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Abstract The purpose of this investigation was to deter-

mine the influence of heat stress on the dynamics of muscle

metabolic perturbation during high-intensity exercise. Seven

healthy males completed single-legged knee-extensor exer-

cise until the limit of tolerance on two separate occasions. In

a randomized order the subjects underwent 40 min of lower-

body immersion in warm water at 42�C prior to exercise

(HOT) or received no prior thermal manipulation (CON).

Following the intervention, muscle metabolism was mea-

sured at rest and throughout exercise using 31P-MRS. The

tolerable duration of high-intensity exercise was reduced by

36% after passive heating (CON: 474 ± 146 vs. HOT:

303 ± 76 s; P = 0.005). Intramuscular pH was lower over

the first 60 s of exercise (CON: 7.05 ± 0.02 vs. HOT:

7.00 ± 0.03; P = 0.019) in HOT compared to CON. The

rate of muscle [PCr] degradation during exercise was greater

in the HOT condition (CON: -0.17 ± 0.08 vs. HOT:

-0.25 ± 0.10% s-1; P = 0.006) and pH also tended to

change more rapidly in HOT (P = 0.09). Muscle [PCr]

(CON: 26 ± 14 vs. HOT: 29 ± 10%), [Pi] (CON:

504 ± 236 vs. HOT: 486 ± 186%) and pH (CON:

6.84 ± 0.13 vs. HOT: 6.80 ± 0.14; P [ 0.05) were not

statistically different at the limit of tolerance (P [ 0.05 for

all comparisons). These results suggest that the reduced

time-to-exhaustion during high-intensity knee-extensor

exercise following lower-body heating might be related, in

part, to accelerated rates of change of intramuscular [PCr]

and pH towards ‘critical’ values that limit muscle function.

Keywords Fatigue � Muscle metabolism � 31P-MRS �
Hyperthermia

Introduction

The human thermoregulatory system maintains core tem-

perature within a narrow range under basal conditions.

During sub-maximal exercise, defined as a work rate that

does not elicit the maximum oxygen uptake ( _VO2max),

muscle and core temperatures are elevated but stabilize at

sub-maximal values (González-Alonso et al. 1999; Nybo and

Nielsen 2001a, b; Nybo et al. 2002a, b). In contrast, during

maximal exercise, body temperature continues to increase

until the limit of tolerance (Febbraio et al. 1996; Ferguson

et al. 2006; Nybo et al. 2001). Superimposition of thermal

stress results in a more rapid increase in muscle (Febbraio

et al. 1996; Ferguson et al. 2006) and core (Nybo and Nielsen

2001a, b; Nybo et al. 2001, 2002a, b) temperature and is

accompanied by more rapid muscle fatigue development

(Nybo and Nielsen 2001b) and reduced exercise tolerance

(Parkin et al. 1999). Raising the muscle and/or core tem-

perature prior to exercise has also been shown to accelerate

the development of muscle fatigue (Edwards et al. 1972;

González-Alonso and Calbet 2003; González-Alonso et al.

1999; Morrison et al. 2004; Nybo et al. 2001), whereas pre-

cooling improves exercise tolerance (e.g., González-Alonso

et al. 1999). Therefore, the rate of body heat accumulation

has important implications for the development of muscle

fatigue and exercise performance.

Communicated by David C. Poole.

S. J. Bailey � D. P. Wilkerson � A. M. Jones (&)

Sport and Health Sciences, College of Life

and Environmental Sciences, Exeter, UK

e-mail: a.m.jones@exeter.ac.uk

J. Fulford

Peninsula NIHR Clinical Research Facility, Peninsula College

of Medicine and Dentistry, University of Exeter,

St. Luke’s Campus, Heavitree Road, Exeter EX1 2LU, UK

123

Eur J Appl Physiol (2012) 112:3569–3576

DOI 10.1007/s00421-012-2336-6



Muscle fatigue is a complex multi-faceted phenomenon

that comprises central (Gandevia 2001) and peripheral

(Allen et al. 2008; Jones et al. 2008) components. It is well

documented that skeletal muscle blood flow may be reduced

during exercise in the heat (e.g., González-Alonso and

Calbet 2003; see González-Alonso et al. 2008 for review).

However, during sub-maximal exercise, the reduction in

muscle blood flow can be compensated by dehydration-

induced haemoconcentration and increased muscle O2

extraction such that _VO2 is similar in hyperthermia com-

pared to normothermia (González-Alonso et al. 1998).

Consequently, intramuscular concentrations of adenosine

triphosphate ([ATP]), phosphocreatine ([PCr]) and lactate

may not be significantly altered by a period of sub-maximal

exercise with an elevated muscle temperature (Starkie et al.

1999). A higher skeletal muscle [glycogen] has been

reported at exhaustion during sustained sub-maximal

exercise in the heat (Febbraio 2000). Therefore, peripheral

fatigue components may not be responsible for the greater

fatigue observed during prolonged sub-maximal exercise

with hyperthermia. Instead, the existing literature indicates

that fatigue in these conditions may be predominantly of

central origin since hyperthermia has been shown to reduce

cerebral blood flow (Nybo et al. 2002a), brain heat removal

(Nybo et al. 2002b), and voluntary muscle activation and

handgrip MVC force following 50 min bicycling exercise at

40�C (Nybo and Nielsen 2001b).

While it is clear that central fatigue contributes to

exercise intolerance during prolonged sub-maximal exer-

cise in hyperthermia, peripheral fatigue may be more

important at higher exercise intensities (González-Alonso

and Calbet 2003; Nybo et al. 2001). During maximal

exercise in the heat, the reduction in muscle blood flow

cannot be compensated by increased muscle O2 extraction

(González-Alonso and Calbet 2003) and, as a result, _VO2

kinetics is slower (Nybo et al. 2001) and _VO2 max is reduced

(González-Alonso and Calbet 2003). These reductions in

oxidative energy yield mandate an increased rate of ATP

resynthesis from substrate level phosphorylation and an

increased muscle metabolic perturbation, as evidenced by

elevated rates of PCr degradation and intramuscular lactate

accumulation (Febbraio et al. 1996; González-Alonso and

Calbet 2003), as well as a reduction in intramuscular [ATP]

(González-Alonso and Calbet 2003) and [glycogen] (Feb-

braio et al. 1996). Collectively, these data suggest that

peripheral mechanisms may make a greater contribution to

fatigue development during high-intensity exercise in the

heat.

Only a limited number of studies have investigated

muscle metabolism during maximal exercise in hyper-

thermic humans (Febbraio et al. 1996; Ferguson et al.

2006; González-Alonso and Calbet 2003), and we are not

aware of any investigations that have characterized the

dynamics of the changes in muscle metabolism during

exercise performed with and without prior heating. In this

regard, 31phosphorus magnetic resonance spectroscopy

(31P-MRS) affords several advantages not least that it

permits non-invasive measurements of a number of muscle

substrates and metabolites that have been associated with

the fatigue process (i.e., [ATP], [PCr], [Pi], pH) with a high

temporal resolution. The available literature is equivocal

over the effects of hyperthermia on muscle metabolism

with some studies reporting that muscle metabolic pertur-

bation was greater with elevated thermal stress (Febbraio

et al. 1996; González-Alonso and Calbet 2003) and another

suggesting no significant difference compared to normo-

thermia (Ferguson et al. 2006). Only in the study of Gon-

zález-Alonso and Calbet (2003) was exercise continued

until exhaustion to elucidate how the metabolic changes

observed in hyperthermia might impact on exercise

tolerance.

We investigated whether the reduced exercise tolerance

commonly reported with elevated heat stress during high-

intensity exercise is related to muscle metabolic factors.

Knee-extensor muscle metabolism was measured using
31P-MRS with and without passive pre-exercise lower-body

heating. We hypothesized that pre-exercise heating would

reduce the tolerable duration of high-intensity exercise. We

also hypothesized that the rate of muscle metabolic per-

turbation would be accelerated (i.e., there would be faster

reductions in muscle [PCr] and pH and a more rapid

increase in muscle [Pi]) such that the same ‘limiting’ met-

abolic milieu (Hogan et al. 1999; Vanhatalo et al. 2010)

would be more rapidly attained after passive heating.

Methods

Subjects

Seven healthy, recreationally active males (mean ± SD,

age 33 ± 5 year, height 1.80 ± 0.02 m, body mass

81 ± 7 kg) volunteered to participate in this study. None

of the subjects were tobacco smokers or users of dietary

supplements. The procedures employed in this study were

approved by the Institutional Research Ethics Committee.

All subjects gave their written informed consent prior to

the commencement of the study, after the experimental

procedures, associated risks, and potential benefits of par-

ticipation had been explained. Subjects were instructed to

arrive at the laboratory in a rested and fully hydrated state,

at least 3 h postprandial, and to avoid strenuous exercise

in the 24 h preceding each testing session. Each subject

was also asked to refrain from caffeine and alcohol
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consumption 6 and 24 h before each test, respectively. All

tests were performed at the same time of day (±2 h).

Experimental protocol

Following familiarization, subjects were required to report

to the laboratory on two occasions, separated by at least

48 h, to complete the experimental testing. During these

laboratory visits, participants completed single-legged

knee-extensor exercise in the prone body position. The

exercise tests were continued until the limit of tolerance.

All participants were familiar with these exercise testing

procedures having previously participated in similar stud-

ies in our laboratory. Using prior knowledge of the work

rate/time-to-exhaustion relationship from these previous

investigations (Jones et al. 2008; Vanhatalo et al. 2010), a

high-intensity work rate was selected to bring the subjects

to exhaustion in approximately 480 s. These exhaustive

exercise tests were performed at an ambient temperature of

*27�C with (HOT) and without (CON) passive lower-

body heating prior to exercise. Subjects exercised at the

same absolute work rate in the HOT and CON conditions.

The HOT and CON protocols were administered in a

randomized order as part of a cross-over experimental

design. Passive heating was induced by immersing the

subject in a bath of warm water such that the water level

intersected the iliac crest. The temperature of the water was

held constant at 42�C and the subjects sat in the bath for a

40-min period to increase muscle temperature. In a previ-

ous study conducted in our laboratory, this passive heating

protocol increased muscle temperature (measured with a

needle thermistor) by 2.6�C and core temperature (mea-

sured with a rectal thermometer) by 0.6�C (Burnley et al.

2002). In the CON condition, the subjects sat quietly for

40 min in a thermoneutral environment (21�C).

Immediately following the HOT and CON pre-exercise

interventions, subjects were positioned inside a whole-

body magnetic resonance imaging system in the prone

body position. A 6 cm 31P transmit/receive surface coil

was placed within the bed and the subject was asked to lie

upon it such that the coil was centred over the quadriceps

muscle of the right leg. Subjects were then secured to the

ergometer bed with Velcro straps at the thigh, buttocks and

lower back to minimize extraneous movement during the

protocol. The ergometer consisted of a nylon frame that

fitted onto the bed in alignment with the subject’s feet and

a base unit that was positioned behind the bed. The right

foot was connected to a pulley system which permitted a

nonmagnetic weight to be lifted and lowered. Knee-

extensor exercise was performed at a rate of 40 repetitions

per minute with the subjects lifting and lowering the mass

over a distance of *0.22 m in accordance with a visual

cue projected onto the front wall of the scanner room.

Exercise commenced 5 min after subjects entered the

scanner room. The contraction phase of the knee extensors

and the interrogation of the quadriceps by 31P-MRS were

synchronized. When subjects were unable to sustain the

required contraction frequency, the tolerable duration of

exercise was recorded.

Magnetic resonance spectroscopy measurements

31P-MRS was performed in the Peninsula Magnetic Reso-

nance Research Centre, Exeter, using a 1.5-T supercon-

ducting magnetic resonance scanner (Intera, Philips,

Eindhoven, The Netherlands) for the determination of in

vivo skeletal muscle metabolism. A number of pre-acqui-

sition steps were carried out to optimize the signal from the

muscle under investigation. Matching and tuning of the coil

was performed and an automatic shimming protocol was

then undertaken within a volume that defined the quadri-

ceps muscle. To ensure that the examined muscle was

consistently at the same point relative to the coil during

exercise, the subject was visually queued via a display

consisting of two vertical bars, one which moved at a

constant rate with a frequency of 0.67 Hz and one which

monitored foot movement via a sensor present within

the pulley to which they were connected. The subject

endeavored to match the movements of these two bars. The

work done by the subject was recorded via a nonmagnetic

strain gauge present within the pulley mechanism, enabling

work rate to be calculated.

Prior to and during the exercise, data were acquired

every 1.5 s, with a spectral width of 1,500 Hz, and 1,000

data points. Phase cycling with four phase cycles was

employed, leading to a spectrum being acquired every 6 s.

The subsequent spectra were quantified via peak fitting,

assuming prior knowledge, using the jMRUI (version 2)

software package employing the AMARES fitting

algorithm (Vanhamme et al. 1997). Spectra were fitted

assuming the presence of the following peaks: Pi, phos-

phodiester, PCr, a-ATP (two peaks, amplitude ratio 1:1),

c-ATP (two peaks, amplitude ratio 1:1) and b-ATP (three

peaks, amplitude ratio 1:2:1). In all cases, relative ampli-

tudes recorded during exercise were corrected for partial

saturation by obtaining a baseline spectrum before exercise

with long repetition time (TR = 20 s) in which the relative

unsaturated peak amplitudes could be determined. Intra-

cellular pH was calculated using the chemical shift of the

Pi spectral peak relative to the PCr peak (Taylor et al.

1983).

Resting and end-exercise (at the limit of tolerance)

values of [PCr], [Pi] and pH were calculated over the last

60 and 30 s of the rest or exercise period, respectively.

[PCr] and [Pi] were expressed as a percentage of the resting

baseline values. The mean [PCr], [Pi] and pH values were
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also calculated for 30 s windows surrounding 60, 120 and

180 s of exercise. The rate of change of muscle [PCr] was

calculated as the difference between the [PCr] reported at

the limit of tolerance and at baseline divided by the time to

the limit of tolerance (Tlim); [Pi] and pH dynamics were

calculated in a similar fashion.

Statistics

Differences in the muscle metabolic variables and exercise

tolerance between HOT and CON were analyzed with

two-tailed, paired-samples t tests. Relationships between

variables were assessed using Pearson’s product moment

correlation coefficient. Data are presented as mean ± SD,

unless otherwise stated. Statistical significance was

accepted when P \ 0.05.

Results

All subjects were able to tolerate the 40-min period of

warm water immersion. The work rate administered in both

the CON and HOT conditions was 21 ± 3 W.

Muscle metabolic responses to CON and HOT are pre-

sented in Table 1 and illustrated in Fig. 1. The tolerable

duration of high-intensity exercise was reduced by 36% in

the HOT condition (CON: 474 ± 146 vs. HOT:

303 ± 76 s; P = 0.005; paired-samples 95% confidence

interval 73, 268) and this is illustrated in Fig. 2.

Intramuscular [PCr] was not significantly different

between the HOT and CON conditions at 60, 120, or 180 s

of exercise and was also not different at the limit of tol-

erance (Table 1; Fig. 1). While there was a trend for an

increased [Pi] at 60 s in the HOT condition (P = 0.06), the

[Pi] was not significantly different at 120, 180 s or at the

limit of tolerance (Table 1; Fig. 1). Intramuscular pH, on

the other hand, was significantly lower at baseline and at

60 s of exercise and also tended to be lower at 120 s in

HOT. There was no significant difference in muscle pH at

180 s or at the limit of tolerance between the experimental

conditions (Table 1; Fig. 1). The intramuscular [Pi]/[PCr]

ratio was not significantly different between the HOT and

CON conditions at any time during exercise (P [ 0.05;

data not shown).

Although there were only limited differences between

conditions in absolute [PCr], [Pi] and pH when discrete

time points within the first 180 s of exercise were com-

pared, it was apparent that, when the entire exercise bout

was considered, these variables changed more rapidly over

time in HOT (Fig. 1). The rate of muscle [PCr] degrada-

tion was 45% greater in HOT compared to CON (CON:

-0.17 ± 0.08 vs. HOT: -0.25 ± 0.10% s-1; P = 0.006;

paired-samples 95% confidence interval 0.033, 0.127).

Moreover, muscle [Pi] accumulated 38% more rapidly

(CON: 0.99 ± 0.68 vs. HOT: 1.37 ± 0.88% s-1) and pH

declined 45% more rapidly (CON: -0.03 ± 0.02 vs. HOT:

-0.05 ± 0.04 pH units�min-1) in the HOT condition;

however, these differences in the rates of change of [Pi]

and pH did not attain statistical significance (P = 0.23 for

[Pi] and P = 0.09 for pH).

Discussion

This study used 31P-MRS to investigate, for the first time,

the influence of heat stress on the dynamics of muscle

metabolic perturbation in humans performing high-inten-

sity knee-extensor exercise. At the limit of tolerance,

intramuscular [PCr], [Pi] and pH were not significantly

different between the experimental conditions, suggesting

that the tolerable duration of exercise coincided with the

attainment of a critical intramuscular metabolic environ-

ment. However, consistent with our experimental hypoth-

eses, these critical metabolite levels were more rapidly

attained in the HOT condition and high-intensity exercise

tolerance was reduced accordingly. Therefore, these data

suggest that the reduced high-intensity exercise tolerance

reported in conditions of heat stress can be explained,

Table 1 Muscle metabolic response during high-intensity exercise in

the CON and HOT conditions

CON HOT

[PCr] (%)

[PCr] baseline 100 ± 0 100 ± 0

[PCr] 60 s 56 ± 13 59 ± 12

[PCr] 120 s 45 ± 14 44 ± 10

[PCr] 180 s 37 ± 16 34 ± 11

[PCr] at task failure 26 ± 14 29 ± 10

[Pi] (%)

[Pi] baseline 100 ± 0 100 ± 0

[Pi] 60 s 281 ± 81 329 ± 86

[Pi] 120 s 367 ± 138 442 ± 148

[Pi] 180 s 418 ± 176 469 ± 169

[Pi] at task failure 504 ± 236 486 ± 186

pH

pH baseline 7.03 ± 0.03 7.02 ± 0.03*

pH 60 s 7.05 ± 0.02 7.00 ± 0.03#

pH 120 s 6.97 ± 0.06 6.91 ± 0.03

pH 180 s 6.91 ± 0.08 6.86 ± 0.11

pH at task failure 6.84 ± 0.13 6.80 ± 0.14

Values are mean ± SD

* Significantly different from CON (P \ 0.01); # Significantly dif-

ferent from CON (P \ 0.05)
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at least in part, by the more rapid attainment of an intra-

muscular metabolic environment that predisposes to

impaired muscle function (i.e., low [PCr] and pH and high

[Pi]).

We employed a pre-exercise heating protocol that has

been shown to increase both core and muscle temperature

(Burnley et al. 2002). Similar passive heating protocols

have also resulted in increased core (González-Alonso

et al. 1999; Gray et al. 2006, 2008) and/or muscle (Edwards

et al. 1972; Febbraio et al. 1996; Ferguson et al. 2006; Gray

et al. 2006, 2008; Starkie et al. 1999) temperature. The

influence of increased heat stress on muscle oxidative

metabolism during high-intensity exercise is unclear. Pre-

exercise heating, using a water-perfused jacket that con-

tacted the skin of the trunk and lower arms, has been shown

to reduce muscle blood flow and _VO2max during upright

bicycling exercise (González-Alonso and Calbet 2003). In

contrast, thigh blood flow, muscle _VO2 and aerobic ATP

production were not significantly altered following passive

heating during one-legged knee-extensor exercise (Fergu-

son et al. 2006). The extent to which pre-exercise heating

impacts on oxidative metabolism therefore appears to be

dependent on the volume of muscle mass engaged and,

thus, the competition for the available blood flow.

The reaction kinetics of key metabolic enzymes

including creatine kinase (Wyss et al. 1990) and phos-

phofructokinase (Pettigrew and Frieden 1979) may be

optimized at elevated temperatures, facilitating a greater

anaerobic ATP yield. Indeed, PCr hydrolysis (Edwards

et al. 1972; Febbraio et al. 1994b; González-Alonso and

Calbet 2003; Gray et al. 2006, 2008) and anaerobic gly-

colysis (Drust et al. 2005; Edwards et al. 1972; Febbraio

et al. 1994b; González-Alonso and Calbet 2003; Gray et al.

2006, 2008) are augmented during intense exercise under

conditions of increased thermal stress. Consistent with

these observations, pre-exercise heating accelerated muscle

PCr degradation and H? accumulation during high-inten-

sity exercise in the present investigation. This shift towards

greater anaerobic metabolism was not observed in a study

by Ferguson and colleagues (2006). The reason for this

discrepancy is unclear but may be related to methodolog-

ical differences between the experiments, including a dif-

ferent pre-exercise heating protocol and a different muscle

contraction frequency.

Several investigations have reported a greater reduction

in muscle [glycogen] (Febbraio et al. 1994a, b, 1996;

Starkie et al. 1999) and a greater increase in muscle [lac-

tate] (Febbraio et al. 1994a, b, 1996; González-Alonso and

Calbet 2003; Parkin et al. 1999) and other glycolytic
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intermediates (Edwards et al. 1972) when muscle temper-

ature is elevated. However, the only available information

on temperature effects on muscle pH is related to all-out

sprint exercise (King et al. 1985; Mohr et al. 2006).

Therefore, the underlying mechanisms responsible for the

small reduction in muscle pH in the HOT condition in the

present study are obscure. Thermal stress may have aug-

mented signaling for glycolytic flux via: an increased

accumulation of products of adenine nucleotide metabo-

lism, catecholaminergic stimulation, or a Q10 effect

(Febbraio 2000). However, Febbraio et al. (1996) reported

that the derivatives of adenine nucleotide metabolism were

not significantly altered in the m. vastus lateralis at rest

following passive heating. Moreover, glycolytic energy

production can be enhanced in the absence of changes in

adrenaline and noradrenaline after passive heating

(Febbraio et al. 1996; Starkie et al. 1999) which suggests

that the temperature-induced elevation in glycolytic flux is

not necessarily sympathetically mediated. Therefore, a

temperature-induced speeding of key glycolytic enzyme

activity via a Q10 effect (e.g., phosphofructokinase; Petti-

grew and Frieden 1979) might have contributed to the

lower muscle pH at baseline and during exercise in the

current study. Another possibility is that raising muscle

temperature impeded H? efflux from the muscle. H?

clearance through the Na?–H? exchanger has been shown

to decline in mammalian ventricular myocytes at higher

temperatures (Ch’en et al. 2003), but to what extent heat

stress influences the activity of the Na?–H? exchanger and

the lactate–H? co-transporter in human skeletal muscle is

unclear. It should be emphasized that the reductions in

resting and contracting muscle pH following heating in the

present study, although statistically significant, were quite

small and may not be physiologically meaningful.

The 36% reduction in high-intensity exercise tolerance

in the HOT condition is in line with several previous

investigations which have imposed heat stress during

exercise (e.g., González-Alonso and Calbet 2003; Nybo

et al. 2001). We have previously shown, using the same

exercise modality and measurement techniques adopted

herein, that a similar intramuscular metabolic milieu was

attained at the limit of tolerance in four different high-

intensity constant-work-rate exercise bouts performed in a

normoxic and normothermic environment (Vanhatalo et al.

2010). Specifically, similar low intramuscular [PCr] and

pH and similar high intramuscular [Pi] and [ADP] values

were observed at the limit of tolerance across the four trials

(Vanhatalo et al. 2010). It is well documented that PCr

degradation and anaerobic glycolysis are accelerated in

conditions of heat stress, as determined from the analysis of

skeletal muscle biopsy samples (e.g., Febbraio et al. 1996;

González-Alonso and Calbet 2003). This greater muscle

metabolic perturbation with heat stress would therefore be

predicted to expedite the attainment of a ‘critical’ muscle

metabolic milieu and to reduce the tolerable duration of

high-intensity exercise. Indeed, relative to CON, the

decline in muscle [PCr] and pH and, to a lesser extent, the

increase in [Pi] were accelerated in HOT such that these

variables attained ‘critical’ levels more rapidly (Fig. 1).

That the same muscle metabolite levels were reached at the

limit of tolerance in both conditions, but that the tolerable

duration of exercise occurred earlier in the HOT condition,

indicates that the attainment of this critical intramuscular

metabolic environment may be a determinant of high-

intensity exercise tolerance. This is supported by the

findings that dietary nitrate supplementation (Bailey et al.

2010) and variations in the fraction of inspired O2 (Hogan

et al. 1999; Vanhatalo et al. 2010) impact on the tolerable

duration of high-intensity exercise by changing the rate at

which muscle metabolic perturbation develops but without

altering the absolute values of these substrates and

metabolites at the limit of tolerance. It is unclear, however,

whether these critical muscle metabolite levels reduced

exercise tolerance directly, for example, by impacting on

processes that operate distal to the neuro-muscular junc-

tion, including muscle excitability, sarcoplasmic reticulum

Ca2? handling and/or cross-bridge cycling (i.e., peripheral

fatigue; Allen et al. 2008), or indirectly, through afferent

feedback to the brain and a subsequent reduction in central

motor output (i.e., central fatigue; Gandevia 2001).

A limitation to the present study was that we did not

measure the muscle temperature. This was because the

majority of subjects did not consent to this invasive pro-

cedure. Measurements of rectal temperature in some sub-

jects (n = 3), however, confirmed that the effects were

similar to those measured in our previous study where we

used an identical passive heating protocol (Burnley et al.

2002). We have therefore assumed that this protocol

resulted in a similar elevation of quadriceps muscle tem-

perature to that reported previously (Burnley et al. 2002).

Although we have presented data suggesting that the

degree of muscle metabolic perturbation may be an

important determinant of high-intensity exercise tolerance,

we cannot exclude a possible role for central factors.

Indeed, the increased core temperature might reduce vol-

untary muscle activation (Morrison et al. 2004). Further-

more, elevated heat stress has been shown to increase

circulating [ammonia] ([NH3]; Mohr et al. 2006). NH3 can

cross the blood–brain barrier and has been implicated in

central fatigue (Banister and Cameron, 1990). It is also

possible that the earlier attainment of a critical metabolic

environment in the HOT condition was communicated to

the brain via metabolically sensitive type III and IV

afferents within the muscle, leading to a reduction in

central motor drive (Amann 2011). Therefore, the periph-

ery and brain may have interacted to reduce the tolerable
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duration of exercise in the HOT condition ensuring that

peripheral fatigue did not exceed critical levels. Further

research is required to elucidate the central and peripheral

determinants of skeletal muscle fatigue during high-inten-

sity exercise in the heat.

In conclusion, this study used 31P-MRS to characterize

the dynamics of intramuscular metabolic perturbation

during high-intensity exercise with and without prior

lower-body heating. A passive heating protocol known to

increase both muscle and core temperature was shown to

accelerate the decline in muscle [PCr] and pH and, to a

lesser extent, the increase in muscle [Pi]. The intramuscular

pH, [PCr] and [Pi] were not significantly different at the

limit of tolerance in the HOT and CON conditions; how-

ever, the same absolute values were more rapidly attained

in the HOT condition in which the tolerable duration of

exercise was reduced. These results suggest that the more

rapid development of intramuscular metabolic perturbation

may be an important contributory factor to the reduced

fatigue resistance observed during high-intensity exercise

following prior heating.
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