregulatory responses during exercise has 

important mechanistic and practical implications. There is now strong evidence that 

regular physical activity in HF leads to a reduction in the severity of HF-related 

symptoms, decreased morbidity and mortality and improved health-related quality of 

life 40, 41. Hence, therapeutic exercise, prescribed through rehabilitation programs, 

remains a key HF management strategy. Whilst many centre-based rehabilitation 

programs may be run in climate-controlled indoor facilities, individuals with HF are 

encouraged to undertake regular, home-based exercise 40, 41. For individuals with mild 

disease (i.e., NYHA Class I-II), this may entail exercise performed in varied 

environments (including outdoors and/or hot ambient conditions) and across a broad 

range of exercise intensities (including high-intensity exercise, implying high levels of 

metabolic heat production). Thus, the findings of the present study could contribute to 
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improvements in the management of the disease, particularly through the development 

of clear, clinical guidelines for the performance of physical activity outside of climate 

controlled facilities (e.g., outdoors) for HF patients.  

Conclusion 

During exercise at a fixed Hprod per unit mass, the findings of the present study 

demonstrate that rises in core temperature are greater in HF relative to CON, despite a 

similar potential for dry and evaporative skin surface heat loss and therefore, estimated 

cumulative body heat storage. While sweating appears preserved in HF, cutaneous 

vasodilation is greatly attenuated. As such, it appears that patients with HF are limited 

in their ability to regulate core temperature, secondary to poorer transport of internal 

heat to peripheral tissues.  
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5.1 Introduction 

Individuals with heart failure (HF) appear particularly vulnerable to heat-related illness 

during environmental heat exposure 1-5. This vulnerability is evidenced by a marked 

increase in morbidity and mortality during heat waves and in the summer months for 

these patients. Although the current evidence suggests that sweating responses are not 

impaired in HF patients 6-12, thermoregulatory-induced increases in skin blood flow 

(SkBF) are diminished when compared to age-matched healthy individuals 6-8, 10, 11, 13-15. 

As such, HF patients appear to have a greater susceptibility to heat strain for a given 

combination of activity and climate secondary to an impaired ability to redistribute 

internal heat content among peripheral tissues due to hypo-perfusion of the cutaneous 

vasculature. This is likely due to a combination of impaired macro- and micro-vascular 

function.  

The majority of the total rise in SkBF during heat stress can be attributed to active 

cutaneous vasodilation which, in part, occurs through nitric oxide (NO)-dependent 

mechanisms 16. Previous studies have reported that the attenuated heat-induced rise in 

SkBF in HF may be partially explained by impaired NO-dependent cutaneous 

vasodilation 7, 10, 14. The fact that HF results in macro- and micro-vascular endothelial 

dysfunction, and reduced vascular responsiveness to NO 17-19, lends some support to this 

suggestion. As such, the NO pathway may be an important target for potential strategies 

aimed at improving macro-vascular function (and accompanying changes in SkBF) 

during environmental heat exposure in this population. 

NO formation is dependent on the presence of tetrahydrobiopterin (BH4) 
20, 21, which is 

required to maintain optimal function of NO synthase (NOS) for the production of NO. 

In conditions where BH4 bioavailability is limited, such as HF secondary to higher 
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levels of oxidative stress 22, NOS becomes structurally unstable and produces 

superoxide rather than NO 23. Superoxide produced from unstable NOS oxidizes BH4, 

which further contributes to increased oxidative stress and vascular endothelial 

dysfunction 21. Collectively, decreases in BH4 bioavailability and subsequent increases 

in oxidative stress may contribute to attenuated NO-dependent vasodilation in HF 

patients, thereby negatively impacting peripheral (including skin) blood flow. This 

impact on blood flow distribution may impair heat content distribution and heat loss 

capacity, secondary to alterations in dry and/or evaporative heat exchange at the skin 

surface. 

Several recent studies have shown that chronic folic acid ingestion and its active 

metabolite, 5-methyltetrahydrofolate (5-MTHF), improves brachial artery flow-

mediated dilation (FMD) in patients with metabolic and coronary artery disease 24-28, 

but not in healthy older individuals 29, 30. Moreover, folic acid and 5-MTHF has proven 

effective in improving SkBF in older healthy individuals 31, 32. Data from these studies 

24-28, 31, 32 suggest that improvements in macro- and micro-vascular function with folic 

acid are mediated through NO-dependent mechanisms. The reported improvements in 

macro- and micro-vascular endothelial function are likely due to a 5-MTHF-induced 

restoration of BH4 bioavailability and/or the direct binding of 5-MTHF at the BH4 

binding site to NOS, in place of naturally occurring BH4 
33-35. Given that HF patients 

exhibit hypo-perfusion of the cutaneous vasculature 7, 10, 14, folic acid may improve 

macro-vascular endothelial function and accompanying SkBF responses during 

environmental heat exposure and physical activity. The latter is an important 

consideration given that physical activity in and of itself imposes a significant 

thermoregulatory challenge 36, and that regular exercise is an integral therapeutic 

modality for the management of HF 37, 38. 
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The aim of this study was to investigate the effect of chronic folic acid supplementation 

on vascular endothelial function, and SkBF responses during exercise in a warm 

environment in HF patients. It was hypothesized that, when compared to age-matched 

apparently healthy control participants (CON), HF patients would demonstrate an 

improved thermoregulatory response through a greater rise in SkBF during exercise and 

a greater improvement in vascular endothelial function following folic acid 

supplementation. We also hypothesised that the greater rise in SkBF with folic acid 

would ameliorate the development of thermal strain (i.e., lower rise in core temperature) 

in HF during exercise in the heat.  
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5.2 Methods 

Participants: A total of 20 men volunteered to participate in this study; 10 patients with 

ischemia-induced HF (New York Heart Association [NYHA] Class I-II) were recruited 

through the local Community Heart Failure Program of Gold Coast Health Services, and 

10 CON were recruited from the local community. Patients with HF were aged 50-75 y, 

on standard therapy with no recent exacerbation of HF-related symptoms or changes in 

medications within the past 3 months, were free from any ambulatory restrictions; and 

had to have been referred to and completed a 12-wk HF-specific exercise-based 

rehabilitation program. The CON group were apparently healthy non-smokers, matched 

to the HF group for age and sex, and were not taking any medications at the time of 

participation in the study. Prior to testing, all participants provided written and 

witnessed informed consent. Using conventional α (0.05) and β (0.80) values, and an 

effect size of 1.1, as in a previous study with a similar design and outcome variables 

(SkBF) 32, it was determined that a minimum of 9 participants per group was required. 

The experimental procedures were reviewed and approved by the Griffith University 

Human Research Ethics Committee (PES/01/12/HREC), and complied with the 

guidelines set out in the Declaration of Helsinki (see appendix A). 

Study design: Participants visited the laboratory on three separate occasions (Figure 

5.1). Participants refrained from strenuous exercise, and consuming food and beverages 

containing caffeine and/or stimulants for 24 h prior to each visit. During the first visit, 

participants underwent pre-participation health screening, performed a two-stage 

protocol on a cycle ergometer, followed by a medically-supervised maximal 

incremental exercise test on the same cycle ergometer. During the second visit, blood 

samples were collected on arrival and participants were subsequently placed in a supine 

resting position for measurements of brachial artery FMD – an index of macro-vascular 
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endothelial function. Next, participants performed a prolonged (60-min) constant load 

sub-maximal cycling test (Experimental exercise trial) in a warm (30°C) laboratory 

environment. Blood sampling, FMD, and the experimental exercise trial were repeated 

(visit three) following a 6-week intervention period where participants ingested 5mg of 

folic acid, once daily. The dose and duration of folic acid ingestion was chosen based on 

previous thermoregulatory studies 31, 39, 40. 

 

Figure 5.1 Schematic representation of experimental procedures performed during the 

preliminary session (Visit 1), and during the pre- (Visit 2) and post-intervention (Visit 

3) experimental sessions. 

 

Two-stage protocol: The two-stage protocol was performed to determine the 

relationship between external workload (W) and steady-state metabolic energy 

expenditure and thus, the metabolic heat production (Hprod) required for the 

experimental exercise trial for each participant 41. The test comprised two 5-min sub-

maximal stages performed on an electronically-braked upright cycle ergometer (Lode 

Corival, Lode BV, Groningen, Netherlands) at individualised external workloads that 

incorporated the required experimental Hprod for the experimental exercise trial. 
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Pulmonary gas exchange was measured via indirect calorimetry (Ultima, CardiO2, 

Medical Graphics Corporation, St. Paul, MN, USA) throughout. 

Maximal incremental cycling test: A maximal incremental cycling test was performed 

on the upright cycle ergometer for the determination of peak exercise values (oxygen 

uptake and heart rate). The test comprised a 3-min warm-up period of unloaded cycling, 

before the workload was increased by 10 W (HF) or 15 W (CON) every 60 s until the 

participant reached volitional fatigue or symptom limitation. Cardiac rhythm and 

pulmonary gas exchange were measured via 12-Lead electrocardiography (ECG) 

(X12+, Mortara Instrument, Milwaukee, WI, USA) and indirect calorimetry (Ultima, 

CardiO2, Medical Graphics Corporation, St. Paul, MN, USA), respectively. Peak heart 

rate and oxygen uptake (V̇O2peak) were determined as the highest 60 s bin-averaged 

values attained during the test.   

Brachial artery FMD: Participants were placed in a supine resting position with their 

right arm laterally extended and supported. A longitudinal image of the brachial artery 

was obtained 5-10cm proximal to the antecubital fossa using a Vivid E9 ultrasound 

machine (GE Healthcare) equipped with a 15 MHz linear-array transducer (ML6-15; 

GE Healthcare). The distance between the antecubital fossa and transducer was 

measured to ensure the placement was standardized pre- and post-intervention. Once an 

optimal image was obtained, simultaneous and continuous recordings of pulsed-wave 

Doppler-derived blood velocity profiles and 2-dimensional (2-D) B-mode images of the 

brachial artery were acquired. Pulsed-wave Doppler-derived blood velocity profiles 

were recorded with the transducer appropriately positioned at an isonation angle of 60° 

42. To assess FMD of the brachial artery, an appropriately sized sphygmomanometer 

cuff was placed distal to the antecubital fossa. Following 1-min of baseline recording, 

the sphygmomanometer cuff was inflated using an automated cuff inflator (D.E. 
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Hokanson, Bellevue, WA, USA) to a cuff pressure of 220 mmHg and maintained for 5-

min. The cuff was then deflated causing a transient increase in brachial artery blood 

flow and diameter, which was continuously recorded for a further 5-min. All ultrasound 

images were acquired and analysed (Cardiovascular Suite software, v.2.8, QUIPU) by 

the same experienced sonographer. FMD was calculated using the following equation. 

FMD = 
Dmax - Dbase

Dbase
 ∙ 100 (%) 

Where: Dmax and Dbase represent maximum diameter and baseline diameter, respectively. 

Shear rate (SR) as an estimate of shear stress independent of blood viscosity was 

determined as: 

𝑆𝑅 =
4 ∙ 𝑉

𝐷
 (cm/s) 

Where: D represents diameter, and V represents velocity (cm/s). As per convention, SR 

area under the curve (SRAUC) is reported where appropriate.  

Experimental exercise trial: The experimental exercise trial comprised 60-min of 

constant-load exercise on the upright cycle ergometer at an intensity eliciting a Hprod of 

4 W/kg. The level of Hprod chosen in the present study was based on the level of Hprod 

HF patients exercised at in a previous study 7. Prior to entering the laboratory, 

participants were instrumented in a 22°C environment. Following instrumentation, 

participants entered the temperature-controlled laboratory (30°C, 25% relative 

humidity) and were seated on the upright cycle ergometer for 10-min of quiet rest 

(baseline). Once the 10-min baseline period concluded, participants commenced cycling 

at a preferred cadence; the pre-selected workload was then be applied and participants 

required to maintain the workload for 60-min or until symptom limitation. All 

participants consumed fluid (i.e., water at ~37°C) ad libitum. 
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Heart rate and rhythm, rectal (Trec) and skin (Tsk) temperatures, skin blood flux (an 

index of SkBF), and local sweat rate (LSR) were monitored continuously, and recorded 

at baseline and at 10-min intervals during the cycling test. Pulmonary gas exchange 

variables were measured as described above, during the final 3-min of the baseline rest 

period, and at 10-min intervals (3-min measurement bins). Blood pressure was also 

measured at these time points by manual brachial artery auscultation using a mercury 

sphygmomanometer. Cardiac output and stroke volume was quantified via 

echocardiography at rest, and at 10-, 20-, 40-, and 60-min during the experimental 

exercise trial (details below). 

Instrumentation: Heart rate and rhythm were monitored continuously using a 12-Lead 

ECG. General-purpose paediatric thermocouples (Mon-a-therm, Mallinckrodt Medical, 

St. Louis, MO, USA) were used to measure Trec. Trec was measured at a depth of ~12 cm 

beyond the anal sphincter. Tsk was measured at five sites with thermistors (MLT422/A, 

ADInstruments, Bella Vista, NSW, AUS). An area-weighted mean Tsk was 

subsequently calculated, as previously described 43:  

Tsk = 0.15 ∙ Tarm + 0.15 ∙ Tshoulder + 0.2 ∙ Tthigh +  0.2 ∙ Tcalf + 0.35 ∙ Tback (°C) 

To account for the relative contribution of core and skin temperatures to the rise in 

SkBF and sweating responses, mean body temperature (Tb) was subsequently calculated 

as 7: 

Tb = 0.9 ∙ Trec + 0.1 ∙ Tsk (°C) 

Skin blood flux was measured using laser-Doppler flowmetry. Laser-Doppler probes 

were placed on the forearm ~3 cm distal to the cubital fossa and on the upper back ~5 

cm above the scapular spine over the trapezium. The onset threshold of skin blood flux 
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was determined by plotting mean skin blood flux values over time and visually 

determining the point at which these values systematically increased over three 

consecutive measurement intervals. The corresponding Tb at that specific time point was 

taken as the onset threshold. Cutaneous vascular conductance (CVC) was subsequently 

estimated from mean skin blood flux values divided by mean arterial pressure. Whole-

body sweat rate (WBSR) was calculated based on pre- and post-exercise changes in 

nude body weight factoring in intra-exercise fluid consumption. Values for WBSR are 

reported in L/h. LSR was measured using a ventilated sweat capsule (4.1 cm2) placed on 

the upper back next to the laser-Doppler probe. The flow of anhydrous air through the 

capsule was regulated at 0.75 L/min. The vapour concentration of effluent air was 

measured using a factory-calibrated temperature and humidity transmitter (HMT310, 

Vaisala, Vantaa, Finland). LSR was calculated as the product of vapour concentration 

and flow rate, normalised to the skin surface area covered by the capsule. LSR values 

are reported in mg/cm2/min. The onset threshold of LSR was determined as described 

above for skin blood flux. 

Heat balance calculations: All participants were instructed to wear a light, loose fitting 

clothing ensemble (i.e., cotton shorts, socks and running shoes) so that dry insulation 

and resistance to evaporative heat loss were considered negligible. As per convention, 

all heat balance parameters were estimated using partitional calorimetry and calculated 

in W/m2 as previously described 44.  

Echocardiography: Two-dimensional and pulsed-wave Doppler echocardiography was 

performed using a Vivid E9 ultrasound system (GE Healthcare) equipped with a 4.5 

MHz sector-array probe (MS5 cardiac probe; GE Healthcare). Resting left ventricular 

ejection fraction was quantified using the Simpson Bi-plane method as recommended 45. 

Parasternal and apical long-axis images were acquired at rest, 10-, 20-, 40-, and 60-min 
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in an upright position during the experimental exercise trial by a single experienced 

sonographer for the determination of stroke volume and cardiac output as previously 

described 6.  

Blood analysis: Blood samples were collected from a prominent forearm vein before 

and after completing the 6-week folic acid intervention. Serum was isolated from 

whole-blood via centrifugation at 1000 g for 10-min and stored at -80°C for subsequent 

analysis. Enzyme-linked immunosorbent assays (AVIVA Systems Biology, San Diego 

USA) were performed on the samples to determine serum folic acid and 5-MTHF 

concentrations. Final results were interpolated from the standard curve, and absorbance 

for each assay was detected using a Tecan Infinite 200 Pro microplate reader (Tecan, 

Victoria, Australia). All reported values were within the detection range specified by the 

manufacturer. 

Statistical analysis: All data were analysed using SPSS 22.0 (SPSS Inc, Chicago, IL, 

USA). Between-group (HF and CON) participant characteristics and heat balance data 

were assessed using independent samples t-tests. A mixed analyses of variance with 

repeated measures (pre- vs post- intervention) was performed to examine whether 

changes in hemodynamic, hematological, and thermoeffector measurements differed 

across time and between groups (HF vs CON) Bonferroni adjustments were applied to 

correct for multiple pair-wise comparisons. A linear regression analysis was used to 

determine the contributions of Tb to LSR and the change in CVC during exercise 46. The 

thermosensitivity was determined as the slope of the relationship between these 

responses and Tb 
6. Statistical significance was accepted at p < 0.05. All data are 

presented as mean ± standard error of the mean.  

  

120



5.3 Results 

Participant characteristics: Twenty men; 10 patients with ischemic HF (NYHA Class I-

II) and 10 CON participated in this study. Participant characteristics are displayed in 

Table 5.1. There were no differences in age, body mass, and body surface area between 

groups (p > 0.05); however, left ventricular ejection fraction was lower in HF than CON 

(p = 0.002). All participants completed the maximal incremental cycling test and as 

expected, HF attained a lower peak power and V̇O2peak compared to CON (p < 0.05). In 

addition, fluid consumption was similar between HF (pre-intervention 0.28 ± 0.16; post-

intervention: 0.24 ± 0.16 L, p = 0.55) and CON (pre-intervention 0.28 ± 0.10; post-

intervention: 0.24 ± 0.19 L, p = 0.42), and no between-group differences were observed 

at each time-point (p > 0.05). The medication regime for the patients with HF did not 

change during the 6-week folic acid intervention period. 
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Table 5.1 Participant characteristics 

Demographic and functional measures CON HF 

Age (y) 61 ± 7 63 ± 7 

Height (m) 1.8 ± 5.7 1.7 ± 6.0 

Body mass (kg) 84 ± 12 87 ± 14 

Body mass index (kg/m2) 25.9 ± 3.1 29.3 ± 4.6 

Body surface area (m2) 2.0 ± 0.2 2.0 ± 0.2 

Resting mean arterial pressure (mmHg) 93 ± 3 89 ± 4 

Resting heart rate (beats/min) 64 ± 7 62 ± 10 

Peak heart rate (beats/min) 151 ± 22 113 ± 14* 

V̇O2peak (L/min) 2.9 ± 0.5 1.6 ± 0.4* 

V̇O2peak (ml/kg/min) 34.1 ± 6.6 19.1 ± 5.3* 

Age-predicted VO2peak (L/min) 2.3 ± 0.2 2.2 ± 0.2 

Peak power (W) 211 ± 48 112 ± 25* 

Resting left ventricular ejection fraction (%) 66 ± 8 44 ± 11* 

NYHA class (I/II) 3/7 

Medications 

ACE inhibitors 8 (80%) 

Beta-blockers 10 (100%) 

Diuretics 8 (80%) 

Lipid-lowering 6 (60%) 

Anti-coagulants 4 (40%) 

Data are mean ± SD. HF: heart failure participants; CON: control participants; V̇O2peak: 

peak oxygen uptake; NYHA: New York Heart Association; ACE: angiotensin-

converting-enzyme. *Significantly different from CON participants, p < 0.05. 

Hematological responses: Serum folic acid increased in both HF (pre: 1.4 ± 0.2; post: 

8.9 ± 6.7 ng/ml, p = 0.01) and CON (pre: 1.3 ± 0.6; post: 5.2 ± 4.9, p = 0.03); yet, no 

between-groups differences were observed at each time-point (p > 0.05). Similarly, 

serum 5-MTHF increased HF (pre: 5.8 ± 1.1; post: 7.9 ± 1.4 ng/ml, p = 0.01) and CON 

(pre: 6.4 ± 2.3; post: 10.1 ± 3.0 ng/ml, p = 0.03); however, no between-groups 

differences were observed at each time-point (p > 0.05). In contrast, BH4 was not 
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different in HF compared to CON at both pre- and post-intervention measurement 

points (both p > 0.05). 

Brachial artery FMD: Brachial artery SRAUC was similar in both groups pre- and post-

intervention (Table 5.2; p > 0.05). Furthermore, pre-intervention FMD was lower in HF 

than CON (p < 0.05); however, post-intervention FMD did not differ between groups (p 

> 0.05). In addition, FMD significantly increased by 2.1 ± 1.3% in HF patients post-

intervention (p < 0.01); but, no change in FMD was observed in CON (p = 0.08). When 

FMD was normalised to SRAUC (FMD:SRAUC ratio) 47, no between-group differences 

were observed at both pre- and post-intervention time-points; however, the ratio 

improved in HF (p < 0.01), but not in CON (p = 0.31), post-intervention.    

Table 5.2 Brachial artery measurements 

 CON  HF 

 Pre-folic acid Post-folic acid  Pre-folic acid Post-folic acid 

SRAUC 19410 ± 2802 19034 ± 2329  16977 ± 4562 16581 ± 4979 

FMD (%) 5.5 ± 1.8 6.5 ± 2.3  3.8 ± 1.2* 5.9 ± 1.2# 

FMD: SRAUC 

ratio, 10-3  
0.29 ± 0.13 0.35 ± 0.15  0.24 ± 0.10 0.39 ± 0.10# 

Data are mean ± SD. HF: heart failure participants; CON: control participants; SRAUC: shear 

rate area under the curve; FMD: flow-mediated dilation. *Significantly different from CON 

participants, p < 0.05, #Significantly different from Pre-folic acid, p < 0.05 

 

Metabolic heat production, external workload, and partitional calorimetry: By design, 

Hprod was maintained at the same level during exercise for HF (pre: 332 ± 46; post: 337 

± 51 W, p = 0.84) and CON (pre: 323 ± 31; post: 317 ± 40 W, p = 0.72) (Table 5.3). 

The external workload performed on the cycle ergometer to attain the fixed level of 

Hprod for exercise was similar between groups (HF: 60 ± 13; CON: 65 ± 20 W, p = 

0.52); however, the corresponding relative exercise intensity performed on the cycle 

ergometer (as a percentage of V̇O2peak) was significantly higher in HF (56 ± 13 % vs 
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CON: 32 ± 7 %; p < 0.01). Since exercise was performed in the same environmental 

condition, the use of a fixed rate of Hprod ensured that Ereq, the maximum evaporative 

potential in the ambient environment (Emax), and skin wettedness required for heat 

balance (wreq) were not different between groups and across both pre- and post-

intervention exercise trials (all p > 0.05). Likewise, cumulative Hprod, dry heat loss 

(Hdry), and estimated skin surface evaporation from whole-body sweat losses – after 

accounting for estimated decrements in sweating efficiency – Esk were similar between 

groups and across both pre- and post-intervention exercise trials (all p > 0.05). As a 

result, the estimated cumulative body heat storage during exercise was the same 

between and across both pre- and post-intervention exercise trials (all p > 0.05). 
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Table 5.3 Mean heat balance parameters, onset threshold, and thermosensitivity of thermoeffector 

responses for HF and CON groups 

  CON HF 

Pre-folic acid Post-folic acid  Pre-folic acid Post-folic acid 

Metabolic heat production and evaporative heat balance requirements 

Hprod (W) 323 ± 31 317 ± 40 332 ± 46 337 ± 51 

Hprod (W/kg) 3.9 ± 0.3 3.8 ± 0.2 3.9 ± 0.4 3.9 ± 0.2 

Hprod (W/m2) 160 ± 7 157 ± 9 166 ± 15 169 ± 17 

Ereq (W/m2) 136 ± 8 130 ± 10 140 ± 15 142 ± 14 

Emax (W/m2) 200 ± 10 206 ± 8 201 ± 5 206 ± 9 

wreq 0.69 ± 0.06 0.63 ± 0.06 0.70 ± 0.08 0.69 ± 0.06 

Cumulative heat balance parameters estimated using partitional calorimetry 

Hprod (kJ) 1137 ± 119 1130 ± 175 1293 ± 322 1240 ± 192 

Hdry (kJ) 65 ± 21 80 ± 26 70 ± 22 77 ± 30 

Hres (kJ) 92 ± 19 88 ± 19 93 ± 24 87 ± 29 

Esk (kJ) 741 ± 154 700 ± 240 837 ± 130 870 ± 168 

S (kJ) 239 ± 166 262 ± 230 291 ± 223 202 ± 200 

Onset threshold of thermoeffector responses (Δ°C) 

SkBF 0.06 ± 0.06 0.03 ± 0.04 0.06 ± 0.06 0.05 ± 0.08 

LSR 0.03 ± 0.04 0.02 ± 0.02 0.08 ± 0.07 0.03 ± 0.05 

Thermosensitivity of thermoeffector responses 

CVC 

(au/mmHg/Δ°C) 
4.02 ± 2.06 4.15 ± 2.98 1.17 ± 0.48* 1.22 ± 0.51* 

LSR 

(mg/min/cm2/Δ°C) 
1.22 ± 0.75 1.35 ± 0.53 1.21 ± 0.50 1.27 ± 0.53 

Data are mean ± SD. HF: heart failure participants; CON: control participants; Hprod: metabolic 

heat production; Ereq: evaporative requirements for heat balance; Emax: maximum rate of 

evaporation possible in the ambient environment; wreq: skin wettedness required for heat balance; 

Hdry: dry heat loss; Hres: respiratory heat loss; Esk: evaporative heat loss from the skin; S: 

cumulative heat storage; SkBF: mean skin blood flux; LSR: local sweat rate; CVC: mean 

cutaneous vascular conductance. *Significantly different from CON participants, p < 0.05.  
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Cardiovascular responses: In HF, heart rate (pre: 95 ± 7; post: 97 ± 8 beats/min, p = 

0.87), mean arterial pressure (pre: 98 ± 5; post: 94 ± 5 mmHg, p = 0.53), stroke volume 

(pre: 99 ± 3; post: 104 ± 4 ml/beat, p = 0.14), and cardiac output (pre: 9.2 ± 0.8; post: 

9.2 ± 0.7 L/min, p = 0.98) were similar during both exercise trials. Similarly, heart rate 

(pre: 97 ± 4; post: 95 ± 4 beats/min, p = 0.71), mean arterial pressure (pre: 102 ± 3; 

post: 100 ± 3 mmHg, p = 0.65), stroke volume (pre: 98 ± 8; post: 105 ± 8 ml/beat, p = 

0.65), and cardiac output (pre: 9.5 ± 0.7; post: 9.4 ± 0.7 L/min, p = 0.98) were 

comparable between both exercise trials for CON. Additionally, no differences were 

observed in these parameters between groups during both exercise trials (all p > 0.05).  

Core and mean skin temperature: Trec increased from the onset of each exercise trial in 

both groups (Figure 5.2, Panels A and C, all p < 0.01). Although Trec increased to a 

similar extent in both pre- and post-intervention exercise trials for HF (Figure 5.2, Panel 

A, p = 0.63) and CON (Figure 5.2, Panel C, p = 0.84), the rise in Trec was consistently 

higher in HF compared to CON in both pre- and post-intervention exercise trials 

(group*time interaction, both p < 0.01). Moreover, Tsk was similar during the pre- and 

post-intervention exercise trials for HF (Figure 5.2, Panel B, p = 0.11) and CON (Figure 

5.2, Panel D, p = 0.30), and no differences were observed between groups during both 

pre- and post-intervention exercise trials (both p > 0.05). 
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Figure 5.2 Trec (Panels A and C) and Tsk (Panels B and D) for HF and CON participants 

recorded at 10-min intervals during the experimental exercise trial. Trec: rectal 

temperature; Tsk: skin temperature; HF: heart failure; CON: control. Data are mean ± 

SEM. *Significant main effect of time, p < 0.05. 

 

Skin blood flux and cutaneous vascular conductance: The onset threshold of skin blood 

flux did not differ between groups or between pre- and post-intervention exercise trials 

(Table 5.3; all p > 0.05). The thermosensitivity of CVC did not differ between pre- and 

post-intervention exercise trials for both groups (both p > 0.05); however, was 
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consistently lower in HF compared to CON during both pre- and post-intervention trials 

(both p < 0.01). The CVC response with time during the pre- and post-intervention 

exercise trials was similar for HF (Figure 5.3, Panel A, p = 0.74) and CON (Figure 5.3, 

Panel C, p = 0.33); but, the rise in CVC was consistently lower in HF than CON during 

both pre- and post-intervention exercise trials (group*time interaction, both p < 0.01). 

Figure 5.3 CVC values recorded at 10-min intervals during the experimental exercise 

trial (Panels A and C), and changes in CVC (Panels B and D) in response to increases in 

Tb for HF and CON participants. CVC: mean cutaneous vascular conductance; Tb: mean 

body temperature; HF: heart failure; CON: control. Data are mean ± SEM. *Significant 

main effect of time, p < 0.05. 

128



Local and whole-body sweating: The onset threshold and thermosensitivity of LSR did 

not differ between groups or between pre- and post-intervention exercise trials (Table 3; 

all p > 0.05). As a result, LSR was similar during both pre- and post-intervention 

exercise trials for HF (Figure 5.4, Panel A, p = 0.80) and CON (Figure 5.4, Panel C, p = 

0.90). Additionally, no differences were observed in LSR between both groups during 

both pre- and post-intervention exercise trials (both p > 0.05). Similarly, WBSR was the 

same for HF (pre: 0.50 ± 0.10; post: 0.51 ± 0.10 L/h, p = 0.84) and CON (pre: 0.41 ± 

0.10; post: 0.43 ± 0.13 L/h, p = 0.68), and did not differ between groups (p > 0.05). 
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Figure 5.4 LSR values recorded at 10-min intervals during the experimental exercise 

trial (Panels A and C), and changes in LSR (Panels B and D) in response to increases in 

Tb for HF and CON participants. LSR: local sweat rate; Tb: mean body temperature; 

HF: heart failure; CON: control. Data are mean ± SEM. *Significant main effect of 

time, p < 0.05.  
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5.4 Discussion 

This study is the first to examine the efficacy of 6-weeks of high-dose folic acid 

supplementation as an intervention to improve peripheral vascular function, and 

associated thermoregulatory SkBF responses during exercise in patients with heart 

failure. Our findings show that folic acid supplementation improved brachial artery 

flow-mediated dilation in heart failure patients, likely through NO-dependent 

mechanisms, yet did not ameliorate the blunted SkBF responses during exercise in the 

heat. As such, the development of thermal strain during exercise in the heart failure 

group remained elevated relative to age-matched healthy controls throughout the study.  

Vascular endothelial function 

Previous studies have shown that folic acid and its active metabolite, 5-MTHF, 

improves peripheral macro-vascular function in those with metabolic and cardiovascular 

disease 24-28, but not in healthy older individuals 29, 30. In keeping with the findings of 

the aforementioned studies, we also observed a significant improvement in macro-

vascular endothelial function (as evidenced by an increase in brachial artery FMD and 

FMD:SRAUC ratio) following folic acid supplementation only in HF patients. We also 

observed no change in BH4 in both groups across both exercise trials. In light of these 

findings, the observed improvement in macro-vascular endothelial function in HF may 

be due to the direct binding of 5-MTHF at the BH4 binding site to NOS, in place of 

naturally occurring BH4, as previously described 33-35. In contrast, the fact that serum 

folic acid and 5-MTHF also increased in CON but were not accompanied by a 

significant improvement in FMD suggests that folic acid supplementation may only 

exert a beneficial effect on disease-related changes in vascular endothelial function 

and/or in older healthy individuals with increased levels of homocysteine 29, 30. 

Moreover, it is worth noting that folic acid increased FMD and FMD:SRAUC ratio in HF 
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to levels similar to that observed in CON. These findings suggest that folic acid may 

serve to restore HF-related changes in vascular endothelial function. This may be of 

particular interest to clinicians for improving the management of HF, given that folic 

acid has minimal side effects and drug-drug (including warfarin)/drug-disease 

interactions at the dose used in the present study and other studies 24, 31, 32, 48. 

Thermoregulatory responses 

Despite the changes observed in vascular endothelial function, folic acid did not 

improve thermoregulatory SkBF during exercise in the heat and thus, ameliorate the rise 

in Trec in HF patients. Indeed, Trec was significantly greater in HF than CON despite the 

same thermal challenge (4 W/kg) imposed upon both groups during both pre- and post-

intervention exercise trials. These results are consistent with our previous findings 7, 8, 

suggesting that HF patients have an impaired ability to redistribute internal heat content 

among various tissues in the body (secondary to blunted SkBF responses), and that 

internal heat storage is concentrated more toward the body core.  

The fact that folic acid supplementation did not influence the SkBF responses during 

exercise in the heat contrasts the findings of previous studies that observed 

improvements in SkBF for a given increase in core temperature 31, 32, 49, 50. Two reasons 

may be proposed to account for these discordant findings: 1) the degree of heat stress 

applied through the use of encapsulated versus non-encapsulated environments; and 2) 

the external work imposed (rest versus dynamic exercise). Stanhewicz and colleagues 31, 

32, 49, 50 reported enhanced SkBF following folic acid supplementation during whole-

body heat stress in an encapsulated environment (water-perfused suit) resulting in skin 

temperatures of ~40°C, and the privation of evaporative cooling. In the current study, 

we observed only a modest increase in Tsk within a non-encapsulated environment that 

allowed for appropriate evaporative cooling (chamber heating – Tsk: ~33°C). Thus, it 
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may be argued that folic acid-mediated improvements in cutaneous vasodilation are 

possibly restricted to larger excursions in skin temperature than we observed.  

The studies by Stanhewicz and colleagues 31, 32, 49, 50 also examined SkBF in response to 

passive heat stress. We used a combination of heat stress and dynamic exercise, which 

imposes a greater circulatory challenge. During exercise, the demands for blood flow 

from metabolic vasodilation in the skeletal muscle can challenge the cardiovascular 

system and its ability to protect blood pressure 51. Previous work has demonstrated that 

SkBF plateaus at ~60% of its maximum during exercise in the heat in healthy 

individuals 52. It has been proposed that this is likely the result of a non-

thermoregulatory, baroreceptor reflex-mediated control of SkBF that limits further 

increases in blood flow to the skin so as to maximise the delivery of oxygen to active 

skeletal muscle and maintain blood pressure 36. It may be that the exercise-induced 

redistribution of blood flow away from the cutaneous circulation overrides potential 

improvements in micro-vascular vasodilatory capacity and associated changes in SkBF 

with folic acid. Collectively, the efficacy of folic acid supplementation on SkBF 

responses in the heat may depend on the degree and nature of the heat stress applied 

and/or the metabolic and circulatory demands imposed upon the affected organism.  

Considerations 

This study examined NYHA Class I-II HF patients with reduced ejection fraction, 

which limits the generalization of our findings to these patients with mild disease. 

Furthermore, the present study examined stable, well-compensated HF patients who 

continued with standard care procedures, including taking a variety of medications used 

to treat or manage their condition. For example, beta-blockers have been shown to 

attenuate SkBF responses during thermal challenges in young healthy individuals 53. 

Indeed, given that beta-blockade is a standard first line therapy for HF, and that all HF 
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patients in the present study were taking beta-blockers, it cannot be ruled out that SkBF 

responses observed in HF may have been confounded by concurrent use of medication. 

Whilst we recognise the confounding influence of medications, we included patients on 

standard pharmacotherapy to allow for the extrapolation of data to the broader 

population of patients with compensated HF, and daily situations.  

Perspectives and significance 

The findings of the present study demonstrate that chronic, high-dose oral folic acid 

supplementation does not enhance thermoregulatory SkBF and thus, attenuate the rise in 

Trec during exercise at a fixed Hprod per unit mass in HF patients. The fact that we 

examined SkBF responses during exercise in a warm, non-encapsulated environment is 

an important consideration, as it limits the extrapolation of our findings to situations 

where the cutaneous circulation may be competing with active skeletal muscle and 

blood pressure regulation for available cardiac output. Given that folic acid has been 

shown to improve SkBF (and thus, micro-vascular function) in response to a passive 

heat stress in older individuals 31, 32, 49, 50, we cannot exclude the possibility that folic 

supplementation may have a beneficial effect on SkBF and thermoregulatory control in 

HF patients during passive whole-body heating that elicits higher (~40°C) skin 

temperatures (i.e., simulated heat wave exposure in a non-encapsulated environment). 

Furthermore, we have shown that folic acid supplementation improves vascular 

endothelial function to a greater extent in HF than CON. These data indicate that while 

folic acid does not alleviate the development of thermal strain during exercise in HF, its 

utility as a viable treatment option for reducing and/or preventing disease-related 

changes in vascular endothelial function in these patients warrants further investigation.  
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CHAPTER SIX: GENERAL DISCUSSION 

 

This thesis examined thermoregulatory responses in HF patients during exercise at a 

relative intensity, and at an intensity that elicited a fixed rate of Hprod. Additionally, the 

efficacy of folic acid supplementation as an intervention strategy for improving 

thermoregulatory control in these patients during exercise was assessed. As a result, 

three experimental studies were undertaken (i.e., two acute; and one intervention) and a 

summary of each is provided below. Following the summaries, implications of the 

present findings and future research considerations are discussed. Finally, the general 

conclusions of the thesis are presented. 

 

6.1 Summary of the research  

Experiment #1 

Patients with HF appear to exhibit impaired thermoregulatory capacity during passive 

heating, as evidenced by diminished vascular conductance. Whilst some preliminary 

studies have described the thermoregulatory response to passive heating in HF, 

responses during exercise in the heat remain to be described. Therefore, this experiment 

examined thermoregulatory responses in HF patients and CON during exercise in the 

heat. Ten HF (NYHA class I-II), and eight CON were included. Tc, Tsk, and cutaneous 

CVC were assessed at rest and during one hour of exercise at 60% of maximal oxygen 

uptake. Hprod and Ereq were also calculated. WBSR was determined from pre-post nude 

body mass corrected for fluid intake. While Hprod (HF: 3.9 ± 0.9; CON: 6.4 ± 1.5 W/kg) 

and Ereq (HF: 3.3 ± 0.9; CON: 5.6 ± 1.4 W/kg) were lower (p < 0.01) for HF compared 

to CON, both groups demonstrated a similar rise in Tc (HF: 0.9 ± 0.4; CON: 1.0 ± 

0.3°C). Despite this similar rise in Tc, Tsk (HF: 1.6 ± 0.7; CON: 2.7 ± 1.2°C), and the 
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elevation in CVC (HF: 1.4 ± 1.0; CON: 3.0 ± 1.2 au/mmHg) were lower (p < 0.05) in 

HF compared to CON. Additionally, whole-body sweat rate (HF: 0.36 ± 0.15; CON: 

0.81 ± 0.39 L/hr) was lower (p = 0.02) in HF compared to CON. The findings yielded 

from this experiment suggest that patients with HF appear to be limited in their ability 

to manage a thermal load and distribute heat content to the body surface (i.e., skin), 

secondary to impaired circulation to the periphery. 

 

Experiment #2 

Patients with HF appear to exhibit altered thermoregulatory responses during exercise in 

the heat. However, the extent to which these responses are altered due to physiological 

impairments independently of biophysical factors associated with differences in Hprod, 

Ereq, and/or body size is presently unclear. Therefore, this experiment examined 

thermoregulatory responses in 10 HF and 10 CON similar in body size during exercise 

at a fixed rate of Hprod, and therefore Ereq in a 30°C environment. Trec, LSR, and CVC 

were measured throughout 60-min of cycle ergometry. WBSR was estimated from pre-

post nude body weight corrected for fluid intake. Despite exercising at the same rate of 

Hprod (HF: 338 ± 43; CON: 323 ± 31 W, p = 0.25), the rise in Trec was greater (p < 0.01) 

in HF (0.81 ± 0.16°C) than CON (0.49 ± 0.27°C). In keeping with a similar Ereq (HF: 

285 ± 40; CON: 274 ± 28 W, p = 0.35), no differences in WBSR (HF: 0.45 ± 0.11; 

CON: 0.41 ± 0.07 L/h, p = 0.38) or LSR (HF: 0.96 ± 0.17; CON: 0.79 ± 0.15 

mg/cm2/min, p = 0.50) were observed between groups. However, the rise in CVC was 

lower in HF than CON (HF: 0.83 ± 0.42; CON: 2.10 ± 0.79 au/mmHg, p < 0.01). 

Additionally, the cumulative body heat storage estimated from partitional calorimetry 

was similar between groups (HF: 154 ± 106; CON: 196 ± 174 kJ, p = 0.44). 

Collectively, these findings demonstrate that HF patients exhibit a blunted skin blood 
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flow response, but no differences in sweating. Given that HF had similar body heat 

storage to controls at the same Hprod, their greater rise in core temperature can be 

attributed to a less uniform internal distribution of heat between the body core and 

periphery/skin surface. 

 

Experiment #3 

Patients with HF are susceptible to heat strain during exercise, secondary to blunted 

CVC responses which may be explained by impaired NO-dependent vasodilation. Folic 

acid improves vascular endothelial function (and SkBF) through NO-dependent 

mechanisms in healthy older individuals and cardiovascular disease patients. Therefore, 

this experiment examined the effect of folic acid supplementation (5 mg/d for 6wk) on 

vascular function (brachial artery FMD) and CVC during 60-min of exercise at a fixed 

Hprod (~300 W) in a 30°C environment in 10 HF (NYHA Class I-II) patients and 10 

CON. Serum folic acid concentration increased in HF (pre-intervention: 1.4 ± 0.2; post-

intervention: 8.9 ± 6.7 ng/ml, p = 0.01) and CON (pre-intervention: 1.3 ± 0.6; post-

intervention: 5.2 ± 4.9 ng/ml, p = 0.03). FMD improved by 2.1 ± 1.3% in HF (p < 0.01), 

but no change was observed in CON post-intervention (p = 0.20). During exercise, the 

external workload performed on the cycle ergometer to attain the fixed level of Hprod for 

exercise was similar between groups (HF: 60 ± 13; CON: 65 ± 20 W, p = 0.52). 

Increases in CVC during exercise were similar in HF (pre: 0.89 ± 0.43; post: 0.83 ± 0.45 

au/mmHg, p = 0.80) and CON (pre: 2.01 ± 0.79; post: 2.03 ± 0.72 au/mmHg, p = 0.73), 

although the values were consistently lower in HF for both pre- and post-intervention 

measurement intervals (p < 0.05). These findings demonstrate that folic acid improves 

vascular endothelial function in patients with HF, but does not enhance SkBF during 

exercise at a fixed Hprod in a warm environment. 

141



6.2 Implications and synthesis of the present findings 

The work presented in this thesis serves to expand our current knowledge of the 

mechanisms responsible for impaired thermoregulatory control, particularly during 

exercise, in patients with HF. Identifying potential thermoregulatory dysfunction during 

exercise in HF patients is important for a variety of reasons. There is now strong 

evidence that regular physical activity in HF leads to a reduction in the severity of HF-

related symptoms, decreased morbidity and mortality, and improved health-related 

quality of life 1. Accordingly, a prescribed exercise training program is now 

recommended standard practice for patients with HF 2, 3. Whilst many centre-based 

rehabilitation programs may take place in climate-controlled indoor facilities, 

individuals with HF are encouraged to undertake home-based exercise (which can take 

place under a range of environmental conditions) on a regular basis 2, 3. Patients who are 

prescribed home-based exercise as part of a holistic treatment strategy should be made 

aware of their potential susceptibility to temperature extremes. Importantly, even 

activity that is performed at a moderate intensity, coupled with environmental heat 

stress, may predispose individuals with HF to a substantial (i.e., > 1°C) elevation in core 

temperature. Another important point to highlight is that many activities of daily living 

such as walking, gardening, and domestic duties would be performed at a relatively high 

percentage of maximum aerobic capacity in patients with HF. Accordingly, the 

increased cardiovascular demand associated with thermoregulation in hot weather may 

also significantly compromise the ability to perform such tasks. This may place patients 

with HF at a greater risk of potentially larger and/or dangerous elevations in core 

temperature when these patients are exposed to, or are exercising at, higher 

environmental temperatures – particularly in the summer months and/or during bouts of 

hot weather. In addition, with potentially sub-optimal heat management capabilities, 
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arguably these patients may be discouraged, or even prevented, from participating in 

regular exercise, resulting in exacerbated disease state and/or a poorer health-related 

quality of life. 

With respect to the protocol advocated in Experiment #1, it is important to emphasize 

that the level of exercise intensity chosen in this experiment is clinically relevant as it 

closely represents the level of exercise intensity that is prescribed through rehabilitation 

programs for HF. In addition, the level of exercise intensity also represents that of 

which patients are encouraged to perform at as part of a home-based exercise program 

on most (if not all) days of the week, as recommended by current guidelines 2, 3. From a 

comparative physiology perspective (i.e., comparing HF with CON), the findings of 

Experiment #1 were limited by the use of a fixed relative exercise intensity, it is worth 

noting that other biophysical factors associated with differences in Hprod and body 

morphology were taken into account. The assessment of biophysical factors associated 

with differences in Hprod and body morphology in this experiment assisted in the 

interpretation of results, which suggest that HF patients have an impaired ability to 

regulate core temperature either through attenuated heat loss responses and/or a less 

uniform distribution of heat content between the body core and peripheral tissues/skin 

surface.  

Although studies have previously assessed thermoregulatory responses in HF patients 

during exercise 4, 5, it must be acknowledged that these studies utilised experimental 

protocols (i.e., % peak oxygen uptake) that resulted in HF patients exercising at lower 

rates of Hprod (secondary to a lower V̇O2peak) compared to the control group. An 

important consideration of the protocol advocated in Experiment #2 is that it advances 

upon and addresses some key methodological limitations in these earlier studies – 

namely, accounting for differences in biophysical factors associated with Hprod and body 
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morphology, which are known to independently influence thermoregulatory responses. 

Indeed, this experimental approach is essential to perform an unbiased comparison of 

between-group thermoregulatory responses during exercise 6-9. Therefore, unlike earlier 

studies, the differences in thermoregulatory responses reported in Experiment #2 (i.e., a 

greater rise in Trec in HF than CON despite a similar skin surface heat loss and 

cumulative body heat storage content) can only be ascribed to physiological differences 

in body temperature regulation associated with HF, rather than biophysical factors.  

In addition, Experiment #2 also provided insight into how body temperature is regulated 

from a central (core temperature onset threshold) and peripheral (thermosensitivity of 

thermoeffector responses) perspective in HF patients. In line with previous work 10, 11, 

the ability to sweat was not impaired in HF (as evidenced by similar onset threshold and 

thermosensitivity of local sweat rate) in our experiment. These data potentially suggest 

that HF does not impair sweating beyond that of which already occurs with healthy 

aging 12-18, at least for the relatively modest (albeit practical) degree of heat strain 

induced in this experiment. Moreover, the onset threshold for SkBF did not differ 

between groups, but the thermosensitivity of the response was much lower (~5 fold) in 

HF than CON. These findings support the notion that SkBF responses in HF patients are 

impaired purely from a peripheral perspective, given that peripheral modulations in 

body temperature regulation can only be detected when changes in the thermosensitivity 

exist without changes in the onset threshold 19, 20.  

Collectively, the results of Experiments #1 and #2 have important mechanistic and 

practical implications with respect to HF patients performing physical activity. 

Although current HF management guidelines provide information on recommended 

levels of physical activity that are associated with long- and short-term beneficial 

outcomes 2, 3, as well as advice on how to avoid the potentially detrimental effects of hot 
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weather 21, currently there are no recommendations regarding the levels of physical 

activity that can be safely performed in the heat (e.g., during the summer months or 

bouts of hot weather). Given the projected health-related consequences of global 

warming, this solidifies the unequivocal need to update the evidence-based treatment 

guidelines for managing these patients during bouts of hot weather as they perform 

routine prescribed exercise. As a result, the findings presented in Experiments #1 and #2 

could contribute to improvements in the management of HF, particularly through the 

development of clear, clinical guidelines for the performance of physical activity 

outside of climate-controlled facilities (e.g., outdoors) for HF patients. In addition, not 

only do these findings re-inforce the fact that patients should be made aware of their 

potential susceptibility to heat-related illness during environmental heat exposure, these 

findings may also provide important insight for the development of therapeutic 

treatments that specifically aim to improve the observed thermoregulatory dysfunction. 

From a physiological perspective, ensuring patients are able to respond appropriately to 

heat exposure (i.e., increasing heat distribution and dissipation from the skin surface 

through via skin blood flow and sweating) is essential for reducing the risk of heat-

related morbidity and mortality in this population.  

In this regard, Experiment #3 examined the efficacy of folic acid supplementation as a 

novel intervention strategy for improving vascular endothelial function and 

accompanying changes in SkBF during exercise in the heat in HF patients. Folic acid 

and its active metabolite, 5-MTHF, have been shown to improve peripheral vascular 

function through NO-dependent mechanisms in those with metabolic and cardiovascular 

disease 22-26, but not in healthy older individuals 27, 28. In keeping with the findings of 

the aforementioned studies, we also observed an improvement in vascular endothelial 

function following folic acid supplementation only in HF patients. Whilst these findings 
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may be of particular interest to clinicians for improving the management of HF 

(discussed in greater detail below in section 6.3), improvements in vascular endothelial 

function with folic acid did not confer any benefit to thermoregulatory-induced rises in 

SkBF for HF patients whilst performing exercise in the heat.  

The fact that folic acid supplementation did not influence SkBF responses during 

exercise in the heat contrasts the findings of previous studies 29, 30. As discussed in 

section 5.4, we postulated that two reasons may account for these discordant findings: 

1) the degree of heat stress applied through the use of encapsulated versus non-

encapsulated environments; and 2) the external work imposed (rest versus dynamic 

exercise). Stanhewicz and colleagues 29, 30 reported enhanced SkBF following folic acid 

supplementation during whole-body heat stress in an encapsulated environment (water-

perfused suit) resulting in skin temperatures of ~40°C, whereas we observed only a 

modest increase in Tsk within a non-encapsulated environment (chamber heating – Tsk: 

~33°C). In addition, Stanhewicz and colleagues 29, 30 examined SkBF in response to 

passive heat stress, whereas we used a combination of heat stress and dynamic exercise 

which would have imposed a greater circulatory challenge. For instance, the exercise-

induced redistribution of blood flow away from the cutaneous circulation to the skeletal 

muscle may have overridden any potential improvements in micro-vascular vasodilatory 

capacity and associated changes in SkBF with folic acid. Therefore, in light of the above 

it would appear that the efficacy of folic acid supplementation on SkBF may depend on 

the degree/nature of the heat stress applied (encapsulated vs non-encapsulated) and/or 

the metabolic and circulatory demands (rest versus dynamic exercise) imposed upon the 

affected organism. 

In addition to the above, it must also be highlighted that further elevations in SkBF with 

folic acid, particularly during exercise, would potentially result in an increase in cardiac 
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output and myocardial work (and thus, myocardial oxygen demand). Indeed, such a 

response may allow for a greater volume of blood to circulate through the cutaneous 

vasculature. While this would likely facilitate a greater redistribution of blood to the 

skin and optimize heat content management among peripheral tissues/skin surface 31, 32, 

such a response would also be necessary so that blood pressure could be maintained in 

the face of greater increases in CVC (assuming that there is not a corresponding 

increase in vascular resistance from a different bed). Notably, HF patients’ exhibit 

impaired myocardial function 2 and systemic vasoconstrictor activity is enhanced to 

compensate for an already reduced cardiac reserve to regulate blood pressure 33. As 

such, the autonomic and cardiovascular dysfunction associated with HF may have pre-

dominated any potential improvements that could have been observed in cutaneous 

vasodilatory capacity and associated changes in SkBF with folic acid in these patients. 

 

6.3 Future research considerations 

It is important to recognize that the findings of the experiments presented in this thesis 

are limited to exercise performed in physiologically compensable conditions (i.e., Hprod 

can be matched appropriately by the rate of net heat dissipation to the surrounding 

environment). Future studies should aim to similarly identify thermoregulatory control 

in uncompensable environments for patients with HF. This approach would provide 

additional information for establishing clear, clinical guidelines for when these patients 

are exposed to, and/or are exercising at higher environmental temperatures – 

particularly in the summer months and/or during bouts of hot weather.  

It must also be acknowledged that the findings of the experiments presented in this 

thesis can only be generalised to those patients with mild disease (NYHA Class I-II). 

Although previous studies have examined thermoregulation in HF patients with more 
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severe disease (NYHA Class >II) 4, 5, 10, 11, 34, 35, it must be acknowledged that these 

studies examined patients in encapsulated environments (i.e., water-perfused suits and 

heating techniques at supra-physiological temperatures), and/or did not take into 

account differences in biophysical factors associated with Hprod and body size. As a 

result, the subsequent conclusions that can be drawn from these studies regarding 

thermoregulatory control in HF patients with more severe disease are limited. 

Therefore, future studies should look to examine/re-assess thermoregulatory control in 

these patients by using an appropriate experimental protocol, such as that described in 

Experiment #2, to confirm the findings of previous work 4, 5, 10, 11, 34-37. In doing so, this 

will provide a more holistic understanding of thermoregulatory control across a broader 

range of patients with HF. 

Individuals with HF clearly represent a population that is extremely susceptible to heat-

related illness 38-41. Anecdotal evidence to date consistently identifies underlying 

cardiovascular disease as a risk factor for heat-related morbidity and mortality 42, 43. For 

these reasons, altered cardiac function is considered a major contributing factor to the 

increased prevalence of heat-related illness. Given that thermoregulatory responses are 

mediated by major cardiovascular adjustments, and that the hallmark of HF is impaired 

myocardial function, it is reasonable to suggest that the compromised cardiac function is 

likely a major contributing factor for the observed heat intolerance in HF. In the studies 

presented in this thesis, cardiac output was consistently similar between HF and CON. 

Nevertheless, it may be argued that when HF patients are exposed to a greater challenge 

than that applied in this thesis (e.g., greater exercising workload and/or heat stress), that 

less of an increase in cardiac output would be observed. Yet, currently there is no 

empirical evidence to date that describes the influence of heat stress on cardiac function 

in this population; this is an important avenue for future research as adverse 
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cardiovascular events contribute significantly to heat-related deaths during heat 

exposure 42, 43. From a (patho)physiology perspective, understanding the mechanisms 

underlying altered cardiovascular adjustments during heat stress in HF patients could 

lead to a better understanding of the factors responsible for the greater risk of death 

during climatic heat waves in this population. 

Whilst it is clear from anecdotal evidence that HF patients are extremely vulnerable to 

heat-related illness, current reports do not provide information on heat-related morbidity 

and mortality that is specific for each subgroup of HF – those with preserved (HFpEF) 

and reduced (HFrEF) ejection fraction. From a physiological perspective, the findings 

of the experiments presented in this thesis demonstrate that patients with HFrEF exhibit 

impaired thermoregulatory control compared to age-matched healthy controls for a 

given combination of activity and climate. However, currently there is no evidence to 

date that describes thermoregulatory control in patients with HFpEF. Recently, 

Haykowsky et al 44 demonstrated that brachial artery flow-mediated dilation (index of 

global vascular endothelial function) in HFpEF (NYHA II-II) is similar compared to 

age-matched healthy controls. These findings are consistent with Hundley et al 45, who 

demonstrated that femoral artery flow-mediated dilation is preserved in HFpEF relative 

to HFrEF (both NYHA class II-III). These findings suggest that vascular function in 

HFpEF with mild-moderate disease may not be impaired beyond what occurs as a result 

of natural aging 46. Given that optimal vascular function is an essential component for 

individuals to thermoregulate appropriately (i.e., increase blood flow redistribution from 

the body core to the periphery/skin surface) 47, arguably patients with HFpEF may be 

able to tolerate exposure to environmental heat stress to a greater extent than those with 

HFrEF. Understanding thermoregulatory control in HFpEF currently stands as an 

interesting avenue for future research given that such information would be invaluable 
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for a more holistic understanding of thermoregulatory control across a broad range of 

HF patients.  

With respect to thermoregulatory dysfunction, it is worth noting that regular exercise 

training improves several physiological parameters critical to thermoregulation. Indeed, 

exercise training has been shown to improve cardiac function 48-50, and improve 

vascular endothelial function and accompanying changes in blood flow redistribution 51-

53, in this population. Additionally, exercise training attenuates an overactive 

sympathetic nervous system in these patients 53-55. From a thermoregulatory, these 

findings suggest that exercise training may improve thermoregulatory control, by 

augmenting heat-induced SkBF responses and thus, potential internal heat distribution 

from the body core to the periphery/skin surface in HF patients. However, this remains 

to be examined.  

Similar to regular exercise training, studies have reported that consecutive days 

(typically >6 days) of passive heat exposure (above 40°C for a minimum of 60 min) 

resulted in physiological adaptation to heat stress in older individuals 56-59. 

Physiological changes observed in these studies for older individuals included a lower 

core temperature onset threshold for sweating and SkBF, enhanced sweating and SkBF 

for a given absolute core body temperature, and reduced core body temperatures. In 

addition to thermoregulatory control, a large cohort study (n = 2327) reported that 

repeated whole-body heat exposure is associated with a marked reduction (~5 fold) in 

fatal cardiovascular and all-cause mortality events in men aged 42-60 years 60. Whilst, 

the evidence regarding the use of repeated heat exposure in healthy individuals remains 

compelling, notably several studies have shown that acute and chronic exposure to heat 

stress via sauna therapy (whole-body heating) improves cardiac, vascular, and 

autonomic function in HF patients 33, 61-65. Although these studies describe the 
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cardiovascular and autonomic benefits associated with this intervention in HF patients 

33, 61-65, it must be acknowledged that no study to date has described the impact of 

repeated sauna therapy on thermo-effector function in this population. It may be argued 

though, based on the above findings that repeated passive heat exposure may improve 

thermoregulatory control in HF patients. Indeed, sauna therapy-induced increases in 

cardiac output combined with improved vascular endothelial function, may allow for a 

greater volume of blood to circulate through the cutaneous vasculature to optimize the 

distribution of body heat content from the body core to the periphery/skin surface and 

thus, serve to improve thermoregulatory control in this population. The fact that Kenny 

and Jay 66 suggested that if a greater amount of heat energy is stored in peripheral 

tissues, a smaller elevation in core temperature would be observed for a fixed change in 

body heat content, lends some support to this hypothesis. Accordingly, a greater 

thermoregulatory-mediated rise in SkBF may also serve to increase dry heat exchange, 

secondary to higher skin temperatures, at a given ambient temperature in HF patients 

following repeated sauna therapy.  

In regards to developing therapeutic treatments to counteract potentially harmful 

elevations in heat strain, it must be acknowledged that the findings of Experiment #3 

can only be generalised to situations where the cutaneous circulation is competing with 

active skeletal muscle and blood pressure regulation for limited cardiac output (i.e., 

exercise). Given that folic acid supplementation has been shown to improve cutaneous 

vasodilation and accompanying changes in SkBF in response to a passive heat stress in 

older individuals 29, 30, we cannot exclude the possibility that folic supplementation may 

have a beneficial effect on SkBF and thermoregulatory control in HF patients during 

passive whole-body heating that elicits higher (~40°C) skin temperatures (i.e., simulated 

heat wave exposure in a non-encapsulated environment). To date, the influence of folic 
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acid on SkBF during passive whole-body heating remains to be examined in patients 

with HF.  

In contrast to strategies aimed at increasing SkBF in HF patients, an alternative 

approach to improving thermoregulatory control in this population would be to utilise 

strategies that serve to enhance sweating responses and thus, evaporative heat exchange. 

Since sweating responses appear to be preserved in HF patients, this may be an 

important consideration if impairments in SkBF are not sufficient to alter dry heat 

exchange from the skin surface to the surrounding environment. It is well understood 

that the potential for evaporation is increased substantially with increasing air 

movement across the skin surface 7, 67, 68. As such, a simple and cost-effective cooling 

strategy to enhance the evaporation of sweat during heat exposure is the use of an 

electric fan. Notably, sweating responses in HF were consistently similar to CON in the 

experiments presented in this thesis, even without the use of an electric fan to aid in 

evaporation.  

Despite no supporting experimental evidence, current guidelines from leading public 

health authorities such as the United States Environmental Protection Agency and 

World Health Organisation continue to state that electric fans should not be used when 

ambient temperatures exceed 35°C 69, 70. This recommendation is based on the 

assumption that the gradient for dry heat exchange is reversed (provided that the 

ambient temperature was greater than skin temperature) and an increase in air velocity 

(with the use of a fan) across the skin surface would accelerate dry heat gain and 

consequently “accelerate body heating”. However, recent evidence suggests that the use 

of electric fans when ambient temperature exceeds that of skin temperature may need to 

be reconsidered 67. Jay et al 67 recently demonstrated that fans protect against 

cardiovascular and thermal strain in young individuals up to at least an ambient 
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temperature of 42ºC (irrespective of relative humidity), which is well beyond the limit 

at which fan use is discouraged by leading public health authorities 69, 70. Furthermore, 

although Gagnon et al 71 demonstrated that fan use may slightly increase thermal strain 

in elderly individuals (greater cutaneous vasodilation), fan use, relative to no fans, 

increased local sweat rates for a given relative humidity in a simulated heat wave 

environment. The increase in dry heat gain associated with using electric fans during 

heat waves increases the evaporative requirements for sweating to attain heat balance. 

Consequently, sweating responses increase, and the increase in air velocity (with a fan) 

further facilitates the evaporation of sweat. As a result, this will lead to a higher rate of 

net heat loss from the skin which may serve to be protective during heat stress despite a 

higher rate of convective heat gain 7. Since thermoregulatory sweating responses appear 

to be preserved in those individuals with HF, the use of an electric fan may be an 

effective cooling strategy – even when the ambient temperature exceeds that of the skin. 

However, further work in this area needs to be undertaken, particularly in clinical 

populations.  

In light of the above considerations for future research, scope exists for such studies as 

this information would be invaluable given that global surface temperatures are rising 

and the frequency, duration, and intensity of heat waves are projected to increase in the 

coming decades as a result of climate change 39, 72-74. This, combined with the rising 

costs of electrical energy, which could make affordable electronic cooling devices 

inaccessible to low-income individuals 72, 75, 76, could have a direct impact on population 

health since heat waves and/or bouts of hot weather can potentially exceed the 

physiological limit of compensability of vulnerable individuals – particularly those with 

HF. Furthermore, an additional challenge for this field of research, and perhaps the most 

imperative, is to avoid patients from becoming discouraged from partaking in regular 
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exercise. The health benefits associated with exercise for HF would still far outweigh 

the consequences of not performing exercise purely as a means to escape the potentially 

detrimental effects of hot weather. Accordingly, there is a demanding need to ensure 

that vulnerable populations (e.g., those with HF) have effective, evidence-based 

strategies that decrease their susceptibility to adverse heat-related health outcomes, 

whilst performing routine exercise. Indeed, such interventions are particularly needed, 

given that climate change, coupled with an aging population, is exposing an 

increasingly greater number of individuals to the risks of heat-related morbidity and 

mortality. 

Aside from thermoregulatory control, it must be acknowledged that the results from 

Experiment #3 support the use of folic acid supplementation as an effective intervention 

strategy to improve vascular endothelial function in patients with HF. There is evidence 

that vascular endothelial dysfunction is associated with a number of adverse clinical 

outcomes that reflect the progression of HF, including reduced exercise tolerance and 

functional capacity 77, increased ventricular afterload causing further myocardial 

remodeling and dysfunction 52, and higher incidences of hospitalization 78. Notably, 

folic acid increased FMD and FMD:SRAUC ratio in HF to levels similar to that observed 

in CON in Experiment #3. These findings suggest that folic acid may serve to restore 

HF-related changes in vascular endothelial function. Hence, folic acid supplementation 

as a strategy for improving vascular endothelial function and thus, potentially reducing 

the severity of adverse clinical outcomes associated with HF lends itself to be an 

interesting avenue for future research aiming to optimize treatment and management 

strategies for these patients. This may be of particular interest to clinicians given that 

folic acid has minimal side effects and drug-drug/drug-disease interactions at the dose 

used in the present study and other studies 22, 29, 30. 
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6.4 Thesis conclusions 

This thesis provides insight into the thermoregulatory responses in HF patients during 

exercise at a fixed relative intensity, and an intensity that elicits a fixed rate of Hprod. 

Additionally, the thesis demonstrates the effects folic acid supplementation on vascular 

function and thermoregulation during exercise in the heat in these patients. The major 

findings presented in this thesis demonstrate the following:  

• Physical activity performed at a moderate intensity, coupled with environmental heat 

stress may predispose individuals with HF to a substantial (~1°) elevation in core 

temperature. 

• Despite exercising with a much lower Hprod, HF had comparable changes in core 

temperature to their age-matched healthy counterparts.  

• When exercise is performed at a fixed Hprod, HF patients demonstrate greater rises in 

core temperature than healthy controls. 

• HF patients exhibit a limited ability to regulate core temperature secondary to a less 

uniform distribution of heat content between the body core and peripheral 

tissues/skin surface, rather than due to attenuated heat loss responses.  

• Chronic, high-dose oral folic acid supplementation did not improve 

thermoregulatory-induced SkBF and thus, attenuate the development of thermal 

strain (rise in core temperature) during exercise at a fixed Hprod in patients with HF. 

• Chronic, high-dose oral folic acid supplementation improved vascular endothelial 

function in patients with HF. 
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     GRIFFITH UNIVERSITY HUMAN RESEARCH ETHICS COMMITTEE 

02-Aug-2012

Dear Prof Morris 

I write further to your application for a variation to your approved 
protocol "A study of the thermoregulatory response to exercise for people 
heart failure." (GU Ref No: PES/01/12/HREC).  This request has been 
considered by the Chair. 

The Chair resolved to approve the requested variation: 

(1) Subjects recruited for this study will be males and females aged
between 18 and 30 who are classified as “low risk” according to ACSM
Guidelines.

(2) Subjects will be recruited through notices placed around the Griffith
University Gold Coast Campus (copy attached)  and by email to current
students (using the same text as the advertisement) studying at the
campus.

(3) Once the students contact the chief investigator or the Honours
student, Hadi Noordin they will be given the subject information sheet to
take home and consider. If they are then interested in participating in
the study then they contact the chief investigator or

(4) Prior to participation in this study, subjects will be required to
undergo health screening to ensure they are at no risk to perform
exercise. Subjects will be screened using medical history questionnaires
and a fasted blood test.

(5) Addition of Hadi Noordin to the research team.

This decision is subject to ratification at the next meeting of the HREC. 
However, you are authorised to immediately commence the revised project 
on this basis.  I will only contact you again about this matter if the 
HREC raises any additional questions or comments about this variation. 

Regards 

Dr Gary Allen 
Manager, Research Ethics 
Office for Research 
N54 room 0.10 Nathan Campus 
Griffith University 
ph: 3735 5585 
fax: 07 373 57994 
email: g.allen@griffith.edu.au 
web:  

Cc:  
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At this time all researchers are reminded that the Griffith University 
Code for the Responsible Conduct of Research provides guidance to 
researchers in areas such as conflict of interest, authorship, storage of 
data, & the training of research students. 
You can find further information, resources and a link to the 
University's Code by visiting 
http://www62.gu.edu.au/policylibrary.nsf/xupdatemonth/e7852d226231d2b44a2
5750c0062f457?opendocument 
PRIVILEGED,  PRIVATE AND CONFIDENTIAL 
This email and any files transmitted with it are intended solely for the 
use of the addressee(s) and may contain information which is confidential 
or privileged. If you receive this email and you are not the addressee(s) 
[or responsible for delivery of the email to the addressee(s)], please 
disregard the contents of the email, delete the email and notify the 
author immediately 
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14/01/2016 Griffith University  Staff Mail  2012/223  Variation Approved

https://mail.google.com/mail/u/0/?ui=2&ik=46a28d30d9&view=pt&search=inbox&msg=1523e27ae6a3e4af&siml=1523e27ae6a3e4af

Kim Madison <k.madison@griffith.edu.au>

2012/223  Variation Approved

rims@griffith.edu.au <rims@griffith.edu.au> 14 January 2016 at 13:22
To: S.Sabapathy@griffith.edu.au, n.morris@griffith.edu.au, m.sabaratnam@griffith.edu.au,
hadi.noordin@griffithuni.edu.au, danielle.royston@griffithuni.edu.au, pramod.sharma@griffith.edu.au,
g.stewart@griffith.edu.au, b.balmain@griffith.edu.au
Cc: researchethics@griffith.edu.au, k.madison@griffith.edu.au

GRIFFITH UNIVERSITY HUMAN RESEARCH ETHICS COMMITTEE

Dear Prof Norman Morris

I write further to your application for a variation to your approved protocol "A study of the thermoregulatory
response to exercise for people heart failure" (2012/223).  This request has been considered by the Office for
Research.

The Chair resolved to approve the requested variation:

1) Additional coinvestigators to the research team: Dr Ollie Jay (PhD); Mr Glenn Stewart (BExSc, Hons); Mr
Bryce Balmain (BExSc, Hons).

2) Additional submaximal cycling tests: Participants will perform an additional 60min submaximal cycling
test in a warm (30Ā°C) and cool (20Ā°C) laboratory environment (i.e. a total of two additional tests). The
exercise intensity will be set at 50W (just under 4 METS).

3) Rectal and oesophageal temperature: The researchers will replace the ingestible temperature sensor
capsules outlined in the original protocol with more reliable and accurate measurements of core body
temperature (rectal and oesophageal temperature). A medical practitioner will be present at the time of the
oesophageal probe insertion.

4) Local sweat rate: A ventilated capsule placed on the forearm will be used to noninvasively measure local
sweat rate continuously throughout the submaximal cycling tests.

5) Echocardiography: Twodimensional and pulsedwave tissue Doppler echocardiography will be performed
using a Vivid E9 ultrasound system (GE Healthcare). If there are clinically significant results, the participant
will be advised to visit a medical practitioner with a letter and a complete set of the participantā?Ts results.

The researchers haven adequately considered potential risks associated with these amendments, and have
outlined ways to mitigate these potential risks. Updated participant information and consent materials,
inclusive of the amendments, have been submitted with this variation request.

This decision is subject to ratification at the next meeting of the HREC.  However, you are authorised to
immediately commence the revised project on this basis.  I will only contact you again about this matter if
the HREC raises any additional questions or comments about this variation.

Regards

Kim Madison
Policy Officer, Human Research Ethics and Integrity
Office for Research
Bray Centre, Nathan Campus
Griffith University
ph: +61 (0)7 373 58043
fax: +61 (07) 373 57994
email: k.madison@griffith.edu.au
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5/20/2016 Griffith University  Student Mail  2012/223  Variation Approved

https://mail.google.com/mail/u/0/?ui=2&ik=73d0341254&view=pt&q=rims&qs=true&search=query&th=154c25fe45a76ef3&siml=154c25fe45a76ef3

Bryce Balmain <bryce.balmain@griffithuni.edu.au>

2012/223  Variation Approved
1 message

rims@griffith.edu.au <rims@griffith.edu.au> 18 May 2016 at 15:38
To: S.Sabapathy@griffith.edu.au, n.morris@griffith.edu.au, m.sabaratnam@griffith.edu.au,
hadi.noordin@griffithuni.edu.au, danielle.royston@griffithuni.edu.au, pramod.sharma@griffith.edu.au,
g.stewart@griffith.edu.au, b.balmain@griffith.edu.au
Cc: researchethics@griffith.edu.au, k.madison@griffith.edu.au

GRIFFITH UNIVERSITY HUMAN RESEARCH ETHICS COMMITTEE

Dear Prof Norman Morris

I write further to your application for a variation to your approved protocol "A study of the thermoregulatory
response to exercise for people heart failure" (2012/223).  This request has been considered by the Office for
Research.

The OR resolved to approve the requested variation:

1) To extend ethics clearance for the protocol until 09/01/2017.

2) To collect blood samples (0mL; equivalent to 2 teaspoons) at specific time points during the protocol.
These will be sampled from an indwelling cannula placed in a prominent forearm vein by an investigator (Dr
Sabapathy) who is trained and experienced in this procedure.

3) Participants will be required to ingest a tablet containing 5 mg of folic acid, once daily for a period of 6
weeks after completing two submaximal cycling tests (visits two and three). The submaximal cycling tests
will be repeated (visits four and five) as per the approved protocol, following the 6week folic acid
intervention.

4) Vascular ultrasound will be performed using a Vivid E9 ultrasound system (GE Healthcare) by an individual
who is trained and experienced in this procedure. To measure flowmediated dilation, a blood pressure cuff
will be placed around the forearm and inflated to occlude blood flow (typically a cuff pressure of ~200 mmHg);
the cuff will be subsequently released after 5min of blood flow occlusion, causing a transient increase in
brachial artery diameter and blood flow through the artery. Brachial artery diameter and blood flow velocity
profiles will be measured continuously using a 10 MHz ultrasound transducer at a location that is proximal
(upper arm) to the occluding cuff.

A risk management statement has been provided with this variation request, along with the updated
participant information and consent materials.

This decision is subject to ratification at the next meeting of the HREC.  However, you are authorised to
immediately commence the revised project on this basis.  I will only contact you again about this matter if
the HREC raises any additional questions or comments about this variation.

Regards

Kim Madison
Policy Officer, Human Research Ethics and Integrity 
Office for Research 
Bray Centre, Nathan Campus
Griffith University 
ph: +61 (0)7 373 58043
fax: +61 (07) 373 57994
email: k.madison@griffith.edu.au 
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