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Abstract 

Introduction: Exercise is known to increase body temperature, but the temperature of 

exercising muscle is under-examined, particularly in resistance exercise. Muscle temperature is 

of interest because muscle heating per se can promote hypertrophy and protect against atrophy. 

The aims of this project were to: (i) characterise muscle temperature responses to typical 

resistance exercise training regimes, (ii) investigate the feasibility of preventing the muscle 

temperature rise, and (iii) determine the extent to which exercise-induced heat underpins 

adaptations from resistance training. The hypotheses were that: i) high repetition, short-rest 

exercise would be the most thermogenic exercise regimen, and (ii) resistance training with 

prevention of exercise-induced rises in muscle temperature from the active muscle would 

attenuate hypertrophic and strength adaptation, when compared to matched training with 

exercise-induced heat accumulation. 

 

Methods: Two studies were completed. In Study 1, five physically-active participants (two 

females) undertook three work-matched resistance exercise sessions in randomised order, on 

separate days. Unilateral bicep curls were used in sessions representing hypertrophy training 

(3x10 repetitions at 67% 1RM), strength-endurance training (3x20 repetitions at 34% 1RM), 

and strength training (6x4 repetitions at 84% 1RM). Thereafter, the feasibility of preventing 

muscle temperature rise during a strength session was assessed using arm immersion in 14°C 

water for 10 minutes preceding the first exercise set and between each remaining set. 

Study 2 was a preliminary study on the effects of muscle temperature on adaptations to 

resistance exercise. Five healthy non-resistance trained participants (three females) completed 

a 6-week bicep curl resistance training programme using a contralateral limb-control design. 

Eighteen strength training sessions (6x4 repetitions at ~80% 1RM) were completed with one 



 

 

ii 

 

arm randomised to train in a cool state (“cool”, as described above) and the other arm training 

with natural heat accumulation (“warm”).  

 

Results: Study 1: The three regimes increased biceps brachii temperature to a similar extent; 

2.0±0.8°C for hypertrophy, 2.5±1.0°C for strength-endurance, and 2.2±0.5°C for strength 

training (baseline: 35.3±0.8°C; time: p<0.001; condition: p=0.489; interaction: p=0.609). The 

first third of the exercise session accounted for 46±18%, 62±13% and 60±9% of the total muscle 

temperature rise for hypertrophy, strength-endurance and strength regimes, respectively 

(condition: p=0.147). Almost half (44±23%) of the muscle temperature increase was still 

evident after 15-min recovery, with no effect of condition (condition: p=0.649). Resistance 

exercise with cooling prevented muscle temperature exceeding its baseline (35.7±0.9°C; post-

exercise: 34.6±1.2°C; p=0.164).  

Study 2: Peak isometric torque increased in both arms, with no effect of condition 

(warm: 11±11%; cool 4±7%; time: p=0.033; condition: p=0.310). Bicep curl 1RM increased 

similarly for both conditions (warm: 25±11%; cool 26±11%; time: p<0.001; condition: 

p=0.891). Trivial changes were observed in arm composition. Cool training attenuated 

increases in peak twitch amplitude, when assessed in a normothermic state in temperate 

conditions (warm: 38±26%; cool 2±7%; time: p=0.011; condition: p=0.016). 

 

Conclusion: All three regimes of resistance exercise increased biceps brachii temperature 

substantially and for a prolonged period. Immersion cooling effectively prevented any such 

increase. Preventing exercise-induced elevation in muscle temperature did not attenuate 

functional or structural adaptations to strength training, thereby indicating that muscle 

temperature lacks a role or is redundant in strength adaptations, although this remains to be 

determined in a larger population. 
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Chapter 1: Introduction 

 Human physiological systems, tissues and major organs adapt through encountering 

different stressors from both internal and external sources. Exercise is uniquely effective in 

producing multiple stressors, and in a complex combination, which drives a wide range of 

systemic and molecular adaptations. Through adapting to these exercise stressors, individuals 

can improve cardiovascular fitness and metabolic profiles that are associated with preventing 

and treating cardiovascular and metabolic diseases, thereby also reducing morbidity and 

mortality (Blair et al., 1995). Improving skeletal muscle mass and function is an important 

adaptation to many individuals, from clinical populations to elite athletes. The maintenance or 

improvement of muscle mass can positively affect quality of life, prevent chronic diseases such 

as type 2 diabetes mellitus, osteoarthritis and neuromuscular disorders, as well as improve 

performance by affecting muscle-dependent functional attributes such as strength, power and 

speed (Baldi & Snowling, 2003; Hurley et al., 2011; Wolfe, 2006).  

A specific intrinsic stressor of interest, which is found in most exercise modalities, is a 

rise in body temperature. Despite the wide array of stressors associated with exercise, evidence 

is accumulating that heat is a principal stressor, in that it is also singularly capable of driving 

many exercise-induced adaptations. During dynamic exercise heat production increases and 

muscle temperature is rapidly elevated. This is because a large amount of heat is generated as 

a by-product of the metabolic reactions inherent to all types of exercise (González‐Alonso et 

al., 2000). Heat per se can independently activate a number of the same mediators of adaptation 

that exercise does, both locally in muscle tissue and in the cardiovascular system (Akerman et 

al., 2016; Aoyagi et al., 1997; Tamura & Hatta, 2017; Thomas et al., 2016). Structural and 

functional adaptations, which chronically improve muscle contractility, muscle torque and 

cross-sectional area, are promoted by passive and supplemental heating in humans and rodents 

(Goto et al., 2011; Kobayashi et al., 2005; Kodesh & Horowitz, 2010; Racinais, Wilson, & 
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Periard, 2017; Uehara et al., 2004). Micro- and macrovascular structure and function can also 

be improved chronically by both resistance exercise training and passive heat therapy (Bailey 

et al., 2016; Brunt et al., 2016; Schantz, 1982; Thomas et al., 2016). Additional benefits of heat 

stress include acutely and chronically elevated stress resistance, blood volume, mitochondrial 

function and aerobic power (Bailey et al., 2016; Convertino et al., 1980; Hafen et al., 2019; 

Lorenzo et al., 2010; Maloyan et al., 1999). Passive heating also appears to benefit longevity 

and improve primary prevention of cardiometabolic and neurovascular diseases (Laukkanen et 

al., 2015; Laukkanen et al., 2016). Therefore, heat induces exercise-like adaptations and is also 

a principal stressor of exercise, but whether the heat produced by exercise is essential for 

driving adaptation is unknown. 

Resistance training is a well-established mode of exercise undertaken to repeatedly 

stimulate muscles to adapt structurally and functionally, becoming larger, stronger, faster and 

more efficient (Marini & Veicsteinas, 2010). Traditional guidelines for resistance training 

suggest performing at least two sessions per week, involving 2-4 sets of 8-12 repetitions 

targeting the same muscle group, with an intensity of 60-80% 1 repetition maximum (1RM) 

(ACSM, 2013). Resistance training associated improvements in muscle size can be evident after 

the first 4-6 weeks of training while increases in strength occur more rapidly (Chestnut & 

Docherty, 1999; Davies et al., 1988; Ikai & Fukunaga, 1970; Moritani & deVries, 1979; Munn 

et al., 2005). Similar to resistance exercise, heat has been observed to play a role in stimulating 

hypertrophy and preventing atrophy, as well as enhancing contractile function, strength and 

creating a pro-angiogenic environment (Goto et al., 2011; Goto et al., 2003; Hafen et al., 2019; 

Kim et al., 2020; Racinais, Wilson, & Periard, 2017; Staib et al., 2007; Uehara et al., 2004). 

Therefore, it is apparent heat stress influences skeletal muscle morphology and function and 

has a role in therapeutic use, however, the importance of increased muscle temperature in 

resistance exercise remains unclear. 
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Resistance exercise also increases muscle temperature, although to a lesser extent than 

aerobic exercise, with six studies indicating that increases of up to 2°C can occur from 

resistance exercise (Barnes et al., 2017; Buchthal et al., 1944; Mawhinney et al., 2017; Nosaka 

et al., 2004; Stadnyk et al., 2018; Zhou et al., 1998). The magnitude of the rise in muscle 

temperature has been indicated to depend on the amount of work, with the critical time period 

being the first minute of exercise, and following exercise, a prolonged gradual fall in muscle 

temperature occurs dependent on the work done in exercise (Buchthal et al., 1944; González‐

Alonso et al., 2000; Krustrup et al., 2001). The muscle temperature rise in resistance exercise 

appears to be altered by the type of muscular contractions during exercise, for example, for a 

range of intensities muscle temperature during dynamic work responds differently to that of 

static work, and eccentric contractions appear to have only a small effect on muscle temperature 

(Buchthal et al., 1944; Nosaka et al., 2004). The evidence indicates that not all resistance 

exercise is the same in producing heat strain in skeletal muscle. 

Studies have also focused on manipulating thermal state during and surrounding 

resistance training in an effort to augment adaptations. Previous studies’ methodologies have 

involved varying modes, timings and magnitudes of whole-body or local heating when 

investigating the effects of heat on muscle structure and function. Long-term effects of heat and 

resistance training have been examined previously in the upper and lower limbs through 

supplemental heating of the active muscle. The few studies with supplemental muscle or whole-

body heating have had mixed results, which may be the consequence of differing exercise 

intensities, heat stress, muscle group targeted, or timing of heat stress (Frier & Locke, 2007; 

Goto et al., 2007; Kakigi et al., 2011; Miles et al., 2019; Nakamura et al., 2019; Stadnyk et al., 

2018; Yoon et al., 2017). In summary, supplemental heating appears to have potential for 

promoting adaptation, with an effect of heating possibly favouring low-intensity resistance 

training. Conversely, cooling of muscle with resistance exercise has been seen to dampen or 

delay hypertrophy signalling, attenuate muscle mass, some strength gains, and vascular 
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adaptations (Frohlich et al., 2014; Fyfe et al., 2019; Roberts et al., 2015; Yamane et al., 2006; 

Zak et al., 2018). Despite the emerging application of additional heat to resistance exercise, and 

the use of cold-water immersion for recovery, the role of exercise-induced heat in training-

mediated adaptations has not been elucidated. 

Preventing the heat strain of resistance training could alter several responses and help 

determine how fundamental exercise-induced heat is in driving adaptation, especially with 

regards to muscle hypertrophy, strength and contractility. In working to determine this, two 

studies were completed in this thesis; the first assessed the thermal effects of resistance exercise 

and whether exercise-induced heat could be consistently eliminated with cooling before and 

during resistance exercise. The second study, informed by the first, determined to what extent 

exercise-induced heat underpinned the functional (strength) and hypertrophic adaptations from 

resistance training, through the removal of exercise-induced heat. 

Study 1 was comprised of two parts, with the first aiming to characterise resistance 

exercise-induced changes in muscle temperature in response to 3 different resistance training 

regimes. The primary aim was to provide an understanding of how muscle, skin and core 

temperatures change in response to bicep curl exercise. With this information, the second part 

of the study aimed to determine if exercise-induced heat from bicep curls could be eliminated 

using cooling before and during resistance exercise. We hypothesised bicep curl resistance 

exercise would result in an accumulation of heat in the muscle, with longer exercise duration 

and shorter rest periods creating the greatest temperature rises. Also, that it was feasible to 

prevent exercise-induced increases in muscle temperature using arm immersion in cool water 

before and in between exercise sets. 

Study 2 was a preliminary study that extended on from the second part of Study 1, with 

the aim of examining the extent of exercise-induced heat’s role in hypertrophic and functional 

adaptations from chronic resistance training, through removing exercise-induced heat from the 

active muscles. It was hypothesised that a 6-week resistance training programme with 
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prevention of exercise-induced elevations in temperature of the active muscle would attenuate 

hypertrophic and strength adaptations when compared to matched training with exercise-

induced heat accumulation. This outcome would support whether tissue heating has a primary 

role as an adaptive stimulus within resistance training. A secondary outcome of this study was 

the evaluation of the reliability of dual energy x-ray absorptiometry measurement of the upper 

limb. 
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Chapter 2: Literature Review 

2.1 Skeletal Muscle 

2.1.1 Structure and Function 

 Muscle plays an important role in health and disease through maintaining protein 

balance in response to dietary amino acid availability and homeostatic requirements. Skeletal 

muscle acts as a dynamic protein reservoir, with muscle protein synthesis occurring when in an 

anabolic state and muscle protein breakdown restoring blood amino acids when fasting (Wolfe, 

2006). Exercise is a well-known stimulus for improving both contractile and metabolic muscle 

function, as well as maintaining or increasing muscle mass. Skeletal muscle mass and its proper 

function are desirable for wellbeing and performance, whereby increasing both are commonly 

sought after by athletes for improved strength, power and efficiency (Abernethy et al., 1994; 

Barrett-O'Keefe et al., 2012; Heggelund et al., 2013).  

Promoting or maintaining skeletal muscle mass, and the associated protein reservoir, 

provides a defence against increased muscle protein breakdown associated with disease and 

injury. Improved strength and muscle function associated with increased muscle mass can 

improve quality of life during recovery from illness or trauma, this can also increase resting 

energy expenditure and insulin sensitivity (Baldi & Snowling, 2003; Evans, 1995). 

 Skeletal muscle tissue is comprised of various fibre types, which are differentiated by 

their functions and properties (Staron, 1997). This heterogeneity observed in skeletal muscle 

tissue and phenotypic plasticity allows for adaptability of muscle in response to various stimuli 

(Staron et al., 1994). Adaptations in muscle can be stimulated by mechanical and metabolic 

stress, nutrients, and growth factors, which drive a variety of signalling pathways (Rommel et 

al., 2001; Vary & Lynch, 2006).  



 

 

7 

 

2.1.2 Exercise, Heat and Regulation 

 Muscular contractions in exercise can be considered the transformation of chemical 

energy to mechanical work. Wilkie (1954) considered heat production by a muscle to be divided 

into three components: resting heat, initial heat, and recovery heat. Resting heat was associated 

with the resting metabolism, where heat is a by-product released during the oxidation of 

nutrients within the muscle. Resting metabolism maintains muscle temperature above that of 

the surroundings, at approximately 33-36°C depending on location and depth of measurement 

(Buchthal et al., 1944; Kenny et al., 2003; Saltin & Hermansen, 1966). Initial heat results from 

increased metabolism while the muscle is contracting and relaxing, representing the thermal 

effect of chemical processes during muscle activity. Lastly, recovery heat is associated with 

oxidative processes used in resynthesising energy stores in the time following muscular activity. 

Similarly, Di Prampero (1981) supported the idea that due to the nature of contraction and its 

complex sequence of energy-yielding reactions, residual energy becomes converted to heat 

during and following a contraction. These complex coupled reactions in muscle are not very 

efficient, with the maximum value for efficiency of movement (i.e. external work) in humans 

being approximately 20%, thus leaving a large proportion of energy being converted to thermal 

energy (Dickinson, 1929). 

 Given that humans produce large amounts of thermal energy during muscular activity, 

evolution of powerful thermoregulatory systems and behaviours has occurred. These systems 

and behaviours are highly activated by and of critical importance during exercise, with 

regulation of body temperature using different strategies to limit deviation from resting 

temperatures. During resting conditions, core, muscle and skin temperatures are regulated at 

about 36.8°C, 35°C and 33°C, respectively (Nielsen, 1966; Nielsen & Nielsen, 1962; Saltin & 

Hermansen, 1966; Stadnyk et al., 2018). During aerobic exercise, core temperature and muscle 

temperature can increase by approximately 1-2°C and 2-4°C, respectively (Saltin et al., 1968, 

1970; Saltin & Hermansen, 1966). During resistance exercise, muscle temperature has been 
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observed to increase during and following contractions, but this is less well defined (Table 1). 

Resistance training increases core temperature by < 1°C, however, this depends on muscle 

group, environment and exercise regime used (LaFata et al., 2012; Mawhinney et al., 2017). 

Skin temperature increases are also observed in both aerobic and resistance exercise, however, 

the extent to which it increases is largely determined by ambient temperatures and whether the 

exercise occurs indoors or in natural airflow. 

Regulation of body temperature, elevated from exercise and environmental conditions, 

uses powerful physiological mechanisms to promote heat loss. A key component in promoting 

this heat loss is relocating excess heat via temperature gradients from the core and active 

skeletal muscle to the skin, so heat can then be transferred to the environment (Nadel, 1984; 

Wendt et al., 2007). The capability of skin blood flow to be increased allows for an effective 

mechanism to drive heat loss through radiation, conduction, convection and evaporation 

(Aoyagi et al., 1997). 

 Although limited literature exists on resistance exercise’s effect on muscle temperature, 

the work of Buchthal et al. (1944) provides an indication of muscle temperature response to 

upper-limb work. Multiple case studies were completed in three volunteers, with elbow flexions 

being completed using a weighted pulley attached to the wrist. Muscle temperature of the elbow 

flexors was shown to rise during work with the rise being directly dependent upon the 

magnitude of the work (Buchthal et al., 1944). In short-duration exercise the muscle 

temperature was recorded to rise following the cessation of work, likely due to occlusion of 

circulation during strong muscular contraction. This pattern of muscle temperature 

accumulation occurred during both heavy dynamic and static work, with temperature rises 

transpiring once circulation is present (Buchthal et al., 1944). Buchthal et al. (1944) postulated 

that temperature rise in the muscle is due mainly to processes with positive heat effect in the 

muscle itself rather than increased circulation, with heat production mainly being due to 

oxidative processes. However, heat production was also observed during and after work without 
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circulation, likely partly resulting from small amounts of heat being generated during anaerobic 

metabolism. More recent studies of lower-limb resistance exercise and muscle temperature 

have found slightly lower increases in muscle temperature than that of Buchthal et al. (1944) 

with knee extensions and squats both producing ~1°C increases in quadriceps temperature 

(Mawhinney et al., 2017; Stadnyk et al., 2018). Therefore, the muscle assessed may play a role 

in temperature responses evoked by resistance exercise. 

  Resistance training is performed and advocated over a wide range of prescriptions, from 

high-load strength training to low-load strength-endurance training, and whilst these likely 

involve different heat producing profiles, their effects on muscle temperature have not been 

determined. The current research on the effects of resistance exercise on muscle temperature is 

varied, with no comparison having been made between resistance exercise regimes within 

individuals. Generally, muscle temperature assessment has been made in biceps brachii or 

vastus lateralis muscles, with resistance exercise consisting of single-joint resistance exercise, 

see Table 1. Barnes et al. (2017) and Mawhinney et al. (2017) are exceptions as they used more 

complex multi-joint resistance exercises, however, muscle temperatures were still only assessed 

in the vastus lateralis. Previous studies have either compared muscle temperature from pre- to 

post-resistance exercise or taken multiple discrete measures during resistance exercise. While 

these studies (Table 1) provide a general indication of muscle temperature responses to 

resistance exercise, the temperature profile during the exercise bout is still largely 

uncharacterised. 
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 Table 1. Summary of studies (n = 6) investigating the effects of resistance type exercise on skeletal muscle temperature.

Authors Sample Size Exercise Protocol Muscle Depth  Temperature 

Barnes et al. 

(2017) 

9 Males High pulls (60%, 70%, 80% and 85% of 

load associated with peak power output) 

Vastus lateralis 4.5 cm Increase 0.7 ± 0.5°C 

Buchthal et al. 

(1944) 

3 Males  

(case studies) 

Dynamic work of elbow flexors (51 kg-m 

in 3 min) 

Biceps brachii 1.8 cm Increase 1.4 – 2.1°C 

Mawhinney et al. 

(2017) 

12 Males 4 sets of 10RM squat exercise Vastus lateralis 1, 2, 3 

cm 

1 cm: Increase 1.0 ± 0.4°C 

2 cm: Increase 1.0 ± 0.4°C 

3 cm: Increase 1.0 ± 0.4°C 

Nosaka et al. 

(2004) 

1 Male 12 maximal eccentric contractions of 

elbow flexors  

Biceps brachii 1.5 - 2 

cm 

Increase < 1°C 

Stadnyk et al. 

(2018) 

5 (unspecified) 4 sets of 8 knee eccentric and concentric 

contractions of knee extensors at 70% 

1RM. 

Vastus lateralis ~2 cm Rest: 35.6 ± 0.9°C 

Post-exercise: 36.6 ± 0.9°C 

20 min post: 37.1 ± 0.8°C 

Zhou et al. (1998) 7 (3 Females; 

4 Males) 

25 isometric knee extension MVCs (8 s 

with 2 s recovery) 

Vastus lateralis  3 cm Rest: 33.8°C (SEM = 0.24)  

Post-exercise: 35.9°C (SEM = 0.39) 
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2.2 Adaptations to Resistance Training 

 Resistance training is characterised by the completion of repetitive muscular 

contractions against external loads, providing a mechanical stimulus to overload muscle in an 

attempt to produce adaptations. Although many models of resistance training exist, traditional 

guidelines suggest at least two sessions per week targeting the same muscle group involving 2-

4 sets of 8-12 repetitions with an intensity of 60-80% of 1RM (ACSM, 2013).  

 

2.2.1 Neuromuscular Adaptations 

Resistance training is associated with increased strength, which often occurs initially 

without increased muscle size due to neuromuscular adaptations. Significant increases in 

hypertrophy in response to both single-joint and whole-body resistance training programmes 

are often only observed after the first 4 weeks of training despite earlier improvements in 

strength (Abe et al., 2000; Ikai & Fukunaga, 1970; Moritani & deVries, 1979). Neural factors 

appear to be behind the early changes in strength, with morphological factors increasing 

gradually as training progresses (Moritani & deVries, 1979). Neural factors also may provide 

a cross-transfer effect through increasing strength in an untrained contralateral limb without a 

hypertrophic response (Coleman, 1969; Ikai & Fukunaga, 1970; Moritani & deVries, 1979).  

 

2.2.2 Structural Adaptations 

Skeletal muscle architecture is the macroscopic arrangement of muscle fibres, which is 

considered a primary determinant of muscle function due to the relationship between structure 

and function (Lieber & Fridén, 2000). Acutely, muscle architecture can be altered following a 

bout of resistance exercise, with transient increases in pennation angle, muscle thickness and a 

transient decrease in fascicle lengths (Csapo et al., 2011). Remodelling of muscle architecture 

can be caused by prolonged resistance training with increases in muscle pennation angle and 

fascicle length being observed following training programs as short as 35 days (Seynnes et al., 
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2007). Over a longer 10-week training period, increases in pennation angle and fascicle length 

have been observed to differ in response to either eccentric only or concentric only training 

(Franchi et al., 2014). Franchi et al. (2014), found eccentric training to produce superior 

increases in fascicle length with no increase in pennation angle, whereas concentric training 

produced an increase in pennation angle and a minor increase in fascicle length. Changes in 

muscle architecture resulting from resistance training, are thought to be related to constraints 

imposed by hypertrophying skeletal muscle with fascicle angle being inextricably linked to 

hypertrophy (Blazevich et al., 2007).  

Hypertrophy is a primary adaptation to prolonged resistance training, through increased 

cross-sectional area at the level of the fibre, as well as at the whole muscle and limb. Heavy 

resistance training has been consistently demonstrated to increase skeletal muscle size, 

regardless of age or sex (Abe et al., 2000; ACSM, 2013; Frontera et al., 1988). Hypertrophy 

induced by resistance training is associated with strength increases, and this relationship 

between strength and muscle size is a suggested source of variability observed in strength 

changes with resistance training (Erskine et al., 2014). Muscle hypertrophy is driven by muscle 

protein synthesis, which is elevated acutely following resistance exercise (MacDougall et al., 

1995). The rate of protein synthesis continues to increase in the 24 hours following exercise but 

returns to baseline by 36 hours (MacDougall et al., 1995). The increased muscle protein 

synthesis is influenced by availability of branched chain amino acids, leucine in particular, 

which can enhance molecular signalling (Karlsson et al., 2004). Activity of the protein kinase 

B (Akt) and mammalian target of rapamycin (mTOR) signalling pathway is sensitive to leucine 

concentration, as well as being stimulated by other growth factors and stressors. Baar and Esser 

(1999) found a strong correlation between the downstream target of mTOR, 70-kDa S6 protein 

kinase (p70S6k), and a long-term increase in muscle mass. However, the study by Baar and 

Esser (1999) was completed using an electrical stimulation model of exercise in rats, therefore 

must be cautiously interpreted. In humans, similar results have been found with p70S6k 
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phosphorylation following resistance exercise being correlated with muscle hypertrophy 

(Mitchell et al., 2013). Repeated stimulation of muscle protein synthesis through molecular 

signalling down the Akt-mTOR pathway is thought to be the key regulator in muscle 

hypertrophic adaptations in chronic resistance training. 

Satellite cell activation and proliferation occurs as a result of resistance exercise-

induced muscle damage. To accommodate the exercise-induced remodelling of muscle cells, 

satellite cells provide myonuclei to produce an environment supportive of hypertrophy (Damas 

et al., 2018). Satellite cells have a highly plasticity in response to training stimuli, with satellite 

cell content increasing by ~30% following a 3-month training period (Kadi et al., 2004). Kadi 

et al. (2004) also found satellite cell content to remain elevated for the initial 2-month period 

of detraining. Damas et al. (2018) found satellite cells to have a more pronounced role in the 

repair during the initial phase of resistance training, with muscle hypertrophy being dominant 

later in the training period, which was correlated to increased muscle protein synthesis. Neither 

Kadi et al. (2004) nor Damas et al. (2018) found changes in myonuclear content, however, 

increases in myonuclear content have been reported in studies that found greater hypertrophy 

of muscle fibres (> 26% increase) (Kadi & Thornell, 2000; Roy et al., 1999). 

Mitochondrial content and function play an important role in skeletal muscle health and 

substrate utilisation (Groennebaek & Vissing, 2017). Metabolic stressors inherent to exercise 

are associated with the stimulation of mitochondrial biogenesis, however, adaptation of 

mitochondrial content and function is usually considered a facet of endurance training 

(Groennebaek & Vissing, 2017). Resistance exercise does appear to acutely stimulate 

mitochondrial biogenesis depending on the subjects’ training status and the metabolic stress 

imposed on the muscle. However, increased muscle size associated with prolonged resistance 

training has been shown to dilute the mitochondrial volume, possibly due to hypertrophy 

occurring faster than mitochondrial biogenesis (Parry et al., 2020). High-load prolonged 

resistance training has been shown to be able to promote mitochondrial adaptations, however, 
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more studies are warranted (Donges et al., 2012; Groennebaek et al., 2018; Salvadego et al., 

2013). 

 

2.2.3 Vascular Adaptations 

  Another adaptation to resistance training is the expansion of microvascular networks 

within skeletal muscle and improved macrovascular endothelial function (ACSM, 2013; Green 

et al., 1994; Green et al., 1999). Muscle hypertrophy through increased muscle fibre size 

provides a challenge to the circulatory system, which requires microvascular adaptations to 

occur concurrently. Schantz (1982) found an increased number of capillaries per fibre in 

resistance-trained humans compared to untrained, however, the number of capillaries per fibre 

cross-sectional area (i.e. capillary density) remained the same. A metabolic disturbance in 

enlarged cells, where blood supply from capillaries is low, due to increased diffusion distance 

to the central part of the cell, might induce capillary neoformation (Schantz, 1982). In a further 

study, heavy resistance trained individuals did not differ in capillary number or density when 

compared to untrained individuals, likely due to specific functions of the muscles assessed, 

such as roles in posture, which may provide a stimulus for microvascular adaptation from 

locomotion and weight bearing (Schantz, 1983). Increases have also been observed in 

capillaries per fibre for both type I and type II muscle fibres in response to 30 min handgrip 

exercise (30 contractions/min), however, this occurred without an increase in capillaries per 

fibre area (Green et al., 1994). Holloway et al. (2018) found increases in muscle fibre cross-

sectional area to be effectively matched by microvascular adaptations, with some capillary and 

molecular adaptations evident after only 2 weeks of training. In addition to microvascular 

adaptations, local vasodilator capacity and resistance vessel function are improved by exercise 

training (Green et al., 1994; Rakobowchuk et al., 2005; Wilson & Kapoor, 1993). 

Rakobowchuk et al. (2005) suggested resistance training may stimulate arterial adaptations, 

such as peripheral arterial remodelling and increased post-occlusion blood flow, however, this 
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appeared to differ to the conduit artery endothelial adaptations associated with endurance 

training, as assessed by flow mediated dilation. 

 

2.2.4 Underlying Mechanisms 

The key stressor for resistance training is considered to be mechanical deformation, 

however other factors may play a role in strength improvements and muscle growth (Goldberg 

et al., 1975). Mechanical stimuli from exercise are generated within muscle cells resulting in 

the conversion of a physical stimulus into a biochemical output, which regulates protein 

synthesis (Reiling & Sabatini, 2006). Metabolic stress from the accumulation of metabolites 

such as lactate, phosphate, hydrogen ions and hypoxia may also stimulate hypertrophic 

adaptations (Pierce et al., 2006; Tesch et al., 1986). The concept of metabolic stress in 

stimulating hypertrophy and strength adaptations is utilised in blood flow restriction training, 

which has produced positive results (Loenneke et al., 2012; Scott et al., 2015). Acute elevation 

of reactive oxygen species in response to resistance exercise may function as cellular signalling 

molecules, facilitating the expression of molecular chaperones known as heat shock proteins 

(HSPs), which may indirectly influence hypertrophy (Jackson, 2008; Naito et al., 2012). 

Therefore, mechanical tension, although being a primary stimulus for strength adaptations, may 

not be the only one. Heat is a stimulus of interest as it may drive metabolic stress and molecular 

signalling pathways, and has produced favourable strength and hypertrophy outcomes. 

 

2.3 Adaptations to Heat 

 Passive heating has been known to provide benefits to the cardiovascular system and 

promote associated vascular adaptations, which have been likened to the acute stimulus for 

adaptations of exercise (Thomas et al., 2016). Despite most benefits of heat stress being 

compared to aerobic exercise adaptations, evidence indicates heat stress may also benefit 

skeletal muscle in ways similar to resistance exercise (Akerman et al., 2016; Goto et al., 2011).  
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2.3.1 Neuromuscular Adaptations 

Hyperthermia has been shown to negatively impact the nervous system acutely, with 

decreases in neural drive transmission, however, passive heat acclimation has been observed to 

improve some neuromuscular parameters (Racinais, Wilson, Gaoua, et al., 2017). Acutely, 

elevated temperature increased the rate of cross bridge formation and opening, with decreased 

contraction time and half relaxation time of electrically evoked twitches (Racinais, Wilson, & 

Periard, 2017). Racinais, Wilson and Periard (2017) found that acute hyperthermia, compared 

to a normothermic state, impaired force and voluntary activation, and this impairment remained 

following heat acclimation. Thomas et al. (2006) supported the notion that contraction and 

voluntary activation are impaired during hyperthermia, hence, impairing neuromuscular 

activation. Neuromuscular impairment has been suggested to occur independently of peripheral 

muscle or skin temperature, therefore, primarily resulting from central fatigue associated with 

high core temperature (Morrison et al., 2004; Thomas et al., 2006). However, these studies both 

used rectal temperatures, which, when compared to oesophageal temperature measurement, 

possess a prolonged response time during rapid changes in core temperature, thereby reducing 

the validity of separation between deep and superficial temperature effects (Moran & Mendal, 

2002; Morrison et al., 2004; Thomas et al., 2006). Ross et al. (2012) assessed corticomotor 

function during passive hyperthermia, also using rectal temperature, and found impaired central 

neural drive and failure of voluntary drive at or above the motor cortex to occur with progressive 

hyperthermia. Hyperthermia is thought to affect voluntary activation due to increased muscle 

contraction and relaxation speed resulting in a greater motor unit firing frequency required for 

tetanic fusion (Todd et al., 2005). Todd et al. (2005) determined that motor cortical output was 

unable to keep up with or compensate for the increased contractile speed observed in 

hyperthermia. Hence, central fatigue occurred in part due to failure of the voluntary drive at the 

level of motor cortical output, and also due to temperature associated changes in muscular 
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contractile properties (Todd et al., 2005). At higher temperatures a more rapid accumulation of 

metabolites and an increase in hyperaemic responses may cause reduced maximal voluntary 

contraction (MVC) duration (Clarke et al., 1958).  

Chronically, improvements in skeletal muscle contractile function occurred in both 

normothermic and hyperthermic conditions after eleven days of 1 hour per day seated exposures 

to 50°C and 50% relative humidity (Racinais, Wilson, & Periard, 2017). Specifically, heat 

acclimation increased electrically evoked peak twitch amplitude, maximal torque at a level of 

voluntary activation, and torque relative to the electromyogram volume (Racinais, Wilson, & 

Periard, 2017). As peak twitch amplitude represents the number of cross bridge interactions, it 

was suggested that acclimation produced an increased number of cross bridges or force per 

cross bridge, rather than altered rates of calcium release and uptake associated with contraction 

and relaxation time (Fitts & Holloszy, 1978; Racinais, Wilson, & Periard, 2017). Contraction 

time and half relaxation time, which were decreased by acute hyperthermia, were not modified 

by acclimation, thus, further indicating cross bridge involvement rather than calcium regulation 

(Fitts & Holloszy, 1978; Racinais, Wilson, & Periard, 2017). Brazaitis and Skurvydas (2010) 

indicated that neither central nor peripheral fatigue associated with a 2-min MVC were altered 

following passive heat acclimation. Racinais, Wilson, Gaoua, et al. (2017) found decrements in 

the amplitude of electrically evoked potentials (H-reflex and M-wave) in the hyperthermic state, 

independent of acclimation status, which may relate to increased nerve conduction velocity 

mediating reduced neural drive transmission. However, heat acclimation allowed for better 

sustained voluntary neural drive when completing a prolonged contraction, suggesting 

beneficial central nervous system adaptations (Racinais, Wilson, Gaoua, et al., 2017).  

Cooling of muscle has also been shown to acutely impair MVC force and contractile 

properties. Specifically, decreased twitch amplitude and rate of force development, and 

increased contraction time and half relaxation time have been observed with muscle cooling 

(Mallette et al., 2018). In forearm muscle, a compensatory increase in the number of active 
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motor units and an altered relationship between motor unit firing frequencies and recruitment 

thresholds were suggested to occur in an attempt to reduce the cold-induced impairment of 

force and contractile properties (Mallette et al., 2018). Mallette et al. (2020) extended these 

findings and assessed hot and cold-water effects on motor units during submaximal 

contractions. Mallette et al. (2020) concluded that the relationship between motor unit potential 

amplitude and firing frequency was different among temperature conditions, and also that small 

motor units may be more impacted by temperature than large motor units. Forearm temperature 

affected motor unit recruitment patterns, which were potentially acting as compensatory 

mechanisms to changes in muscle viscosity and contractile properties (Mallette et al., 2020). 

This impact of temperature on neuromuscular properties and force transmission was suggested 

to occur through the muscle-tendon unit (Mallette et al., 2020). 

Therefore, muscle temperature manipulation both upward and downward can produce 

metabolic responses and altered contractile function, however, core temperature and central 

fatigue may play a role, with central adaptations being present in heat acclimation (Racinais, 

Wilson, Gaoua, et al., 2017; Racinais, Wilson, & Periard, 2017). Increased temperature possibly 

results in more metabolic strain being placed on skeletal muscle and strain on contractile units, 

which may be desirable aspects of heat in training. 

 

2.3.2 Structural Adaptations 

 Skeletal muscle also appears to be affected structurally by heat stress. In studies of rat 

skeletal muscle, heat stress has been observed to attenuate the atrophy associated with muscle 

disuse (Naito et al., 2000). Naito et al. (2000) observed a significant reduction in protein loss 

when exposed to heat stress prior to muscle disuse. Acute heat stress in rats also increased 

protein content in skeletal muscle, which resulted in hypertrophy 7 days following the heat 

stress (Uehara et al., 2004). In humans, chronic heat stress increased whole muscle and muscle 

fibre cross-sectional area with an associated increase in isometric strength (Goto et al., 2011). 
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This was achieved by increasing local muscle temperature of the quadriceps to 38°C for 8 hours 

on each of four days per week for eleven weeks (i.e., 352 hours) (Goto et al., 2011). A study of 

heat stress during muscle disuse found daily heat therapy to reduce atrophy by 37% with a 

parallel maintenance of mitochondrial function (Hafen et al., 2019). Hafen et al. (2019) 

suggested an overexpression of peroxisome proliferator receptor-γ coactivator 1α (PGC-1α) 

and increased expression of HSPs to be the mechanisms responsible for preventing muscle 

atrophy. Protective roles of both HSPs and PGC-1α against atrophy have been identified in 

previous research (Dodd, Hain, & Judge, 2009; Dodd, Hain, Senf, et al., 2009; Sandri et al., 

2006). Similar to resistance exercise, heat stress appears to stimulate protein synthesis through 

intracellular signalling, thereby promoting hypertrophy (Goto et al., 2011; Naito et al., 2000; 

Uehara et al., 2004).  

 

2.3.3 Vascular Adaptations 

 Another facet of heat stress is the impact it has on the vasculature. Heat stress has the 

ability to promote angiogenesis through increasing pro-angiogenic mediators, such as vascular 

endothelial growth factor (VEGF) (Kuhlenhoelter et al., 2016). Expression of HSPs and PGC-

1α modulate the angiogenic process and are closely coupled with angiogenic responses in 

skeletal muscle, being upregulated by both exercise and heat (Chinsomboon et al., 2009; Hafen 

et al., 2019; Shiota et al., 2010; Sun & Liao, 2004). Lower-body heating and local thigh heating 

in humans transiently increased expression of angiogenic factors in skeletal muscle, including 

VEGF and HSPs, as well as reduced Forkhead box O1 (FOXO1) (Kuhlenhoelter et al., 2016). 

FOXO1 regulates transcription of angiostatin factors and restrains angiogenesis in skeletal 

muscle. Thomas et al. (2016) found that antegrade shear rate in large peripheral vessels, a 

stimulus for vascular adaptation, increased during hot-water immersion. Thomas et al. (2016) 

also found the increases in muscle temperature and shear rate to be greater in hot-water 

immersion than following treadmill exercise, suggesting that during immersion an acute 
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stimulus for large vessel adaptation is present. Brunt et al. (2016) demonstrated passive heat 

therapy’s capability to improve vascular health in healthy sedentary subjects, similar to what is 

typically observed with exercise training. These vascular adaptations were suggested to be a 

result of elevated core temperature and rises in vascular shear stress, because thermoneutral 

control immersions had no such effect (Brunt et al., 2016). Similarly, Kim et al. (2020) found 

five 90 min heat exposures per week to increase capillarisation of type 2 but not type 1 muscle 

fibres, as well as an increase in endothelial nitric oxide synthase content. No increase in VEGF 

was found, although this may have occurred prior to the 4-week measurement (Kim et al., 

2020). The combination of local metabolic and stress mediators, and shear stress, all act upon 

angiogenesis, but possibly differentially between muscle fibre types. 

 

2.4 Intracellular Signalling in Exercise and Heat Stress 

 The link between hypertrophy responses in heat stress and resistance training is believed 

to be through common intracellular signalling pathways. As outlined briefly above, a well-

known outcome of resistance training is increased protein synthesis via the Akt-mTOR 

pathway. Activation of Akt occurs by signalling from insulin like growth factor 1 (IGF1) and 

phosphatidylinositol 3-kinase (PI3K), which occurs as a response from mechanical load and 

circulating hormones (Kraemer et al., 2017; Luo et al., 2013; Rommel et al., 2001). 

Downstream, Akt phosphorylates mTOR, which activates p70S6k and phosphorylates 

eukaryotic translation initiation factor 4E-binding protein 1 (4E-BP1), dissociating it from 

eukaryotic translation initiation factor 4E (EIF4E), which ultimately promotes protein synthesis 

(Goodman, 2019; Rhoads, 1999; Terada et al., 1994).  

 The effect of heat on the signalling pathways of muscle protein synthesis has been 

investigated in both animal and human models. Heat stress has been observed in rats to lead to 

phosphorylation of Akt and p70S6k; this result of acute heat stress increased with increasing 

skeletal muscle temperature (Tamura et al., 2014; Yoshihara et al., 2013). Uehara et al. (2004) 
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also observed p70S6k phosphorylation with heat stress, suggesting muscle hypertrophy via the 

Akt-mTOR pathway. In humans, increased phosphorylation of Akt, mTOR and 4E-BP1 was 

observed 1 hour following heat stress and resistance exercise, however, the combination of 

stressors rather than heat alone may have promoted protein synthesis signalling (Kakigi et al., 

2011). Kuhlenhoelter et al. (2016) found gene expression of FOXO1, an inhibitor of mTOR, to 

be reduced 2 hours after heating, which may play a role in heat stress effect on protein synthesis, 

as reduced FOXO1 is associated with hypertrophied skeletal muscle (Leger et al., 2006). 

However, Kuhlenhoelter et al. (2016) was measuring FOXO1 as an anti-angiogenic 

transcription factor in relation to heat stress and capillary growth in skeletal muscle, rather than 

for protein synthesis (Kuhlenhoelter et al., 2016). Therefore, while passive heating alone can 

stimulate protein synthesis, it may need to increase muscle temperature above a certain 

threshold before producing functionally observable effects. 

 The link between heat stress and hypertrophic signalling is also thought to be 

determined partly by transcriptional induction of HSPs. Heat shock responses appear to 

facilitate mTOR complex activation during stress (Chou et al., 2012). Upregulation of HSPs 

occurs in response to multiple stimuli, including hypoxia, energy depletion, acidosis, reactive 

oxygen species and hyperthermia (Kregel, 2002). A protective role of HSPs against oxidative 

damage is present during the initial inflammatory phase of a hypertrophy response (Locke, 

2008). In cultured skeletal muscle cells, concentrations of intracellular proteins and expression 

of HSPs were increased by both mechanical and heat stress, with the combination of the two 

further increasing muscular structural proteins (Goto et al., 2003). Goto et al. (2003) suggested 

this to be closely related to the regulation of HSP expression. Uehara et al. (2004) found HSP72, 

as well as phosphorylated p70S6k, to be increased one day following heat exposure, hence, 

suggesting heat shock response as a key signal for protein synthesis in skeletal muscle cells. 

Heat stress induced increases in HSP72 have also been observed in parallel to the attenuation 

of disuse muscle atrophy (Naito et al., 2000). Increases in rat soleus weights have occurred 7 
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days following heat exposure with concurrent increases in HSP72 and calcineurin expression 

(Kobayashi et al., 2005). Kobayashi et al. (2005) suggest that calcineurin possibly plays a key 

role in the heat stress associated increase in muscle mass, as the inhibition of calcineurin results 

in a depressed heat stress response. 

 Mechanistically, increased expression of the HSP70 family appears to modulate protein 

synthesis and prevent disuse-related muscle fibre atrophy through an association of HSP70 and 

nascent polypeptides, which appears to be important for protein synthesis (Ku et al., 1995). 

Muscle disuse in rats rapidly decreases the protein synthesis rate in the soleus due to the slowing 

of nascent polypeptide elongation, which is indicated to be due to the absence of HSP70 (Ku 

& Thomason, 1994). Ku et al. (1995) found that relatively small changes in ATP levels may 

produce larger changes in HSP70 association with polysomes. Increased ATP levels from the 

lack of muscle activity appear to occur with the first 18 h of non-weight bearing, this in turn 

decreases the amount of HSP70 associated with the polysomes. Ku et al. (1995) concluded that 

a simple transduction system exists whereby the activity of the muscle may be able to modulate 

protein synthesis. Senf et al. (2008) found that in addition to the prevention of disuse related 

muscle fibre atrophy, HSP70 inhibited the increase in atrophy promoters atrogin-1 and MuRF1. 

Key atrophy genes and regulators of atrogin-1 and MuRF1, FOXO3 and Nuclear Factor κB 

(NF-κB), were abolished by HSP70, thus indicating HSP70’s role in preventing skeletal muscle 

atrophy signalling pathways (Senf et al., 2008). Ohno et al. (2011) found that heat stress-

induced increases in muscle protein are related to a downregulation of NF-κB, and therefore, 

inhibition of NF-κB by heat stress might be one of the hypertrophic stimuli for skeletal muscle. 

The heat shock factor 1 (HSF1) gene appears to play a major role in the upregulation of HSP72 

mRNA and protein following heat stress (60 min at 41°C) in mice (Ohno et al., 2015). Heat 

stress-associated increases in skeletal muscle mass may be induced by HSF1 and/or HSF1-

mediated stress response that activates muscle satellite cells and the Akt/p70S6k signalling 

pathway (Ohno et al., 2015). One potential HSF1-mediated response is the expression of 
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HSP72, which can prevent atrophy by both enhancement of FOXO3 phosphorylation and 

activation of Akt1-ERK1/2 signalling pathway (Gwag et al., 2015). 

However, HSP increases are not always seen following heat stress, suggesting that core 

and muscle temperature may not be the major cellular stressor inducing HSP production 

(Morton et al., 2007). The HSP response appears to be altered by acclimation status, as seen in 

Maloyan et al. (1999), where, following chronic heat exposure, acclimated rats had elevated 

HSP72 reserves and a faster peak of HSP72 transcript and protein following heat stress, when 

compared to non-acclimated controls. Therefore, heat acclimation may predispose the heat 

shock response to acute heat stress and alter the transcription and translation of HSPs. It is also 

possible that a similar predisposition occurs with resistance and endurance trained phenotypes, 

whereby they respond faster to a training stimulus than untrained. During cycling exercise, 

Febbraio and Koukoulas (2000) found HSP72 mRNA to have increased with reduced 

intramuscular glycogen availability rather than high muscle temperature, which may be related 

to increases in adenosine monophosphate activated protein kinase (AMPK) and mitogen-

activated protein kinase (MAPK) (Goto et al., 2015; Tamura et al., 2014; Thompson et al., 

2003). Yoshihara et al. (2013) found HSP expression to be unchanged following heat stress and 

not directly linked to Akt activation. Chronically, heat stress over 10 weeks produced 

hypertrophy and improved muscle strength, however, no upregulation was seen in the HSP 

genes despite a likely increase in intracellular signalling for protein synthesis (Goto et al., 

2011).  

A consideration that needs to be made when evaluating these studies is the timing and 

different heat stresses imposed on skeletal muscle, as this may change intracellular responses. 

Frier and Locke (2007) determined that a heat stress 24 hours before overloading muscle 

attenuated hypertrophy and reduced total protein content despite increased levels of HSPs. Pre-

elevated levels of HSPs may have played a protective role against the damaging effect of 

mechanical stress from surgical overload in rat skeletal muscle (Frier & Locke, 2007). In 
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humans, similar pre-heating of muscle attenuated muscle damage induced by eccentric 

contractions, with the underlying mechanism speculated to be HSPs (Nosaka et al., 2007). Kim 

et al. (2019) found heat therapy to accelerate recovery of fatigue resistance in the days following 

maximal eccentric exercise, with increased expression of pro-angiogenic factors, however, heat 

therapy had no impact on recovery of muscle strength or on HSP expression. Since multiple 

forms of stress upregulate HSPs, other stresses within exercise might be acting synergistically 

with heat to upregulate them, thus, heat alone may underrepresent HSP roles in exercise. It 

appears that heat stress or mechanical overload alone can similarly regulate HSP expression, 

however, the combination of these stressors is complex and has the potential to be 

counteractive. 

 

2.5 Thermal Manipulation and Resistance Exercise 

2.5.1 Resistance Training with Heat 

The responses observed in passive heating indicate an adaptive potential of heat. This 

has led to its supplemental use with exercise to potentially achieve enhanced adaptations, heat 

acclimate and complement rehabilitation. Acutely combined heat and resistance exercise, using 

knee extensions with heat stress prior to and during exercise, resulted in enhanced molecular 

signalling with increased Akt and mTOR phosphorylation post-exercise (Kakigi et al., 2011). 

Kakigi et al. (2011) suggested that in addition to heat shock, enhanced phosphorylation may 

have been due to increased blood flow from anabolic signalling and nitric oxide post-exercise 

(Fujita et al., 2007). Fuchs, Smeets, et al. (2020) assessed the impact of post-resistance-exercise 

hot-water immersion and found increased muscle temperature to not increase postprandial 

myofibrillar protein synthesis rates or enhance the dietary amino acid incorporation into skeletal 

muscle tissue. Contrary to other supplemental heating studies, Fuchs, Smeets, et al. (2020) 

found the 20 min post-exercise hot-water immersion to have minimal effect on anabolic 

signalling responses, with the only difference from the control leg being an altered p70S6k 
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response. In both males and females, acutely improved power production was observed during 

a combined strength and power training session performed in hot ambient temperatures (30°C, 

40-60% relative humidity), indicating improved neuromuscular function when compared to 

temperate conditions (Casadio et al., 2017). Consistent with Casadio et al. (2017), results of 

improved power have been observed following sauna bathing, however, muscular endurance 

becomes impaired (Hedley et al., 2002). These power improvements may have resulted from 

the temperature effects on muscle contractility, and motor unit potential amplitude and firing 

rate, with small motor units being more impacted by temperature than large motor units 

(Mallette et al., 2020; Mallette et al., 2018). These changes also may have been the result of 

altered information from cutaneous receptors or muscle spindles, and changed viscosity or 

stiffness of the muscle-tendon unit (Mallette et al., 2020). Casadio et al. (2017) also found 

heated training to augment anabolic responses, with increased plasma growth hormone in both 

males and females, whereas changes in testosterone or cortisol were unclear. Despite perceived 

temperature and skin temperatures being higher in the hot condition, Casadio et al. (2017) found 

no difference in core temperature or heart rate between hot and temperate training sessions, 

possibly due to the nature of power training (long rests and low repetitions) in combination with 

the mode of heating (full length clothes and 30°C heat). Hence, thermal strain may not have 

been key, although muscle temperature was not reported. Therefore, it is possible that an acute 

combination of resistance exercise with heat stress, compared to resistance exercise alone, 

could enhance protein synthesis and neuromuscular function, which may have implications for 

chronic training. 

 The effect of chronic resistance training with heat is unclear as few studies have 

investigated the outcomes of supplemental heat over long training periods. The studies that 

have investigated these combined stressors in humans have produced inconsistent results. Goto 

et al. (2007) used low-intensity elbow flexion-extension exercise (3 sets of 30 repetitions at < 

30RM) over 10 weeks with additional heat before and during exercise, which resulted in a 
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superior increase in cross-sectional area of the biceps brachii and maximum isometric torque, 

when compared to non-heated training of the opposite limb. Yoon et al. (2017) also found low-

intensity leg extension training (3 sets of 25 repetitions at 40% 1RM) with 8 hours of heat stress 

per week to result in a similar increase in strength and anabolic hormones to both higher 

intensity resistance exercise and heat alone, with heat and low-intensity training promoting 

greater hypertrophy than heat alone. However, this study was conducted in elderly women and 

may not be generalisable to all populations (Yoon et al., 2017). Nakamura et al. (2019) assessed 

low-intensity triceps brachii extension (3 sets of 8 repetitions at 30% 1RM) preceded by 20 min 

heat stress and found it to produce a significant increase in muscle strength and thickness, 

whereas no increase was observed with resistance training alone.  

 However, unlike these previous studies, 12 weeks of high-intensity knee extension 

training (4 sets of 8 repetitions at 70% 1RM) with heat application during and 20 min following 

training had no clear benefit or detriment for strength or hypertrophy adaptations, when 

compared to non-heated training of the contralateral limb (Stadnyk et al., 2018). A possible 

explanation for the difference between this study and the one by Goto et al. (2007) is the higher 

intensity of training in Stadnyk et al. (2018), which may have altered intracellular signalling 

and HSP expression, and potentially stimulated the protective effects of HSPs (Frier & Locke, 

2007; Nosaka et al., 2007). However, HSPs were not measured by either study (Goto et al., 

2007; Stadnyk et al., 2018). Limb and muscle specificity may play a role in the differing 

adaptations except this is unlikely to be the sole explanation, as heat alone has produced 

hypertrophic and strength adaptations in the thigh (Goto et al., 2011). However, limb specific 

differences such as limb dominance, larger muscle mass in the thigh and fibre type distribution 

may have altered the application and responsiveness to the specific supplemental heating used 

in Stadnyk et al. (2018) when compared to Goto et al. (2007). In a 3-week training study of 

professional rugby players, lower-body resistance training in a warm (35°C) environment 

produced small performance improvements in bench press and back squat strength variables 
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while effects on jump squat, weighted chin-up, Bronco fitness test and body mass were either 

unclear or trivial (Miles et al., 2019). This study assessed only performance outcomes in highly 

trained individuals over a short period of time, and placebo effects cannot be discounted, so the 

possible mechanisms and any physiological adaptations associated with the observed small 

performance improvements would need to be determined in a longer-term and more controlled 

intervention. 

A difference is apparent between the training intensities that are used in these studies 

investigating supplemental heating. A beneficial effect of supplemental heating is evident with 

lower intensity training, particularly in the upper limb, whereas, high-intensity training appears 

to be minimally affected by supplemental heat. It is possible this is a result of different 

mechanisms for signalling adaptations in skeletal muscle, with high-intensity primarily relying 

on mechanical deformation and low-intensity training utilising metabolic stress. Therefore, 

with lower loads, a greater difference in stimulus between heated and non-heated limbs may 

have occurred, as low-intensity resistance training per se did not provide an increase in strength 

or cross-sectional area, unlike in high-intensity training. This may be related to a threshold of 

sorts where stimulus for adaptation is large enough, thus, making supplemental heating have 

no additional effect on higher intensity training. 

 

2.5.2 Resistance Training with Cooling 

While skeletal muscle structure and vasculature are known to be affected by 

temperature, cooling in combination with resistance exercise is an area of contention, due to 

the prevalence of its use as a recovery modality. This may be misguided as local cooling of a 

muscle prior to, during, and following a single resistance exercise bout resulted in impaired 

muscle growth transcriptional responses (Zak et al., 2018). However, cooling prior to 5 

consecutive days of isometric strength training has resulted in greater improvements in hip 

extensor isometric force production when compared to control and heated groups (Burke et al., 
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2000). Burke et al. (2000) found training with prior cryotherapy (immersion of leg to the gluteal 

fold in 8°C water for 10 min) to provide the greatest improvement in strength, however, no 

tissue temperatures were taken and the gluteal muscles, the main hip extensors, were not 

immersed, thereby, making it difficult to determine if muscle temperature or impaired sensory 

perception was the principle mechanism. Training effects after 4 weeks of handgrip resistance 

training have also been observed to be less frequent in training groups using post-exercise cold 

immersion (20 minutes in 10°C water) (Yamane et al., 2006). Although not measured, it was 

suggested that adjustment of metabolic and humoral factors may have caused the less 

pronounced training effects in the cooled muscle (Yamane et al., 2006). This is likely also 

associated with the attenuation of vascular changes observed in cold training (Yamane et al., 

2006).  In a recent study, Fuchs, Kouw, et al. (2020) found that 20 min cold-water immersion 

(8°C) following a bilateral lower-limb resistance exercise session lowered leg skin and muscle 

temperatures and blunted the post-exercise increase in myofibrillar protein synthesis rate, when 

compared to the thermoneutral contralateral limb. Due to lack of differences in signalling 

proteins between legs, the mechanism behind the blunted myofibrillar protein synthesis rate 

was indicated to be lowered amino acid transport in the cooled leg, possibly occurring 

concurrently with a lower blood supply to cooled tissue, compromising amino acid uptake 

(Fuchs, Kouw, et al., 2020). Continued application of this resistance training with post-exercise 

cooling over a 2-week period resulted in lowered daily myofibrillar protein synthesis rates, 

hence, potentially attenuating skeletal muscle adaptations (Fuchs, Kouw, et al., 2020). 

In a 12-week lower-body strength training study with 10 min of cold-water immersion 

(10°C) following training, muscle mass and strength gains were attenuated, activity of satellite 

cells were delayed or inhibited and a suppressed activation of p70S6k in the mTOR pathway 

occurred (Roberts et al., 2015). Roberts et al. (2015) attributed these results to a compounding 

of deficient hypertrophy signalling, hence, diminishing the expected increases in muscle mass 

and strength. Frohlich et al. (2014) also assessed cold-water immersion following resistance 
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training (3 x 4 min at 12°C) and observed a 1-2% reduction in strength training adaptations in 

the cool leg after a 5-week leg curl training study (3 sets of 8-12 at 75-80% 1RM). In a 7-week 

whole-body resistance training study, repeated post-exercise cold-water immersion also blunted 

training adaptations, specifically the increases in type 2 muscle fibre cross-sectional area (Fyfe 

et al., 2019). Fyfe et al. (2019) also observed attenuated post-exercise mTOR complex 1 

signalling following the training period, which also coincided with increased basal levels of 

FOXO1. Despite attenuated protein synthesis signalling and hypertrophy, an increase in 

maximal strength still occurred, likely due to neural contribution (Fyfe et al., 2019; Moritani & 

deVries, 1979). Fyfe et al. (2019) assessed HSP response both acutely and chronically, finding 

that the repeated cold-water immersion blunted the chronic but not acute HSP27 response, 

which may be related to the altered hypertrophy responses. A methodological aspect of note is 

that the greatest difference in strength between conditions occurred in the study by Roberts et 

al. (2015), where active recovery was used rather than an inactive control. Therefore, this 

condition may have benefitted from higher blood flow and may have maintained muscle 

temperature for longer. Overall, post-exercise cooling appears to be an adverse treatment for 

physical training and may be counteractive as a recovery tool if muscle growth is the desired 

outcome. 

 

2.6 Summary 

 Structural and functional adaptations of resistance training are well recognised, 

however, the influence of different stressors on skeletal muscle are still not fully elucidated. A 

role for thermal strain is evident, as thermal manipulation of muscle has shown heat stress to 

have the ability to prevent atrophy and produce hypertrophy, and cooling muscle can attenuate 

hypertrophy signalling and vascular adaptations. Heating has been added to resistance exercise 

with mixed results, yet, the role of intrinsic heat produced by resistance exercise in potentially 

altering training adaptations is unknown. Based on the combined effects of the passive heating, 
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supplemental heating and cooling trials, it is expected that prevention of any elevation in muscle 

temperature with resistance exercise might attenuate training outcomes, albeit there is a lack of 

information relating to realistic training intensities (> 50% 1RM) for broad populations.
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Chapter 3: Methodology 

3.1 Overview 

The purpose of the first study was to preliminarily assess the thermal effects of a broad 

spectrum of resistance exercise training profiles and to determine if exercise-induced heat could 

be consistently eliminated with cooling before and during resistance exercise. The second 

study, informed by the first, determined the feasibility of using a 6-week bicep curl training 

programme with the removal of exercise-induced heat, as a method to examine to what extent 

exercise-induced heat underpinned the functional (strength) and hypertrophic adaptations from 

resistance training. Approval of these studies was given by the University of Otago Human 

Ethics Committee (H19/056) and both studies were registered with the Australia New Zealand 

Clinical Trials Registry (ACTRN12619001113145; ACTRN12620000669998). 

 

3.2 Study 1 – Resistance Exercise and Body Temperature 

3.2.1 Participants 

 Five healthy volunteers (Table 2) were recruited from the School of Physical Education 

Sport and Exercise Sciences at the University of Otago. Inclusion criteria for participation were: 

(i) aged between 18-55 years; (ii) have no injuries, diseases, illnesses or conditions for which 

single limb exercise is contraindicated, or are otherwise deemed incapable of safely 

participating in physical activity as indicated by physical activity readiness questionnaire; (iii) 

not be currently taking medications (including NSAIDs) or vitamin supplements; (iv) be 

prepared to undertake perceptual and physiological measurements, especially invasive muscle 

temperature measurements. Participants provided written consent for participation and were 

requested to avoid strenuous exercise for the 24 hours prior to testing. 
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Table 2. Baseline characteristics for all Study 1 participants (n = 5; median (IQR)). 

Characteristic Median (IQR) 

Sex 3 M; 2 F 

Age (years) 22 (4) 

Height (cm) 169.0 (18.8) 

Mass (kg) 73.3 (20.9) 

Bicep curl 1RM (kg) 15.0 (8.0) 

Bicep skinfold thickness (mm) 5.1 (4.4) 

Triceps skinfold thickness (mm) 10.5 (6.4) 

Mid-arm relaxed circumference (cm) 32.1 (5.0) 

Corrected circumference (cm) 28.4 (6.8) 

Estimated muscle cross-sectional area (cm2) 64.3 (30.7) 

 

3.3 Study 1 Part A: Characterising Temperature Responses to Resistance Exercise 

3.3.1 Study Design 

 Muscle temperature was measured in three work-matched bicep curl resistance exercise 

sessions in a repeated measures design, with a pseudo-randomised order of conditions being 

allocated upon enrolment, as determined by a Latin square. Within participants, sessions were 

spaced 5 – 26 days apart, and the start of sessions were within 21 – 98 min of the same time of 

day. The bicep curl exercise sessions that were undertaken represented typical training regimes 

aimed at eliciting i) strength-endurance, ii) hypertrophy and iii) strength adaptations, as 

described below. Sessions were work-matched within participants to account for the direct 
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impact relative work-load has upon the rise in muscle temperature (Buchthal et al., 1944; Saltin 

& Hermansen, 1966). 

 

3.3.2 Procedure 

 Participants underwent baseline testing of bicep curl 1 repetition maximum (1RM) and 

had upper-limb girth and skinfold thickness assessed during the study period. All sessions were 

completed using the right arm and had an initial warm-up of 10 repetitions at ~20% 1RM, which 

was then followed by one of three resistance exercise sessions: 

i) A strength-endurance session consisting of 3 sets of 20 repetitions at ~35% 1RM. 

ii) A hypertrophy session consisting of 3 sets of 10 repetitions at ~67% 1RM. 

iii) A strength session consisting of 6 sets of 4 repetitions at ~85% 1RM. 

 

The bicep curl tempo was kept consistent for all sessions at 2 s for each of concentric 

and eccentric contractions, using a 60-bpm digital metronome (metronome, google.com). Bicep 

curl sets were started at 3-min intervals for all sessions, therefore, producing rest periods of 

~100 s, ~140 s and ~164 s for strength-endurance, hypertrophy and strength sessions, 

respectively. Time profiles of muscle (indwelling flexible thermocouple), core (oesophageal) 

and skin temperatures (superficial to biceps brachii on both arms) were recorded continuously 

before, during and following these exercise bouts. Additional discrete measurement of muscle 

temperature using a solid needle thermocouple was taken at time-matched and work-matched 

points during the sessions (Figure 1). 
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Figure 1. Timing of biceps brachii temperature assessment using solid needle thermocouple for strength-endurance, hypertrophy and strength resistance 

exercise sessions. 
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3.4 Study 1 Part B: Feasibility of Muscle Cooling During Resistance Exercise  

3.4.1 Study Design 

Following the completion of all three conditions, the participants from Part A also 

completed a subsequent exercise session with muscle cooling. The strength training regime 

(i.e., 6 sets of 4 repetitions) was deemed to be a suitable exercise protocol to achieve thermal 

manipulation by immersion in cool water. This is because these sessions provided the longest 

time to cool the arm muscles between sets as well as having the shortest amount of time to 

complete each set, therefore providing the longest time for the cooling stimulus. From pilot 

testing, it was determined that the bicep was able to be cooled by placing the arm, flexed at the 

elbow, in a 10 L bucket with cool water (~14°C) (Figure 2). 

 

 

Figure 2. Time course of strength bicep curl resistance exercise with cooling. 

 

3.4.2 Procedure 

 Participants pre-cooled their right arm for 10 minutes in cool water (13.7 ± 1.0°C) prior 

to exercise. Following the precooling, participants completed 6 sets of 4 repetitions (~85% 

1RM; 2 s concentric, 2 s eccentric) with arm immersion occurring for as long as possible 

between sets. Participants were immersed in cool water for an average of 149 ± 28 s between 

sets. Muscle temperature using a solid needle thermocouple was measured at baseline, 

following pre-cooling and following the completion of all 6 sets of bicep curls. Oesophageal 

temperature and skin temperatures were measured continuously throughout the session with 

skin temperatures taken from the active and non-active biceps brachii.  
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3.5 Measures 

3.5.1 Anthropometry Measure 

Height and body mass were measured for demographic characterisation using a 

stadiometer and scales (UC 300, A&D Company, Ltd., Milpitas, CA, USA), respectively. 

Relaxed arm girth (Ross Craft Anthrotape, Rosscraft Innovations Inc., Toronto, Canada) was 

measured halfway between the acromion process and humeral epicondyles with the arm in 

anatomical position. Skinfold thicknesses (Harpenden Skinfold Calliper, CE 0120, Baty, British 

Indicators, West Sussex, United Kingdom) were measured at the biceps brachii and triceps 

brachii at the same level as the mid-arm girth in a relaxed state. This was used to characterise 

participants’ subcutaneous adiposity, and fat free arm girth. An average of biceps brachii and 

triceps brachii skinfold thicknesses was used to calculate corrected arm circumference, as 

outlined in the equations below: 

Corrected circumference (cm) = 𝐴𝐴𝐴𝐴𝐴𝐴 𝐺𝐺𝐺𝐺𝐴𝐴𝑟𝑟ℎ (𝑐𝑐𝐴𝐴)− (𝜋𝜋 ×  𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑆𝑆𝑆𝑆𝐺𝐺𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑇𝑇ℎ𝐺𝐺𝑐𝑐𝑆𝑆𝑆𝑆𝐴𝐴𝑖𝑖𝑖𝑖) 

Estimated muscle cross-sectional area (cm2) = 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝐶𝐶𝐶𝐶)2

4 × 𝜋𝜋
 

3.5.2 Strength Measures 

 An initial 1RM was tested prior to Part A of Study 1 for calculation of relative exercise 

loads and as indication of participant resistance training status, as mentioned above. Following 

a progressive warm-up of 3 sets (5-10, 3-5 and 2-3 repetitions with 2 minutes’ rest), participants 

attempted 1RM bicep curls standing against a wall to limit body movement. Three minutes’ 

rest was given between attempts, and the 1RM was determined when participants were unable 

to lift the dumbbell or failed to complete the lift using correct technique (Haff & Triplett, 2015). 

 

3.5.3 Thermal Measures 

 Muscle temperature of biceps brachii was measured continuously throughout exercise 

sessions using a sterile, Teflon-coated flexible 18-gauge thermocouple (IT-18, Physitemp 
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Instruments Inc, Clifton, NJ, USA), at an average depth below the skin surface of 2.4 ± 0.5 cm. 

Insertion was via an 18-gauge hypodermic needle and secured under a waterproof dressing by 

an experienced researcher. The solid needle thermocouple (MT-26/4HT, Physitemp 

Instruments Inc, Clifton, NJ, USA), placed within ~1 cm of the indwelling thermocouple, was 

used to measure muscle temperature at a depth of ~2.5 cm during resting periods between 

exercise sets to provide a secondary measure of muscle temperature, for the purpose of having 

a known depth. For reasons of keeping the solid need thermocouple sharp, measurements were 

taken within the lumen of a needle, which was inserted to a fixed depth. 

 Core and skin temperature were measured continuously in the sessions, recorded at 1 s 

intervals. Core temperature was measured using an initially sterile, flexible thermistor (Mon-a-

therm general-purpose thermistor probe 400TM, Covidien, Mansfield, MA, USA) in the 

oesophagus, inserted to a depth relative to seated height, which is estimated to be the level of 

the right atrium (Mekjavic & Rempel, 1990). Oesophageal thermistors were factory calibrated 

and reused within participants after disinfection. Skin temperature was measured over the active 

muscle and at a control site on the contralateral arm using insulated skin thermistors (2.3K3A1B 

Thermistor NTC, Betatherm, Galway, Ireland) taped to the skin. Temperatures from the skin, 

muscle and core temperature transducers were recorded using a portable, battery-operated 

logger (Squirrel SQ2010, Grant Instruments, Cambridge, UK).  

 

3.6 Data Analysis 

3.6.1 Muscle Temperature 

Within-subject variation of muscle temperature measurements was assessed as a typical 

error (i.e. standard error of measurement), calculated for a 95% confidence interval ([lower 

limit, upper limit]). Typical error was calculated by dividing the standard deviation of the 

difference score by root 2 (Typical error = SD ⁄ √2 ). Typical error was quantified as the 

standard deviation in each participants measurements between conditions, after any shifts in 
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the mean had been taken into account. Typical errors were determined for baseline resting 

muscle temperatures and following the warm-up set (identical within participants) from all 

sessions. Typical error was also determined for the change in muscle temperature produced by 

the standardised warm-up sets. 

 

3.6.2 Statistical Analysis 

 All data were collated using Excel Software (Microsoft, WA, USA). Data were analysed 

using 2-way repeated measures analysis of variance (ANOVA), performed using GraphPad 

Prism statistics and graphing software (version 8, GraphPad, CA, USA). Descriptive statistics 

were reported as medians and interquartile range (IQR), whereas results were reported as means 

± standard deviation (SD), and comparisons of interest being reported with corresponding 95% 

confidence limits [lower limit, upper limit]. In Part A of Study 1, effects of different exercise 

stimulus were analysed using 2-way repeated measures ANOVA, however, 1-way repeated 

measures ANOVA was used when comparing across conditions where there was no time 

variable (e.g., peak temperature). The alpha level for ANOVA was set at 0.05 and post-hoc 

analysis used Tukey’s test when multiple comparisons were made for main effects of time or 

condition. Linear regression analysis was used to describe the relation between work and 

muscle temperature. Normality of data distribution was verified visually with studentised 

residuals and assessed using the Shapiro-Wilk test (alpha level of 0.05). Cohen’s d effect sizes 

were calculated (Cohen's d = (M2 - M1) ⁄ SDpooled) to assess the standardised effect sizes 

between regimes. 
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3.7 Study 2 – Resistance Training without Heat Accumulation 

3.7.1 Study Design 

 A 6-week within-subject resistance training protocol with a contralateral control limb 

design was used to assess the role of exercise-induced heat in resistance exercise. Cool training 

was allocated to either the dominant or non-dominant arm in a pseudo-randomised fashion (see 

below), stratified by sex, with the contralateral arm allocated as the warm control limb. Bicep 

curl resistance exercise was completed three times per week for the 6-week training period, 

with strength and limb composition assessed prior to and following this period (Figure 3). 

 

 

Figure 3. Schematic of Study 2 design. 

 

3.7.2 Participants  

 For the training intervention, six healthy participants were recruited from the local 

community adult population, however, one individual dropped out prior to commencing 

training (Table 3). Participants were informed of the demands of this study and its aims in an 

introductory session. In addition to the inclusion criteria as specified above for Study 1, 

participants were required to: (i) be familiar with strenuous exercise but not currently resistance 

trained (≥ 3 h/week); (ii) currently have little to no heat training or heat exposure experience; 

and (iii) be prepared and willing to undertake a 6-week resistance training intervention with 

training three times per week, having perceptual and physiological measurements taken within, 

and functional testing prior to and following the training period.  
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Table 3. Baseline characteristics for all Study 2 participants (n = 5; median (IQR)). 

Characteristic Median (IQR) 

Sex 2 M; 3 F 

Age (years) 23 (2) 

Height (cm) 173.7 (5.3) 

Mass (kg) 72.7 (5.7) 

BMI (kg.m-2) 24.0 (0.4) 

Training status (h.wk-1)  

Resistance training 0.0 (1.5) 

Arm specific RT 0.0 (0.5) 

Aerobic training  4.0 (1.0) 

Arm specific AT 0.0 ± 0.0 

Note: RT: Resistance Training; AT: Aerobic Training 

 

3.7.3 Preliminary Procedures 

 Following providing informed consent, participants underwent a familiarisation session 

and baseline testing at the School of Physical Education, Sport and Exercise Sciences, and the 

Dunedin Public Hospital. The familiarisation session involved practicing the assessment of 

isokinetic and isometric arm flexor strength of each arm and electrically evoked twitch 

assessment. This was to reduce the learning effect associated with dynamometry, as well as 

prevent anxiety surrounding the twitches during the pre-training testing. Following 

familiarisation, cool training was allocated to either the dominant or non-dominant arm by coin 
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flip for the first male and female participants, then alternating allocation of arms thereafter for 

each participant based on order of enrolment in the study. Following familiarisation, two 

baseline testing sessions were completed to assess upper arm anthropometry, body composition 

and strength. 

The first testing session consisted of baseline anthropometric measurements including 

height, mass, Dual Energy X-ray Absorptiometry (DEXA), Bioelectrical Impedance Analysis 

(BIA), and arm girths and skinfold thicknesses. These anthropometric measurements were used 

for group characterisation and baseline assessment of limb composition prior to exercise 

training. Following anthropometric measurements, participants completed 1RM tests for each 

arm to assess strength and determine training loads.  

The second testing session consisted of strength assessment of the elbow flexors, 

specifically isokinetic and isometric torque, and neuromuscular activation (outlined in 

Strength-Related Measures). Testing of strength and electrically evoked twitch was completed 

on the dominant arm first and the non-dominant arm second for all participants. 

 

3.7.4 Training Intervention 

Participants completed 18 supervised training sessions over the course of 6 weeks at the 

School of Physical Education, Sport and Exercise Sciences, University of Otago. Training 

occurred in an exercise physiology laboratory (ambient temperature: 21.7 ± 0.7°C) three times 

per week, with an average of 55 ± 20 hours between training sessions. All sessions were 

supervised by the Master’s student. 

At the beginning of each training session participants immersed their arm allocated to 

cool training in a bucket of cool water (14.0 ± 0.3°C) for 10 min, then performed unilateral 

bicep curls for 6 sets of 4 repetitions, initially at 80% 1RM for that arm, with the dominant arm 

completing the curls first, followed by the non-dominant arm for each set. Sets were initiated 

at 3-min intervals, and during the rest periods between sets participants immersed their cool 
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arm in the bucket for ~2 min. Resistance load was progressed during the 6-week period to 

maintain the training stimulus for both limbs. This was be achieved by increasing the training 

load by 0.5 kg if participants were able to produce more than 4 repetitions of the given load in 

all sets.  

Within week 6 of training, measures were taken to assess acute perceptual responses to 

training of each arm. This served to determine thermal sensation for the body and limbs, thermal 

discomfort, and perceived exertion of training with and without exercise-induced heat strain, 

using measurements as described in Perceptual Measures.  

 

3.7.5 Dietary and Exercise Control 

 Participants were asked to record their diet the day of both the initial anthropometric 

and baseline strength testing sessions, with this being returned and requested to be repeated for 

standardisation in the testing following the training period. Participants were also requested to 

avoid strenuous exercise or dehydration/weight loss in the 24 h prior to testing sessions, 

however, if light to moderate exercise was done in this time it was recorded and requested to 

be repeated prior to follow up testing. Participants were also asked to avoid the consumption of 

alcohol in the 24 h prior to testing sessions. 

During training, participants were requested to maintain an increased energy intake to 

promote a positive energy balance, allowing for healthy tissue repair throughout the training 

period. Participants were allowed to maintain their regular physical activity routine throughout 

the training period, with a request being made to not introduce any upper-limb resistance 

training outside of the study. Participants were also requested not to increase aerobic exercise 

of the upper limbs over the course of the training period to avoid conflicting molecular 

signalling pathways compromising potential adaptations.  
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3.8 Measures 

3.8.1 Anthropometric Measures 

 Height and body mass were measured for demographic characterisation using a 

stadiometer and scales (Seca electronic scale; Seca Corp., Birmingham, United Kingdom), 

respectively. Body composition was measured to assess changes associated with the training 

intervention. Regional changes in body composition across the training period were assessed 

using DEXA (Lunar Prodigy, GE Healthcare, Madison, WI, USA), operated by an experienced 

practitioner at Dunedin Public Hospital. Reliability of DEXA measurement was assessed by 

repositioning the participants in between scans in the same session, with data (n = 30) from 

participants in this study and other individuals being provided by Dunedin Public Hospital. 

Bioelectrical impedance analysis was also used as a secondary/contingency measure of body 

mass and limb specific composition (eight-electrode multi-frequency BIA; InBody 230, GBC 

BioMed NZ). Arm girths were measured as described in Study 1, with the addition of maximum 

circumference, measured as the arm was flexed at 90° and tensed. Skinfold thicknesses were 

measured, as described in Study 1, to indicate changes in subcutaneous adiposity, and, by 

subtraction, provide a supplemental index of fat free arm girth.  

 

3.8.2 Strength-Related Measures 

 At baseline and following the 6-week training period, a 1RM test was performed 

following a progressive warm-up, to assess maximal strength, as described in Study 1. This was 

also used to initially determine relative training loads for each arm.  

 Elbow flexion force production was measured using dynamometry (Biodex II, model 

880-125, Biodex, Shirley, New York, USA) with the shoulder flexed at 60°, forearm supinated 

and with restriction of wrist, shoulder and body movement. Concentric isokinetic torque was 

assessed at 60°.s-1 with participants completing 4 maximal contractions with each arm. 

Isometric torque was assessed with the elbow positioned at 90° using three 5 s maximal 
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voluntary contractions (MVC) with 2 min rest periods between. Outputs were recorded via a 

separate A-D converter and software (Labchart version 7; ADInstruments, Dunedin, NZ). 

Assessment of peak and mean force were determined from these contractions. 

 Participants had electrical stimulations (Digitimer DS7, Digitimer, Hertfordshire, UK) 

delivered to the intramuscular nerve fibres of the bicep brachii (midway between the anterior 

edge of deltoid and proximal crease of the elbow at 90° flexion) with six at rest and a further 

six stimulations during submaximal contraction at a constant intensity (10% MVC) (Racinais, 

Wilson, Gaoua, et al., 2017). Averages of at least 5 of the electrically evoked twitches were 

analysed for peak twitch amplitude, contraction time and half relaxation time, providing an 

indicator of inherent muscle contractility of each arm. Triggering the electrical stimulus and 

outputs were again recorded via a separate A-D converter and software (Labchart version 7; 

ADInstruments, Dunedin, NZ). 

 

3.8.3 Perceptual Measures 

 Perceptual measures in the last week of training assessed thermal sensation and thermal 

discomfort for the body and each arm. These thermal sensation and thermal discomfort values 

were ascertained from a 13- and 5-point scale, respectively (Gagge et al., 1969) (Appendix G). 

Thermal sensation and thermal discomfort measures were taken at baseline, following pre-

cooling, after the first set, and before and after both the third and sixth sets. Rating of perceived 

exertion for each arm was assessed using a 6-20 scale (Borg, 1982) (Appendix H), for the first, 

third and sixth sets.  

 

3.9 Data Analysis 

3.9.1 DEXA 

The DEXA results reported were the average of the two scans separated by 

repositioning. Reliability data for DEXA measurements were calculated from the root-mean-
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square error standard deviation (RMS SD) of the ANOVA output (i.e. standard error of 

measurement) and corresponding percent coefficient of variation (% CV). Smallest worthwhile 

change (SWC) was the least amount of change in a variable that could be confidently detected 

beyond the noise associated with the error of measurement, therefore, values greater than or 

equal to this would be considered outside the error associated with DEXA measurement of the 

upper limb. Smallest worthwhile change for the root-mean-square deviation (SWCRMSD) was 

calculated for a 95% confidence interval by multiplying the standard error by 2.77 (SWCRMSD 

= RMS SD × 2.77). 

 

3.9.2 Dynamometry 

 Isokinetic dynamometry was analysed using Labchart 7 (ADInstruments, Dunedin, 

NZ), with peak and mean torque determined for each contraction over the period at which 

contraction velocity was at 60°.s-1. Similarly, isometric dynamometry was analysed for peak 

and mean torque with peak torque being the maximum height of the torque curve during the 5 

s MVC, and mean torque was averaged across a 4.5 s plateau of the contraction. 

 

3.9.3 Electrically Evoked Twitch 

 Electrically evoked twitches were analysed individually, with a threshold of 1 SD above 

the mean baseline torque 1 s prior to each twitch. Peak twitch was recorded as maximum height 

of the torque curve, and contraction time as the duration from the point torque passed the 1 SD 

threshold to the point of peak twitch. The twitch concluded (i.e. full relaxation) when it returned 

to below the 1 SD threshold for at least 3 consecutive timepoints. From this, half relaxation 

time was calculated as the duration from peak twitch to the timepoint where torque was halfway 

between peak twitch and full relaxation. If the precise halfway torque between peak twitch and 

full relaxation was not available, the first point below the half relaxation torque was used to 

determine half relaxation time. Half relaxation time was not analysed for the twitches evoked 
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during 10% MVC due to an inability to determine a reliable end point for each twitch. In 

addition, rate of torque development was calculated as peak twitch amplitude divided by 

contraction time. 

 

3.9.4 Statistical Analyses 

Because this study was a preliminary study, the sample size was a convenience sample 

and not determined by a priori power analysis. Data were analysed using 2-way repeated 

measures ANOVA, performed using the GraphPad Prism statistics and graphing software as 

per study 1. Descriptive statistics, comparisons (confidence intervals and effect sizes) and post-

hoc analyses were analysed and reported as per Study 1.   
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Chapter 4: Results 

4.1 Study 1 Part A: Characterising Temperature Responses to Resistance Exercise 

4.1.1 Participants’ Compliance and Workloads 

 Total load lifted in a session was matched within participants for all sessions; 386 ± 135 

kg for hypertrophy, 417 ± 140 kg for strength-endurance and 397 ± 135 kg for strength sessions 

(p = 0.105). Any difference in load within participants was the result of participants being 

unable to complete the target number of repetitions at a given load with proper technique, or 

small differences resulting from the inability to produce exact loads from available resources. 

 

4.1.2 Muscle Temperature 

 Biceps brachii temperature, as determined by solid needle thermocouple (Figure 4), 

increased by a similar extent in the three exercise regimes; 2.0 ± 0.8°C for hypertrophy, 2.5 ± 

1.0°C for strength-endurance, and 2.2 ± 0.5°C for strength training (time: p < 0.001; condition: 

p = 0.489; interaction: p = 0.609). The first third of the exercise session accounted for 46 ± 

18%, 62 ± 13% and 60 ± 9% of the total rise for hypertrophy, strength-endurance and strength 

regimes, respectively (condition: p = 0.147). Following 15 min of supine recovery, almost half 

(44 ± 23%) of the muscle temperature increase was still evident, with no effect of condition 

(condition: p = 0.649). The linear regressions between work completed and change in biceps 

brachii temperature (Figure 5) predicted that for each 100 kg of work completed, temperature 

could be expected to increase by 0.3°C, 0.4°C, and 0.1°C for hypertrophy, strength-endurance 

and strength regimes, respectively, although these were not significantly non-zero (p ≥ 0.270). 

Individual participant characteristics and muscle temperature increases are outlined in Table 4. 
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Figure 4. Biceps brachii temperature (°C) during and following hypertrophy, strength-endurance and strength resistance exercise sessions, measured 

using a solid needle thermocouple throughout resting periods. Data are mean ± SD for n = 5, and time 0 is following instrumentation.  
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Figure 5. Linear regression between maximum increase in biceps brachii temperature (∆°C), measured by solid needle probe, and total work completed 

(kg) during hypertrophy, strength-endurance and strength resistance exercise regimes. n = 5; Hypertrophy: R2 = 0.260, p = 0.380; Strength-endurance: 

R2 = 0.377, p = 0.270; Strength: R2 =0.183, p = 0.472.  
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Table 4. Values for individual characteristics (n = 5) and increases in muscle temperature (∆°C), measured by solid needle thermocouple, for 

hypertrophy, strength-endurance and strength regimes. 

Subject Age 

(yr) 

Sex Height 

(cm) 

Weight 

(kg) 

1RM 

(kg) 

Arm Adjusted 

Circumference 

(cm) 

Arm Estimated 

Muscle Area 

(cm2) 

Muscle Temperature Increase 

Hypertrophy 

(∆°C) 

Strength-

Endurance (∆°C) 

Strength 

(∆°C) 

1 22 M 186 91.3 27.3 35.0 97.4 2.8 3.4 2.7 

2 22 M 188 102.6 23.0 31.8 80.4 1.1 2.8 2.1 

3 53 M 169 73.3 15.0 24.2 46.7 2.8 3.4 1.5 

4 26 F 167 66.9 15.0 28.4 64.3 1.6 1.2 2.4 

5 21 F 165 70.4 11.6 25.0 49.7 1.6 1.7 2.4 
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Indwelling muscle thermocouples recorded similar changes in bicep brachii temperature 

(Figure 6), with increases of 2.5 ± 0.3, 2.8 ± 0.5 and 2.8 ± 0.2°C for hypertrophy, strength-

endurance and strength sessions, respectively (condition: p = 0.269). Average temperature 

increases within a set during hypertrophy (0.4 ± 0.1°C) and strength-endurance (0.6 ± 0.2°C) 

regimes were greater than that of a set in the strength regime (0.2 ± 0.0°C; p ≤ 0.042), but no 

difference was evident between hypertrophy and strength-endurance sets (p = 0.159). Increases 

in temperature during the first set were lowest for strength (0.2 ± 0.2°C), with greater increases 

occurring for hypertrophy (0.4°C greater than strength; [0.1, 0.7]; p = 0.003) and strength-

endurance (0.6°C greater than strength; [0.3, 0.9]; p < 0.001). No difference in temperature 

increase was observed between regimes for the final set of sessions, however, increases were 

0.3°C [0.2, 0.3] less than that of the first set (p < 0.001). Biceps brachii temperature increases, 

averaged from all inter-set rest periods, were not significantly different between regimes (p = 

0.758), being 0.4 ± 0.2, 0.2 ± 0.1 and 0.2 ± 0.2°C for hypertrophy, strength-endurance and 

strength, respectively. However, when comparing the rest period following the first set with the 

rest prior to the last set, inter-set rest temperature increases were greater following the first set 

for the hypertrophy and strength regimes (time: p < 0.001; condition: p = 0.248; interaction: p 

= 0.011). Muscle temperature following set one was 0.3°C greater for both hypertrophy ([0.0, 

0.6]; p = 0.024) and strength ([0.1, 0.6]; p = 0.015) when compared to strength-endurance. Prior 

to the final set, no differences in temperature increases were observed between regimes (p ≥ 

0.592). 

 Baseline resting biceps brachii temperature from the three sessions had a typical error 

of 0.7°C [0.5, 2.0]. Muscle temperature following the warm-up set from the three sessions had 

a typical error of 0.5°C [0.4, 1.4]. The typical error for the change in muscle temperature from 

the warm-up set was 0.5°C [0.3, 1.2]. 
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Figure 6. Change in biceps brachii temperature (∆°C) during and following hypertrophy, strength-endurance and strength resistance exercise sessions, 

measured using a flexible indwelling thermocouple. Data are mean ± SD for n = 5, and time 0 is following baseline measurements.
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4.1.3 Core and Skin Temperature 

Oesophageal temperature (Figure 7) showed small but significant (p = 0.012) changes 

from baseline (36.8 ± 0.2°C) over the sessions, with no difference in response between regimes 

(interaction: p = 0.322). Although no significant changes from baseline were observed (p ≥ 

0.112), oesophageal temperature following the final set (36.8 ± 0.2°C) was 0.1°C greater than 

following the first third of the exercise session ([0.0, 0.1]; p = 0.020) and after 15 min supine 

rest ([0.0, 0.1]; p = 0.010). Averaged across all sessions, maximum oesophageal temperature 

was 0.1°C ([0.1, 0.2]; p < 0.001) greater than baseline and minimum temperature was 0.1°C 

([0.1,0.2]; p < 0.001) lower than baseline.  

 

 

Figure 7. Change in oesophageal temperature (∆°C) during and following hypertrophy, 

strength-endurance and strength resistance exercise sessions. Data are mean ± SD for n = 5 and 

time 0 is following baseline measurements; time: p = 0.012; condition: p = 0.319; interaction: 

p = 0.322.  
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 Skin temperature superficial to the active muscle was unaffected by condition, however, 

a main effect of time was present (time: p < 0.001; condition: p = 0.797; interaction: p = 0.197). 

Average active skin temperatures were 30.4 ± 1.5°C at baseline, 31.2 ± 1.2°C following warm-

up, 31.9 ± 1.4°C following one third of the session, 32.5 ± 1.5°C following the final set, and 

32.5 ± 1.1°C after 15 min supine rest. All active skin temperatures were significantly greater 

than baseline (p < 0.001) and temperatures continuously increased throughout the exercise 

period, with temperatures being significantly greater than the preceding measure (p ≤ 0.010). 

Following the 15 min supine rest after the final set active skin temperature remained unchanged 

(p = 0.999). There was no significant effect on skin temperature of the contralateral inactive 

arm, however, temperature tended to decrease over the sessions (time: p = 0.070; condition: p 

= 0.776; interaction: p = 0.976). 

 

4.2 Study 1 Part B: Muscle Cooling Prior to and During Resistance Exercise 

4.2.1 Muscle Temperature 

 Cooling of the arm for 10 minutes in ~14°C water significantly reduced muscle 

temperature from 35.7 ± 0.9°C at baseline to 31.9 ± 1.3°C (p = 0.036). Following six sets of 

bicep curl exercise, biceps brachii temperature increased to 34.6 ± 1.2°C, which did not 

significantly differ from baseline (p = 0.164). These results are illustrated as a change from 

baseline, in Figure 8. Spot measurements of muscle temperature taken between sets found no 

temperature to be above baseline throughout the exercise bout. 

 No relationship was observed between biceps brachii skinfold thicknesses and changes 

in muscle temperature following immersion or following the entire exercise bout (p ≥ 0.575). 

Similarly, no correlation was found between estimated skeletal muscle area and changes in 

muscle temperature following immersion or following the entire exercise bout (p ≥ 0.256). 
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4.2.2 Core and Skin Temperatures 

 Oesophageal temperature was unaffected by arm cooling or exercise across this session 

(p = 0.150). Skin temperature superficial to the active muscle decreased significantly over the 

course of the session (p = 0.001). Specifically, active skin temperature was lowered 

significantly, from 29.5 ± 2.6°C at baseline to 18.8 ± 1.7°C by cooling for 10 minutes, and 

remained lowered throughout the session, being 20.6 ± 2.3°C after the final exercise set (p ≤ 

0.012). Skin temperature of the inactive contralateral arm was unchanged from baseline (31.3 

± 1.2°C) over the session (p = 0.707). 

 

 

Figure 8. Change in biceps brachii temperature (∆°C) following 10-min cooling in 14°C water 

and then six sets of bicep curl resistance exercise with 2-min immersion between sets.  
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4.3 Study 2 – Resistance Training without Heat Accumulation 

4.3.1 Participants’ Compliance and Workloads 

 All participants completed all 18 supervised training sessions, with the distribution of 

training sessions outlined in Table 5. Variability in time distribution of training sessions 

occurred due to participant availability as a result of travel or minor illness. Matching time of 

day for testing sessions prior to and following the training period were within 18 ± 27 and 106 

± 122 min for anthropometric assessment and strength testing, respectively. 

 Total load lifted by participants over the course of the 6-week training period was the 

same between the arms for absolute volume loads (warm: 5552 ± 1943 kg; cool: 5332 ± 2027 

kg; p = 0.137) and when relative to 1RM (warm: 376 ± 13%; cool: 375 ± 13%; p = 0.256). No 

effects of arm dominance were observed for isometric, isokinetic, 1RM, or peak twitch 

amplitude analyses (p ≥ 0.148). 

 

Table 5. Distribution of training sessions over the 6-week training period. (n = 5) 

Time between sessions (hours) Frequency 

≤ 24 3 

25 – 48 41 

49 – 72 23 

72 – 96 14 

96 – 120 3 

120 – 144 1 
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4.4 Strength Measures 

4.4.1 1 Repetition Maximum (Figure 9) 

 Bicep curl strength (1RM) increased by 26% across the 6-week training period ([18, 

34]; p < 0.001). However, no significant difference between conditions was observed, with 

average increases of 3.5 ± 1.8 kg for the warm arm and 3.4 ± 1.1 kg for the cool (0.1 kg lower 

for cool; [-2.2, 2.0]; p = 0.903; ES = 0.08).  

 

 

Figure 9. Percent change in bicep curl 1 repetition maximum after 6-weeks bicep curl resistance 

training for both the warm and cool arms, and the difference between them (third column).  

Data are mean ± SD for n = 5; * significantly different to baseline. 
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4.4.2 Isometric Dynamometry 

 Peak elbow flexion isometric torque increased from baseline by 5.0 ± 6.4 Nm for the 

warm arm and 1.7 ± 5.3 Nm for the cool arm, however, these changes were not significant over 

time or between condition (time: p = 0.109; condition: p = 0.397; interaction: p = 0.397). When 

expressed as a relative change from baseline (Figure 10), a significant effect of time was 

observed, however, training effects were not significantly different between arms (time: p = 

0.033; condition: p = 0.310; interaction: p = 0.310; ES = 0.69). 

 Mean isometric torque tended to increase over the 6 week period (p = 0.061), with an 

increase of 5.2 ± 5.0 Nm for the warm arm and 1.9 ± 5.3 Nm for the cool arm, which was not 

significantly different between arms (condition: p = 0.331; interaction: p = 0.331; ES = 0.65).  

 

4.4.3 Isokinetic Dynamometry  

 Peak isokinetic concentric torque of the elbow flexors (Figure 11) did not increase 

significantly in either condition, with change from baseline being 2.4 ± 5.7 and 1.6 ± 2.8 Nm 

for warm and cool conditions, respectively (time: p = 0.199; condition: p = 0.789; interaction: 

p = 0.789; ES = 0.17). Mean isokinetic concentric torque of the elbow flexors was similarly 

not improved significantly or differentially, with changes from baseline of 1.1 ± 4.0 and 1.5 ± 

2.8 Nm for warm and cool conditions, respectively (time: p = 0.274; condition: p = 0.846; 

interaction: p = 0.846; ES = -0.13).  

 

 



 

 

59 

 

 

Figure 10. Percent change in arm flexion (A) peak and (B) mean isometric torque after 6-weeks bicep curl resistance training for both the warm and cool 

arms, and the difference between them (third column). Data are mean ± SD for n = 5; * significantly different to baseline.  
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Figure 11. Percent change in arm flexion (A) peak and (B) mean isokinetic torque after 6-weeks bicep curl resistance training for both the warm and 

cool arms, and the difference between them (third column). Data are mean ± SD for n = 5.
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4.5 Electrically Evoked Twitch 

4.5.1 Peak Twitch Amplitude 

 Peak twitch amplitude at rest (Figure 12; Panel A) increased over the 6-week training 

period in the warm arm, from 3.9 ± 1.9 to 5.1 ± 2.3 Nm, and showed no change in the cool arm, 

being 3.2 ± 1.7 and 3.2 ± 1.6 Nm (time: p = 0.006; condition: p = 0.314; interaction: p = 0.006). 

When expressed as a change from baseline, peak twitch amplitude showed a large increase 

across training in the warm arm relative to the cool arm (1.2 Nm; [0.7, 1.8]; p < 0.001; ES = 

2.36). Peak twitch amplitude during sustained submaximal isometric contraction (Figure 13; 

Panel A) also increased over the course of the training period in the warm but not the cool arm 

(time: p = 0.003; condition: p = 0.389; interaction: p = 0.035; Figure 13). Specifically, twitch 

amplitude increased from 3.4 ± 1.7 to 4.9 ± 2.4 Nm in the warm arm (p = 0.003) but remained 

unchanged, between 2.9 ± 1.5 and 3.3 ± 1.9 Nm in the cool arm (p = 0.468). When expressed 

as a change from baseline, peak twitch amplitude following training was 1.2 Nm greater in the 

warm arm than the cool arm ([0.4, 2.0]; p = 0.005; ES = 1.60). 

 

4.5.2 Contraction Time and Half Relaxation Time 

No significant difference in contraction time of resting muscle (Figure 12; Panel B) was 

detected over time, however, warm training tended to have greater contraction time compared 

to cool training following the 6-week period (time: p = 0.117; condition: p = 0.795; interaction: 

p = 0.059). Expressed as a change from baseline, the contraction time of the warm arm tended 

to increase (+2 ± 9 ms) relative to that of the cool arm (-16 ± 16 ms; p = 0.054; ES = 1.43). No 

significant difference was observed in contraction time for twitches during sustained 

submaximal isometric contraction (time: p = 0.228; condition: p = 0.661; interaction: p = 0.319; 

ES = 0.66). Half relaxation time (Figure 12; Panel C), when expressed as a change from 

baseline, was not affected by either the 6-week training period or the training condition (time: 

p = 0.814; condition: p = 0.316; interaction: p = 0.316; ES = -0.68). 
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4.5.3 Rate of Torque Development 

 Rate of torque development in resting electrically evoked twitch was increased over 

time for both training conditions, with a 48 ± 20% increase in the warm arm and a 31 ± 29% 

increase in the cool arm, however, no significant effect of condition was found (time: p = 0.001; 

condition: p = 0.313; interaction: p = 0.313; ES = 0.68). Similar effects of time were seen in 

evoked twitches on a 10% MVC background contraction, with 33 ± 22% and 35 ± 50% for 

warm and cool arms, respectively (time: p = 0.024; condition: p = 0.943; interaction: p = 0.943; 

ES = -0.05). 
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Figure 12. Percent change in (A) peak twitch amplitude (Nm), (B) contraction time (ms), and (C) half relaxation time (ms) after 6-weeks bicep curl 

resistance training for both the warm and cool arms, and the difference between them (third column). Data are mean ± SD for n = 5; * significantly 

different to baseline; † Warm Arm significantly different to Cool Arm 
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Figure 13. Percent change in (A) peak twitch amplitude (Nm) and (B) contraction time (ms) during sustained submaximal (10% MVC) isometric 

contraction after 6-weeks bicep curl resistance training for both the warm and cool arms, and the difference between them (third column). Data are mean 

± SD for n = 5; * significantly different to baseline; † Warm Arm significantly different to Cool Arm 
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4.6 Limb Composition 

4.6.1 Dual Energy X-ray Absorptiometry (DEXA) 

 Arm composition (Table 6) changed over time for all values except for arm fat 

percentage, however, no effects of condition or interactions of time and condition were 

observed. Arm lean mass (Figure 14) increased by 210 ± 186 and 146 ± 166 g for warm and 

cool arms, respectively (time: p = 0.013; condition: p = 0.581; interaction: p = 0.581; ES = 

0.36). Arm fat mass increased by 72 ± 77 g and 94 ± 63 g for the warm and cool arms, 

respectively (time: p = 0.006; condition: p = 0.761; interaction: p = 0.761; ES = -0.31). No 

changes were found in bicep specific composition with regards to training condition or over the 

training period (Table 6).  

 

Table 6. Arm and biceps brachii composition prior to and following the 6-week training period 

for both the warm and cool arms. Data are mean ± SD for n = 5. 

Region of 

Interest 

Composition Pre-Training Post-Training 

Warm Cool Warm Cool 

Arm 

Total Mass (g) 3934 ± 619 3966 ± 635 4228 ± 767* 4216 ± 715* 

Lean Mass (g) 2899 ± 862 2953 ± 967 3109 ± 1016* 3099 ± 1021* 

Fat Free Mass (g) 3088 ± 892 3141 ± 997 3310 ± 1051* 3297 ± 1054* 

Fat Mass (g) 845 ± 340 825 ± 379 918 ± 392* 919 ± 394* 

Fat Mass (%) 23 ± 11 22 ± 12 23 ± 11 23 ± 12 

Biceps 

brachii 

Total Mass (g) 2487 ± 330 2519 ± 345 2528 ± 492 2516 ± 329 

Lean Mass (g) 1801 ± 543 1830 ± 590 1860 ± 657 1825 ± 588 

Fat Free Mass (g) 1898 ± 558 1927 ± 604 1958 ± 680 1921 ± 601 

Fat Mass (g) 589 ± 268 592 ± 292 571 ± 235 595 ± 290 

Fat Mass (%) 25 ± 13 25 ± 14 24 ± 12 25 ± 14 

* Significantly different to pre-training (p<0.05) 



 

Figure 14. Percent change in DEXA measurements of (A) arm lean mass (g), and (B) bicep lean mass (g) after 6-weeks bicep curl resistance training for 

both the warm and cool arms, and the difference between them (third column). Data are mean ± SD for n = 5; * significantly different to baseline
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Although statistical significance was reached for increases in arm fat and lean mass, 

these changes may be the result of measurement error in DEXA assessment of the arm and 

bicep regions (Table 7). Reliability of DEXA assessment was determined in 30 individuals 

using two consecutive DEXA scans separated by repositioning on scanning bed. The SWCRMSD 

threshold for values to be considered outside of the error of measurement, and therefore 

meaningful, was greater than the statistically significant changes observed for arm fat and lean 

masses in this study. 

 

4.6.2 Bioelectrical Impedance Analysis, Limb Girths and Skinfold Thicknesses 

 No changes were detected by BIA for either lean or fat mass of the upper limbs (p ≥ 

0.428). Likewise, relaxed mid-arm girths, biceps and triceps brachii skinfold thicknesses, 

skinfold adjusted girths and estimated muscle area showed no significant differences over time, 

between conditions, or between conditions across time (p ≥ 0.360). However, a main effect of 

time was found for maximum circumference of the flexed and tensed arm, with an increase 

from 32.2 ± 2.8 to 32.6 ± 2.9 cm (time: p = 0.006; condition: p = 0.835; interaction: p = 0.600; 

ES = 0.35).  
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Table 7. Reliability of arm and bicep composition measures as assessed by Dual Energy X-ray 

Absorptiometry (n = 30). 

Region of Interest RMS SD % CV SWCRMSD 

Arm Fat (g) 122.9 6.4 340.4 

Right Arm Fat (g) 70.9 8.0 196.4 

Left Arm Fat (g) 67.7 8.4 187.4 

Arm Lean (g) 172.7 2.7 478.5 

Right Arm Lean (g) 120.7 3.3 334.4 

Left Arm Lean (g) 112.0 3.6 310.3 

Arm % body fat (%) 0.8 5.2 2.0 

Right Arm % body fat (%) 1.0 6.3 2.0 

Left Arm % body fat (%) 1.0 7.3 2.0 

Left Bicep Fat mass (g) 56.3 9.1 155.9 

Left Bicep Lean mass (g) 76.3 3.6 211.4 

Left Bicep % body fat (%) 1.0 6.0 3.0 

Right Bicep Fat mass (g) 55.2 8.3 153.0 

Right Bicep Lean mass (g) 117.2 6.1 324.5 

Right Bicep % body fat (%) 1.0 5.0 3.0 

Note: RMS SD, root-mean-square error standard deviation; % CV, percent coefficient of 

variation; SWC, smallest worthwhile change; SWCRMSD, smallest worthwhile change for the 

root-mean-square deviation.  
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4.7 Perceptions 

4.7.1 Rating of Perceived Exertion 

Rating of perceived exertion for set 1 (warm: 15 ± 1; cool 14 ± 1), set 3 (warm: 14 ± 1; 

cool 14 ± 1) and set 6 (warm: 15 ± 1; cool 15 ± 2) showed no statistical difference between 

conditions (time: p = 0.030; condition: p = 0.369; interaction: p = 0.527).  

 

4.7.2 Thermal Sensation (Figure 15) 

 Thermal sensation of the warm arm and whole body remained approximately “neutral” 

throughout the session, but the cool arm was rated as “cold” throughout this period. Significant 

differences were observed across time and condition, as well an interaction between them (time: 

p < 0.001; condition: p < 0.001; interaction: p < 0.001).  

  

4.7.3 Thermal Discomfort 

 Thermal discomfort of the whole body or either arm had no statistical difference 

between conditions, however, an effect of time and an interaction effect were found (time: p = 

0.048; condition: p = 0.320; interaction: p = 0.020). Post-hoc analysis did not reveal the source 

of difference. The warm arm and whole body remained approximately “comfortable” 

throughout the session. However, the cool arm was rated on average as “slightly 

uncomfortable” following 1 min precooling and remained at this rating throughout the session. 
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Figure 15. Thermal sensation for the whole body and each arm during a training session. Data are mean ± SD for n = 5; * significantly different to 

Baseline; † Warm Arm significantly different to Cool Arm 
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Chapter 5: Discussion 

The purposes of these studies were to (i) characterise the exercise-induced changes in 

muscle temperature during different resistance exercise regimes, to then (ii) assess the 

feasibility of preventing that rise, and thereby (iii) determine to what extent exercise-induced 

heat underpins the adaptations from resistance training. It is known muscle temperature 

increases with resistance exercise, however, its dynamic response to different resistance 

exercise regimes was poorly characterised, and its role in exercise-mediated adaptation is 

entirely unknown. The findings of these preliminary studies were that: strength-endurance, 

hypertrophy and strength resistance exercise regimes increased muscle temperature to similar 

extents; resistance exercise-induced increases in muscle temperature were preventable through 

immersion of the arm and forearm in a small body of cool (~14°C) water, and; training without 

increasing muscle temperature appeared to have minimal effect on strength and limb 

composition, although, an attenuation of muscle contractile adaptations occurred in muscle 

trained without increasing muscle temperature. 

 

5.1 Study 1 – Resistance Exercise and Body Temperature 

5.1.1 Resistance Exercise Regimes 

 Irrespective of resistance exercise regime, biceps brachii temperature increased to a 

comparable extent (~2.0 – 2.5°C) and the pattern of temperature rise was not significantly 

affected by regime, when measured at work-matched points (interaction: p = 0.609). Therefore, 

the hypothesis that resistance exercise with high repetition, short rest would be the most 

thermogenic was not supported. Although, some variation in muscle temperature (Figure 6) 

was observed between regimes when analysed within sets and rests, as described below. The 

variation in completed work and muscle temperature increases were likely the result of the 

inability of some participants to maintain lifting the heavier loads in hypertrophy and strength 
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regimes for the desired number of repetitions. Previously, it has been reported that the rise in 

muscle temperature during work at a standard tempo is dependent upon the magnitude of the 

work, although, this was based off few observations (Buchthal et al., 1944). In this study, no 

significant relationship was found between the work completed during the sessions and the 

changes in biceps brachii temperature (Figure 5). 

 More than half of the total increase of muscle temperature occurred within the first third 

of total work (i.e. following the first set of hypertrophy and strength-endurance, and the second 

set of strength). This pattern of temperature rise is comparable with the findings of González‐

Alonso et al. (2000), in which half of the rate of heat production occurred in the first 38 s of 

intense dynamic exercise and the critical period of heat production was the first minute of 

exercise. Similarly, Krustrup et al. (2001) found heat accumulation to be higher during the first 

exercise set compared to a second and third set as a result of greater heat production as well as 

low heat removal initially in exercise. However, both González‐Alonso et al. (2000) and 

Krustrup et al. (2001) used 3-min continuous knee extension exercises (~83 W and ~65 W 

respectively), which, despite providing an indication of the thermodynamics in muscle tissue 

during exercise, does not constitute resistance exercise. This large proportion of temperature 

rise in the initial period of exercise is particularly relevant to Part B of Study 1, where initial 

increases needed to be considered when attempting to prevent the exercise-induced elevation 

in muscle temperature. 

All three resistance exercise regimes resulted in a prolonged gradual fall in muscle 

temperature following exercise completion, where just under half (~44%) of the temperature 

increase associated with the exercise was still evident after 15 minutes of supine recovery. 

Consistent with these results, Mawhinney et al. (2017) found muscle temperature to remain 

elevated for 40 minutes following resistance exercise. Buchthal et al. (1944) found reductions 

in muscle temperature to be faster when less work had been completed, although, even 

relatively light work could lead to long-lasting displacements in muscle temperature. In a pilot 
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study, Stadnyk et al. (2018) found muscle temperature to continue to rise half a degree across 

20 minutes following exercise completion, which supports this notion of a maintained post-

exercise muscle temperature. Muscle perfusion appears to require a large muscle temperature 

change to alter blood flow with return to baseline occurring quickly following completion of 

exercise, hence, blood flow is unlikely to be the mechanism behind this prolonged recovery 

(Mawhinney et al., 2017). Prolonged recovery of muscle temperature is likely to be related to 

the oxidative phosphorylation providing adenosine triphosphate for phosphocreatine 

resynthesis (McMahon & Jenkins, 2002). Thus, since oxidative phosphorylation liberates the 

most heat during adenosine triphosphate utilisation, raised muscle temperature may be 

maintained by this oxygen dependent phosphocreatine resynthesis (Curtin & Woledge, 1978; 

Wilkie, 1968). This temperature maintenance may also be beneficial as heat can increase 

glycogen resynthesis, which resynthesises at rates of 1.9 to 11.1 mmol/kg/h following resistance 

exercise (Pascoe et al., 1993; Robergs et al., 1991; Slivka et al., 2012). During post-exercise 

replenishment of fuel stores, oxygen consumption and fat oxidation have been reported to be 

higher following high-intensity resistance exercise than low-intensity (Wu & Lin, 2006). 

Therefore, the prolonged elevated muscle temperature in this study is likely related to 

recovering fuel stores and it may play a functional role in improving glycogen resynthesis. 

From continuous measurement of muscle temperature using indwelling thermocouples, 

it was found that increases in muscle temperature for all three regimes were largest in the first 

set. Similarly, muscle temperature increases were greatest during inter-set rest following the 

first set. These findings fit with greater heat production and lower heat removal in the onset of 

exercise when compared to prolonged exercise (González‐Alonso et al., 2000). These early 

increases in muscle temperatures are consistent with the large proportion of temperature 

increase seen in the first third of the exercise sessions, described above.  

The exercise regimes used in this study were found to increase muscle temperature 

differently within sets, with a strength set having approximately half the increase compared to 
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the hypertrophy and strength-endurance sets. This smaller increase was particularly evident in 

the first set. One explanation of the lower temperature increases seen within sets of the strength 

regime, when compared to the hypertrophy and strength-endurance regimes, was due to the 

lower total work completed in each set (i.e. half the work completed in one set of hypertrophy 

or strength-endurance). This is likely the case as muscle temperature did not differ at the work-

matched point at one third of the exercise session. However, an effect of strong contraction 

delaying muscle temperature rises, as suggested by Buchthal et al. (1944), may have been 

present. Buchthal et al. (1944) found that work with a heavy load and very short duration, 

increased muscle temperature once work had ceased. Buchthal et al. (1944) postulated that 

inadequate circulation during strong muscular contraction caused the delayed rise in muscle 

temperature, and thereafter assessed this phenomenon through occlusion of circulation to the 

working muscle. The result of this being that temperature rise did not appear until circulation 

was restored, however, temperature rise was attributed to positive heat effect within the muscle 

related to oxidation processes, rather than increased circulation (Buchthal et al., 1944). Despite 

this, all contractions in this study would have arrested perfusion as mechanical restriction of 

skeletal muscle blood flow occurs during contractions at intensities above 40% of maximum 

(Lash, 1996). Since work done in the strength condition in the present study was spread over a 

longer duration with longer rest periods than hypertrophy and strength-endurance conditions, 

the thermal effect of oxidative processes for phosphagen resynthesis may have been 

counterbalanced by longer periods of elevated blood flow (Mawhinney et al., 2017). Therefore, 

differences in temperature increases within sets of different regimes can likely be attributed to 

the reduced work and duration of strength sets. 

In the three regimes used in this study, tempo of muscular contraction was controlled 

using two-second concentric and eccentric contractions. A source of variance in muscle 

temperature responses to resistance exercise, between this and other studies, may have been 

due to varying contraction tempos. Stadnyk et al. (2018) used shorter concentric (1 s) and longer 
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eccentric (3 s) contractions than in this study, and Barnes et al. (2017) used a high-pull specific 

warm-up focussing on power output (~3.5 s per full repetition), which both resulted in a smaller 

increase in muscle temperature than the current study. Nosaka et al. (2004) assessed 3 s 

maximal eccentric contractions for twelve repetitions, with 15 s rest between repetitions, hence 

not being directly comparable to the resistance exercise in the current study (or in most training 

regimes). Ambiguity surrounding warm-up exercise prior to resistance exercise, such as that in 

Stadnyk et al. (2018), is another point of consideration when making comparisons between 

muscle temperature effects, as a cycling-based warm-up has the ability to substantially increase 

the muscle temperature response (Barnes et al., 2017; Saltin et al., 1968). Hence, direct 

comparison of the muscle temperature response in this study to previous assessments of muscle 

temperature during resistance exercise are difficult to make, due to the variability in resistance 

exercise protocols used across studies. 

The muscle temperature increases from bicep curls in this study were lower than the 

temperature rises in passive heating studies that focussed on inducing hypertrophy and heat 

shock responses. The increase in muscle temperature in this study was lower than that of Goto 

et al. (2011), where chronic heating of muscle to over 38°C (increase of ~3.5°C) improved 

strength and size, without upregulation of genes related to both myofibrillar and HSP responses. 

Morton et al. (2007) had a muscle temperature increase of 3.6°C (a magnitude similar to aerobic 

exercise) and found no increase in muscle HSP content, suggesting muscle temperature 

increases alone did not produce the same stress response as that associated with exercise. Heat 

shock responses caused by heating alone seem to only be present at higher muscle temperatures 

than that produced by the unilateral bicep curls in the present study (Goto et al., 2003; Morton 

et al., 2007; Naito et al., 2000). Similarly, the temperatures required for increased 

phosphorylation of Akt-mTOR signalling are greater than that occurring in the resistance 

exercise in the present study and are often supra-physiological temperatures in animal models 

(Uehara et al., 2004; Yoshihara et al., 2013). Therefore, exercise-induced increases in muscle 
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temperature from unilateral bicep curls are likely insufficient to singularly drive signalling for 

adaptation. Instead, a larger stimulus occurring in combination with muscular contraction is 

likely needed to activate the pathways, in which case direct comparison of active and passive 

heating may not be valid. 

Oesophageal temperature was also unaffected by the different resistance exercise 

regimes, and changes over time were small (~ ± 0.1°C) and likely had little to no effect on 

physiological processes. Elevations in core temperature of 1.5°C, induced by heating alone, 

failed to result in increased HSP expression, therefore, it can be argued core temperature 

variations in this study had no effect (Morton et al., 2007). Skin temperature superficial to the 

active muscle increased continuously but minimally throughout the exercise sessions, whereas, 

skin temperature on the contralateral inactive arm tended (p = 0.070) to decrease, likely due to 

sympathetically-mediated vasoconstriction. Since muscle temperature remained higher than 

skin temperature, yet lower than core temperature, the heat produced from muscle contraction 

would have followed a thermal gradient being radiated to the surrounding skin and tissues, 

whereas, core temperature did not increase much from this exercise due to its much larger mass. 

In summary, Study 1 Part A revealed relatively homogeneous increases in muscle 

temperature for the three unilateral bicep curl resistance exercise regimes, which corresponded 

with minimal effect on skin and core temperatures. A novel aspect of this study included the 

thermal characterisation and comparison of different resistance exercise regimes, which 

informed the consequent components of this project.  

 

5.1.2 Thermal Manipulation  

 The second part of Study 1 assessed the feasibility of preventing the muscle temperature 

increase produced by resistance exercise, using the strength regime as the most feasible for 

thermal intervention. By immersing the arm in ~14°C water, a decrease in muscle temperature 

was achieved prior to exercise, and a rise above baseline muscle temperature was prevented 
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throughout the completion of the six sets (with the aid of re-immersion between sets). Spot 

measurements of muscle temperature taken between sets found no temperature to be above 

baseline throughout the exercise bout (Figure 8). No indication of an elevated muscle 

temperature following exercise completion was evident, however, prolonged measurements 

following the exercise bout were not taken, nor was the purpose of this experiment to cool the 

muscle following exercise. Arm composition did not appear to influence the change in muscle 

temperature caused by immersion. The effect of strength resistance exercise with cooling on 

body temperatures was successfully localised to the immersed arm with oesophageal 

temperature and skin temperature of the inactive, non-immersed arm being unchanged over the 

session. 

In the present study the muscle temperature was reduced to a slightly lesser extent than 

that of Zak et al. (2018) and Fuchs, Kouw, et al. (2020), in which muscle growth responses 

were impaired when muscle temperatures were reduced to ~30°C. Zak et al. (2018) found cold 

application, when compared to heat application, to impair the myogenic mRNA response, with 

increased FOXO3 expression. Similarly, cooling of the vastus lateralis following resistance 

exercise blunted myofibrillar protein synthesis acutely and for the duration of a 2 week training 

period (Fuchs, Kouw, et al., 2020). However, reduction in muscle temperature by 3.5°C with a 

post-exercise cold recovery intervention in Fyfe et al. (2019) was ~0.5°C less than the reduction 

achieved by the precooling in the current study (~4.1°C reduction). Fyfe et al. (2019) found this 

effect of cold-water immersion to blunt resistance-training-induced hypertrophy but not 

strength. The precooling protocol used here therefore elicited a muscle temperature reduction 

similar to protocols of previous studies on post-exercise cooling, so it is pragmatic to suggest it 

had potential to have a similar effect on resistance training adaptations (Fuchs, Kouw, et al., 

2020; Fyfe et al., 2019; Zak et al., 2018).  
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5.2 Study 2: Training Adaptations 

5.2.1 Muscle Mass 

 The training programme used in this study resulted in small (~6%) increases in lean 

mass for both arms. The training programme also affected arm composition by increasing arm 

fat free mass, fat mass, and total mass over the course of the training period, however none of 

these variables differed between the two training conditions. Although detected, the increases 

observed over the training period were lower than the measurement error associated with 

assessing the arm using DEXA (Table 7), therefore, the changes may actually be a result of 

measurement variability (see Study 2: Methodological Considerations). The reliability of 

measurement of just the bicep’s region was slightly worse than of the arm as a whole (Table 7), 

so any lack of effect might similarly reflect variability of measurement. No changes were 

observed in the supplemental measures of BIA or skinfold thicknesses. The only other change 

observed over the training period was an increase in flexed arm girth, which was again similar 

between arms.  

In the elbow flexors and other muscle groups, studies have observed increases in cross-

sectional area following interventions of similar duration and training volumes (Davies et al., 

1988; Ikai & Fukunaga, 1970; Munn et al., 2005). Muscle fibre cross-sectional area has been 

seen to be increased by only 4 weeks of resistance training, although this was in response to 

full body training of a different volume (Holloway et al., 2018). Longer training durations of 

8-12 weeks are commonly used when assessing resistance training effects on muscle 

hypertrophy. Therefore, further hypertrophy of the arm muscles would have likely been 

observed in a study of a longer duration (Moritani & deVries, 1979). Since the accrual of 

measurable protein mass is relatively slow, the choice of a 6-week training duration for this 

preliminary study was based on what was considered the minimum required time to show an 

effect on muscle mass (Davies et al., 1988; Ikai & Fukunaga, 1970). 
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 Given that the cooling method used in the current study produced similar muscle 

temperatures to studies that reduced myogenic signalling, it was predicted that repeated 

suppression of underlying molecular mechanisms could attenuate the hypertrophic response to 

prolonged resistance training. Studies incorporating post-resistance-exercise cold-water 

immersion have found acutely attenuated molecular signalling for protein synthesis, and two 

published studies that also assessed muscle mass over the training period both found 

attenuations in hypertrophy (Fyfe et al., 2019; Roberts et al., 2015; Zak et al., 2018). Fyfe et al. 

(2019) found cold-water immersion to blunt increases in cross-sectional area of type 2 muscle 

fibres across a 7-week training programme, which coincided with attenuated mTOR complex 

1 signalling and increased in basal FOXO1 protein content. Additionally, attenuation of the 

chronic, but not acute, HSP27 response occurred, which may have played a role in muscle 

remodelling (Fyfe et al., 2019). In agreement with the results in Fyfe et al. (2019), Roberts et 

al. (2015) found reduced gains in muscle mass as well as delayed and suppressed activity of 

kinases in the mTOR pathway and satellite cells, which may have played a role in the 

attenuation of hypertrophy. Along with attenuated hypertrophy, Roberts et al. (2015) found 

cold-water immersion to suppress strength gains across a 12-week resistance training 

programme, which is likely related to an increased role of hypertrophy in strength gains during 

the prolonged training duration (Moritani & deVries, 1979). Unfortunately, measurement of 

acute molecular responses to the resistance training protocol used in the current study were not 

made and therefore, no conclusions can be drawn on molecular effects within the muscle 

(whether a hypertrophic response was observed or not). 

In contrast to studies incorporating cold-water immersion, supplemental heating appears 

to have a positive effect on molecular signalling and muscle mass (Goto et al., 2007; Nakamura 

et al., 2019; Yoon et al., 2017; Zak et al., 2018). Goto et al. (2007) found heated low-intensity 

resistance exercise (3 sets of 30 repetitions at < 30% 1RM) to improve cross-sectional area of 

the biceps brachii muscles, while the same 10-week low-intensity resistance training 
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programme without heating had no change. Goto et al. (2007) also found increased maximum 

isometric torque (~18%) in the heated arm and no significant change in strength in the control 

arm (~12%). Nakamura et al. (2019) found identical results for heated low-intensity resistance 

exercise of the triceps brachii, with increases in muscle thickness for the heated arm but not for 

the control arm over 6-weeks (3 sets of 8 repetitions at 30% 1RM). Nakamura et al. (2019) 

observed increases in strength for the heated group as early as 2 weeks into the training 

intervention, whereas, the control group showed no improvement whatsoever. Conversely, 

Stadnyk et al. (2018) and Yoon et al. (2017) both found no benefit of heated resistance training 

on muscle mass improvements, when compared to regular high-intensity resistance training. 

These two studies also had no beneficial strength response to heated resistance training, with 

Stadnyk et al. (2018) finding no difference between the strength increases (75 and 71%) in a 

heated and a control leg which completed the same exercise programme, and Yoon et al. (2017) 

finding no difference between the strength increase (both ~35%) in heated resistance training 

(3 sets of 25 repetitions at 40% 1RM) and higher-intensity resistance training (3 sets of 15-18 

repetitions at 60% 1RM). Interestingly, both of these studies implemented a lower-limb training 

programme, but in other respects were more relevant to the present study because the exercise 

was more intense (and thus more inducing of a combination of thermal stress and multiple non-

thermal stressors). Thus, from the outcomes of resistance exercise with both cooling and 

heating, an effect of temperature on hypertrophy appears to be present, but the completed study 

was likely either too short to observe any effect or used a training style that is less responsive 

to temperature effects. That is, strength training’s large mechanical stimulus may have been 

less susceptible to muscle cooling than other training regimes more reliant on metabolic stimuli 

for training adaptations. 
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5.2.2 Muscle Contractility 

 Muscle contractility was the only physiological variable of the training intervention to 

respond differently between training conditions. Six weeks of strength training increased peak 

twitch amplitude in the warm arm, however, this increase was not evident in the arm allocated 

to cool training. Although cool training tended to have reduced contraction time and increased 

half relaxation time (Figure 12), no significant changes were observed. Additionally, 

improvements in rate of torque development were observed following both training conditions. 

Cross-sectional studies provide some evidence that resistance and power trained individuals 

have improved peak twitch amplitude and can have altered speed of contraction and relaxation 

(O'Hagan et al., 1993; Pääsuke et al., 1999). However, resistance training interventions have 

shown little evidence of improved muscle contractility as assessed by electrically evoked twitch 

(McDonagh et al., 1983; Young et al., 1985).  

 Impairment of MVC force and contractile properties have resulted from acutely cooled 

muscle, specifically with decreased twitch amplitude and rate of force development, and 

increased contraction time and half relaxation time of forearm muscles (Mallette et al., 2018). 

Impairment is thought to occur in the muscle-tendon unit, resulting in a compensatory increase 

in the number of active motor units and an altered relationship between motor unit firing rates 

and recruitment thresholds (Mallette et al., 2020; Mallette et al., 2018). Contrary to Mallette et 

al. (2018), the arms trained in the cool condition for the current study were able to complete the 

same amount of relative work as that of the warm condition. The more complex movement and 

submaximal nature of the bicep curls used in training may have been less susceptible to the 

acute effects of cooling than that of a single maximal isometric contraction.  

Chronically, similar heat-induced increases in the peak twitch amplitude, contraction 

and half relaxation times of the present study have been previously observed in response to heat 

acclimation (Racinais, Wilson, & Periard, 2017). The authors suggested the adaptations in 

peripheral muscle function, including improved peak twitch amplitude and an upward shift in 
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the torque/EMG relationship, which resulted from passive heat exposure, were of a similar type 

to those reported for resistance training (Colson et al., 1999; Häkkinen & Komi, 1983; Moritani 

& deVries, 1979). Peak twitch amplitude is thought to represent the number of interactions 

between actin and myosin, whereas speed of contraction and relaxation are linked to the calcium 

release and reuptake rates (Fitts & Holloszy, 1978). Increases in peak twitch amplitude may 

have been related to increased muscle protein content, which has been observed in vitro and in 

vivo following passive heat stress (Goto et al., 2003; Ohno et al., 2012) (potential mechanisms 

addressed in section 2.3.1). Assessment of changes in voluntary activation in the current study 

would have provided more insight into the mechanisms behind the changes in peak twitch 

amplitude, however, voluntary activation has been found to be unchanged following passive 

heat acclimation whereas peak twitch amplitude was increased (Racinais, Wilson, & Periard, 

2017). Therefore, there appears to be a temperature effect on contractile function which may 

have stimulated improved peak twitch amplitude in the warm condition but not the cool 

condition of the current study. 

 

5.2.3 Strength 

 The 6-week training programme used in the current study produced significant increases 

in strength, with the most marked increase being observed in the 1RM bicep curls. The 1RM 

increased by ~26% for both arms, with no difference observed between training conditions. 

Isometric strength was also found to increase, however, isokinetic force did not. Similarly, 

Roberts et al. (2015) found increases in 1RM and isometric strength but not isokinetic strength. 

Only one of the present participants had reduced isometric and isokinetic torques for both arms, 

which coincided with the lowest relative increase in 1RM. However, this individual also had 

the highest initial 1RM bicep curl and greatest reported participation in resistance training prior 

to the study, which likely lessened their responses to the training programme. No difference in 

completed work was found between conditions during the training study, although inter-set 
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cooling has previously been reported to increase repetitions to failure without inducing 

additional muscle damage (Galoza et al., 2011). The current study matches other training 

protocols of similar duration and training volume that have produced significant increases in 

dynamic or isometric strength (Chestnut & Docherty, 1999; Davies et al., 1988; Ikai & 

Fukunaga, 1970; Munn et al., 2005). Due to the untrained nature of the participants in the 

current study, neural factors likely played a major role in any strength increases, whereas if the 

training period was extended, hypertrophy may have become a more dominant factor following 

neural related improvements (Moritani & deVries, 1979). Despite hypertrophy having been 

observed over 6-week training periods previously, heterogenous responses to resistance 

training and sensitivity of muscle mass assessment methods likely impacted the results of the 

present work (as outlined in Study 2: Methodological Considerations). Taken together, the lack 

of hypertrophy with concurrent strength gains supports the notion of a dominant role of neural 

factors in the initial phase of a resistance training programme, and will have limited cooling-

related effects, which should be most evident on muscle contractile properties (i.e., muscle size 

and contractile function).  

 The lack of an effect of cooling during resistance training on strength in the present 

study is consistent with some previous studies that investigated the effects of post-exercise cold-

water immersion on strength gains (Frohlich et al., 2014; Fyfe et al., 2019; Roberts et al., 2015). 

Frohlich et al. (2014) used a 5-week training regimen and observed a 1-2% lower gain in 

strength if cold-water immersion was used directly after training, when compared to the control 

leg. In the present study, similar small differences, although statistically insignificant, were 

seen between arms for isometric strength (~6% for both mean and peak torque). Frohlich et al. 

(2014) suggested the practical relevance of these small effects of cold-water immersion to be 

low. Fyfe et al. (2019) also used a relatively short training period of 7-weeks and found no 

impediment of post-exercise cooling on maximal strength development, despite seeing 

reductions in hypertrophy. Conversely, a 5-day isometric training study found cryotherapy 
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before isometric exercise to result in greater improvements in force production (Burke et al., 

2000). However, Burke et al. (2000) cooled the leg in 8°C water prior to hip extension exercise 

and did not measure any tissue temperatures, thereby, making it difficult to compare to the 

results of this study. It is likely that the duration of the current study and the training 

interventions of previous studies were an underlying cause of the variation seen in the strength 

changes, with the neural adaptations being more dominant in strength improvements than 

hypertrophy in short studies.  

 Similar to hypertrophy responses (outlined above), reports investigating strength 

responses to supplemental heating have been mixed (Goto et al., 2007; Nakamura et al., 2019; 

Stadnyk et al., 2018; Yoon et al., 2017). The two studies that found beneficial effects of 

supplemental heating were Goto et al. (2007) and Nakamura et al. (2019), which both used low-

intensity resistance exercise in combination with heat. The combination of heat with low-

intensity resistance training appears to have beneficial effects on strength with concomitant 

increases in hypertrophy. Yoon et al. (2017) cannot be considered an exception to this 

conclusion, as heated and non-heated resistance training were not of the same relative intensity 

in their study. Limb specific effects may also need to be considered as benefits of heated 

conditions were observed more frequently in the studies which used the upper limb (Goto et 

al., 2007; Nakamura et al., 2019). 

 

5.2.4 Perceptions 

Perceptual data from Study 2 indicated that participants perceived the temperature of 

their arm training with cool immersion to be “cold” and “slightly uncomfortable”. However, 

the warm arm and the body as a whole were perceived to be at a “neutral” and “comfortable” 

temperature throughout the training session. These perceptual changes can be explained by the 

skin temperature reduction produced by immersion of the arm prior to and throughout the 
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training session. Yet, no difference in rating of perceived exertion occurred between the warm 

and cool arms during training.  

 

5.3 Limitations 

5.3.1 Statistical Power and Normality 

 Small sample size was a major limitation of both studies and undoubtedly affected the 

statistical power. Priori power analyses were not made for Study 1 or 2 due not only to the lack 

of available relevant effect sizes on which to base these calculations, but also the purpose of 

the studies. These studies were a descriptive study (Study 1) and a preliminary study (Study 2), 

hence, a convenience sample was used. A contralateral-limb control design was implemented 

in the training intervention for Study 2, which aimed to reduce the inter-individual variation of 

adaptive responses, however, this may have interfered with the reliability of measurements 

(discussed in section 5.3.3).  

 Normality of data collected from these studies was visually assessed and tested by the 

Shapiro-Wilk test. The normality criterion was met in Study 1 for data used in statistical 

analyses relating to both parts A and B. Visual assessment of data in Study 2 indicated potential 

violation of the assumption of normality, however, sample size and data sets were too small to 

further analyse the distribution of data. 

 Considering the small samples available, reliable inferences about the shape of the 

distributions in the population could not be made. Despite violation of the assumption of a 

normal distribution for data in Study 2, parametric statistical tests were employed. If the 

distribution of data was in fact in violation of normality, the interpretation of the results from 

parametric statistical tests may be limited. However, the assumption of ordinal data from non-

parametric statistical tests seemed too constraining for the studies, given their more powerful 

interval and ratio data. Since Study 2 was more descriptive in nature than hypothesis 

confirmatory, parametric statistics were implemented over non-parametric tests for ease of 
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interpretation. This approach, using 95% confidence intervals, illustrates the range of effects 

consistent with Study 2’s data and provides information to power future studies properly. 

 

5.3.2 Study 1: Methodological Considerations 

 Although attempts were made to standardise the assessment of muscle temperature, 

movement of thermocouples during contraction likely introduced some variability, mostly for 

the indwelling thermocouples. Attempts were made to insert the flexible thermocouple to a 

standardised depth while subsequently being secured using tape and a waterproof dressing, 

however, they were found to be at variable depths within the muscle when measured at removal 

after a session. Therefore, solid needle thermocouples were also inserted to a standardised depth 

for as many resting periods as possible to verify the indwelling thermocouple readings. In future 

studies, reliability could further be increased through having a more strictly standardised needle 

depth; preferably multiple depths. The representation of muscle temperature was also limited 

due to measurement only at a single depth, as superficial parts of the muscle are expected to be 

cooler than deeper parts (Saltin et al., 1968). 

Muscle temperature was also assessed only in response to single-joint resistance 

exercise and only in one muscle belly, therefore, limitations exist when generalising these 

responses to other resistance exercises and muscles. Also doing multiple forms or whole-body 

resistance exercise might increase core temperature to a greater extent, and therefore also 

muscle temperature (because of higher arterial temperature). As noted above, contraction type 

or duration may also affect the muscle temperature response, which is yet to be fully determined 

(Barnes et al., 2017; Buchthal et al., 1944; Nosaka et al., 2004; Stadnyk et al., 2018). These 

facets of resistance exercise could be examined in future research, as described below. 

Muscle cooling was determined to feasibly reduce muscle temperature and prevent a 

subsequent rise above baseline during resistance exercise. Despite this, no adjustment of 

cooling strategy was made for limb size or composition. The resistance to heat transfer differs 
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between subcutaneous fat and skin, and skeletal muscle, which is also modulated by its exercise 

state (Rennie, 1988). Although body composition did not appear to be a limitation of cooling 

the arm in this study, it may be of interest for further studies using other methods, for example 

it may be a limitation for whole-body cooling (Godek et al., 2017).  

  

5.3.3 Study 2: Methodological Considerations 

Resistance-training-induced changes in muscle size and strength are heterogeneous, 

with wide ranges of responses to resistance training occurring between individuals, regardless 

of age and sex (Ahtiainen et al., 2016; Hubal et al., 2005). Findings of the current study are 

consistent with this notion, with participants having a variety of metrics for muscle size and 

strength responses. The contralateral limb design of this study allowed interindividual 

variability to be minimised. 

In other studies that assessed change in muscle mass, methods of measurement other 

than DEXA were often used. Muscle thickness and cross-sectional area in other studies were 

commonly assessed by B-mode ultrasonography, magnetic resonance imaging or computed 

tomography (Goto et al., 2007; Nakamura et al., 2019; Roberts et al., 2015; Yoon et al., 2017). 

Stadnyk et al. (2018) and Fyfe et al. (2019) used DEXA to assess muscle mass changes over 

training periods incorporating thermal manipulation, and similar to the current study, both only 

found significant effects over time. Interestingly, Fyfe et al. (2019) observed an effect of 

training condition on type 2 muscle fibre from biopsy, but no change was observed in lean mass 

assessed by DEXA. Assessment of muscle mass change by DEXA may not be sensitive enough 

for small muscle groups such as the upper-limb or biceps brachii (Table 7), especially when 

compared to more sophisticated imaging techniques (Delmonico et al., 2008; Maden-Wilkinson 

et al., 2013). Therefore, the use of DEXA in determining differences between training 

conditions may have been a limitation, however, no differences between conditions were 

observed in the other general measures of limb composition either. 
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A possible limitation of dynamometry assessments was that a familiarisation session to 

reduce learning effect was used prior to the baseline testing only. A familiarisation session for 

post-training could have been included to replicate the practice participants had prior to baseline 

testing at start of the 6-week training period. However, the Biodex isokinetic dynamometer has 

been shown to be highly reliable with minimal learning effect (Lund et al., 2005). The 

cushioned wrist support may have absorbed some of the force produced, hence reducing 

absolute torques. However, the setup of joint angles and equipment was consistent within 

participants for all tests. In the electrically evoked twitch assessment of contractile function 

conducted during a 10% MVC, half relaxation time was unable to be assessed due to an inability 

to determine a reliable end point of twitches. This was largely due to the inability of participants 

to maintain a stable 10% MVC while electrically evoked twitches occurred. However, half 

relaxation time was assessed in electrically evoked twitches at rest and it was observed to have 

no change over time or difference between conditions. A better insight into the neural factors 

of resistance training may have been achieved by determining voluntary activation from 

superimposed twitches on MVCs, however, temperature does not appear to have a chronic 

effect on voluntary activation, hence it was not included in this study (Racinais, Wilson, & 

Periard, 2017).  

The use of a contralateral limb design meant that no control for cross-education could 

be made. Munn et al. (2004) concluded from a meta-analysis that strength of an untrained 

control limb could increase from resistance training completed on the contralateral limb. 

However, given that both arms were trained, and neural strength adaptations are likely less 

affected by muscle cooling, it is unlikely this design contributed much error.  

During muscle cooling the arm was placed in a bucket of cool water in a flexed position, 

which may have had minor influences on blood flow to and from the limb, however, the effects 

of this on the measured variables are likely negligible.  
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Two other potential limitations associated with the training intervention were diet and 

exercise. Participants were requested to maintain or increase dietary intake over the course of 

the training intervention; however, nutritional state was not monitored so conclusions could not 

be made on participant energy balance. Additionally, no post-workout protein supplement was 

given, although this has been shown to have little effect on muscle mass or strength gains for a 

similar exercise protocol (Erskine et al., 2012). Similarly, requests were made for participants 

to maintain their usual exercise habits without increasing upper-limb exercise outside of the 

study to avoid any confounding molecular signalling (Fyfe et al., 2014; Hawley, 2009). Some 

evidence, although not all, indicates that systemic factors from concurrent endurance and 

resistance training can impact muscle hypertrophy and strength adaptations, therefore, increases 

in lower body aerobic exercise may have had a confounding effect on the results of this study 

(Kikuchi et al., 2016; Kraemer et al., 1995). Due to the contralateral limb design, any systemic 

effects of endurance training would have impacted both limbs to a similar extent. Volumes of 

external training were unknown as exercise tendencies were not monitored after the initial 

weekly averages of total time doing endurance and resistance training. To eliminate these 

potential confounding factors, more control or recording of participant activity and diet could 

be included. 

 

5.4 Implications for Future Research 

 Further research into the effects of resistance exercise on body temperature is needed to 

examine the effects of multi-joint or multi-exercise resistance training. Gaining an 

understanding of the temperature profiles of different muscle groups may help determine if 

differences exist in the thermal effects of training different limbs and muscles. Assessment of 

muscle temperature responses to resistance exercise at multiple depths in the muscle tissue and 

using resistance exercise of varying contraction tempo would help provide a greater 

understanding of the thermodynamics of the active muscle. 
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 The training intervention used in this study could be extended and broadened to i) 

observe effects of training without a rise in muscle temperature over a more prolonged training 

period, and ii) understand the role of muscle temperature in more ecological resistance training 

programmes using different populations. This may incorporate a more specific cooling method 

based on participants body composition, as well as measurement of molecular signalling and 

more sensitive assessments of changes in muscle mass.  

 

5.5 Conclusions 

 This study investigated the role of exercise-induced heat in resistance training, which 

has not previously been determined. The three resistance exercise regimes assessed 

(hypertrophy, strength-endurance and strength) all produced substantially increased biceps 

brachii temperature, which remained elevated for several minutes after exercise completion. 

This exercise-induced temperature elevation was prevented through immersion in 14°C water, 

which cooled the biceps brachii muscle effectively before and during a resistance exercise 

session. Muscle temperature did not appear to be an important mediator of functional or 

structural adaptations to strength training, with no significant effect of training condition. 

Adaptations underpinning contractile function appeared to be most affected by temperature, 

with cool training attenuating increases in peak twitch amplitude. Despite altered contractile 

function, this did not appear to translate to the functional strength measures. However, a larger 

sample size is needed to fully determine the role of exercise-induced heat in resistance training. 

These preliminary studies have shown such interventions to be feasible. 
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Appendix A: Participant Information Sheet (Study 1) 

Pilot study: Determining the role of exercise-induced heat 

within muscle for aerobic and resistance exercise. 

 

Investigators: Tom de Hamel1, Ben Smith1, Dr. Kate Thomas2, Prof. Jim Cotter1 

1School of Physical Education, Sport and Exercise Sciences, University of Otago, NZ.  

2Department of Surgical Sciences, University of Otago, NZ. 

Participant Information Sheet  

Introduction  

Thank you for showing an interest in this project. Please read this information sheet 

carefully. Take time to consider and, if you wish, talk with relatives or friends, before 

deciding whether or not to participate.  

If you decide to participate we thank you. If you decide not to take part there will be no 

disadvantage to you and we thank you for considering our request.  

 

What is the aim of this research project? 

Exercise is good for us, but we don’t fully understand why. We understand that the 

heat produced during exercise plays a significant role, but the extent of this is unknown.  

This pilot study aims to increase our knowledge of heat production during aerobic and 

resistance exercise, specifically the changes in muscle temperature. This pilot study 

will inform exercise dosage and temperature manipulations which will be used in a 

future training study. 
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Who is funding this project? 

This project is funded by the School of Physical Education, Sport and Exercise 

Sciences. 

 

Who are we seeking to participate in the project? 

We are recruiting 18-55 year old, healthy volunteers with varying body and fitness 

types (i.e. strength and endurance trained). 

Unfortunately, you may not (immediately) participate if: 

• You have a BMI > 30, any injuries or consume medications  

• You have diabetes, cardiovascular disease or other known disease  

• You are deemed incapable of participating in physical activity as indicated by 

physical activity readiness questionnaire 

If you participate, what will you be asked to do? 

You will participate in representative training sessions with varied durations of resting 

in cool or warm water and exercise. Resistance exercise will be done by the arms 

(bicep curls) and aerobic interval exercise by the legs (cycling) with rest between sets 

or intervals being in either cool or warm water (see schematic below). Temperature 

response to this exercise will also be observed without rest intervals in water. 

Cool Condition: cool water (~25°C) will be used to effectively cool muscle before and 

between exercise without causing shivering. 

Warm Condition: warm water (~38°C) will maintain muscle temperature, during rest 

periods, at a similar point to what is seen in exercising muscle. 
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Measurement of muscle, core (oesophageal) and skin temperatures will be recorded throughout 

these exercise bouts. Measures of blood flow and oxygenation will be collected prior to and 

following exercise bouts to determine short term changes in these 

variables.

 

 

Standardisation for testing sessions 

- Dietary standardisation will be requested for the 24 hours prior to testing 

- Avoidance of strenuous exercise will be requested prior to testing 

- Please refrain from consuming alcohol in the 24 hours leading up to testing 

- The use of passive transport to testing sessions is preferred 

Is there any risk of discomfort or harm from participation? 

• Maximal-effort exercise or exercise and heat is often uncomfortable. You may 

experience feelings of nausea and light-headedness during Warm sessions, 

especially if exerting yourself maximally. 

• Cardiovascular injury (heart attack or stroke) is approximately twice as likely to 

occur during exercise. Fit, healthy people are at very low risk of injury, but they 

are not at no risk. 
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• Whilst taking muscle temperature, pain, bruising and discomfort may be 

experienced. Trained personnel will follow safety procedures and ultrasound 

guidance of the needle will be used to minimise but not necessarily completely 

prevent such risks. 

• Self-inserted rectal and oesophageal thermistors will be used to measure core 

temperature. They are flexible, thin (4 mm), and initially sterile. Inserting the 

thermistor may, but does not usually, cause initial discomfort, and any 

discomfort usually disappears once insertion is complete, however 

oesophageal thermistors can remain uncomfortable after insertion. Thermistors 

are chemically disinfected between sessions and are specific to each person. 

• If we suspect you are approaching dangerous body temperatures, we will 

remove you from the session and cool you using fans, water spray, or cold-

water immersion. 

• If we suspect you are nearing the point of fainting, we will remove you from the 

session and lie you down, raising your legs to regain normal brain blood flow. 

• You may experience discomfort and pain during measurement of blood vessel 

function due to the cuff compression of the forearm/calf. This measurement will 

be conducted only if the procedure (and associated discomfort and pain) is 

tolerable to you. 

 

What specimens, data or information will be collected, and how will 

they be used?  

• Your name, birth date, and contact details. 

• Blood pressure, using a manual cuff/stethoscope on one arm and continuously 

using a finger cuff (plethysmography). 
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• Body mass and height.  

• Limb circumference and skin calliper measurements. 

• Heart rate, using a chest strap that records the timing of each heartbeat. 

• Blood flow within arteries of the arm and leg (and potentially brain) using 

Doppler ultrasound. 

• Oxygenation, deoxygenation and haemoglobin volume (near infrared 

spectroscopy). This is a sensor applied to your skin to measure oxygenation in 

the tissue using light. 

• Perceptions, using visual and verbal rating scales, to assess you how you feel. 

• Hydration determine by urine concentration. 

• Body temperatures, including muscle temperature, core temperature and skin 

temperature. 

• Exercise workloads (Watts or kg). 

All data obtained will be used solely for the purposes described above, except that 

these data may be made available for wider research in future, such as in performing 

a meta-analysis (i.e., a quantitative analysis that utilises all available studies on this 

topic). If the data are used for such a purpose, it will be de-identified before being made 

available. 

 

What about anonymity and confidentiality? 

The data collected will be securely stored in such a way that only those mentioned 

below will be able to gain access to it. Data obtained as a result of the research will be 

retained for at least 5 years in secure storage. 

It is necessary to collect some personal information (including a fitness and medical 

questionnaire, weight/height/age, and personal contact details) as it serves purposes 
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for group characterisation, screening, comparison, and contact. Your data will be 

assigned a personal identification number to ensure anonymity in both the analysis 

and documentation of results. The personal data will be accessible only by the 

researchers named below and destroyed upon research completion. The results of the 

project may be reported in a scientific paper or conference, and a Master’s thesis made 

available in the University of Otago Library (Dunedin), but your anonymity will be 

preserved. In any such reporting, the data included will not be linked to a specific 

participant. 

Upon completion of the study, if you would like to receive a copy of your results, or are 

interested in the final report, please email the primary investigator (e-mail supplied 

below). 

 

If you agree to participate, can you withdraw later? 

Your participation is completely voluntary, and you may withdraw from the study at any 

time, at which time your data and information will be removed from the study. 

 

Any questions? 

If you have any questions now or in the future, please feel free to contact either: 

 

Name: Tom de Hamel 

Position: Masters student 

Department: School of Exercise Science 

Contact phone number: 

027 366 0111 

Email: dehth037@student.otago.ac.nz 

Name: Ben Smith 

Position: Masters student 

Contact phone number: 
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Department: School of Exercise Science 022 310 8548 

Email: 

smibe809@student.otago.ac.nz 

Name: Jim Cotter 

Position: Professor  

Department: School of Exercise Science 

Contact phone number: 

021 025 47967 

Email: jim.cotter@otago.ac.nz 

 

This study has been approved by the University of Otago Human Ethics Committee 

(Health). If you have any concerns about the ethical conduct of the research you may 

contact the Committee through the Human Ethics Committee Administrator (phone 

+64 3 479 8256 or email gary.witte@otago.ac.nz). Any issues you raise will be treated 

in confidence and investigated and you will be informed of the outcome.  
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Appendix B: Participant Information Sheet (Study 2) 

Determining the role of exercise-induced heat in 

resistance exercise conditioning 

 

Investigators: Mr Ben Smith1, Dr. Kate Thomas2, Dr Ashley Akerman3, Mr Thomas de Hamel1, 

Mr Travis Gibbons1, Prof. Jim Cotter1 

1School of Physical Education, Sport and Exercise Sciences, University of Otago. 

2Department of Surgical Sciences, University of Otago. 

3School of Human Kinetics, University of Ottawa. 

Participant Information Sheet 

Introduction 

Thank you for showing an interest in this project. Please read this information sheet 

carefully. Take time to consider and, if you wish, talk with relatives or friends, before 

deciding whether or not to participate.  

If you decide to participate, we thank you. If you decide not to take part, there will be 

no disadvantage to you, and we thank you for considering our request.  

What is the aim of this research project? 

Exercise is good for us, but we don’t fully understand why. It seems likely that the heat 

produced during exercise plays a role in strength related adaptations, but the extent of 

its role is unknown.  

The aim of this study is to investigate the role that the heat produced by exercise plays 

in adaptations to resistance training. The removal of heat from exercise (by training 

when mildly cooled) may alter training adaptations. If so, this will provide knowledge 
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on what exercise actually is, therefore help with its prescription for health or 

performance purposes. 

Who is funding this project? 

This project is funded by the School of Physical Education, Sport and Exercise 

Sciences, and the Department of Surgical Sciences. 

Who are we seeking to participate in the project? 

We are recruiting 18-55 year old individuals, healthy, who are currently or have 

previously been at least moderately physically active, but are not highly trained. That 

is, you know what it feels like to undertake strenuous exercise, and have no risk or 

concern in doing so. 

Unfortunately, you may not participate if: 

• You have a BMI > 30 kg/m2, any injuries;  

• You consume medications (other than oral contraception);  

• You have diabetes, cardiovascular disease or other known disease; 

• You are deemed incapable of participating in physical activity, as indicated by a 

Physical Activity Readiness Questionnaire; 

• You are highly resistance trained, e.g., you resistance train strenuously (near 

maximal effort) each week or for more than ~3 hours per week; 

• You have experienced heat exposure (sauna/spa bathing) or cold exposure (sea 

swimming or cold bathing) on a regular basis in the last year (≧ 2 hours/week). 

If you participate, what will you be asked to do? 

You will be asked to partake in a 6-week training study, consisting of a familiarisation, 

pre- and post-training testing sessions and 18 training sessions (3 per week). Each 

arm will be randomised to train ‘Warm’ or ‘Cool’, where the cool arm will train with the 
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arm in cool water during rest periods. The warm arm will train without any water 

immersion allowing for it to produce heat from exercise. Time commitment of this study: 

Familiarisation = ~1 hour; Testing = ~6 hours; Training = ~18 hours; Total = ~25 hours. 

Familiarisation 

You will attend the laboratory for a familiarisation session, which will involve practicing 

assessments of arm flexor strength (esp. biceps) for each arm. 

 

Testing sessions (fitness, vascular health and body composition) 

You will attend two testing sessions before embarking on the training programme and 

repeat these after completing the programme. The testing sessions will consist of 

fitness and strength tests of individual limbs, blood sampling, an ultrasound 

assessment of your arm arterial health: 

Strength testing of the arms will be measured through dumbbell bicep curl exercises 

and on an instrumented strength-testing machine. During these controlled contractions 

a small electric shock will be applied to your arm, and surface measurements of your 

muscles’ electrical activity will be made to determine neural and local muscular aspects 

of your strength. 

Vascular testing will assess blood flow in your arms using ultrasound measurement of 

the major arteries. This will include measuring the oxygenation of your muscle using 

near-infrared spectroscopy (NIRS). 

Body composition assessment (including limb girth and skinfold measurement, 

bioelectrical impedance analysis and dual-energy x-ray absorptiometry) will be 

completed before and following the training programme to determine tissue and 

structural changes across the training. 
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Training programme 

One arm will be randomly allocated to train either Warm or Cool. Each The upper limb 

will perform 6 sets of 4 bicep curls, with each set performed 3 minutes apart. Exercise 

loads will be progressed during the 6-week period. Your heart rate, work rate and 

perceptions of exertion will be recorded for all training sessions. 

You will undertake upper limb immersion in Cool water before (for 10-15 min) and 

between exercise sets; this is to control muscle temperatures. For the Cool training, 

the water temperature (~15°C) will be cool enough to allow for mild muscle cooling 

before and between exercise bouts without causing you to shiver. For the Warm 

training, muscle temperature will be able to accumulate as normal.  

 

Instrumented Training Sessions 

Extra measurements will be taken during three training sessions; within week 1, end 

of week 3, and end of week 6. The reason for this is to measure the strain (physiological 

perturbation) of training with and without heat strain, and document how these change 

across the intervention. In addition to the usual training measurements of heart rate, 

work rate and perceptions of exertion, we will measure muscle oxygenation (using 

near-infrared light from a probe placed on your skin) and how your blood vessels are 

responding to the exercise. 

Standardisation for testing sessions 

- Dietary standardisation will be requested for the 24 hours before testing. 

- Please avoid strenuous exercise and alcohol in the 24 hours before testing. 

- The use of passive transport to testing sessions is preferred. 

Is there any risk of discomfort or harm from participation? 
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• Maximal-effort exercise is often uncomfortable. You may experience feelings of 

nausea and light-headedness, especially during Warm sessions. 

• Cardiovascular injury (heart attack or stroke) is approximately twice as likely to 

occur during exercise. Fit, healthy people are at very low risk of injury (less than 1 

in a million sessions), but are not at no risk. 

• Radiation from dual-energy x-ray absorptiometry is present, at a very low dose and 

administered by a trained professional at the Dunedin Public Hospital. 

• Measurement of the function of your muscles and nerves involves discomfort from 

the small electrical impulse/shocks that are used to ‘twitch’ the muscle at rest and 

while you are contracting it. Voltage will be limited to prevent such discomfort as 

much as possible. 

What specimens, data or information will be collected, and 

how will they be used?  

• Your name, birth date, and contact details. 

• An exercise diary. 

• Blood pressure, using a manual cuff/stethoscope on one arm. 

• Body weight and height; to determine your Body Mass Index (BMI).  

• Circumference and skin calliper measurements on each arm. 

• Body composition scans (bioelectrical impedance analysis and dual-energy x-

ray absorptiometry). 

• Heart rate, using a chest strap that records the timing of each heartbeat. 

• Blood flow within arteries of the arm using Doppler ultrasound. 
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• Levels of oxygenated, deoxygenated and total blood flow through your arm 

muscles with exercise and Cooling/Warming. This is from near infrared 

spectroscopy probes applied on the skin over these muscles. 

• Perceived exertion, feeling state, cold/warm sensation and discomfort. 

• Hydration, determined from urine concentration. 

• Body temperatures; two core temperatures and skin temperature. 

• Power output during training and testing sessions. 

• Muscle strength at different velocities of controlled, maximal contractions, some 

of which will involve small electric shocks superimposed to examine muscle 

response properties. 

• Blood properties, from venous blood samples, to assess muscle and blood 

prayer), may be chosen. 

• All data obtained will be used solely for the purposes described above, except 

that these data may be made available for wider research in future, such as in 

performing a meta-analysis (i.e., a quantitative analysis that utilises all available 

studies on this topic). If the data are used for such a purpose, they will be de-

identified before being made available. 

You will be reimbursed $7 per hour (i.e., ~$40) within the familiarisation and testing 

sessions undertaken before and after the training programme, to avoid costs incurred 

on you with travel, parking and dietary standardisation. 

What about anonymity and confidentiality? 

The data collected will be securely stored in such a way that only those mentioned 

below will be able to gain access to it. Data obtained as a result of the research will be 

retained for at least 10 years in secure storage. 
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It is necessary to collect some personal information (including a fitness and health 

questionnaire, weight/height/age, and personal contact details) as it serves purposes 

for group characterisation, safety screening, comparison, and contact. Your data will 

be assigned a personal identification number to ensure anonymity in both the analysis 

and documentation of results. The personal data will be accessible only by the 

researchers named below, and destroyed upon research completion. The results of 

the project may be reported in a scientific paper or conference, and in two Master’s 

theses made available in the University of Otago Library (Dunedin), but your anonymity 

will be preserved. In any such reporting, the data included will not be linked to a specific 

participant. 

Upon completing the study, if you would like to receive a copy of your results, you are 

most welcome; please just ask or email any of the people listed below. 

 

If you agree to participate, can you withdraw later? 

Your participation is completely voluntary, and you may withdraw from the study at any 

time, at which time your data and information will be removed from the study. However, 

we will be unable to withdraw participants’ data and information after December 1st 

2019, due to data analysis and reporting (e.g., in Master’s theses). 

 

Any questions? 

If you have any questions now or in the future, please feel free to contact either: 

 

Name: Ben Smith 

Position: Masters student 

Contact phone number: 022 310 8548 

Email: smibe809@student.otago.ac.nz 
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Department: School of Exercise Science

  

 

Name: Jim Cotter 

Position: Professor  

Department: School of Exercise Science

  

Contact phone number: 021 025 47967 

Email: jim.cotter@otago.ac.nz 

 

This study has been approved by the University of Otago Human Ethics Committee 

(Health). If you have any concerns about the ethical conduct of the research you may 

contact the Committee through the Human Ethics Committee Administrator (phone 

+64 3 479 8256 or email gary.witte@otago.ac.nz). Any issues you raise will be treated 

in confidence and investigated and you will be informed of the outcome.  
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Appendix C: Consent Form (Study 1)  

Determining the role of exercise-induced heat in aerobic 

and resistance exercise  

Principal Investigator: Professor Jim Cotter. Email: jim.cotter@otago.ac.nz 

Phone: 64 3 479-9109 

CONSENT FORM FOR PARTICIPANTS 

Following signature and return to the research team this form will be stored in a secure place for ten years. 

 

Name of participant:………………………………………….. 

 

1. I have read the Information Sheet concerning this study and understand the aims of this research 

project. 

2. I have had sufficient time to talk with other people of my choice about participating in the study.  

3. I confirm that I meet the criteria for participation which are explained in the Information Sheet. 

4. All my questions about the project have been answered to my satisfaction, and I understand that I 

am free to request further information at any stage.  

5. I know that my participation in the project is entirely voluntary, and that I am free to withdraw from 

the project before its completion. 

6. I know that as a participant I will be asked to avoid physical activity and standardise my diet for 24 

hours prior to each testing session, during testing I will have perceptual and physiological variables 

assessed. These include blood flow, oxygenation, and body temperature (muscle, skin and core 

temperature), as outlined in the information sheet. 

7. I understand the nature and size of the risks of discomfort or harm which are explained in the 

Information Sheet. 

mailto:jim.cotter@otago.ac.nz
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8. I know that when the project is completed all personal identifying information will be removed from 

the paper records and electronic files which represent the data from the project, and that these will 

be placed in secure storage and kept for at least ten years.  

9. I understand that the results of the project may be published and be available in the University of 

Otago Library, but that I agree that any personal identifying information will remain confidential 

between myself and the researchers during the study and will not appear in any spoken or written 

report of the study.  

10. I know that there is no remuneration offered for this study, and that no commercial use will be made 

of the data.  

Signature of participant:  Date: 

   

 

Name of person taking consent  Date: 
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Appendix D: Consent Form (Study 2) 

 

Determining the role of exercise-induced 

heat in resistance exercise conditioning. 

Principal Investigator: Professor Jim Cotter.  

Email: jim.cotter@otago.ac.nz Phone: 64 3 479-9109 

 

CONSENT FORM FOR PARTICIPANTS 

Following signature and return to the research team this form will be stored in a secure place for 

ten years. 

Name of participant:………………………………………….. 

1. I have read the Information Sheet concerning this study and understand the aims 

of this research project. 

2. I have had sufficient time to talk with other people of my choice about participating 

in the study.  

3. I confirm that I meet the criteria for participation which are explained in the 

Information Sheet. 

4. All my questions about the project have been answered to my satisfaction, and I 

understand that I am free to request further information at any stage.  

5. I know that my participation in the project is entirely voluntary, and that I am free 

to withdraw from the project before its completion. 

6. I know that as a participant I will be asked to avoid physical activity and standardise 

my diet for 24 hours before each testing session, and maintain my normal exercise 

mailto:jim.cotter@otago.ac.nz
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patterns throughout training. Also, that attendance is requested for all testing 

sessions and 18 training sessions over the 6-week period, and that during training 

and testing I will have perceptual and physiological variables assessed, including 

blood samples and body temperature, as outlined in the information sheet. 

7. I understand the nature and size of the risks of discomfort or harm which are 

explained in the Information Sheet. 

8. I know that when the project is completed all personal identifying information will 

be removed from the paper records and electronic files which represent the data 

from the project, and that these will be placed in secure storage and kept for at 

least ten years.  

9. I understand that the results of the project may be published and be available in 

the University of Otago Library, but that I agree that any personal identifying 

information will remain confidential between myself and the researchers during the 

study, and will not appear in any spoken or written report of the study.  

10. I know that there is a $7 per hour reimbursement offered during testing sessions 

for this study, and that no commercial use will be made of the data.  

 

11. I understand that the blood samples will be stored in a freezer until they are 

analysed for muscle and blood vessel markers. Once all of the analysis is complete 

these samples will be disposed of using standard biohazard protocols, however, I 

can indicate (below) if I would like these samples disposed of with an appropriate 

karakia (Māori Prayer). 
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Signature of participant:  Date: 

   

   

 

Name of person taking consent  Date: 
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Appendix E: Health Screening Questionnaire (PAR-Q+) 
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Appendix F: Physical activity questionnaire  

 

Physical activity questionnaire: 

1. What type of sport or exercise do you most prefer? 

 

2. How many days of the week do you do physical activity? 

 

3. How many days of the week (not including this study) do you resistance train?  

 

4. How long (on average) do you train for during a resistance training session?  

i. How much of this is upper limb focused?  

 

5. How many days of the week do you endurance train?  

 

6. How long (on average) do you train for during an endurance training session?  

i. How much of this is upper limb focused? 
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Appendix G: Thermal Sensation and Discomfort Scales  

Thermal Sensation 

“How does the temperature of your body feel?” 

1 Unbearably cold 

2 Extremely cold 

3 Very cold 

4 Cold 

5 Cool 

6 Slightly cool 

7 Neutral 

8 Slightly warm 

9 Warm 

10 Hot 

11 Very hot 

12 Extremely Hot 

13 Unbearably hot 

 

 

Thermal Discomfort Scale 

 “How comfortable do you feel with the temperature of your body?” 

 

 

 

 

 

  

1 Very Comfortable 

2 Slightly comfortable 

3 Uncomfortable 

4               Very  Uncomfortable 

5 Extremely uncomfortable 
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Appendix H: Rating of Perceived Exertion (Borg, 1982)  

RATING OF PERCEIVED EXERTION (RPE) SCALE 

“How hard do you feel you are exercising?” 

 

6 
 

7 Very, very light 

8  

9 Very light 

10  

11 Fairly light 

12  

13 Somewhat hard 

14  

15 Hard 

16  

17 Very hard 

18  

19 Very, very hard 

20  
 

Taken from: Borg, G., 1985. An Introduction to Borg’s PRE-Scale, Ithaca (NY): Movement 

Publications, p1-26. 
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