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Abstract The aim of the present study was to clarify the
effect of carbohydrate (CHO) supplementation on mod-
erate and high-intensity endurance exercise in the heat.
Eight endurance-trained men [maximal oxygen uptake
(VO2max) 59.5€1.6 ml kg�1 bw�1, mean€SE] cycled to
exhaustion twice at 60% VO2max and twice at 73% VO2max
at an ambient temperature of 35�C. Subjects ingested
either a 6.4% maltodextrin solution (CHO) or an artifi-
cially flavoured and coloured placebo (PLA). Time to
fatigue was significantly greater with CHO in both the
60% and 73% VO2max trials (14.5% and 13.5% improve-
ment, respectively). Heart rate and oxygen uptake (VO2)
did not differ at any point between PLA and CHO.
Hypoglycaemia was not seen in any condition but plasma
glucose concentrations tended to be higher at both
intensities when CHO was fed. CHO oxidation rates
were similar at 60% VO2max between CHO and PLA.
There were no differences between PLA and CHO in the
rate of rise of rectal temperatures (Trec) at either intensity
but there was a trend for subjects to fatigue at a high
temperature when taking CHO. Ratings of perceived
exertion (RPE) tended to be lower throughout both CHO
trials; this was significant at 80 min and at fatigue at 60%
VO2max. It is concluded that supplementation with CHO
improves exercise performance in the heat at both
moderate and high endurance intensities. In the absence
of a clear metabolic explanation, a central effect involv-
ing an increased tolerance of rising deep body tempera-
ture merits further investigation.
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Introduction

Fatigue occurring during prolonged exercise in cool or
temperate conditions is associated with depletion of
carbohydrate (CHO) in the liver and muscles [7, 10]. In
these circumstances it is not surprising that CHO
supplementation has been shown to delay the onset of
fatigue and maintain a high rate of CHO oxidation during
the latter stages of the exercise [7, 10, 11]. With exercise
at 60–70% VO2max, undertaken in the heat, a limiting
factor has been suggested to be the rise in body
temperature so that exercise stops after about one hour
when body temperature approaches 40�C [17, 32]. In
these circumstances changes in blood flow or oxygen
extraction by working muscles has been shown not to
limit exercise [20]. Furthermore, CHO reserves are not
seriously depleted at the point of fatigue during exercise
in the heat [31, 35]. This could signify the importance of
central, as opposed to peripheral, fatigue. In these
circumstances, therefore, it would not be expected that
CHO supplementation will have any effect on perfor-
mance. However, surprisingly, there have been a number
of reports that CHO does improve performance in the heat
[3, 13, 20, 26, 37] as well as a number reporting no effect
of CHO [12, 17, 25].

One of the difficulties in evaluating the published work
is that the studies have used different protocols, temper-
atures and work intensities. One suggestion is that there
are compensable and uncompensable exercise heat stress
situations [16]. During compensable situations the ath-
lete’s thermoregulatory capacity is thought to be suffi-
cient to slow the rise in deep body temperature so that
CHO reserves are depleted before a critical body
temperature is reached. In contrast, during uncompens-
able situations the athlete is unable to dissipate heat
sufficiently so that body temperature rises to reach a level
where motor activity is inhibited by central fatigue before
CHO reserves are seriously depleted. There have been no
studies in which this idea has been directly tested, using
the same subjects in two comparable exercise situations,
differing only in the work rate.
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The purpose of the work described here was, therefore,
to test the idea that with exercise in the heat, subjects
working at lower rates would benefit from CHO supple-
mentation but those at higher intensities would be limited
by body temperature and therefore not benefit from CHO.
Preliminary experiments in which different work loads
were investigated showed that with ambient conditions of
35�C and 30% relative humidity (RH), subjects exercised
for approximately 2 h at 55% peak power output (PPO).
This duration in the heat has been suggested to mark the
point at which CHO supplementation would be effective
[17]. Exercise at 70% PPO, however, was limited to
approximately 1 h. The factors that limit performance at
this intensity are believed not to be CHO depletion [3,
23].

It is recognised that dehydration and fluid replacement
are important factors determining performance during
exercise in the heat [20, 21]. However, in the present
study every effort was made to ensure that subjects in
both situations were adequately hydrated.

Materials and methods

Subjects

Eight endurance-trained, non-acclimatised, male volunteers gave
their written informed consent to participate in the study that was
approved by the local Ethics Committee. Their mean age, weight,
height and VO2max were 22.6€1.1 (21–24 years), 75.0€7.7 (65.7–
86.3 kg), 179.6€8.6 (165–194 cm) and 59.5€4.6 (53–
65 ml kg�1 min�1), respectively [mean€SD (range)]. All subjects
had previously been involved in studies involving cycle ergometry
at this intensity and in similar conditions and were fully familiar
with the experimental procedures.

Experimental design

All exercise tests were carried out on an electrically braked cycle
ergometer (Lode Excalibur, Groningen, NL) set in the pedal rate
independent mode. The protocol consisted of six visits. Visit 1 was
an incremental exercise test to determine maximum O2 uptake
(VO2max), peak power output (PPO) and the workload to elicit 55%
PPO and 70% PPO. These workloads corresponded to 60% and
73% VO2max, respectively, and are referred to as such for the
remainder of the manuscript. Visits 2–6 involved exercising to
volitional fatigue in a heat chamber maintained at 35�C and an RH
of 30%. Visit 2 was an habituation ride, during which subjects
exercised at 65% VO2max and consumed water. For the remaining
four visits subjects exercise twice at 60% VO2max and twice at 73%
VO2max, consuming either a 6.4% maltodextrin solution (CHO) or
an artificially flavoured and coloured placebo (PLA). The placebo
was identical in taste, content and appearance to the CHO drink, the
sole difference being the maltodextrin content (Table 1). The study

was carried out in a counterbalanced, double-blind randomised
fashion, with each visit separated by an average of 6 days. The
order of tests was administered using a Latin-square design.

Visit 1: VO2max

Subjects performed an incremental exercise test to volitional
fatigue at a self-selected cadence on a cycle ergometer. The
appropriate seat position, handlebar height and orientation were
used during testing and replicated in each subsequent visit. The
initial workload was 95 W and was increased by 35 W every 3 min
until fatigue. Expired gas was recorded continuously throughout
(Oxycon Alpha, Jaeger, Germany), as was HR (Polar Accurex Plus,
Polar Electro Oy, Finland). PPO was determined according to the
method of Kuipers and colleagues [24].

Visits 2–6

Subjects arrived at the laboratory in the morning following an
overnight fast, having abstained from exercise, alcohol, caffeine
and tobacco for the previous 24 h. To minimise differences in
starting muscle glycogen concentrations between visits, subjects
were asked to record their diet in the 24-h period before the second
visit. This record was copied and returned to the subject with the
instruction to follow the same diet before each subsequent visit.
Subjects also consumed a 500-ml bolus of water on waking to
ensure adequate hydration. On arrival subjects inserted a rectal
thermistor 10 cm beyond the anal sphincter before being weighed
naked. The subject then rested in a supine position for 30 minutes,
during which time a cannula (20-G, Venflon) was inserted into their
superficial forearm vein and was kept patent with saline (Baxter)
during the test. Two baseline blood samples were taken following
the 30-min rest period. Skin thermistors were attached to the
subject and the subject drank a bolus (8 ml kg�1, CHO intake
0.51 g kg�1) of either water (visit 2, habituation), CHO (6.4%
maltodextrin) or placebo. The subject was then transferred to the
heat chamber and cycled to exhaustion at the prescribed workload.
The time interval separating bolus consumption and exercise
initiation was 5 min. Subjects ingested fluid at a rate of 3 ml kg�1

every 15 min during the ride.
Following the habituation visit the four trials were as follows:

1. Low CHO 60% VO2max with CHO supplementation.
2. Low PLA 60% VO2max with placebo supplementation.
3. High CHO 73% VO2max with CHO supplementation.
4. High PLA 73% VO2max with placebo supplementation.

Subjects wore Lycra shorts and ’clip-in’ shoes. In the event of a
subject needing to urinate during the test, the subject stopped
pedalling and passed urine into a container whilst remaining on the
ergometer. A fan was used to circulate the air in the chamber, it was
set at the same speed and position between trials. Exercise was
stopped either at the subject’s volition, their cadence dropping
below 20 rpm of their average during the habituation ride or if their
rectal temperature (Trec) exceeded 40�C. Following exercise the
subject was weighed naked to allow measurement of sweat loss,
this was corrected for urinary loss (collected throughout the ride),
respiratory loss [38], metabolic loss [28] and fluid intake.

Blood collection

Venous blood samples (8 ml) were collected into EDTA tubes at
rest, at 10-min intervals throughout the ride and at the time of
fatigue. During blood collection the subjects arm was relaxed and
positioned flat across the handlebars. One millilitre of blood was
separated and analysed for haemoglobin and haematocrit. The
remaining whole blood was centrifuged within 10 min of collection
and plasma separated for determination of lactate and glucose

Table 1 Drink composition (CHO carbohydrate, PLA placebo)

PLA CHO

Carbohydrate (%) 0 6.4 (maltodextrin)
Sodium (mmol l�1) 22 22
Potassium (mmol l�1) 6 6
Calcium (mmol l�1) 9 9
Osmolality (mosmol kg�1) 20 122
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concentrations. Samples were stored at 15�C and all assays were
completed, in duplicate, within 6 weeks of the exercise.

Blood analysis

Plasma lactate concentrations were determined by spectrophotom-
etry using a quantitative enzymatic (lactate oxidase and peroxidase)
method (Sigma Kits, UK). Plasma glucose concentrations were
determined by spectrophotometry using a quantitative enzymatic
(hexokinase) method (Sigma Kits, UK). Whole blood was used for
the quantitative, colorimetric determination of haemoglobin (Sigma
Kits, UK) and micro centrifugation was used to determine
haematocrit. Percentage changes in plasma volume were calculated
from haemoglobin and haematocrit values [14].

Gas analysis

Expired air was analysed for 5 min every 15 min using an
automated on-line system (Oxycon Alpha, Jaeger, Germany). CHO
oxidation rates for the 60% VO2max trials were calculated from VO2
and VCO2 measures obtained by indirect calorimetry [19]. Indirect
calorimetry assumes a respiratory exchange ratio of �1.0, therefore
calculation of CHO oxidation rates was not possible for the 73%
VO2max trial.

Temperature measurement

Ambient temperature during each ride was measured using a wet
and dry bulb mercury thermometer (Brannan, UK) and RH
calculated from the wet and dry bulb thermometer differential.
Thermistors were placed on four skin locations from which mean
skin temperature (Tmsk) was calculated [33]. The rectal and skin
thermistors were connected to a Squirrel data logger (Grant
Instruments, UK) and values were recorded every 2.5 min and at
fatigue.

Perceived exertion, HR and thermal comfort

Rating of perceived exertion (RPE) was recorded every 10 minutes
using the 6- to 20-point Borg scale [4] and thermal comfort was
recorded simultaneously using the Frank scale [18]. Heart rate was
measured continuously by telemetry (Polar Accurex Plus, Polar
Electro Oy, Finland).

Data and statistical analysis

Data are reported as mean and standard error (mean€SEM), unless
otherwise stated. Differences in time to fatigue were not normally
distributed and consequently significance was assessed using the
Wilcoxon two-related-samples test. All remaining effect data for
both intensities were analysed using a repeated measures ANOVA,
with specific differences determined using a paired Student’s t test
as post hoc.

Data are only reported up to 80 min and fatigue and up to 30 min
and fatigue for the 60% VO2max and 73% VO2max trials, respec-
tively. Data points beyond these times did not include all subjects
due to variable fatigue. Effect size data (h2) are included together
with P values, where appropriate.

Results

60% VO2max trial

An injury (not related to the study) reduced the number of
subjects successfully completing the 60% VO2max trial
with PLA and CHO to seven. Volitional fatigue was the
reason for termination of exercise for all seven subjects
during the PLA trial. However, two subjects reached the
cut-off temperature (40�C) during the CHO trial.

Exercise time

Six out of the seven subjects were able to exercise for
longer with CHO than PLA. PLA time to fatigue was
123.1€13.4 min compared to 145.6€15.1 min for the
CHO ride (P=0.028), an average improvement of
14.5€4.9% (Fig. 1).

RPE, thermal comfort and cadence

RPE increased throughout the ride with both conditions
(Fig. 2a). RPE showed a trend to be lower throughout
exercise with CHO, and this was significant at 80 min
(P=0.032, h2=0.561) and at the point of fatigue (P=0.012,
h2=0.677). Rating of thermal comfort rose steadily during
exercise with no difference between PLA and CHO.
Cadence was maintained at a steady rate up to 70 min in
both conditions (83€2.6 rpm and 86€2.3 rpm for PLA and

Fig. 1 Individual and average time to fatigue during 60% (above)
and 73% (below) maximal oxygen uptake (VO2max) performance
trials. The dark line indicates mean change between conditions.
Subjects exercised significantly longer on both carbohydrate
(CHO) trials
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CHO, respectively) before declining to values at fatigue
of 65€2.8 rpm and 71€2.9 rpm for PLA and CHO,
respectively. No significant differences were observed
between PLA and CHO for cadence at any point
(P=0.085, h2=0.414).

Physiological measurements

CHO supplementation had no effect on HR response to
exercise (Fig. 3a) and sweat rates were not different
between PLA and CHO (1261€64 ml h�1 and
1221€68 ml h�1, respectively). Fluid ingested was signif-
icantly greater during the CHO trial compared to the PLA
(2784€271 ml and 2382€237 ml, respectively; P=0.027,
Table 2). Body weight loss (Table 2) was similar between
PLA and CHO (471.4€153.9 g and 642.8€235.9 g,
respectively), as was urine production (145.0€70.5 ml
and 209.3€108.3 ml, respectively). VO2 remained steady
during exercise and was similar between PLA and CHO
(Table 2). Plasma volume decreased in both PLA and
CHO trials (Fig. 4), but this fall was not significantly
different (P=0.112, h2=0.367). Plasma glucose concen-
trations were the same before exercise in the PLA and
CHO trials, but were higher at 10 min (P=0.014,
h2=0.660), 60 min (P=0.026, h2=0.591) and 70 min
(P=0.002, h2=0.811) with CHO compared to PLA

Fig. 2 a Rating of perceived exertion (RPE, Borg scale), plasma
glucose and plasma lactate concentrations during the 60% VO2max
trials. Filled squares placebo (PLA); open circles CHO. An asterisk
indicates significant difference from PLA. Data are mean€SEM,

n=7. b RPE, plasma glucose and plasma lactate concentrations
during the 73% VO2max trials. Filled squares PLA; open circles
CHO. An asterisk indicates significant difference from PLA. Data
are mean€SEM, n=8

Fig. 3 a % HRmax data during the 60% VO2max trials. Filled
squares PLA; open circles CHO. Data are reported as mean+SEM,
n=7. b Percentage HRmax data during the 73% VO2max trials. Filled
squares PLA; open circles CHO. Data are reported as mean+SEM,
n=8
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(Fig. 2a). Plasma lactate was similar at rest between PLA
and CHO and although the concentration increased at the
start of exercise in both trials, the response was not
significantly different between PLA and CHO (Fig. 2a).
Mean CHO oxidation rates were 2.97€0.12 g min�1 and
3.02€0.12 g min�1 for PLA and CHO, respectively. CHO
oxidation rates did not change with time and the rates

were similar between PLA and CHO (P=0.397,
h2=0.122).

Temperature measurements

Trec and Tmsk responses were similar between PLA and
CHO at all time points. Trec increased throughout the
exercise until fatigue (Fig. 5a), which occurred at
38.8€0.4�C with PLA and 39.1€0.2�C with CHO
(P=0.07, h2=0.477).

73% VO2max trial

All eight subjects successfully completed the 73% VO2max
trial with PLA and CHO. Volitional fatigue was the
reason for termination of exercise for all eight subjects
during the PLA trial. However, one subject reached the
cut-off temperature (40�C) during the CHO trial.

Exercise time

Six out of the eight subjects were able to exercise for
longer with CHO than PLA (Fig. 1). PLA time to fatigue
was 50.8€7.5 min compared to 60.6€11.1 min for the
CHO ride (P=0.04,). On average CHO resulted in a
13.5€5.5% improvement in exercise time to fatigue
compared to PLA.

RPE, thermal comfort and cadence

PE (Fig. 2b) and rating of thermal comfort increased
throughout the exercise, but no difference was reported
between PLA and CHO trials. Cadence was maintained at
a steady rate up to 30 min in both conditions (85€1.8 rpm
and 86€1.7 rpm for PLA and CHO, respectively) before
declining to values at fatigue of 69€2.9 rpm and
69€3.5 rpm for PLA and CHO, respectively. No signif-
icant differences were observed between PLA and CHO
for cadence at any point (P=0.506, h2=0.077).

Physiological measurements

CHO supplementation had no effect on HR response to
exercise (Fig. 3b) and sweat rates did not differ between
PLA and CHO, 1588€131 ml h�1 and 1579€73 ml h�1

respectively. There was no difference in fluid ingested

Table 2 Mean Body weight
loss, fluid ingested, and per-
centage maximum oxygen up-
take (% VO2max) during all
trials. Data are mean€SEM
(n=7 60% VO2max and n=8 at
73% VO2max)

Weight loss (g) Fluid ingested (ml) % VO2max

60% CHO 643€236 2784€271 62.3€2.9
60% PLA 471€154 2382€237 60.7€3.0
73% CHO 383€193 1400€205 73.2€3.6
73% PLA 386€160 1251€141 73.3€4.5

Fig. 5 a Rectal (Trec)and mean skin temperature (Tmsk) during the
60% VO2max trials. Filled squares PLA; open circles CHO. Data are
reported as mean€SEM, n=7. b Trec and Tmsk during the 73%
VO2max trials. Filled squares PLA; open circles CHO. Data are
reported as mean€SEM, n=8

Fig. 4 Plasma volume change during all trials. Filled squares PLA;
open circles CHO. Data are mean�SEM (n=7 and n=8 for 60% and
73% VO2max, respectively)
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between PLA and CHO conditions (1251€141 ml and
1400€205 ml, respectively; p=0.176, Table 2). Body
weight loss (Table 2) was similar between PLA and CHO
(385.7€159.5 g and 382.9€192.7 g, respectively), as was
urine production (53.6€45.1 ml and 70.7€55.9 ml, re-
spectively). VO2 remained constant with exercise time
and was similar between PLA and CHO (Table 2). Plasma
volume decreased in both trials (Fig. 4), but this fall was
similar between PLA and CHO (P=0.528, h2=0.07)
Plasma glucose concentrations were the same in PLA
and CHO trials (Fig. 2b), except a higher value was seen
at 10 min with CHO compared to PLA (P=0.007,
h2=0.734). Plasma lactate was not different at rest
between PLA and CHO. The plasma lactate concentration
increased at the start of exercise in both trials and
continued to do so until the point of fatigue; the response
was not different between PLA and CHO (Fig. 2b).

Temperature measurements

Trec and Tmsk response were similar between PLA and
CHO at all time points. Trec increased throughout the
exercise until fatigue (Fig. 5b), which occurred at
38.9€0.2�C with PLA and 39.2€0.2�C with CHO
(P=0.15, h2=0.312).

Discussion

The objective of the present study was to clarify the effect
of exogenous CHO on endurance exercise capacity in the
heat. For this purpose two separate exercise intensities
were used, one of which was at a workload (60% VO2max)
such that subjects could continue for about 2 h and where
depletion of CHO stores was thought to be a limiting
factor. The other protocol was at a higher intensity (73%
VO2max) where subjects were able to continue for
approximately 1 h and the limiting factor was most likely
raised body temperature rather than depletion of CHO
stores. In these circumstances it would be predicted that
CHO supplementation would benefit exercise at 60%
VO2max but not at 73% VO2max. Our findings were
unexpected, with CHO supplementation improving en-
durance capacity in both instances. This suggests that the
mechanism whereby CHO improves performance is not
simply by providing an additional energy supply to
working muscles.

Exercise at 60% VO2max

Our observation that CHO supplementation improved
endurance by 14.5% (Fig. 1) is in agreement with
previous reports [3, 13, 20, 26, 37] where the exercise
in the heat was of a similar duration (>2 h). It should be
noted that in the CHO trial one subject was stopped at
145 min and another at 147 min because Trec reached
40�C. Had they been allowed to continue to volitional

fatigue the average increase in performance with CHO
supplementation would have been slightly higher than the
14.5% reported here.

It has been demonstrated previously that exogenous
CHO helps maintain blood glucose and high rates of CHO
oxidation in the later stages of prolonged exercise when
muscle glycogen stores are exhausted [7, 10, 11]. The
data from our present study at 60% VO2max, however,
provide only limited support for this sequence of events as
an explanation for the improved performance. Although
significantly higher plasma glucose levels were seen with
CHO supplementation in the latter part of the exercise
(Fig. 2a), plasma glucose never fell below 4.3 mmol l�1 in
the PLA condition. Furthermore, no differences were
observed in CHO oxidation between CHO and PLA. CHO
oxidation rates were reported for the first 80 min since
this was the maximum time for which data on all subjects
was available. However, analysis of the three subjects
who continued for the longest time, and for whom
respiratory data were available between 90 and 120 min,
also showed no difference in CHO oxidation rates
between CHO and PLA. Although unexpected, our results
are similar to those of a previous study which reported no
difference in RER values over 90 min of exercise at 70%
VO2 peak in the heat between a 7% CHO supplementation
and PLA [17].

The ingestion of fluid during exercise in the heat is
well known to improve performance compared to no fluid
intake [3, 20, 41]. It could be argued that some of the
improvement seen in the present study was due to
differences in fluid intake or absorption. Indeed, there
was a trend for plasma volume to decrease with CHO
supplementation (non-significant) and this could indicate
reduced gastric emptying. It has been shown that gastric
emptying is slowed by a relatively high CHO content of a
drink [9, 17, 39]. However, if fluid delivery was important
in the present study the performance effect would have
been in favour of the PLA condition. In addition, there
were no differences in thermoregulation, Trec and Tmsk
being very similar at all times between PLA and CHO
conditions (Fig. 5a). The only difference, although this
did not reach significance, was that Trec at fatigue was
0.3�C higher following CHO ingestion compared to PLA.
The higher temperature at fatigue in the CHO conditions
can be explained by the longer time spent exercising to
reach this point.

Exercise at 73% VO2max

The results obtained with CHO supplementation while
exercising at 73% VO2max did not support the prediction
of Febbraio et al. [17] that supplementation would only be
effective with exercise lasting more than 2 h. Our
observation that time to fatigue was extended by approx-
imately 10 min or 13.5% with CHO compared to PLA
(Fig. 1), was very similar to the improvement seen with
CHO in the low-intensity trials. The improvement could
have been slightly greater if one of the subjects had not
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been withdrawn from the study after 55 min during the
CHO trial when his Trec reached 40�C.

There have been previous reports of CHO supplemen-
tation improving performance in the heat during exercise
lasting up to 1 h. Below et al. [3] demonstrated that a 10-
min performance ride following 50 min of exercise at
80% VO2max in the heat was completed fastest with
subjects taking CHO and fluid compared to either fluid or
CHO alone. In another study, the time taken to run 15 km
in the heat (75–78% VO2max) was found to be significantly
shorter with ingestion of 6% and 8% CHO drinks
compared to water [27]. Similar improvements with
CHO have also been reported in high-intensity exercise in
thermo-neutral conditions where it was thought unlikely
that CHO supplementation would be beneficial [1, 2, 15,
23, 30].

In the present study, plasma glucose concentrations
were marginally higher in the CHO condition. However,
in both cases there was a gradual rise during the exercise
with highest values being obtained at the time of fatigue.
Hypoglycaemia, as with the 60% VO2max trial, was not a
cause of fatigue in the PLA condition and, likewise, CHO
supplementation did not exert its effect by preventing
hypoglycaemia.

Despite the fact that a number of studies have now
found CHO supplementation to be of benefit in conditions
where CHO stores would not be considered limiting, the
mechanism responsible remains to be established. A
higher rate of CHO oxidation has been suggested with
CHO ingestion [30]. However, in that study no differ-
ences were reported for CHO oxidation rate for the first
45 min of exercise at 77% VO2max. This is supported by
previous reports of RER measurements indicating no
difference in CHO oxidation between CHO and PLA
conditions during exercise at comparable intensities, both
in the heat and in thermo-neutral environments [3, 15,
27]. This is consistent with the view that endogenous
CHO is not limiting for exercise lasting up to 1 h. It has
been suggested that at 60–70% VO2max only 10–20% of
ingested CHO is oxidised in the 1st hour of exercise [23,
40].

During exercise at 73% VO2max, which was close to the
lactate threshold (steady blood lactates of 4–5 mmol l�1,
Fig. 2b), it was not possible to measure CHO oxidation by
indirect calorimetry because RER values were greater
than 1.0. Although we have no measure of CHO oxidation
the fact that plasma glucose levels were maintained, and
even elevated, indicates that there was no limitation to
CHO oxidation in terms of supply of blood borne glucose
in the PLA condition. Therefore, improvements in
performance in the CHO condition were unlikely to have
been due to the greater availability of blood glucose
sustaining high levels of CHO oxidation. The increase of
plasma glucose above baseline towards the end of
exercise has been noted by others [3, 8, 27].

Causes of fatigue during submaximal exercise

The reason for fatigue in both the moderate and high-
intensity trials is not immediately apparent. As has been
discussed above there is no evidence that CHO oxidation
was ever limited by substrate depletion or that CHO
supplementation helped maintain high oxidation rates.
There were no conventional indications of peripheral
fatigue as a consequence of either workload. Hypogly-
caemia was never apparent in any of the conditions.
Plasma lactate concentrations during exercise at 60%
VO2max were low and constant throughout the exercise
with no rapid increase towards fatigue which might have
indicated a reduction of peripheral oxygen supply.
Although plasma lactate was higher during exercise at
73% VO2max, the values were relatively constant during
the exercise and, again, there was no precipitate rise
towards the point of fatigue. Increased cardiovascular
strain is recognised as an important factor in hyperthermic
exercise but there was no evidence that it was either the
cause of fatigue or differed between PLA and CHO
conditions. Heart rate, ventilation and VO2, never reached
limiting values in any condition (Fig. 3a, b, Table 2) nor
was there any indication of significant dehydration as
assessed by change in plasma volume (Fig. 4).

Since there is no evidence of peripheral fatigue in the
present study some central mechanism must be consid-
ered. Nielsen and colleagues have suggested that there is a
critical core temperature that limits exercise in the heat
[32]. These authors found that during exercise at 60%
VO2max at an ambient temperature of 40�C, fatigue
occurred at the same oesophageal temperature
(39.7€0.15�C) independent of acclimation status and
duration of exercise. Body temperature has also been
reported by several other authors as a major factor
limiting exercise in the heat at workloads between 60%
and 70% VO2max, [17, 22, 35, 36]. The implication of this
work is that a high body temperature results in an
inhibition of motor activity [6, 32, 34], presumably with
the effect of reducing heat production and thus preventing
temperature reaching dangerously high levels. The mech-
anism by which body temperature might inhibit motor
output is not known but may involve the hypothalamus.
Hypothalamic activity, as monitored by the release of
prolactin, increases towards the point of fatigue and is
closely associated with increases in body temperature [5].

In our present study, Trec at the point of fatigue in the
PLA condition was 38.8€0.6 in the 60% VO2max trial and
38.9€0.5 in the 73% VO2max trial, values that were not
statistically different (P=0.455). This is consistent with
the notion that a high body temperature is an important
factor limiting performance. Furthermore, it suggests that
at both workloads in the present study the limiting factor
was a rise in body temperature rather than any metabolic
limitation. Exercise continued for longer at both intensi-
ties in the CHO condition and although it did not achieve
statistical significance, Trec was, on average, 0.3�C higher
than at the point of fatigue in the PLA condition. In terms
of the critical temperature theory of fatigue, we would
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suggest that in the present study CHO had the effect of
increasing the subjects’ tolerance of raised body temper-
ature. It is a matter of pure speculation as to how CHO
supplementation might affect heat tolerance and central
fatigue but there are two main possibilities. The first is
that the increased blood glucose levels in the CHO
condition, while not affecting muscle metabolism, did
improve the metabolic state of the central nervous system
and higher brain centres concerned with motivation and
motor output. Alternatively, afferent nerve endings in the
mouth or GI tract might detect the CHO and influence the
function of the hypothalamus or other centres [23]. One
way of distinguishing between these alternatives would be
to infuse CHO to avoid stimulating receptors in the
gastrointestinal tract.

In conclusion, we have found that supplementation
with CHO delays fatigue during exercise at 60% VO2max
in the heat. It had been anticipated that at this workload
subjects would be limited by CHO availability but despite
the fact that exercise continued for about 2 h, the evidence
suggests that fatigue was most likely due to the attainment
of a high core temperature. In the circumstances it is
therefore surprising that CHO supplementation improved
performance. At 73% VO2max it was expected that
temperature would be the limiting factor, and that CHO
supplementation would not affect performance. However,
as with exercise at the lower intensity, CHO did improve
performance and therefore the improvement with CHO
was intensity independent. It is concluded that in both
situations the additional CHO probably affected perfor-
mance through a central rather than a peripheral mech-
anism. The possible central actions of CHO improving
performance during endurance exercise warrant further
investigation.
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