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Abstract This study evaluated exercise modality [i.e.

self-paced (SP) or fixed-intensity (FI) exercise] as a mod-

ulator of body temperature regulation under uncompens-

able heat stress. Eight well-trained male cyclists completed

(work-matched) FI and SP cycling exercise bouts in a hot

(40.6 ± 0.2�C) and dry (relative humidity 23 ± 3%)

environment estimated to elicit 70% of _VO2max. Exercise

intensity (i.e. power output) decreased over time in SP,

which resulted in longer exercise duration (FI

20.3 ± 3.4 min, SP 23.2 ± 4.1 min). According to the

heat strain index, the modification of exercise intensity in

SP improved the compensability of the thermal environ-

ment which, relative to FI, was likely a result of the

reductions in metabolic heat production (i.e. _VO2). Con-

sequently, the rate of rise in core body temperature was

higher in FI (0.108 ± 0.020�C/min) than in SP

(0.082 ± 0.016�C/min). Interestingly, cardiac output,

stroke volume, and heart rate during exercise were inde-

pendent of exercise modality. However, core body tem-

perature (FI 39.4 ± 0.3�C, SP 39.1 ± 0.4�C), blood lactate

(FI 2.9 ± 0.8 mmol/L, SP 2.3 ± 0.7 mmol/L), perceived

exertion (FI 18 ± 2, SP 16 ± 2), and physiological strain

(FI 9.1 ± 0.9, SP 8.3 ± 1.1) were all higher in FI com-

pared to SP at exhaustion/completion. These findings

indicate that, when exercise is SP, behavioral modification

of metabolic heat production improves the compensability

of the thermal environment and reduces thermoregulatory

strain. Therefore, under uncompensable heat stress, exer-

cise modality modulates body temperature regulation.
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Introduction

Body temperature is controlled by the regulation of auto-

nomic and/or behavioral responses that modulate body heat

exchange (Romanovsky 2007). According to the heat bal-

ance equation, when heat gain outweighs heat loss, body

heat storage increases, elevating body temperatures. Dur-

ing fixed-intensity (FI) (constant power) exercise, meta-

bolic heat production is constant, and therefore, heat loss is

limited solely to autonomic responses. Consequently, core

body temperature rises until heat balance is achieved as

indicated by a ‘plateau’ in core temperature (Nielsen and

Nielsen 1962; Saltin and Hermansen 1966).

During FI exercise when exposed to uncompensable

heat stress, the attainment of heat balance is impossible

(Cheung et al. 2000) with core temperature rising linearly

as a function of the metabolic and ambient heat loads

(Robinson 1963) until exhaustion occurs (Cheung 2007;

Cheung and Sleivert 2004). This inability to continue

exercising in a hot environment, i.e. heat exhaustion

(Armstrong et al. 2007), is directly associated with the

failure to achieve heat balance as heat exhaustion is

accompanied by high core temperatures (Gonzalez-Alonso

et al. 1999) and an increased challenge for the cardiovas-

cular system to simultaneously meet the demands for both

the working musculature and temperature regulation
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(Rowell 1974). Thus, thermal and cardiovascular regula-

tory processes have been included as important factors

mediating the multi-system development of heat exhaus-

tion (Armstrong et al. 2007; Cheung 2007; Cheung and

Sleivert 2004; Gonzalez-Alonso et al. 2008; Nybo 2008).

In contrast, during self-paced (SP) exercise in the heat,

the thermal compensability of the environment is likely

improved by the exerciser by reducing exercise intensity

and thus metabolic heat production (i.e. exercise work-rate;

Tatterson et al. 2000; Tucker et al. 2004). This response

has been suggested to occur primarily to control the rise in

core body temperature (Schlader et al. 2010a), but as a

consequence exercise performance is reduced relative to

more moderate conditions (Tatterson et al. 2000; Tucker

et al. 2004). Notably, under SP conditions potentially

critical levels of physiological stress are anticipated

(Marino 2004), and therefore, heat exhaustion is usually

avoided (Brake and Bates 2002).

In order to facilitate heat loss, autonomic responses are

likely maximized as exercise progresses in uncompensable

heat. Hence, FI and SP exercise modalities (e.g. Tucker

2008) must modulate body temperature regulation differ-

ently, for example SP exercise seemingly utilizes behavior

in order to improve the compensability of the thermal

environment (Schlader et al. 2010a), while FI exercise

continues until an apparent (multi-system) physiological

‘threshold’ is reached and exercise can no longer be sus-

tained (Cheung 2007; Cheung and Sleivert 2004; Nybo

2008). Thus, the two exercise modalities evaluate different

physiological processes, and accordingly, the theories

underlying the observed decrements in exercise perfor-

mance/duration (Galloway and Maughan 1997; Parkin

et al. 1999; Tatterson et al. 2000; Tucker et al. 2004) have

been built up in opposition (Cheung 2007; Tucker 2008).

However, despite suggestions that future research should

incorporate both modalities (Cheung 2007; Cheung and

Flouris 2009), an established relationship between the

physiological outcomes obtained from both FI and SP

exercise remains elusive.

The purpose of this study was to evaluate exercise

modality as a modulator of body temperature regulation,

thus establishing a formal relationship between FI and SP

exercise in the heat. This was achieved by first having our

subjects complete a bout of FI exercise to voluntary

exhaustion in the heat and, second, having them complete

the same amount of work during the FI exercise, but where

intensity was freely adjustable. It was hypothesized that the

freedom to behaviorally thermoregulate during SP exercise

would increase exercise duration and improve the com-

pensability of the thermal environment. Additionally, given

the expected decreases in exercise intensity and that heat

exhaustion will be effectively avoided during SP exercise,

we further hypothesized that the magnitude of change in

the cardiovascular and thermoregulatory responses would

be lower during and upon completion of SP exercise rel-

ative to FI exercise to voluntary exhaustion.

Methods

Experimental overview

Eight well-trained male cyclists completed a FI and a SP

cycling bout under uncompensable heat stress. During FI

subjects rode until volitional exhaustion, while during SP

the subjects completed the same amount of work as com-

pleted during FI, but exercise intensity (power output) was

freely adjustable. All trials took place at the same time of

day, and there were 7 days between each trial.

Subjects

Eight healthy and well-trained male cyclists agreed to

participate in the study. The subject’s characteristics were

(mean ± SD) age 34 ± 9 years, height 1.8 ± 0.1 m,

weight 70.1 ± 6.2 kg, body surface area (BSA) 1.87 ±

0.11 m2, maximal oxygen uptake ( _VO2max) 4.94 ± 0.41 l

min-1, and percent body fat 10.6 ± 3.3%. For a complete

description of the characteristics of these subjects please

refer to Schlader et al. (2010b). Each subject was fully

informed of the experimental procedures and possible risks

before giving informed, written, consent. The protocol was

approved by the University Human Ethics Committee and

performed according to the Declaration of Helsinki. All

subjects had participated in previous studies in our labo-

ratory utilizing both FI and SP exercise protocols, and thus,

they were fully familiarized with all experimental

procedures.

Preliminary session

Approximately 1 week before the first experimental trial,

subjects reported to the laboratory for anthropometric

measurements, and submaximal and _VO2max testing. This

session was conducted in a moderate environment

(20.6 ± 2.0�C), with the exercise tests taking place on an

electronically braked cycle ergometer (Lode Excalibur,

Groningen, The Netherlands) set in the pedal rate inde-

pendent mode. All subsequent exercise tests were com-

pleted on the same cycle ergometer. The tests first required

the subjects to cycle for 6 min at each of four consecutive

submaximal power outputs (100, 150, 200, and 250 W).

Approximately 5 min after completion of the 250 W stage,

during which time the subjects rested, an incremental

exercise test (45 W min-1) to volitional exhaustion was

completed. A linear relationship between the mean rate of
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oxygen consumption during the last 2 min of each sub-

maximal stage and power output was determined. This

equation was used to calculate a power output which would

elicit 70% of _VO2max for each subject and was later used

to construct the exercise protocols.

Experimental protocol

Approximately 7 days following the preliminary session,

subjects arrived at the laboratory to complete their FI trial,

which was followed 7 days later by their SP trial. All trials

took place in a hot and dry environmental chamber:

ambient temperature 40.6 ± 0.2�C, relative humidity

23 ± 3%. In order to control for the total amount of work

completed, we were unable to randomize the two trials, and

therefore, subjects were not blinded to which trial they

completed. However, the subjects were completely

unaware of the researcher hypotheses and the purpose

of the study. Although all testing was completed during

the southern hemisphere summer months of January and

February, it was assumed that the subjects were not heat

acclimatized as outdoor temperature averaged only

19 ± 4�C (FI 20 ± 5�C, SP 19 ± 6�C; P [ 0.05).

All subjects arrived at the laboratory for both experi-

mental trials having refrained from strenuous exercise,

alcohol, caffeine, and tobacco for a period of 24 h. To

minimize variations in pre-exercise muscle glycogen con-

tent and hydration status, subjects were required to com-

plete a 48 h diet and activity log before FI and were

instructed to follow the same diet and activities prior to SP.

Further activity and diet standardization was achieved via a

standardized training ride *60 min in duration at a mod-

erate intensity (74 ± 7% heart rate max) the day before

each trial (24 h) and by the subjects consuming a stan-

dardized meal 3 h prior to the experimental trial. A euhy-

drated state was ensured by instructing the subjects to drink

a pre-measured bolus of water (5 ml kg-1 of bodyweight)

2 h prior to each trial and was confirmed by nude body-

weight within 200 g, core temperature within 0.2�C, and

resting heart rate within six beats of the values in the

previous trials (Montain and Coyle 1992). Subjects were

not allowed to drink during the trials and wore only cycling

shorts and shoes.

Prior to arrival the subjects ingested a core body tem-

perature pill, and upon arrival at the laboratory, a cannula

was inserted into an antecubital vein and kept patent with

saline. The subjects then voided, and nude bodyweight was

measured. A heart rate monitor and skin thermistors were

applied, and the subjects then entered the environmental

chamber for completion of the experimental trial. Upon

completion of exercise, the subjects were promptly

removed from the chamber, and the heart rate monitor and

skin thermistors were removed. Nude bodyweight was

measured following towel drying, after which the cannula

was removed. The duration of the procedures from the

initial nude bodyweight to the final nude bodyweight was

*60 min.

Experimental procedures

Cycling exercise

A standard 5 min warm-up (at 150 W) in the environ-

mental chamber was followed immediately by either FI or

SP. In both trials, subjects were verbally encouraged at

random intervals by the same researcher and were unaware

of elapsed time, heart rate, or (in FI only) work completed.

During SP, subjects were informed of the amount of work

completed at intervals that corresponded with the taking of

measurements (see below). Exercise continued until one of

the following conditions occurred: (1) voluntary exhaus-

tion, (2) core body temperature reached 40.0�C, (3) the

subject displayed signs and/or symptoms of heat stroke

(Armstrong et al. 2007), or (4) (in SP only) the required

amount of work had been completed.

FI required subjects to cycle at a FI calculated to elicit

70% (70.8 ± 6.4%) of _VO2max until one of the previously

mentioned conditions had been met. During FI, power

output was independent of cycling cadence. SP required

subjects to complete as quickly as possible the same

amount of work as completed in FI. However, during SP,

power output was proportionate to the cadence in a rela-

tionship derived from the submaximal and _VO2max tests.

Immediately prior to commencement, during, and upon

completion of exercise, exercise time (SP only), heart rate

(HR), mean skin temperature (TSk), core body temperature

(TC), thermal comfort, thermal sensation, and perceived

exertion were recorded every 3 min during FI and at the

same amount of work completed during SP (irrespective of

time). Cardiovascular and metabolic responses were mea-

sured at the first recording interval (FI: at 3 min; SP: after

15 ± 4% of the required work had been completed) and

immediately prior to exhaustion (FI)/completion (SP;

100% of the required work had been completed). Blood

glucose and lactate were measured prior to exhaustion/

completion, while percent changes in plasma volume and

whole body sweat rate were determined pre- to post-exer-

cise. In SP, power output was calculated from the amount

of time it took to complete the required amount of work.

Measurements

The subjects’ height and weight were measured using a

stadiometer (Seca, Bonn, Germany; accurate to 0.1 cm)
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and scale (Jadever, Taiwan; accurate to 0.01 kg), from

which BSA was estimated (Dubois and Dubois 1916).

Seven site skinfold thickness was determined using a

Harpenden Skinfold Caliper (Baty International, West

Sussex, UK) at the chest, axilla, triceps, subscapula,

abdomen, suprailliac, and thigh, and subsequently, percent

body fat (Siri 1961) was estimated from body density

(Jackson and Pollock 1978).

The HR was monitored using a Polar heart rate monitor

(Polar Vantage XL, Polar Electro). Cardiac output ( _Q) was

estimated via the CO2 rebreathing method described by

DeFares (1958), and used previously in our laboratory

(Schlader et al. 2010b). End-tidal CO2 (PETCO2) data

were measured (O2/CO2 Gas Analyzer, ADInstruments,

Australia), acquired (PowerLab, ADInstruments, Australia),

and displayed (Chart5, ADInstruments, Australia) contin-

uously throughout the entire procedure. Differences

between PETCO2 and venous and arterial PCO2 were

corrected as demonstrated previously by Paterson and

Cunningham (1976) and Jones et al. (1979). The CO2

content difference was calculated according to McHardy

(1967). Stroke volume (SV) was calculated from the Fick

equation. Blood pressure was measured in duplicate man-

ually using a stethoscope and a sphygmomanometer over

the right brachial artery. All blood pressure measurements

were made by the same experienced operator. Mean arte-

rial pressure (MAP, in mmHg) was estimated by auscul-

tation of the systolic (SBP) and diastolic blood pressure

(DBP) according to the following equation: MAP ¼
DBPþ 1=3ðSBP� DBPÞ:

Expired gases were collected for 1 min via standard

Douglas bags. The expired gases were analyzed for CO2

and O2 concentrations (AEI Technologies, USA) and vol-

ume (dry gas meter, Harvard, UK), and values converted to

STPD. Rates of O2 uptake ( _VO2), CO2 elimination ( _VCO2),

respiratory exchange ratio (RER), and expiratory minute

ventilation ( _VE) were calculated.

According to previously reported guidelines (Byrne and

Lim 2007), subjects ingested a calibrated telemetric core

body temperature sensor (CorTempTM, Palmetto FL, USA;

accurate to 0.05�C) 6 h prior to their experimental trial,

which served as an indication of TC. Four calibrated surface

thermistors (Grant Instruments Ltd., Cambridgeshire, UK;

accurate to 0.02�C) were secured in place with Transpore

Surgical Tape (3 M Healthcare, St. Paul, Minnesota, USA)

to the chest, thigh, leg, and arm on the right side of the

body for determination of TSk (Ramanathan 1964). In the

present study, increased thermoregulatory strain is any

combination of an increased rate of rise of TC or higher TC

at exhaustion/completion.

The modified physiological strain index (PSI) was used

as an indicator of the combined thermoregulatory (TC) and

cardiovascular (HR) strain (Moran et al. 1998) and has

been used previously in comparing the physiological out-

comes from FI and SP exercise (Schlader et al. 2010a). PSI

was calculated as follows: PSI = 5(TCt - TCo)/(40.0 -

TCo) ? 5(HRt - HRo)/(HRmax - HRo), where TCo resting

core temperature (�C); TCt core temperature at exhaustion

(FI) or completion (SP, �C); HRo resting heart rate (bpm);

HRt heart rate at exhaustion (FI) or completion (SP; bpm);

HRmax max heart rate measured during the _VO2max test.

The PSI was modified as shown previously (Schlader et al.

2010a).

The heat strain index (HSI) served as an estimate of the

thermal compensability of the environment, where an

HSI [ 1.0 indicates uncompensable heat stress, and an

HSI \ 1.0 indicates compensable heat stress (Cheung et al.

2000). The HSI was calculated as the ratio of the required

evaporative cooling for heat balance (Ereq, in W/m2) and

the maximal evaporative capacity of the environment

(Emax, in W/m2) (Cheung et al. 2000). Ereq was calculated

in the following manner (Cheung et al. 2000): Ereq = M -

W ± (C ? R) ± (Cres - Eres), where M is metabolic heat

production (in W/m2), calculated as follows (Kenney

1998): M ¼ ð352ð0:23RERþ 0:77Þ _VO2Þ
�

BSA: W is heat

transfer from the generation of external work (in W/m2).

C ? R is heat transfer from convection (C, in W/m2) and

radiation (R, in W/m2), calculated as the sum of:

C = hc(TSk - TA) (Kerslake 1972) and R = 4.7(TA - TSk)

(Kenney 1998), where hc is the convective heat transfer

coefficient (in W/m2/�C) (Kerslake 1972) and TA is the

ambient temperature (in �C). Cres ? Eres is the respiratory

conductive (Cres) and evaporative (Eres) heat transfer and

was calculated as follows (Kenney 1998): Cres ? Eres =

[0.0012M (34 - TA)] ? [0.0023M(44 - PA)], where PA

is ambient vapor pressure (in kPa). Emax was calculated

according to the following equation (Kerslake 1972):

Emax = LR 9 hc 9 (PSk - PA), where LR is the Lewis

relation (16.5�C/kPa), and PSk is the saturated vapor

pressure at the skin (in kPa). Additionally, evaporative heat

loss (E, in W/m2) was estimated according to the following

equation (Kerslake 1972): E ¼ ðPSk � PAÞ �
ffiffiffi
v
p � 124;

where v is air velocity (0.5 m/s).

Ratings of perceived exertion (RPE) were measured on

the 15-grade Borg rating of perceived exertion scale (from

6 to 20; Borg 1970) and was administered according to the

recommendations set forth by Noble and Robertson (1996).

Thermal comfort and thermal sensation were determined

on modified four [from 1 (comfortable) to 4 (very

uncomfortable)] and seven [from 1 (cold) to 7 (hot)] point

scales (Gagge et al. 1967).

After correcting for respiratory and metabolic water

losses (Mitchell et al. 1972), changes in nude bodyweight

were used to estimate whole body sweat rate.
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Whole blood lactate and glucose were assayed using a

YSI lactate analyzer (Yellow Springs, OH, USA) and

an Accu-Check Advantage glucose meter (Mannheim,

Germany). Whole blood hemoglobin and hematocrit were

measured via an automated analyzer (ABL800 FLEX,

Radiometer, Denmark). Percentage changes in plasma

volume were calculated according to previously described

methods (Dill and Costill 1974).

Statistical analysis

Each subject completed a different amount of work, and

therefore, it was not possible to statistically compare ‘raw’

power output responses over time and between trials.

Accordingly, for each subject during each trial, power

outputs during SP and FI were standardized and compared

by analyzing the log transformed relationship between time

(dependent variable) and the cumulative work completed

(independent variable) for each subject during each trial.

Both time and cumulative work completed were log

transformed, and these data were fitted with a significant

(P \ 0.001; R2 = 0.99 ± 0.00) linear regression model

(y = y0 ? ax). For all subjects, the mean y-intercept (Y0)

and slopes (a) in the two conditions were compared via

paired t tests. This analysis transformed the changes in

power output during SP linear allowing for statistical

comparison with FI. These data were analyzed using

SigmaPlot statistical software (v. 10.0, Systat Software

Inc., Chicago, IL, USA).

Mean differences between trials were compared via

paired t tests. To identify any changes in the cardiovas-

cular, metabolic, and heat exchange variables over time

during exercise, a two-way (trial 9 time) repeated mea-

sures analysis of variance (ANOVA) was also conducted.

These data were assessed for approximation to a normal

distribution and sphericity, and no corrections were nec-

essary. These data were analyzed using SPSS statistical

software (V. 17, Chicago, IL, USA). A priori statistical

significance was set at P \ 0.05. All data are reported as

mean ± SD unless noted otherwise.

Notably, given the large effect size ([0.9) of exercise

modality on our primary independent variables (i.e. power

output and time), an N = 8 was deemed sufficient to

identify differences between trials and over time via both

repeated measures ANOVA and paired t tests (Tran 1997).

Furthermore, there was a large discrepancy in the amount

of work completed during FI and therefore SP (range

232–312 kJ). Accordingly, the 3 min fixed measurement

period corresponded to a higher or lower percentage of

work completed per subject, with each subject ultimately

having a different number of data points depending upon

their time to exhaustion in FI. Consequently, it was not

possible to analyze or display mean data during the exer-

cise bout other than at the start (i.e. at 15 ± 4% of the

required work completed) and at completion/exhaustion

(i.e. at 100% of the required work completed). Figure 2

demonstrates the typical observed responses of selected

variables during both trials.

Results

Exercise duration and power output

Seven (of eight) subjects exercised until voluntary

exhaustion in FI, while exercise was stopped for one sub-

ject upon the attainment of a TC of 40.0�C. In SP, all

subjects successfully completed the required amount of

work. In both trials, subjects completed 281 ± 32 kJ of

work; however, SP took *12% longer (P \ 0.001) than FI

(Table 1). Accordingly, mean power output was higher

(P \ 0.001) in FI (234 ± 25 W) than in SP (207 ± 23 W;

Fig. 1). Relative to FI, power output slowed (P \ 0.05)

over time in SP (Table 2).

Temperature regulation and heat exchange

Pre-exercise TC was similar (P [ 0.05) in FI (37.2 ±

0.2�C) and SP (37.2 ± 0.2�C). The rate of rise in TC dur-

ing exercise was higher (P \ 0.01) in FI (0.108 ±

0.020�C/min) than in SP (0.082 ± 0.016�C/min), with TC

being higher (P \ 0.05) at exhaustion in FI (Table 2).

A typical TC response during both trials is presented in

Fig. 2. Average TSk was similar (P [ 0.05) in both FI

(37.4 ± 0.3�C) and SP (37.4 ± 0.3�C). The compensabil-

ity of the thermal environment and body heat exchange are

presented in Table 3 and Fig. 3.

Table 1 Physiological measures upon exercise exhaustion/completion (mean ± SD)

Exercise duration

(min)

TC (�C) PSI RPE Blood lactate

(mmol/L)

Blood glucose

(mmol/L)

Fixed-intensity 20.3 ± 3.4* 39.4 ± 0.3* 9.1 ± 0.9* 18 ± 2* 2.9 ± 0.8* 6.1 ± 0.5

Self-paced 23.2 ± 4.1 39.1 ± 0.4 8.3 ± 1.1 16 ± 2 2.3 ± 0.7 5.8 ± 0.3

TC (�C) core body temperature, PSI physiological strain index

* Significantly different than self-paced (P \ 0.05)
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Cardiovascular responses and physiological strain

Pre-exercise HR was similar (P [ 0.05) in FI (71 ±

8 bpm) and SP (69 ± 12 bpm). MAP, _Q, SV, and HR data

during exercise are presented in Fig. 4. PSI was higher

(P \ 0.01) at the end of SP (Table 1). Typical responses

during each trial are presented in Fig. 2.

Metabolic and fluid balance measures

_VO2 was similar (P [ 0.05) upon completion of 15%

of the required work (FI 3.50 ± 0.45 L/min, SP

3.28 ± 0.47 L/min), but was higher (P \ 0.05) in FI

upon exhaustion/completion (FI 3.39 ± 0.50 L/min: SP

3.11 ± 0.41 L/min). Blood glucose and lactate at exhaus-

tion/completion are presented in Table 1. Percent changes

in plasma volume (FI -8.9 ± 6.9%, SP -6.6 ± 4.4%)

and whole body sweat rates (FI 13.5 ± 1.3 g/min; SP

12.7 ± 2.7 g/min) were similar (P [ 0.05) between the

two trials.

Perceptual measures

The RPE was higher (P \ 0.05) upon exhaustion/comple-

tion in FI (Table 1). In both conditions, completion/

exhaustion was unanimously (P [ 0.05) regarded as very

uncomfortable (4.0 ± 0.0) and hot (7.0 ± 0.0).

Discussion

This study is the first to formally evaluate exercise

modality as a modulator of body temperature regulation in

the heat. This was achieved by directly comparing the

thermoregulatory, cardiovascular, and heat exchange

responses during work-matched FI and SP exercise in

uncompensable heat. In support of our hypotheses, we

found that voluntary reductions in power output during SP

exercise improved thermal compensability and extended

exercise duration. Additionally, thermoregulatory strain

was higher during and upon completion of FI exercise.

Surprisingly, however, we did not observe differences in

cardiovascular responses between exercise modalities.

Relative to FI exercise, in the current study, we found

that when exercise was SP power output was gradually

reduced with exercise duration (Fig. 1). This was

Fig. 1 Power output during fixed-intensity (mean fixed-intensity ±

SD) and self-paced exercise. Each self-paced line represents data

from one subject

Table 2 Mean linear regression model (y = y0 ? ax) data for the

log transformed relationship between time and the cumulative work

completed (mean ± SD)

a y0

Fixed-intensity 1.000 ± 0.0000* 1.1455 ± 0.0450

Self-paced 0.9651 ± 0.0361 1.1423 ± 0.0419

a mean slope; Y0 mean y-intercept

* Significantly different than self-paced (P \ 0.05)

Fig. 2 Core temperature, heart rate, and physiological strain

responses in one subject during both fixed-intensity (FI) and self-

paced (SP) exercises
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demonstrated by the log transformed relationship between

time and cumulative work completed. This analysis

showed that the power outputs were similar upon exercise

commencement (i.e. the mean y-intercepts were similar),

yet became reduced over time during the SP trial (i.e. the

mean slope was lower than that during the FI trial;

Table 2). Ultimately, this reduction in power output

resulted in a longer exercise duration in the SP trial

(Table 1). Previously, exercise intensity has generally been

found not to differ between SP and FI trials undertaken in a

moderate thermal environment (Billat et al. 2001, 2006;

Lander et al. 2009). In fact, there is some evidence that

exercise performance, and therefore intensity, is actually

improved (faster) when exercise is SP compared to that

during FI exercise (Garcin et al. 2008). This discrepancy is

likely due to the uncompensable heat stress in which our

trials were conducted.

Generally, in moderate thermal conditions, FI exercise

has previously been found to be more physiologically

stressful than SP exercise despite a similar exercise inten-

sity (Billat et al. 2006; Lander et al. 2009). These studies

indicated that a similar exercise intensity elicited signifi-

cant reductions in mean oxygen uptake and heart rate

(Billat et al. 2006), core body temperature (Lander et al.

2009), neuromuscular activity (Lander et al. 2009), and

post-exercise blood lactate concentrations (Billat et al.

2006; Lander et al. 2009). These findings are not unani-

mous however (Binkley et al. 2002). That the current study

found an increased rate of rise in core temperature during

exercise and higher core temperatures, blood lactate con-

centrations, and perception of effort upon exhaustion/

completion (Table 1) supports the contention that SP

exercise is less physiologically demanding than FI

exercise.

The current study has demonstrated that modification of

body heat exchange (Fig. 3) and the corresponding

improvement in thermal compensability (Table 3) suc-

cessfully allowed the same exercise task to be completed

with less thermoregulatory strain (Table 1; Fig. 2). Given

that evaporative heat loss was similar and that conductive

and radiative heat gain changed similarly between trials

(Fig. 3), the compensability improvement was likely a

direct result of the observed reductions in metabolic heat

production (Fig. 3). Differences in respiratory conductive

and evaporative heat transfer were observed upon com-

pletion/exhaustion (Fig. 3). However, these are almost

certainly driven by the observed differences in oxygen

Table 3 Thermal compensability during fixed-intensity and self-paced exercise in the heat (mean ± SD)

Percentage of total work completed

15% 100%

Fixed-intensity Self-paced Fixed-intensity Self-paced

Ereq (W/m2) 627 ± 86 585 ± 92 593 ± 81* 550 ± 63

Emax (W/m2) 406 ± 57 385 ± 22 421 ± 24 421 ± 19�

HSI 1.58 ± 0.34 1.52 ± 0.24 1.41 ± 0.22 1.31 ± 0.14�

Ereq (W/m2) required evaporative cooling for heat balance, Emax (W/m2) maximal evaporative capacity of the environment, HSI heat strain index

* Significantly different than self-paced (P \ 0.05)
� Significantly different than 15% (P \ 0.05)

Fig. 3 Modes of heat exchange (mean ± SE) during (at 15% of total

work completed) and upon exhaustion/completion (100% of total

work completed) of fixed-intensity (FI) and self-paced (SP) exercises.

M metabolic heat production, W heat transfer from the generation of

external work, E heat transfer from evaporation, C ? R the sum of

heat transfer from convection (C) and radiation (R), Cres ? Eres the

sum of respiratory conductive (Cres) and evaporative (Eres) heat

transfer. *Significantly different than SP (P \ 0.05); �Significantly

different than 15% (P \ 0.05)
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uptake and therefore metabolic heat production. It is

important to note that while the compensability of the

environment was improved at the end of the SP trial, it

was still considered uncompensable (Table 3). This

observation is likely due to the methodology utilized. For

instance, the subjects were instructed to successfully

complete the given amount of work as quickly as possible;

therefore, it is likely they compromised heat gain for

exercise performance, thus making true thermal com-

pensability impossible during the relatively short period

of exercise.

It is notable that heat balance was not attained (i.e. M -

W = C ? R ? E ? Cres ? Eres) in either the SP or FI

trials. It has been suggested previously that, when given the

freedom to self-pace, subjects decrease their exercise

intensity in order to ultimately reduce the rate of body heat

storage to zero (Tucker et al. 2006). Given the reduced rate

of rise in core temperature and, upon completion/exhaus-

tion, a lower core temperature (Table 1) and rate of met-

abolic heat production (Fig. 3), the present study certainly

supports that the rate of heat storage is reduced when SP

exercise is undertaken in the heat. Nevertheless, given that

it was not the intent of this study to identify the physio-

logical signals initiating reductions in intensity during SP

exercise, the current study does not allow for further

speculation.

Unexpectedly, we found no differences between exer-

cise modalities for the cardiovascular responses measured

during the initial stages of exercise or upon completion/

exhaustion (Fig. 4). Nevertheless, given that reductions in

power output (Fig. 1; Table 2), metabolic heat production

(Fig. 3), and oxygen uptake were observed during SP

exercise, it would be naı̈ve to conclude that there were not

slight differences in oxygen delivery. Therefore, it is highly

likely that our CO2 rebreathing methodology (Defares

1958) used to estimate cardiac output may not have been

sensitive enough to observe these differences. Besides this,

the observed increase in heart rate and decreases in stroke

volume and cardiac output (Fig. 4) are typical character-

istics of prolonged exercise in the heat associated with

marked dehydration and hyperthermia (Gonzalez-Alonso

et al. 1995, 2000).

This study supports exercise modality as a modulator of

body temperature regulation. Compared to that during FI

exercise, during SP exercise behavioral reductions in

metabolic heat production (Fig. 3) apparently reduced the

rate of rise in core temperature, allowing the same amount

Fig. 4 Mean arterial pressure (MAP), cardiac output, stroke volume,

and heart rate (mean ± SE) during (at 15% of total work completed)

and upon completion (100% of total work completed) of fixed-

intensity (FI) and self-paced (SP) exercises. *Significantly different

than SP (P \ 0.01); �significantly different than 15% (P \ 0.05)

c
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of work to be completed but with less thermoregulatory

strain (Table 1). These findings support the hypothesis of a

thermoregulatory continuum (Schlader et al. 2010a). For

example, in the present paradigm, behavior was preferen-

tially elicited (i.e. SP exercise); however, during instances

where behavior is restricted (i.e. FI exercise), when the

signaling inputs to behave are ignored, or when behavior is

inadequate, heat exhaustion ensues. It is only upon the

failure of both behavior and exhaustion that temperature

regulation may be lost, homeostasis compromised, and

exertional heat stroke becomes imminent (Schlader et al.

2010a). This is supported by the high incidence of exer-

tional heat stroke when high motivation and external fac-

tors (e.g. a drill sergeant, coach, fellow runners, etc.)

dictate exercise intensity (Armstrong et al. 2007; Epstein

et al. 1999; Shibolet et al. 1976) and a lower incidence

when people exercise alone or self-pace (Brake and Bates

2002).

Notably, this behavioral arrangement is similarly

reflected by that of the thermoregulatory system at rest (cf.

Cheung and Flouris 2009). At rest, behavior is preferen-

tially (Schlader et al. 2010c) initiated by changes in skin

temperature, thereby preventing changes in core tempera-

ture (Schlader et al. 2009). It is only when behavior is

restricted or insufficient that core temperature rises and

energy/water consuming autonomic thermoregulatory

responses are elicited (Romanovsky 2007). In the circum-

stance that both behavioral and autonomic thermoregula-

tory responses are inadequate, core temperature will rise/

fall uncontrollably, and body temperature regulation may

be lost.

Given that we were unable to work-match and ran-

domize our experimental trials, we must acknowledge that

our non-randomized experimental design may have

impacted our results. We attempted to minimize these

effects by using well familiarized subjects and by blinding

them to our hypotheses and the purpose of the study.

Ultimately, our non-randomized repeated measures exper-

imental design was deemed the sole manner in which we

could test our hypotheses, and therefore, any potential

order effect was deemed acceptable. Additionally, given

that intestinal temperature is slower to react to changes in

body temperature than other indices of core temperature,

e.g. esophageal temperature (Byrne and Lim 2007), we

acknowledge that our index of core temperature may have

underestimated the actual changes. Furthermore, we also

acknowledge that our methods of estimating body heat

exchange are less sensitive than those of calorimetry;

notably, these facilities are rare. We suggest that future

investigations in this area account for these limitations.

However, we feel the data presented add significantly to

the current literature.

Conclusions

The data presented indicate that under uncompensable heat

stress exercise modality is a modulator of body temperature

regulation. Compared to FI exercise, we have shown that,

when given the opportunity to self-pace, reductions in

exercise intensity decrease metabolic heat production and

thus improve the compensability of the thermal environ-

ment. Consequently, when the same exercise task was

completed when exercise intensity is either fixed or freely

adjustable, exercise was accompanied by lower levels of

thermoregulatory strain when exercise was SP. In conclu-

sion, this study presents experimental evidence of a formal

relationship between the physiological outcomes observed

during and upon completion/exhaustion of SP and FI

exercise in the heat.
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