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them to complete the race safely, reaching the highest temperature only at the end of the
race just prior to stopping exercise, after which the rectal temperature dropped rapidly with-
out any specific intervention aimed at achieving this result. The findings from this study were

confirmed in Study 4.

Study 4
Having examined the temperature responses to endurance exercise during actual endurance

events, the methodology was moved to the laboratory to examine the thermoregulatory re-
sponses of highly-trained male cyclists completing self-paced 80 km time trials in hot and hu-
mid conditions. The volume of ingested fluid was manipulated to create different levels of
dehydration in the same subjects at the end of each trial. Again the major findings from this
study confirmed those from the previous studies, namely that similar peak rectal tempera-
tures are achieved regardless of the exercise intensity and environmental conditions. In addi-
tion, this study showed that when an athlete is aiming for the best result possible as in an in-
dividual time trial, the rectal temperature response is different compared to when the ath-
lete’s goal is purely to complete the event. In recreational athletes in the field setting, the
rectal temperature appears to oscillate frequently as the athlete changes the metabolic rate
by slowing or stopping momentarily. However in more trained athletes in a time trial situa-
tion, the rectal temperature rises sharply during the initial 20-30% of the trial, before rising
much less rapidly during the middle of the trial. Finally, at some point within the final 30-40%
of the trial, as the athlete makes a conscious decision to increase the power output in a race
for the finish, the “end spurt,” and the rectal temperature again begins to rise more sharply.
The peak rectal temperature is then achieved at the termination of exercise. This would
seem to be the result of a carefully executed, conscious and subconscious, learned pacing

strategy.
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als of three miles, five km, and 10 km in both hot and cool ambient conditions. The results of

those measurements are reproduced in Figure 1.

The data from Robinson (198) show that the body apparently regulates all potential variables
so that the highest core temperatures are reached only at the very end of exercise. For ex-
ample, when one runner completed a three-mile time trial in 14 minutes “when the air tem-
perature was 30.6 °C and sofar radiation was high“ his post-run rectal temperature was 41.1
°C. However, in similar conditions of 30.0 °C, another runner ran 10 km in 31 minutes and
finished with a post-run rectal temperature of 41.1 °C. Furthermore, the author stated that
these two runners “made normal recoveries from the great elevations of body temperature,”

indicating that they showed no adverse signs or symptoms of “heat injury.”
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Saltin and Hermansen (201) showed again that rectal temperature is regulated at a higher
level during exercise. However, the primary contribution of their study and of Clasing and
Laumann’s work (38) was that the temperature response appears to be related more to the

relative intensity of the subjects than the absolute intensity. For example, although the energy






ture, and sweating responses of soldiers in an array of different conditions are presented and

discussed.

One of Adolph’s more relevant experiments consisted of two groups of men hiking in the
desert for between three to eight hours. One group (N = 70) were prohibited from ingesting
any water. The other group (N = 59) were permitted to refill their canteens after each 50
min work cycle, and therefore had ad libitum access to water during the hike. Adolph re-
ported that only one subject in the water ingestion group reached exhaustion before the end

of the hike while 11 in the fluid restriction group fatigued prematurely.

Adolph’s conclusions from this experiment were that a shortage of water will ultimately lead
to exhaustion, although not primarily from thirst which was the only the second-most fre-

quently self-reported symptom of the men walking without water.

What Adolph’s experiment above (and others) demonstrates is that fluid restriction will in-
deed impact performance. Furthermore, Adolph demonstrated not that replacing 100% of
fluid losses is necessary and beneficial to performance, but instead that ad libitum access to
watér is sufficient to enhance performance. He also demonstrated that fluid ingestion does
have an effect on rectal temperature since the subjects in his experiments had lower rectal

temperatures when ingesting water compared to those who were fluid restricted.

An early researcher in this field who followed Adolph was W.S.S. Ladell, who competed ex-
tensive research on heat exposure and acclimatization in western Africa, with an emphasis on
water and sodium intake. In 1955 Ladell published an intricate and detailed series of experi-

ments in trained men who ingested water or varying concentrations of saline during intermit-






relationship between T.. and heart rate (121; 122) although these articles are not relevant

here.

Thus the early researchers in this area contributed two important concepts. First, the earliest
scientists found that T is a direct function of the (relative) metabolic rate (168; 201). Sec-
ond, their successors showed that ad libitum fluid ingestion is sufficient to enhance perform-

ance when exercising in hot (>35 °C) environments such as the desert (4).

Fluid ingestion during exercise and its effects on thermoregulation
The 1960’s represents an era in which there was an intellectual shift from a paradigm that

emphasized metabolic rate as the determinant of the rectal temperature during exercise to
one that emphasized the crucial role of fluid balance in thermoregulation during exercise. In
that decade different investigators published studies that represented both the “old” and
“new” paradigms. For example authors such as Nielsen, Saltin, and Robinson (165; 198; 201)
published articles in which they discussed the concepts that 1) T, is regulated at a higher level
during exercise, and 2} metabolic rate is the primary predictor of T.. In the same decade,
however, other researchers (90; 219; 256) began to emphasize the role of fluid balance, and,

in particular, the level of dehydration on temperature regulation.

Two primary articles that appeared in 1969 (256) and 1970 (41) signal the apparent start of
the shift in paradigms from one in which metabolic rate is accepted as the key regulator to
one in which the role of dehydration is advanced as the primary determinant of the rise in
rectal temperature during endurance exercise. This paradigm later evolved to incorporate
the concept that dehydration is the ultimate determinant of the peak core temperature during

exercise, Although the data of Buskirk and Beetham (27) demonstrated an apparent causal






The second study that supported this new theory was published by Costill et al. in 1970 (41).
In their study four highly trained (73.9 + 2.8 mL-kg:min™") professional male runners ran for
two hours at a high intensity (70% VO;max) fixed workload on three occasions. Each run
differed only in the type of fluid that the runners ingested, which was either water, a sports
drink, or no fluid. The runs were completed at 24-25 °C and 50-55% RH. This classic study
was the first to show that when the workload is fixed during high-intensity and continuous
exercise—unlike earlier researchers who used intermittent work/rest cycles—the consump-
tion of fluid does help to maintain T, at a lower level compared to when an athlete ingests

no fluid.

However a major limitation to this study is that the facing wind speed was a mere 5.7 km-h”
although the workload was 70% VO,;max which approximates marathon race pace . Consid- -
ering that the four subjects were highly trained runners, it is likely that a running speed corre-
sponding to 70% VO,max is >15 km-h™!, which is far in excess of the facing wind speed in this
study. The authors did not report any signs of ‘heat illness” in their subjects, and all of the
runners completed each of the two-hour runs regardless of which fluid they ingested and re-
gardless of what their final Tr. was. The difference in T at the end of the fluid ingestion trials
and no fluid trial was only ~0.6 °C. In fact, one subject in this study had won the Boston
Marathon in 1968 without ingesting any fluid, and the authors note that another subject who

achieved a T, of 40.6 °C during the no fluid trial rated that run as his easiest (41).

A third article appeared also in 1970 (54), although it is less robust compared to Costill et al.
(41) since the exercise duration was only one hour. Ekblom et al. (54) examined the T, re-
sponse to exercise in neutral ambient conditions (21.7 * 0.7 °C, 38% RH) in three male sub-

jects (VO,max = 61.4 mb-kg'min™'). The investigators examined the temperature response to












In 1990 Lyons et al. (130) tested a glycerol protocol to enhance fluid retention during 2.5 h
prior to exercise. The experimental protocol consisted of three 4.5 h trials. Each 4.5 h trial
included a 2.5 h fluid intervention followed by a 1.5 h exercise bout (running) at 60% VO,max
in dry heat (42 °C, 25% RH). The three experimental conditions were “ad libitum” (5.4
mL-kg"), hyperhydration with glycerol (21.4 mb-kg™), and hyperhydration without glycerol
(21.4 mL-kg"). The glycerol ingestion in this study resulted in less urine production before

exercise and lower T,'s and elevated sweat rates during the 1.5 h exercise bout.

The study of Latzka et al. found no effect of glycerot hyperhydration on thermoregulation
(125). The subjects increased their body water by 1.5 L via glycerol or water ingestion before
exercising in hot conditions (35 °C, 45% RH) for 120 min, but mean sweat rates and T,'s

were not different between the experimental trials.

Other investigators have examined the effects of hyperhydration on exercise performance
with the hypothesis that the hyperhydration will attenuate a rise in T, and therefore enhance
performance. In his review in 1999 Wagner (245) summarizes a number of studies to show

that the effects of glycerol hyperhydration on performance are equivocal.

Two studies that examined hyperhydration and its effects on exercise performance in the
heat are those of Hitchins et al. (102) and Marino et al (133). Hitchins et al. (102) reported an
effect of hyperhydration on performance so that subjects maintained a higher power output in
the glycerol trial even though the T, response between trials was not different. However
Marino et al. (133) failed to find a difference in performance (total distance cycled in one

hour) or T, between their two experimental trials.












viously dehydrated in a graded fashion by exercise of a moderate intensity in the heat. The
subjects then performed heat stress tests, which lasted 140 minutes, and which consisted of
walking at 1.34 m/sec for 25 min, followed by 10 min rest, repeated four times. Subjects re-
clined in the chamber during the periods of rest. The subjects started these tests in either a

euhydrated condition (<1% of baseline body weight) or a 5% dehydrated condition,

Sawka concluded that the thermal strain on an individual increases with increasing severity of
hypohydration, since the ability to thermoregulate appeared to be compromised. However,
core temperatures in the 0 and 3% hydration states were not significantly different during the
first exercise test. In the following two tests, the core temperature difference was not more
than 0.3 °C between the 0 and 3% hypohydration states. While sweating began at a higher
core temperature with increasing levels of hypohydration, the rate of increase of sweating
rate remained constant through the 0, 3 and 5% hypohydration trials, and the mean sweat rate
was not different between the 0 and 3% trial states. In addition, sweat rates in the 3% and 5%
hypohydration trials appeared to reach the same maximal values as the 0% trial. These results
indicate that the thermoregulatory mechanisms of the body function normally at a 3-5% level
of hypchydration, even when subjects are previously dehydrated. The increased core tem-
perature at the end of the trial was a result of a higher starting temperature. Furthermore,
the ability to begin sweating only at a higher temperature may in fact be an adaptation to am
increased serum osmolality resulting from a greater degree of dehydration and the function of
which is to prevent excessive further body water loss (which would cause a further increase
in osmolality) without any detrimental effects physical performance, rather than a negative

side-effect of a dehydrated state.






volumes of fluid has been shown instead to be a risk factor for developing exercise-associated

hyponatremia (6; 98).

The literature indicates that athletes replace between 40-60% (or less) of their weight losses
during competition (99; 124; 159; 162; 197; 200; 253) (a situation described as “voluntary de-
hydration”) and so lose between 2-5% of their pre-race weight. Yet even though fluid re-
placement and any effects of dehydration are emphasized in both the scientific and lay litera-
ture, there is a substantial dearth of real evidence showing that dehydration of this magnitude
has serious health consequences. The literature suggests rather that time and again athletes
at all levels of ability are able to complete various distances without succumbing to heat

stroke or “heat injury” even though they lose up to 5-10% or their pre-race weight.

Peak rectal temperatures following different time trials and races seldom reach 40 °C, or peak
at approximately 40-41 °C (2; 36; 131; 137; 138; 143; 159; 193; 198; 256) (Table 1) after which
time they decrease rapidly. Most importantly, though, these peak T.'s are achieved only at
the end of the performance trial or race, most likely when the athlete increases the power
output in a sprint for the finish, and are followed by an immediate drop in metabolic rate (and
therefore Tr.) when the athlete stops exercising. The cause of collapse after the end of a
race has been shown to be caused by postural hypotension, which is a function of the periph-

eral vascular resistance and not a function of the T, (103-105).

A number of studies in the literature have described the fluid replacement strategies and de-
hydration tevels of both recreational (131; 158; 159; 162) and elite (2; 27; 136-138) athletes

during various running performances.












tween the weight losses and post-race Tr's, which when plotted retrospectively yields no re-
lationship between these two variables (r2 = 0.00, p = 0.92; Figure 4a). There was also no
relationship between the total volume of fluid ingested and the post-race Tre (r* = 0.25, p =
0.31; Figure 4b). Thus from an early stage it was shown that when running an actual race in
moderate ambient conditions (21-26 °C, 50-60% RH), there appears to be no relationship be-

tween the level of dehydration, the extent of fluid ingestion, and the post-race Te.
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Figure 4. The data in this figure have been plotted from Magazanik et al. (1974). The
authors did not plot these data, which demonstrate no relationship between the

post-race rectal temperature and the percentage of weight lost during the race (r2 =
$.00, p = 0.92) (423}, and the post-race rectal temperature and the total volume of

ingested fluid (r? = 0.25, p = 0.31) (4b).

The mean race time in the study of Magazanik et al. (131) was 217 + 39 minutes, with only
one subject running faster than three hours {163 min) and four of the six finishing stower than
220 min. The runners completed the race with mean weight losses of 3.7 + 2.0% and their
post-race T, values were remarkably similar (38.5 * 0.5 °C) with only one runner completing
the race with a T, above 39 °C. There was a wide range of weight losses (1.7-6.7%) and vol-
umes of fluid ingested (570-1890 mL). The authors made an interesting observation that even
though runners had ad /libitum access to fluids at numerous aid stations, they still completed
the race with a mean weight loss of 3.7%. They noted that if dehydration is to be prevented,

drinks must not only be made available but also forced on the runners.
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tained her T within a very narrow range (38.9-39.1 °C) for nearly the entire race except for
a four km uphill section where it reached 40.0 °C, after which it decreased back to ~39 °C,

illustrating that this athlete successfully regulated her temperature.

In keeping with their previous work, Myhre and colleagues (158) studied plasma volume (PV)
changes in both men and women during a marathon race. They attempted to record the Ty
continuously on one subject and intermittently in three others. They reported similar findings

as Maron et al. (138) and Myhre et al. (159) with regards to the T, responses.

Perhaps the more important contribution of this study is that the authors measured the fluid
ingestion of these athletes and weighed them both before and after the race. The mean
weight losses were 3.1 + 1.2% in all of the subjects, and they ingested 1248 + 422 mL during
the entire race which equates to 326 + 95 mL-h™. Not surprisingly, since the runners were
ingesting fluid ad fibiturn, they replaced 41.3 £ 17.7% of their estimated sweat losses and fin-

ished the marathon without symptoms.

Nelson et al. (162) studied fluid and electrolyte balance in 3% men and six women in a cool
weather marathon (7.8 °C, 100% RH (raining)). Post-race T,’s were not measured, and one
limitation to this study was that the fluid ingestion volumes were self-reported via a question-
naire administered two weeks after the race. Nevertheless, the mean reported fluid ingestion

volume was 1650 = 180 mL and the mean weight losses were 1.9 kg or 2.5%.

More recently, Millard-Stafford et al. investigated the effects of different fluids (CHO electro-
lyte beverage or a placebo) on five km running performance in the heat (25-32 °C, 60-80%

RH) after a 35 km self-paced road run (143). In all trials the subjects consumed a bolus of 400


















higher rectal temperatures compared to the slower runners. Also, the mean post-race rectal
temperatures in these studies are ~39 °C (Table 1) except in a few individual runners who
are able to tolerate higher rectal temperatures. Although these temperature values are rep-
resentative of “hyperthermia,” they are far below any critical temperature that would necessi-
tate immediate medical intervention and active cooling. Instead, the vast majority of runners

completed these races with T,.'s ~39 °C and without the need for medical treatment.

Although Wyndham and Strydom (256) reported a significant relationship between post-race
rectal temperatures and the percentage of weight lost during 32 km running races, when the
same variables in the study of Maron et al. (136) are plotted (Figure 5b), no relationship exists
(r = 0.01, p = 0.84). Yet a strong one is present between the race time and post-race Ty and
the race time and pre to post the change in T, (Figure 5a), and the same holds true for the

data of Magazanik et al. (131) (¥* = 0.00, p = 0.91) (Figure 4).

The findings of these field studies have been summarized in Table 1. The common result
among them is that post-race T values are between 38-40 °C regardless of the ambient
temperature and ability of the runners. Although many of these studies examined highly-
trained competitive runners (<3 h marathon time), others studied recreational runners who
completed the marathon in much slower times. Yet the findings are similar, suggesting that

post-race Tre's of 38-40 °C are the normal response to this mode and duration of exercise.

Most importantly, however, is that the studies that measured the T, response continuously
or intermittently during marathons (36; 138; 158; 159) have one aspect in common, which is
that they all demonstrate that the T, in both recreational (36; 158; 159} and competitive

(138) runners rises for approximately one hour, reaches a plateau, and then remains within a
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as possible. This study was conducted in neutral ambient conditions of 25 °C and 55% RH,
but with appropriate amounts of convection (13-15 km-h™). During the 90 min steady-state
part of each trial the subjects ingested fluid at rates of either 350 mL-70 kg, 150 mL-70 kg™,

or ad libitum.

The main finding of Dairies et al. (44) was that the additional fluid intake in the 350 mL-70 kg
trial resulted in severe gastrointestinal discomfort so that two of the eight subjects could not
complete the performance trial. Furthermore, no differences in plasma volume, urine produc-
tion, or sweat rates were found between any of the trials. However, although differences
were not significant, perhaps because of small subject numbers, subjects ran at the fastest
speed during the performance trial that followed the ad libitum drinking intervention, at an
intermediate speed following the full fluid replacement, and at the slowest speed when no

fluid was ingested.

Although most studies used trained recreational athletes, Tatterson et al. (234) studied the
T responses of elite Australian road cyclists to 30 min cycling time trials in both hot (32 °C,
60% RH) and neutral (23 °C, 60% RH) ambient conditions. Although there was no fluid inter-
vention, the importance of this study is that the T, response was similar between the hot and
cold conditions even though the mean power output was 6.5% lower in the heat. This sug-
gest an anticipatory reduction in power output in the heat specifically to ensure that a critical

elevation of T, did not occur during exercise in the heat.

While other studies discussed in this section manipulate the ingested volume of fluid, Bachle
et al. (15) investigated the effects of the type of fluid ingested by having both male and female

subjects cycle as far as possible for 60 min while ingesting 1200 mL of either water or a 6%
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tients with heatstroke (usually > 41.5 °C). Therefore these studies do not provide evidence
to support the belief that fluid ingestion is necessary to prevent heat illness during constant
workload exercise even in hot and humid environmental conditions. Rather they suggest that
exercise of such intensity and duration can be performed in relative safety while ingesting ei-

ther nothing or relatively small volumes of fluid.

There are three other important limitations inherent in the design of these foundational stud-
ies (41; 72; 147, 184). First, all were performed at a fixed power output for a fixed dpration
that was set before exercise on the basis of each subject’s individual maximal aerobic capacity.
Therefore none of these studies evaluated the effects of different rates of fluid ingestion on
exercise performance. Yet the nature of competitive sport is that the athlete paces him or
herself, continually altering the power output in order to achieve a specific goal, which might
be different for each athlete. Marino et al. (133} and Kay et al. {109) have receﬁtly shown that
the performances of athletes were not different whether they ingested either nothing or re-
placed 100% of their weight losses during 60 minutes of self-paced exercise in the heat.
However the durations studied by these authors (60 min} were less than those (120 min)

evaluated in the three original studies.

Second, the three original studies (41; 72; 147) were conducted in relatively harsh environ-
mental conditions with little or no convective cooling (<2.5 m's™"), which can have a marked
effect on terﬁperature regulation (3; 33). The facing wind speeds and the manner in which
they were generated with single fans did not produce the equivalent volumes and rates of air
flow that athletes encounter during out-of-doors competitions at high absolute and relative
metabolic rates. During competition out-of-doors, athletes usually encounter facing wind

speeds in the range of 12-20 km'h™ when running or 25-40 km-h™ when cycling. Even higher
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