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Previous studies have suggested that attainment of a critical core temperature

may limit prolonged, exhaustive exercise in the heat.  The aims of this study were to

test the hypotheses that large (> 10%) reductions in maximal oxygen uptake (V]O2max)

are associated with attainment of a critical core temperature, and that elevation in heart

rate during submaximal exercise is related to reduced V]O2max, in the heat.  V]O2max and

esophageal temperature at exhaustion (TESOmax), and oxygen uptake and heart rate during

submaximal exercise, were measured in 11 male and 11 female runners under seven

conditions designed to manipulate the TESO at which V]O2max was reached by varying

environmental temperature and preheating.  The conditions were: 1) 25O C, no

preheating (control); 2-4 and 6) 25, 35, 40, and 45O C, with preheating by a 20-min

walk at ~33% of control V]O2max; 5) 45O C, no preheating; and 7) 45O C, with passive

preheating raising TESO to the same degree as at the end of the 20-min walk in Condition

6.  Compared to the control condition, V]O2max was reduced 3-9% under Conditions 2-5

when core temperature at V]O2max was below the apparent critical core temperature (<

39.2O C in men, < 39.1O C in women), but was reduced 17-19% under Conditions 6-7

when a critical core temperature appeared to have been attained (39.6-39.7O C in men,

39.3-39.4O C in women).  Reductions in time to exhaustion were strongly related to

reductions in V]O2max (r = 0.82-0.84).  The effects on heat on TESOmax, V
]O2max, and work

capacity in men and women in the heat were almost identical.  Heart rate and relative

metabolic intensity (%V]O2max) during submaximal exercise increased in an identical

fashion in the heat, and the elevations in heart rate were significantly related to the

reductions in V]O2max (r = 0.79).  It was concluded that large reductions in V]O2max and

work capacity in severe, uncompensable heat stress are associated with attainment of a

critical core temperature, and that the reductions in the two are strongly related.  Men

and women do not differ in TESOmax, or in the relation of TESOmax to the reductions in



V]O2max and work capacity, in the heat.  Elevation in heart rate during submaximal

exercise in the heat is proportional to reduced V]O2max, and not indicative of dissociation

between heart rate and %V]O2max.
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capacity, Heart rate, Relative metabolic intensity, Heat stress,
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CHAPTER 1

INTRODUCTION

Maximal oxygen uptake (V]O2max) is the highest rate oxygen can be taken up into

the body and sets the upper limit of energy supply through aerobic metabolism (10).  It

is frequently used as a measure of functional capacity of the cardiovascular system

(188) and as an index of cardiorespiratory fitness (107).  V]O2max also is a good predictor

of performance in prolonged, strenuous exercise (206).  Since V]O2max is such an

important measure of cardiorespiratory capacity and performance, knowledge of the

factors limiting V]O2max is important.

It has been shown that pulmonary function does not limit oxygen transport in

normal healthy untrained subjects (113,148), but it may be limiting in elite endurance

athletes (56,177).  Reduced partial pressure of oxygen during heavy exercise in athletes

has been hypothesized to result from rapid blood transit time (178), ventilation

perfusion inequalities (178), and high energy cost of breathing at high rates of oxygen

uptake (V]O2) (56,178).  Similarly, muscle metabolic capacity does not limit V]O2max,

because peak leg blood flow during one-leg exercise is much higher than during two-leg

exercise (2), alteration of the oxygen transport capacity of the blood increases V]O2max

(50,79,118), and oxidative enzyme activity in muscle exceeds the maximal rate of

oxygen uptake per kilogram of the muscle (83).  The muscle metabolic capacity only

limits V]O2max or peak V]O2 (V
]O2peak) during small muscle mass activity (41,181,223) and

during hypoxemia (103).

In normal healthy subjects under thermoneutral conditions, V]O2max is most likely

limited by the capacity of the circulatory delivery of oxygen (9,188), since cardiac

output reaches a maximum as V]O2max is attained and does not increase further at higher
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work rates (169,259).  In addition, studies have shown that addition of muscle groups to

those already eliciting V]O2max does not increase V]O2 in proportion to the extra muscle

mass activated (125,239).  Furthermore, reduction in plasma or blood volumes decrease

V]O2max (79,118).

In a hot environment, other factors might limit V]O2max.  Since many people live,

exercise, and compete (perform) in hot climates, the body’s response to exercise in the

heat has been extensively studied.  Some studies suggest that high ambient temperature

might reduce V]O2max slightly (3-6%) (124,197,204,244), whereas other studies reported

no effect (193,200,259).  Pirnay et al. (174) was the first to observe a marked decrease

(25% or 985 ml/min) in V]O2max when measured in the heat.  Their protocol differed

from those employed in the earlier studies in that V]O2max was measured following low-

intensity exercise that elevated core temperature (preheating).  Small (6-8%) to

moderate (16%) decreases in V]O2max following preheating were later observed by others

(167,208,215).

Endurance performance also is compromised by high environmental

temperatures (1,23,45,71,77,130,140,161,197,204,208,225).  In general, the greater the

duration, the more the performance is affected.  Considerable data indicate that

hyperthermia (high core temperature) may limit exercise performance in the heat.  In

studies that have manipulated initial core temperature or the rate of rise in temperature

(76,87,130,254), termination of exercise occurred at an identical core temperature under

all experimental conditions.  Termination of exercise at a critical level of hyperthermia

has been observed by others (37,38,43,46,71,93,128,141,142,150,161,165-167,214,225,

243,247,263). Studies involving lowering of core temperature prior to exercise

(precooling) have found enhanced performance in neutral or warm (~30O C)

temperatures (19,25,100,129,168,217), but no studies have been conducted on the effect

of precooling and performance in uncompensably hot environment.
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A common explanation for the possible reduction in V]O2max and the reduction in

performance in the heat is an hypothesized reduction in muscle blood flow, due to

pooling of blood in the skin (190).  Exercise in a hot environment causes increased skin

blood flow to dissipate heat (201).  Stroke volume decreases due to pooling of blood in

the skin, partly due to less effective muscle pump (190) and partly because of

withdrawal of vaso- and venoconstrictor outflows to skin (195,201).  During mild

exercise, the decreased stroke volume is compensated for through higher heart rate

resulting in slightly higher cardiac output (156,163,199).   The tachycardia observed at a

given submaximal absolute intensity in the heat compared to a thermoneutral

environment (22,59,73,156,172,193,197,200,219,234,259), suggests that there is

dissociation between heart rate and submaximal relative metabolic intensity (%V]O2max),

if V]O2max is not reduced in the heat (193,200,208,259).  During heavy exercise, on the

other hand, heart rate is close to maximum and, therefore, cannot compensate for

reduced stroke volume, resulting in lower cardiac output (86,200), lower skeletal

muscle blood flow, and lower V]O2max.  Basically, the cardiovascular system is forced to

its functional limits by the heat stress at submaximal levels of V]O2 (200), but with

blood pressure maintained, probably through vasoconstriction in active muscle and skin

(20,134,156).  Such cardiovascular strain associated uncompensable heat stress would

lower work capacity (37,38,46,128,141-143,150,214,216,225,247).

More recently, a different explanation for the reduction in performance in the

heat has been proposed.  It is that muscle blood flow is not reduced, but the  high core

temperature attained during exercise in the heat causes premature fatigue (71,84,85,87,

159-161,165,166,213).  Savard et al. (213) measured leg blood flow directly during

moderate exercise under heat stress and found it unaltered.  That finding was later

replicated during severe exercise (161,165,166).  Savard et al. (213) also found that the

maximal skin blood flow was the same in one-legged and two-legged exercise, but the

two-legged exercise resulted in much higher core temperature, presumably because of
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vasoconstriction in cutaneous vessels during two-legged exercise, due to the higher

metabolic demand of that exercise.  Such plateauing of or slight drop in skin or forearm

blood flow or its rate of rise has been demonstrated by others (20,87,156,161,166,246,

256,259).  These findings suggest that under circumstances of high metabolic and

thermoregulatory demands, venoconstriction in the skin maintains muscle blood flow at

the expense of thermoregulation, resulting in a rise in core temperature.

Further support for hyperthermia limiting exercise performance comes from

studies that have found exhaustion to occur at similar core temperature regardless of

ambient/water or skin temperatures (43,46,87,130,225), initial core temperature (87),

rise in core temperature (87), exercise duration (37,38,87,141,150,161,166,167,214,

225,247), exercise intensity (38,141,150,214), rest periods during exercise (214),

climate (150), acclimatization stage (37,161,166), state of hydration (37,38,128), fluid

ingestion (38,141), stage in menstrual cycle (247), melatonin intake (142), or

carbohydrate availability (71).  The critical core temperature can vary with subject

characteristics, exercise, dehydration, and the environmental conditions (92).  The

critical temperature is higher in trained than untrained subjects (37) and is lower during

protocols involving prolonged, low intensity exercise to exhaustion in uncompensable

heat stress (37,38,142,143,150,216,225,247), dehydration (216), full protective clothing

(150), very humid environment (143), and in the morning (142).  High core temperature

also may limit V]O2max during exercise in the heat if it is linked to a maximum

cardiovascular response and causes termination of exercise at a work rate below that

needed to elicit V]O2max under thermoneutral conditions.

The mechanisms underlying the reduction in performance, and possibly in

V]O2max, as a result of high core temperature have not been identified.  The high core

temperature is thought to affect central nervous system and mental functioning, and the

discomfort from heat storage may counteract motivation and reduce the drive to

exercise (25,161,165).  These mechanisms may prevent rise in core temperature to
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levels that cause heat injury and jeopardize cell functions (30,76,87,112,254).  In

accordance with that hypothesis, most animals and humans terminate exercise at a core

temperature around 40O C (76,84,85,87,130,161,165,166,213,254), whereas heat injury

results from sustained exposure to temperatures above this (75,93,109,110). 

Alternatively, the cardiovascular strain in uncompensable heat stress could be the cause

of the reduction in performance and V]O2max (37,38,46,128,141-143,150,214,216,225,

247).  Heat stress can divert blood from the working muscles to the skin for cooling,

resulting in lower stroke volume and V]O2max (190,200).

Almost all of the evidence supporting the thermal limit for performance

(37,38,46,71,87,128,130,141,142,150,161,166,167,214,225,247), and possibly V]O2max

(59,167,174,204,208,215,219), has been obtained in males.  Whether the effect of high

core temperature on V]O2max and performance in women is qualitatively or quantitatively

different from that in men is unknown.

Statement of the Problem

The problem of the this study was to determine whether large (> 10%)

reductions in V]O2max during exercise in the heat are associated with attainment of a

critical core temperature in endurance-trained men and women.  A second problem was

to determine wether the elevation heart rate resulting from sustained exercise in the heat

is related to reduced V]O2max.

Hypotheses

It was hypothesized that during exercise in the heat: 

1) Large (> 10%) reductions in V]O2max in endurance-trained men and women are

obtained only under conditions in which a critical core temperature is reached.

2) Reduced physical work capacity is related to reduced V]O2max. 

3) There is no gender difference in the effect of core temperature on V]O2max.
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4) The higher relative metabolic intensity resulting from a reduced V]O2max is

associated with the elevation in heart rate during sustained submaximal exercise in the

heat.

Significance of the Study

The study contributes new information to the literature on the mechanism

through which V]O2max is reduced in the heat.  A few studies have reported V]O2max to be

reduced under hot environmental conditions (59,124,174,175,197,204,208,215,219,

244), but only two (167,174) have showed a marked decrease.  The basis for the large

reduction observed by Pirnay et al. (174) is unknown.  It is hypothesized that the prior

submaximal exercise is their study elevated core temperature so that the critical level of

hyperthermia that causes fatigue was reached prior to attainment of the work rate that

elicited V]O2max under thermoneutral conditions.  Studies also have reported that

exhaustion in sustained, aerobic exercise occurs at a critical core temperature regardless

of environmental conditions (37,38,43,46,71,87,128,130,141,142,150,161,166,167,214,

225,247), but no one has investigated the effects of the critical core temperature on

V]O2max.  In addition, almost all of the studies that have investigated the effect of

environmental heat on V]O2max and the core temperature at exhaustion have used men, so

whether the effects of environmental and core temperature on V]O2max and performance

in women are the same as in men is unknown.  This study systematically manipulated

core temperature through exercise and passive heating under different environmental

conditions such that the critical core temperature was reached under some conditions,

but not others.

The study also has practical significance, since many people live, exercise, and

compete in hot climates and they are interested in the effects of environmental

temperature on V]O2max and performance.  If V]O2max is limited by attainment of a critical

core temperature in the heat, it suggests that once people exercise for a moderate time in

the heat, even at low intensities, and elevate core temperature, work capacity is reduced
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and performance is negatively affected.  This suggests that actions preventing a rise in

core temperature during warm-up, exercise, or work in the heat, such as precooling,

would potentially enhance performance.  The data obtained provides new information

and improve understanding of the physiological factors that limit performance and

contribute to premature fatigue in the heat.

Furthermore, this study has practical implications for exercise prescription in the

heat.  Generally, it has been recommended to exercise at the same heart rate in the heat

as in a thermoneutral environment, because heart rate is sensitive to heat stress and

provides and index of the overall physiological strain (108).  Since heart rate at a

submaximal intensities is elevated in the heat, exercise intensity must be reduced to

maintain the same heart rate as in thermoneutral environment, resulting in lower

absolute V]O2.  If V
]O2max is unchanged in the heat (193,200,208,259), the relative

intensity of exercise in the heat is lower and the training stimulus for an increase in

V]O2max is decreased (220,257).  However, if the findings of this study demonstrate a

relation between relative exercise intensity and elevation in heart rate during

submaximal exercise, then one might be working at a similar relative intensity in the

heat when exercising at the same heart rate as in a thermoneutral environment.  That

finding could mean that the training stimulus for the increase in V]O2max in the heat and

in neutral environment is the same.  Furthermore, such findings would provide a

scientific basis for the recommendation to exercise at the same heart rate in the heat as

in a thermoneutral environment.
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CHAPTER 2

REVIEW OF THE RELATED LITERATURE

In this section, the literature relevant to the study is discussed.  It starts with a

discussion of maximal oxygen uptake (V]O2max).  Then, effects of environmental and

core temperature on V]O2max and performance are reviewed.  Finally, factors that limit

V]O2max and performance under hot environmental conditions are addressed.

Maximal Oxygen Uptake

Measurement of maximal oxygen uptake.  Maximal oxygen uptake is the highest

rate that oxygen can be taken up into the blood during physical work (10).  It reflects

the highest rate that energy can be supplied through aerobic metabolism.   It is generally

accepted as the best measure of the functional limit of the cardiovascular system

(147,158,188,245) and is commonly interpreted as an index of cardiorespiratory fitness

(107).  The actual value of V]O2max depends upon the nature of the physical activity

(9,18,116,151,239).

The most widely accepted criterion for attainment of V]O2max is the

demonstration of a plateau or that there is no further increase in oxygen uptake despite

an increase in workload (10,221,244).  Oxygen uptake (V]O2) increases linearly as

function of exercise intensity until V]O2max is reached; after that, V]O2 increases only

slightly, remains the same, or decreases.  An increase in V]O2 less than 150 ml/min or

2.1 ml/kg/min for a 2.5% increase in grade has commonly been used to determine that

V]O2max has been reached based on the work of Taylor et al. (244).  More stringent

criteria for plateauing have been used (50-60 ml/min) (148), but these approach the

limit of the ability to measure a real difference in V]O2 (107).  Other indicators of

maximal effort have been used to address the likeliness of V]O2max attainment and they
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are: 1) blood lactate concentrations above 7 mmol/l (10), 2) heart rate within 1 standard

deviation of age-predicted maximal heart rate (221), 3) respiratory exchange ratio

(RER) between 1.0-1.15 (17,111,188,221) and 4) ratings of perceived exertion (RPE) of

19 or 20.  These are indicators of maximal effort, however, and do not provide direct

evidence about whether V]O2max was attained.  

The success rate in reaching a plateau ranges typically from 50-100% of the

subjects in most reports in the literature (68,120,148,176,244) even though lower

success rates (7-35%) have been reported (47,74).  Children, low-fit people and the

elderly have more difficult time in reaching a plateau and the criterion represents a

larger fraction of their V]O2max.  An intermittent protocol increases the number of

subjects reaching a plateau, and motivated subjects are more likely to reach a plateau

(47,49,107,222,226,244).  Wyndham et al. (262) also cautioned that a plateau could

underestimate V]O2max and suggested an alternate statistical curve fitting the oxygen

uptake-work load relationship.  That statistical fitting is impractical, though, because of

the number of observations needed (17).

Most studies report that V]O2max is highly reliable.  Using increases in V]O2 less

than 2.1 ml/kg/min with 2.5% increase in grade as a criterion for plateau, Taylor et al.

(244) report a reliability coefficient of 0.95 with standard error of measurement 0.84

ml/min or 2.4% of the overall mean.  Furthermore, they state that less than 1% of the

variance in V]O2max was accounted for by day-to-day variability.  Kasch et al. (119)

report the greatest difference between test-retest determination of bench stepping

V]O2max was 1.6 ml/kg/min.  Other studies have reported reliability coefficients in excess

of 0.9 during test-retest of V]O2max during cycling, running, swimming, rowing, and ice

skating (48,72,131,136,137,148) and Wyndham et al. (262) report a coefficient of

variation for V]O2max over four-month period of 4.3%.  Despite such a high reliability,

Glassford et al. (78) reported higher V]O2max values in their subjects when retested after

the subjects had reached the criterion for attainment of V]O2max on a different day. 
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Reliability coefficients are lower (0.71-0.76) in inexperienced subjects (48) and

children (49) and depended upon demonstration of a plateau; without a plateau the

reliability coefficient was low (49).  However, Froelicher et al. (74) report a coefficient

of variation of 4.1% despite only 33% of their subjects demonstrated a plateau using the

Taylor et al. (244) protocol.

Various protocols and tasks have been used to measure V]O2max.  Generally, the

task should involve larger muscle groups such as the legs or arms and legs (at least 50%

of the muscle mass), work loads should be measurable and reproducible, duration of

work should be at least 2-3 min but not much longer than 12 min, the mechanical

efficiency should be similar in the population tested, and the test should be appropriate

for those tested (10,188,221).  Most of the tests used to measure V]O2max involve graded

or progressive exercise (9,33,36,49,66,68,74,78,99,106,116,119,131,136,138,139,148,

176,237,244,260,262), although a single maximal or supramaximal work bout has been

used (48,66,82,106,131,133,149,158,185,232).  Longer work bouts may be needed in

supramaximal protocols, since the half-time of the V]O2 response at the onset of exercise

increases with increasing intensity (91).  These tests can be administered continuously

or discontinuously with rest periods, with little difference in V]O2max between the two

(132,136,151,221,230,260). 

The highest oxygen uptake that can be measured during exercise depends upon

the exercise mode.  The most common exercise modes used for testing are treadmill

walking and running, cycling, and bench stepping, but V]O2max has also been measured

during swimming, skiing, arm cranking, ladder climbing, combined arm and leg work,

and other forms of exercise (8,9,18,43,48,82,116,131,218,228,239,244).

Generally, the highest oxygen uptake is obtained during uphill running (100%)

followed by skiing, level running, bench stepping, and simultaneous arm and leg

exercise (95-97%); cycling and walking (90-95%); rowing and swimming (85-90%);

supine cycling (82%); and arm cranking (65-70%) (8,9,18,36,48,68,78,98,99,116,119,
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136,138,139,149,151,176,221,228,237,239,244,260).  The speed of running or walking

does not affect V]O2max values as long as normal running and walking strides are used

(237,244).

The differences in V]O2max during various exercise modes is probably due to

different amount of muscle utilized in the exercise.  That has been demonstrated by an

increase in oxygen uptake when adding arm exercise to leg exercise such as

simultaneous arm and leg cycling (82,218).  Not everyone has found such increase

when adding arm exercise (9,239), but these studies did not increase the total work rate

in simultaneous exercise above that used for leg exercise alone.  Higher values for

V]O2max were found during ladder climbing than during uphill running in women but not

in men, presumably due to lower stepping rate in women (116).  Similarly, lower step

rate in uphill running compared to horizontal running has been suggested as one of the

reasons for lower V]O2max values in horizontal running (116).

Task familiarity may also play a role in the differences in oxygen uptake

observed between various exercise modes.  It has been demonstrated that championship

cyclists can reach just as high V]O2max values on the bike as during running (158) and

that the difference between cycling and running is less in a population more accustomed

to cycling (78).  Furthermore, highly competitive swimmers can reach just as high

oxygen uptake during swimming as during uphill running, whereas less skilled subjects

demonstrated up to a 25% decrement in V]O2max (131). 

Finally, local fatigue has been suggested as a reason for lower V]O2max in cycling

and bench stepping (221,231).  Shephard et al. (221) concluded on clinical grounds

(based on visual and verbal inspection of the subjects) that the factor limiting treadmill

exercise was a central exhaustion but cycle exercise was limited by local exhaustion in

the legs (pain in the quadriceps).  Bench stepping was thought to be limited by a

combination of local and central exhaustion.  Also, increases in workload during bench
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stepping by increasing the height of the bench results in greater local muscular fatigue

than if step rate is increased (119).

The measurement errors associated with V]O2max result from error in measuring

minute ventilation, and the oxygen (O2) and carbon dioxide (CO2) fractions of expired

air (107).  In addition, the barometric pressure, gas temperature, and water vapor

pressure of the gas enter into the calculation of V]O2max, but these variables contribute

little to the measurement errors, since very large errors (7-8 mmHg or 3O C) are needed

for 1% change in V]O2max (107).   Maximal error in the gas fractions are generally less

than 1.5-2% and, therefore, the maximal errors of combined effects of random error in

volumes and gas fractions should be no more than 3% of V]O2max or ~120-130 ml/min

(107,120).  These are only the inaccuracies that would result from random errors in the

measuring instruments, but such errors are generally less than 10% of the total error of

measurements (120,241), with biological variability accounting for 90% or more of the

total within-subject variability in V]O2max (120).  During high steady state levels of V]O2,

the minute variation should rarely exceed 100 ml/min and the coefficient of variation

has been found to range from 2-5% at such levels (107).  Despite such a small variation,

it must kept in mind that the Fick principle on which the calculation is based, is strictly

only applicable during steady state, which V]O2max is not, resulting in higher absolute

error and variability.  Nevertheless, studies have found coefficients of variation around

4% for repeated measures of V]O2max (74,120,255,262), which is very similar to the

values reported for steady state exercise (107,255).

Sampling time also may introduce error in the measurement of V]O2max

(107,153).  Myers et al. (153) found that the standard deviation (SD) of V]O2 was

highest during breath-by-breath sampling (4.5 ml/kg/min) and lowest during 60-s

sampling (0.8 ml/kg/min).  Other sampling intervals falling in between the two had SD

of 1.3-3 ml/kg/min.  Collection periods shorter than 60 s magnify the random errors of

the collection interval (107).  In addition, the inherent variability in the non-steady state
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condition and the common use of the largest value as V]O2max, which introduces a

systematic error with bias towards to the most extreme value, can result overestimation

of V]O2max of 200 ml/min or more (107).  However, despite the 60-s sampling period

having the least variability, it may be too imprecise for evaluating certain interventions,

therefore, a 30-s sampling period (with SD of ~1.3 ml/kg/min) offers high precision and

might be considered reasonable for standard incremental testing (153).

Limitations of Maximal Oxygen uptake.  Limitations for V]O2max could be of

central (pulmonary or cardiovascular limitations) or peripheral (muscle) origin. 

Pulmonary factors impose no limitation on oxygen transport in normal healthy subjects

(10,57,113,148,207).  That is probably because of the completeness and efficiency of

ambient air to arterial blood oxygen transfer (57,148,207).  Even at maximal levels of

exercise below 5000 feet, partial pressure of oxygen in arterial blood (PaO2) does not

decrease much, resulting in an arterial blood oxygen saturation (%SaO2) similar to rest

(113).  Furthermore, the peak ventilation at exhaustive exercise is only 70-80% of the

functional capacity of the ventilatory apparatus (55,57) and ventilation continues to

increase as intensity is increased beyond V]O2max, indicating that the maximal voluntary

ventilation is not reached at V]O2max (10).   The respiratory muscles deprive the working

muscles of less than 7% of the total oxygen intake at maximal exercise by one estimate

(145) and others (54) have estimated that the cost of respiratory work at V]O2max is about

8-10%, and never higher than 15%, of the total oxygen cost.  Since peak perfusion of

limb locomotor muscle has been estimated to be 80-85% of cardiac output

(4,54,191,253),  respiratory work does not seem to limit V]O2max in normal healthy

subjects. 

However, in some elite endurance athletes, pulmonary function may limit

V]O2max.  In these types of athletes, during heavy exercise and at V]O2max, PaO2 and

%SaO2 can be markedly reduced, indicating that pulmonary gas exchange is inadequate

(55,56,177,203).  When these athletes breathe 23.9% O2, the PaO2 is restored to values
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normally seen at maximal exercise (56).  The decrease in PaO2 is most likely due to

extremely rapid transit time through the lungs so that adequate oxygenation of the blood

is impossible, resulting in attainment of V]O2max prematurely (178).  At an oxygen

uptake higher than 4.5 liters and at maximal pulmonary capillary blood volume, mean

red blood cell transit time could be as low as 0.25 s (178), far below the minimum time

(~0.35 s) required for complete oxygenation of arterial blood (114,178) and nearly 25%

of the distribution of transit times would be less than 0.2 s (178).  Ventilation perfusion

inequalities may also be responsible for part of the widening of the alveolar-arterial

oxygen tension difference, since ventilation perfusion inequality has been shown to

increase with rising oxygen consumption (178).  Furthermore, breathing at extremely

high metabolic rates may be approaching the mechanical limits of airflow velocity

and/or exceeding the optimal linear range of the pressure-flow relationship (178). 

Dempsey et al. (56) found that tidal volumes of highly trained runners exceed flow rates

of 5-6 l/min, which matches or exceeds the limits of resting flow volume curve

resulting in hypoventilation.  They also found that breathing a normoxic helium-oxygen

gas mixture increases PaO2, probably due to unloading of the respiratory muscles.  On

the other hand, Bender and Martin (13) concluded that respiratory muscle fatigue does

not occur in short-term heavy exercise.

The circulatory transport of oxygen most likely limits V]O2max in most healthy

athletes and non-athletes (9,33,188).  Cardiac output plateaus and reaches a maximum

as V]O2max is attained and does not increase further at higher work rates (169,259).  Also,

addition of extra muscle groups, such as in simultaneous arm and leg cycling, to those

already eliciting  V]O2max does not increase oxygen uptake (9,33,116) or the increase is

small and not in proportion to the extra muscle mass activated (9,82,125,218,239,244). 

Since most of these studies are conducted on simultaneous arm and leg cycling and

since, as stated above, the V]O2max during cycling is around 10% lower than during

running, a 10% rise in V]O2max when arm work is added to leg work would be expected. 
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The cardiac output cannot be increased through additional muscle vasodilation because

recruitment of more muscle mass at V]O2max causes vasoconstriction in active muscle to

maintain arterial pressure (218).  Furthermore, following training when both legs are

trained separately, total body V]O2max and single-leg V]O2max increase to much greater

extent during single-legged cycling than during two-legged cycling (50,51,125,210).

In addition, manipulations of plasma or blood volumes through detraining, and

blood withdrawal or infusion that change stroke volume and cardiac output, change

V]O2max (44,79,117,118), suggesting that oxygen delivery to the muscle and not the

utilization by the muscle is the limiting factor.  However, expansion of plasma volume

in trained people with normal blood volume will not increase V]O2max (44,79,117,118),

because any increases in cardiac output are offset by the decrease in hemoglobin

concentration ([Hb]) (117).  When whole blood is infused under these normal

conditions to maintain [Hb] as blood volume expands, cardiac output may not increase

due to increased viscosity of the blood, resulting in unaltered V]O2max (184,211). 

Nevertheless, it is clear that reductions in blood volume will decrease cardiac output

and V]O2max (44,79,117,118,249).  Finally, training data shows that large muscle activity

increases cardiac output and V]O2max, but training with limited muscle mass such as the

arms or one leg increases peak oxygen consumption (V]O2peak) during that form of

exercise, but not in exercise involving larger muscle mass such as two-legged cycling or

during exercise with the untrained leg (41,51,81).  Thus, small muscle mass exercise

elicits peripheral, but not central, adaptations resulting in unchanged V]O2max.

If V]O2max was limited by the muscles’ metabolic capacity, then an individual’s

V]O2max would be a function of muscle mass and not be reached until maximum use of

all synergistic muscles was achieved (188).  The same would be true for maximal

cardiac output and arterial-venous oxygen saturation difference (A-VO2diff) (188). 

Stenberg et al. (239) have shown that while arm cranking V]O2max is only 66% of two-

legged cycling one, the cardiac output during maximal arm cranking is 80% of that
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during two-legged cycling.  Similar differences between percentages of cardiac output

and V]O2 of maximum when comparing small and large muscle mass exercise have been

reported by others (33,181).

Muscle blood flow capacity does not seem to limit V]O2max.  Measurements of

peak muscle blood flow per gram of active muscle during one-legged exercise indicate

that only one-third of the muscle mass would be needed for the cardiac output to reach

its upper limit, suggesting that muscle blood flow capacity is not the limiting factor in

exercise involving large muscle mass (2,223).  Furthermore, the partial pressure (PvO2) 

and saturation (%SvO2) of oxygen in venous blood are 10 mmHg and 10% higher in

one-legged exercise than the values normally seen with maximal two-legged exercise,

supporting the notion that flow is not limiting for muscle oxygen uptake (2).  In

addition, during hypoxemia (breathing 10-11% oxygen), muscle blood flow is increased

above that observed during peak small muscle activity, resulting in the same oxygen

uptake (202).  Others have also reported somewhat higher leg blood flow during one-

legged compared to two-legged exercise or during leg work compared to simultaneous

arm and leg work (125,218).

The muscle oxidative capacity does not appear to limit V]O2max in large muscle

activity.  When the partial pressure or concentration of inspired oxygen is increased,

V]O2max increases (50,63,67,133,261), suggesting that once the muscles receive more

oxygen from the circulation, they can extract and use it.  Similar changes in V]O2max

have been reported when oxygen delivery to the muscle is altered through changes in

hemoglobin concentration (26,62,64,79,118,183,249,250).  In addition, it has been

demonstrated from studies of enzyme activity in skeletal muscle that the metabolic

capacity of both untrained and trained muscle normally exceeds the maximal rate of

oxygen uptake per kilogram of the muscle, and the increase with conditioning by far

exceeds the increase in V]O2max (83).  Neither capillarization nor the concentration of

mitochondrial enzymes are limiting to whole body aerobic power in healthy men; the
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capacity of muscle to utilize oxygen far exceeds the capacity of the circulation to

deliver it (209).

In general V]O2max does not seem to be limited peripherally in large muscle

activity. However, there is some evidence from studies in dogs that during hypoxemia,

the capillary-to-mitochondria diffusion gradient might be limiting, since V]O2max was

reduced in direct proportion to decreasing PvO2 in hypoxemia (103).  Despite this fall in

V]O2max, oxygen extraction was 10% higher during hypoxemia.  The authors argue that if

oxygen delivery was limiting V]O2max, oxygen extraction should be complete as V]O2max

declined during hypoxemia and that oxygen delivery is only important in determining

partial pressure of oxygen in the capillaries (driving pressure) (103).  Unfortunately, no

data were collected during hyperoxemia.

Under normoxic conditions, the only time the metabolic factors, and not blood

flow, limit V]O2max is during use of a small muscle mass (41,181,223).  Peak cardiac

output in activities using a small muscle mass is lower than the maximal cardiac output

measured during maximal exercise with a large muscle mass (81,181).  Compared to

large muscle mass exercise,  the cardiac output can be raised to a higher relative extent

(66-87%) than V]O2peak (60-77%) during small muscle mass exercise, suggesting that

cardiac output can be increased without an increase in V]O2peak, hence a peripheral

limitation (81,181,239).  Also, in hypoxemia the cardiac output can rise to even higher

peak values without apparent limit when the mass of the active muscle is too small to

overwhelm the pumping capacity of the heart (202).  In addition, training can increase

V]O2peak in activities involving limited muscle mass without increasing maximal cardiac

output or whole body V]O2max (41,51).  Finally, the V]O2peak in small muscle mass

activities is linearly related to the active muscle mass, and reducing oxygen delivery

(breathing 12% O2) has much smaller effect on V]O2peak in activities involving small

muscle mass than large muscle mass, indicating that the V]O2peak for these activities is

limited peripherally (223).



18

In summary, “true” V]O2max is most likely obtained during uphill running of

greater than 4 min in duration due to the large muscle mass used in that type of activity. 

The measurement of V]O2max is reliable, and the variability in the measure is mainly

biological in nature.  In normal healthy individuals utilizing large muscle mass activity,

V]O2max is typically limited by the capacity of the circulatory system to deliver O2 to the

working muscles.

Effects of Environmental Temperature on Maximal Oxygen Uptake

Since many people live, work, and exercise in hot climates, there has been

considerable interest in the effects of environmental heat on V]O2max.  The first to report

any effect of heat on V]O2max were Taylor et al. (244) who found a small but significant

decrease in V]O2max (150 ml/min or 4%) in 32O C compared to their control condition of

25.5O C.  However, studies that followed, investigating the effects of hot environment

(36-43O C) on V]O2max, found no reduction (193,200,259).

Other studies conducted shortly thereafter, reported that V]O2max might be

reduced (3-5%) under hot conditions, but these studies had design limitations

(124,197).  Klausen et al. (124) found a significant negative correlation between air

temperature and V]O2max over a series of measures in the desert, but their control tests (in

25O C) were not done until four months later.  Furthermore, the desert portion of the

study was conducted at modest altitude while the control tests were at sea level, so the

observed differences between the control and the desert conditions could be due to the

altitude (28,236).  Other problems with these studies were lack of subjects, and work

prior to the V]O2max test in the heat, resulting in failure to reach work rates sufficient to

elicit control V]O2max (197).

The short maximal protocol used in some of these early studies could be the

reason for the lack of decrease in V]O2max in the heat.  The high workload from the

beginning would favor a redistribution of blood flow to the working muscle and prevent

pooling of blood in the skin, and the short protocol would not allow core temperature to
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rise much.  Using preheating, Pirnay et al. (174) were the first investigators to show a

marked decrease in V]O2max due to ambient temperature.  They compared  V]O2max values

in 46O C following 20 min of low-intensity exercise in the same temperature, and 23O C

without any preheating (different group of subjects).  A 25% (985 ml/min) reduction

was observed following preheating, whereas there was only a 7% (225 l/min) reduction

without preheating in a different group of subjects.  The preheating may have allowed

sufficient time for vasodilation and blood accumulation in the skin prior to the V]O2max

test or, alternatively, allowed core temperature to rise.  Core temperature was almost 2O

C higher at the start of the V]O2max following preheating.  Similarly, Saltin et al. (208)

found 7% (350 ml/min) reduction in V]O2max in 40O C following 15 min of exercise at

50% of V]O2max that elevated esophageal temperature 0.7O C.  They used a constant-rate

maximal protocol to elicit V]O2max and without the preheating, no reduction was

observed in V]O2max probably due to vasoconstriction of the skin because of the high

work load (190).

The elevation in core temperature observed following preheating (174,208) and

warm-up (197) suggests that attainment of a critical core temperature during a V]O2max

test causing a decrement in V]O2max might depend upon the core temperature at the start

of the test.  Nevertheless, Bergh and Ekblom’s (15) manipulations of initial core

temperature (34.9-38.4O C) through low-to-moderate-intensity water exercise resulted

in lower V]O2peak values only at low initial core temperatures.  V]O2peak was significantly

correlated with esophageal temperature, suggesting that high body temperatures are

needed to elicit high V]O2 values.  However, these V]O2peak tests were conducted in a

comfortable environment (20-22O C) and brief supramaximal work bouts were utilized,

both of which would limit rise in core temperature, and the development of high

cardiovascular strain. 

Nybo et al. (167) recently investigated this issue of the effects of initial core

temperature on possible attainment of a critical core temperature during a V]O2max test. 



20

They elicited V]O2max by a maximal constant-load cycle exercise and found 16% (750

ml/min) reduction in V]O2max after elevating core temperature 1O C without apparent

attainment of the critical core temperature. The reduction in V]O2max was attributed to a

reduction in stroke volume due to the heat stress, suggesting that V]O2max is not limited

by hyperthermia.  However, their subjects did both V]O2max tests on the same day

separated by an hour, and the control test always preceded the hot condition.  Reversing

the order of the tests (dehydration portion of their study) resulted in only 11%

difference in V]O2max between the hot and neutral conditions, indicating that the order of

the tests affected V]O2max.  Their subjects also cycled 2 h prior to the maximal test at

50% of control V]O2max, which is closer to 60% of the V]O2max actually found in the heat. 

The higher metabolic strain in the heat could account for some of the reduction in

V]O2max.  Furthermore, the hyperthermic condition in their study was created by using

water perfused jackets (44O C), but most of the heat production during cycling occurs in

the legs, and about 40% of it is dissipated directly to the environment instead of being

transferred to the core (85).  Such a direct heat dissipation would retard the rise of core

temperature, which combined with the short protocol (<3 min) used, could explain lack

of  critical core temperature attainment.

Sawka et al. (215) used passive preheating in hot environment to investigate the

effects of heat on V]O2max, and thereby eliminated the effects of any possible fatigue due

to active preheating (167,174,197,208).  They found about 7% (250 ml/min) reduction

in V]O2max in the heat, both prior to and after acclimatization.  The same power output

was reached in hot (49O C) and comfortable (25O C) conditions (215), so the reduction

was not due to lower work rate in the heat.  The same rate of work suggests that more

energy was derived aerobically in the heat, but neither lactate nor any other measure of

anaerobic metabolism was reported.  After acclimatization, fit subjects showed a greater

percentage reduction than unfit subjects as was observed by Rowell et al. (197). 
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The studies finding reduction in V]O2max in the heat have used variety of ambient

temperatures ranging from 32O C to 49O C, but only one study has systematically

investigated the effects of ambient temperature on V]O2max (204).  They measured

V]O2max at temperatures ranging from 5O C to 50O C in 15O C increments.  V]O2max values

differed only by 6% (165 ml/min), with the highest value at 35O C and the lowest at 50O

C.  This is the only fairly well controlled study to find a significant decrease in V]O2max

as result of hot environmental temperature without preheating.

Some of the studies cited above have been conducted in hot dry (RH < 40%)

environments (193,200,215), whereas others have used hot humid (RH �50%)

environment (174,204,259).  Saltin et al. (208) compared hot humid and dry

environments using a maximal protocol without preheating, and found V]O2max to be

identical in these environments.  On the other hand, Sen Gupta et al. (219) found, using

a graded maximal test, that hot and very hot humid environments (55% RH) resulted in

greater reductions in V]O2max (10% at 36.5O C and 14% at 41O C) than the hot and very

hot dry (20-23%RH) environments (5% at 44O C and 11% at 49O C), despite higher

temperatures in the dry heat.  The effective temperature was the same between the hot

and humid environments (31O C in hot and 34O C in very hot).  The greater reduction in

humid heat could be due to thermal discomfort associated with lack of heat dissipation

through evaporation (3).  They (59) later replicated the hot and very hot humid heat

conditions (60% RH), but found slightly lower reductions in V]O2max (7 and 11%,

respectively).  Unfortunately, core temperature was not measured in these studies

(59,219), and the authors do not describe their protocol clearly (unclear whether

preheating was employed).  Furthermore, the values for V]O2max were suspiciously low

for men or ~2.6 (219) and ~2.1 l/min (59).

Several studies have been conducted in water to assess the effect of different

water temperatures on V]O2max.  Studies using water temperatures from 18O C to 34O C

during swimming have not found decreased V]O2max with increasing water temperature
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(43,105).  The short work time (3 min) might account for the lack of decrease in

V]O2max, since the exposure time was probably not long enough for blood pooling in the

skin, as a result of vasodilation from heat, or increase in core temperature (43). 

However, 20 min of swimming prior to the V]O2max test did not alter the results (105).

Water temperature of 34O C is probably not enough heat stress to cause a

reduction in V]O2max.  Pirnay et al. (175) found that V]O2max measured following 15 min

of preliminary exercise at the same temperatures, increased with increasing water

temperature from 20O C to 35O C, but decreased at 40O C.  There was a 10% increase in

V]O2max for every 1O C in muscle temperature for water temperatures up to 35O C, but at

higher water temperatures, V]O2max decreased despite increased in muscle temperature

(175).  The decrease in V]O2max observed at the highest temperature could be due to

circulatory strain or to attainment of critical core temperature, because of the

uncompensable heat stress.

A few studies have investigated the effect of cold ambient temperature on

V]O2max.  These studies have used temperatures from -20O C to 5O C compared to a

thermoneutral environment.  Some studies did not find any effect of cold on V]O2max

(171,205), whereas others found V]O2max to be decreased in the cold (179,186). 

Precooling in cold air had no effect on V]O2max measured under thermoneutral conditions

(217).  In contrast, a 2O C drop in rectal temperature through swimming in cold water

reduced V]O2max in thermoneutral environment, but fatigue from the 30 min of

swimming prior to the V]O2max test might have accounted for some of the reduction in

V]O2max (53).

It can be concluded from the studies discussed in this section that V]O2max is

reduced in a hot environment following preheating.  Without preheating, V]O2max is not

reduced or only slightly reduced.  Preheating most likely reduces V]O2max in one of the

following ways: 1) by increasing skin blood flow and blood pooling in the skin

resulting in lower stroke volume and cardiac output or 2) by increasing core
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temperature resulting in less room for heat storage and attainment of a critical core

temperature associated with maximal circulatory strain, causing termination of exercise

prior to attainment of V]O2max of thermoneutral environment.

Effects of Environmental Temperature on Exercise Performance

The effects of environmental temperature on endurance performance has been

extensively investigated, although in many of these investigations the effect of

temperature has been confounded by the detrimental effect of dehydration or the effect

of fuel supplementation.  However, a few studies have compared performance in

thermoneutral and hot environments.  Generally, endurance performance decreases with

increasing ambient temperature (1,23,45,71,77,130,140,161,197,204,208,225). 

Endurance time also has been reported to be lower in a cold compared to a neutral

environment (171,179).

MacDougal et al. (130) conducted the first study that suggested that endurance

performance in the heat could be limited by attainment of a high (critical) core

temperature.  They manipulated heat storage by a water-perfused vest during exercise to

exhaustion at 70% of V]O2max at 23O C.  The control condition was conducted with no

perfusion, whereas hyperthermic and hypothermic conditions were created by perfusing

the vest with water temperature equal to that of the rectum or 18O C water, respectively. 

In all conditions, exhaustion occurred at similar esophageal temperature (~39.5O C)

despite large differences in performance time.  Reduced stroke volume was observed in

the control and hyperthermic conditions, and pooling of blood in cutaneous vessels,

resulting in reduced ventricular filling pressure, was suggested as the reason for the

shorter endurance time.  However, in the hypothermic condition, a drop in stroke

volume was not observed, suggesting that the cause of fatigue was not inadequate

cardiac output, but the attainment of a critical core temperature.

Then, after series of studies in which leg blood flow was directly measured

during exercise, Nielsen and colleagues proposed that the  high core temperature
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attained during heat stress and exercise might in itself cause the fatigue and inability to

continue to exercise (84,85,87,159-161,165,166).  Support for that claim comes from

the many studies that have found exhaustion to occur at similar core temperature

regardless of ambient/water or skin temperatures (43,46,87,130,225), initial core

temperature (76,87,254), rise in core temperature (76,87), exercise duration (37,38,76,

87,93,141,150,161,166,167,214,225,243,247,263), exercise intensity (38,141,150,214),

rest periods during exercise (214), climate (150), acclimatization stage (37,161,166),

state of hydration (37,38,128), fluid ingestion (38,141), stage in menstrual cycle (247),

melatonin intake (142), or carbohydrate availability (71).

The studies measuring leg blood flow have found it to not be reduced during

mild-to-exhaustive exercise, and suggest that exercise is terminated because of

attainment of a critical core temperature.  Savard et al. (213) measured leg blood flow

during one-legged (25% of V]O2max) and two-legged (50-60% of V]O2max) exercise at skin

temperatures of 31, 35, and 38O C, respectively.  They found no differences between

conditions in V]O2, cardiac output, stroke volume, A-V]O2diff, mean arterial pressure,

lactate, leg blood flow, leg oxygen uptake, or leg vascular conductance.  Skin blood

flow was higher at higher skin temperatures and was met by increased cardiac output (2

l/min) and the normal reduction of splanchnic and renal blood flow of 0.6-0.8 l/min

(190).  Interestingly, the maximal level of skin blood flow at the hottest skin

temperature was the same in one-and two-legged exercise despite different esophageal

temperatures (37.9 vs 39.4O C, respectively), suggesting that vasoconstriction took

place in two-legged exercise.  This vasoconstriction, which is necessary for

maintenance of blood pressure (20,156,190), was probably, in part, responsible for the

rise in esophageal temperature, but the cardiac output was still able to meet the muscle

blood flow demands of the exercise.  On the other hand, during one-legged exercise the

central circulation was able to meet blood flow demands of both skin and muscle,

because of much lower metabolic rate, retarding the rise in esophageal temperature.
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A similar plateau in skin blood flow once esophageal temperature reached 38O C

was reported by Gonzalez-Alonso et al. (87).  They used water immersion to

preheat/precool subjects to esophageal temperatures of 35.9, 37.4, and 38.2O C,

followed by exercise to exhaustion at 60% of  V]O2max in 40O C.  Exhaustion occurred at

similar esophageal (40.1-40.2O C) and muscle temperatures despite endurance time

being the longest in the precooling condition.  They also controlled the rate of heat

storage (0.05 vs 0.1O C/min) by perfusing a jacket in contact with the skin on the trunk

and arms.  Similarly, exhaustion occurred at similar esophageal (40.1-40.3O C) and

muscle temperatures despite a markedly different skin temperature (35.6 vs 38.4O C,

respectively) and endurance time. These results suggest that hyperthermia caused

fatigue in the heat, and are in accordance with the suggestion that once cardiac output

cannot meet both metabolic and thermoregulatory demands, skin blood flow is reduced

or the rate of rise in skin blood flow decreases (20,156,157,246,256,259), resulting in

rise in core temperature.

Not only is leg blood flow adequate at exhaustion during submaximal exercise

in the heat, but altered metabolism or substrate depletion also appear to not cause

fatigue.  During exhaustive exercise, Nielsen et al. (165) found no differences between

hot and cold environment in leg blood flow, oxygen uptake, A-V]O2diff; lactate; or blood

glucose and plasma free-fatty acid concentrations.  Glycogen was not completely

depleted and the rate of glycogen utilization was actually lower in the heat.  The authors

concluded that neither flow limitations to the working muscles nor altered metabolism

or substrate depletion were the causes of fatigue.  Instead, the high core temperature

(39.3O C) was the most likely cause of fatigue.  

During heat acclimatization in hot dry (42O C 15% RH) and hot humid (35O C

87% RH) conditions, very similar results were reported (161,166).  Acclimatization did

not affect VO2; leg blood flow; oxygen consumption, and A-VO2diff; or blood glucose,

free-fatty acid, lactate, and hormonal concentrations.  However, a plateau or slight drop
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in forearm blood flow was observed as the exercise progressed (161,166).  This plateau

may reflect a limit for the amount of blood flow available for heat transfer to the skin

despite the increasing hyperthermia.  Exhaustion prior to, during, and after

acclimatization was not due to limitations in muscle blood flow, or substrate utilization,

but rather to the high core temperature (39.8O C) attained (161,166).  Similarly, no

difference in forearm blood flow during light-to-moderate exercise was found between

25O C and 65-70O C environments (235), and muscle blood flow measured by

microspheres was not reduced during exhaustive exercise in the heat in animals (5,93).

Carbohydrate ingestion did not improve performance time compared to a

placebo in a mild heat stress (33O C, RH 20-30%) during cycling at 70% of V]O2max until

exhaustion (71).  Hyperthermia was hypothesized as the cause of fatigue, since during

every trial, exhaustion occurred at rectal temperature above 39O C.  In contrast,

carbohydrate ingestion improved performance in 5O C (RH ~50%) environment, and

rectal temperature was below 39O C at exhaustion.

Termination of exercise at a critical core temperature also has been reported in

studies of animals.  Fuller et al. (76) found that rats exercising to exhaustion in 33O C,

38O C, and 38O C following passive preheating elevating core temperature, voluntarily

terminated exercise at the same hypothalamic (40.1-40.2O C) and abdominal

temperatures in all conditions.  The mean run times to exhaustion in the different

conditions were 29, 22, and 14 min, respectively.  Similarly, rapidly preheated rats by

microwaving to hypothalamic temperatures of 41.5, 42.5, and 43.5O C, stopped running

after 30, 19, and 7 min, respectively, whereas they ran 36-38 min without microwaving

(254).  Termination of exercise occurred at similar hypothalamic (41.9-42.2O C) and

rectal temperatures (42.2-42.5O C), and rats that had higher initial hypothalamic

temperature than 42.5O C did not even attempt to run.  Shorter performance with

increasing initial temperature in the heat has been reported by others as well

(45,162,167).  Furthermore, studies of other animal species have reported exhaustion



27

occurring at a similar core or brain temperatures (5,31,93,243,263), and endurance time

inversely related to the heat storage, i.e. the time it took to reach those temperatures

(93,243,263).

Despite many studies observing exhaustion occurring at a constant (critical) core

temperature between 39.3O C and 40.5O C (31,76,84,85,87,130,161,165,166,213,

243), findings of fatigue at different core temperatures in hot and neutral environments

have been reported (77,234), but whether the heat stress in these studies was

uncompensable is questionable.  Still, under uncompensable heat stress, exhaustion has

been reported to occur at a lower body temperature than 39.3O C (37,38,46,128,141-

143,150,214,216,225,247).  The core temperature at exhaustion has been found to be

lower subjects who were untrained (37,75), dehydrated (216), exercised in humid

environment (143), exercised in the morning (142), and exercised in full chemical

and/or protective clothing (150).  Training has been found to increase thermal tolerance. 

Fruth and Gisolfi (75) coerced rats to run to exhaustion, and found that trained rats

could run longer in the heat, sustain greater thermal loads, and were less susceptible to

work-induced thermal fatality than untrained rats.  The better heat tolerance by trained

rats could be due to induction of heat shock proteins that increase cell thermotolerance

(152,229).

Some of the human studies reporting exhaustion at lower core temperature than

39.3O C, (37,38,142,143,150,216,225,247) have used very prolonged (2-3 h), low-

intensity exercise protocols, which could potentially lower work capacity and cause

exhaustion due to cardiovascular strain prior to attainment of core temperatures in

populations susceptible to such strain (untrained, dehydrated, and fully clothed

subjects).  The protective clothing and the excessive dehydration conditions used in

these studies could also increase the thermal load (core temperature above certain level

times work time) on the subjects which can cause fatigue or interfere with exercise

without attainment of a critical core temperature (30,110).   However, it is also possible
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that the protective clothing and the excessive dehydration in these conditions interact

with the uncompensable heat stress such that the critical core temperature for

termination of exercise is lowered (92).

It is unclear whether it is muscle, core, or brain temperature that causes fatigue. 

The animal studies that have measured hypothalamic temperature, have found it to be

slightly higher (0.3O C) than abdominal temperature (76), similar to rectal temperature

(93,254) or lower than rectal temperature (31,242) at exhaustion.  This could be due to

species differences because some species (i.e. goats, gazelles) can selectively cool the

brain while their body temperature keeps increasing (30,31,242).  This selective brain

cooling suggests that the brain or the central nervous system is especially susceptible to

damage from high temperatures (27,144,251).  Furthermore, the subjective reports of

dizziness, confusion and being hot in the head, make high brain temperature appealing

as the limiting factor for exercise.  On the other hand, skeletal muscle is the locus of

heat production, so high skeletal muscle temperatures could also be the limiting factor

for exercise in the heat.  Skeletal muscle temperature at exhaustion has been reported to

be slightly higher (0.6O C) than esophageal core temperature (87).  Finally, a critical

level of skin temperature does not seem to cause fatigue as was eloquently

demonstrated by Gonzales Alonso et al. (87) where subjects exhausted at same core and

muscle temperatures but at markedly different skin temperatures; a finding supported by

others (130).

The mechanisms for the reduced V]O2max and performance as a result of reaching

a critical core temperature have not been identified.  The high core temperature is

thought to affect the central nervous system and mental functioning (25,161,165). 

Muscular and circulatory discomforts in addition with thermal discomfort from heat

storage and lack of heat dissipation may counteract motivation and thus gradually

reduce the drive to exercise with increasing body temperature (25).  Heat stressed

participants are often dizzy and confused (165,166), which demonstrates the central
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nervous system susceptibility to high temperatures.  Some studies (165,166) have

reported that subjects, in addition to being dizzy, discontinued to exercise due to

inability to move their legs or to a feeling of being extremely hot in the head despite

maintenance in muscle circulation and adequate substrate availability and turnover. 

Therefore, it may be that extremely high core temperatures reduce the functions of the

motor centers and the ability to recruit motor units through an effect on motivation for

motor performance (165).  Nielsen et al. (161) found, however, no differences in the

ability to recruit motor units at exhaustion.

The adaptive value of a mechanism that causes termination of exercise at a

critical core temperature could be to protect the body to  from reaching temperatures

that cause heat injury and jeopardize cell functions (30,76,87,112,254).  Rats that run to

voluntary exhaustion at 33O C, 38O C, and 38O C following preheating all terminated

exercise at the same brain and abdominal temperatures despite differences in endurance

time (longest in the coldest condition) (76).  None of the animals displayed sings of heat

illness following exercise or died, which is contrast to studies that have coerced rats or

sheep to run to collapse (unable to right themselves when placed on their backs)

through electrical shock (75,93,109).  Such protocols can result in heat stroke and death

(75,93,109,110).  Electrical shock has been used to motivate untrained rats to run until

exhaustion (still able to walk at reduced speeds) without any mortality, and the rats

stopped exercise at the same hypothalamic and rectal temperatures despite differences

in initial temperature or endurance time (254).  The difference in mortality rates

between the studies using electrical shock lies in the thermal load (rectal temperature in
O C multiplied by minutes with rectal temperature above 40O C).   The rats in the study

of Walters et al. (254) sustained three times lower thermal load than the untrained rats

that died in the study of Fruth and Gisolfi (75), whereas the survivors in that study

sustained a thermal load similar to that in the study of Walters et al. (254).  The thermal

load is an important determinant of heat casualties (75,109,110,252), and despite a
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critical core temperature beyond which exercise cannot continue, it seems relatively

insensitive to thermal load and cannot protect against damage or lethality in all

circumstances (254), because the effect of heat is determined by both its intensity and

duration (29,224).  The thermal load could explain reports of heat strokes occurring

during prolonged endurance events or exercise in the heat (34,94), because persons with

high critical core temperature (i.e. 40.5O C) could potentially exercise for prolonged

time below that temperature (40-40.2O C) but sustain a considerable thermal load. 

Basically, a lethal thermal load can occur during submaximal exercise in the heat before

the critical core temperature is attained (110).

The same phenomenon is observed in humans as reviewed above (37,38,43,46,

71,87,128,130,141,142,150,161,166,214,225,247).  Most humans fatigue (terminate

exercise) at a core temperature of approximately 40O C (84,85,87,130,161,166). 

Volitional exhaustion in these and other studies occurred at the same critical core

temperature, regardless of external conditions.  None of the studies report any adverse

effect of the high core temperature supporting the notion that exercise is terminated

through physiological mechanisms preventing the subjects from injuring themselves

(37,38,43,46,71,87,128,130,141,142,150,161,166,214,225,247).  The level of core

temperature that becomes limiting for performance may depend on factors such as

dehydration (92,216), fitness (37,75,87,92), clothing (37,38,46,128,141-143,150,214,

216,225,247), circadian rhythm (142) nutrition, and motivation (92,161).  It has been

found to be lower in untrained (37,75), dehydrated (216), and fully clothed (150)

subjects exercising in the morning (142).

The effects of environmental temperature on other types of performance also has

been investigated.  Isometric force/torque is not affected by temperature (14,16,52,238)

but isometric, like dynamic, endurance is shorter at high and low temperatures

(40,61,173).  Moderate heat (30-33O C) or increasing esophageal or muscle

temperatures, generally have a positive effect on short maximal performance
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(7,11,14,16,32,39,40,65,130,212), although a few studies report no difference between

thermoneutral and hot environments (52,60,102,238), and two studies report increases

in short maximal performance with decreasing muscle temperature (7,182).  Repeated

short maximal performance to exhaustion is, like endurance performance, negatively

affected by hot environment (90,135).

Some attention has been given to the effect of precooling on performance.  An

early series of studies demonstrated that repeated short-duration performances were

enhanced when cold water or ice was applied to the subjects during the recovery

between exercise bouts compared to a control condition (95,187,227).  Then, Brück and

colleagues (24,25,100,168,217) published a series of studies in which subjects cycled at

18O C after precooling at 0-5O C until shivering or after resting in 18O C.  They (217)

found no difference during short graded maximal exercise in V]O2peak or maximal work,

probably due to lack of heat stress.  However, sweating started at a higher work rate

after precooling which corresponded with lower mean body temperature.  Delayed

sweating, but starting at a lower body temperature, also has been reported by others

comparing cold and thermoneutral environments (127).  When the subjects performed

as much work as possible in 60 min (100) or cycled for 60 min at a heart rate of 120

beats/min (24), the work rate and V]O2 were higher after precooling.  Mean body

temperature and heart rate were lower during the first 10-20 min and sweat rate was

lower for the first 30 min (100).   Similar results were reported for endurance time to

exhaustion at 80% of V]O2max (168); sweat rate, forearm and skin blood flows, and mean

body temperature were found to be less with precooling.

Very similar results were reported by Lee and Haymes (129) for subjects

running in 24O C at 82% of V]O2max following a rest for 30 min at 5O C or 24O C.  Run

duration increased with precooling, and rectal, skin, and mean body temperatures were

lower after precooling, resulting in greater rectal-skin temperature gradient during most

of the run.  That lead to greater heat storage after precooling, and sweat rate and heart
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rate were lower.  Similarly, Booth et al. (19) found that distance run in 30 min in 31.6O

C was greater after precooling. Skin and rectal temperatures were lower throughout the

test, heat storage was greater, and heart rate was lower for the first 10 min.  The sweat

rate was not lower following precooling, probably due to more work done (greater

distance covered in the same time), as was reflected in higher blood lactate

concentration.  The increased heat storage reported in these studies permitted greater

metabolic heat production, and delayed decline of cardiovascular and thermoregulatory

functions prior to fatigue.

Only a short period of precooling is needed for performance enhancement. 

Myler at al. (154) found that, after warm-up in 30O C, only 5 min application of ice

packed in damped towels to subjects’ skin prior to 6 min all out rowing performance,

increased performance equivalent to a margin of 4-5 s in a 2000 m race.  Such a short

cooling reduced tympanic temperature at the start, potentially increasing heat storage. 

Skin temperature also was lower before and after the test, resulting in greater skin to

core temperature gradient and supposedly greater heat dissipation.  In addition, heart

rate was lower and pH higher during the test, which might reflect increased muscle

blood flow (greater removal of lactate).

The results of these studies suggest that hot or cold environments negatively

affects dynamic exercise endurance performance.  Precooling generally has positive

effects on performance in a thermoneutral environment by lowering initial body

temperature and heart rate, allowing greater room for heat storage, less pooling of blood

in the skin, and lowering the sweating threshold in relation to core temperature.  The

effects of precooling on exercise in an uncompensably hot environment has not been

studied.

Limitations of Maximal Oxygen Uptake and Performance in a Hot Environment

A hot environment may increase anaerobic metabolism and glycogen

breakdown (70,73,126), possibly due to elevated epinephrine (170), which could



33

quicken fatigue in the heat because of metabolite accumulation or glycogen depletion. 

Increased muscle temperature may also induce structural and functional alteration in

various proteins involved in skeletal muscle contractions and energy metabolism

(69,96).  Mitochondrial phosphorylative efficiency is reduced at muscle temperatures

above 40O C (21) and exercise in the heat increases oxidative stress (146), which may

detrimentally affect skeletal muscle metabolic function (69,96).  Despite these potential

effects of heat on skeletal muscle metabolism, circulatory strain or hyperthermia

associated with circulatory strain are the two main hypotheses offered as an explanation

for the reduction in endurance performance, and possible reduction in V]O2max, observed

in hot environments.  The circulatory strain hypothesis focuses on reductions in V]O2max

as a result of reduced cardiac output, due displacement of blood volume to the skin for

heat dissipation.  The core temperature hypothesis emphasizes the rapid increase in core

temperature due to the heat stress, and the attainment of a critical core temperature

associated with maximal circulatory strain, resulting in termination of exercise at a

work rate below that which elicits V]O2max in a thermoneutral environment.

The circulatory strain hypothesis.  During severe exercise in a hot environment

the need for thermoregulation imposes a stress on the cardiovascular system in addition

to the metabolic demand of the muscles.  In essence, skin and active muscle compete

for the available blood flow and their needs can exceed the pumping capacity of the

heart.  Eventually, either work must stop due to inadequate muscle blood flow and

increased  anaerobic metabolism, or hyperthermia occurs (155,190).   In addition,

cutaneous vasodilation results in pooling of blood in the cutaneous veins and lowers

stroke volume.  In normal or cool environments, cutaneous veins refill slowly after each

muscle contraction and average venous pressure and volume are reduced (97).  During

exercise in the heat, this muscle pump is less effective because the cutaneous veins

refill so rapidly that their average pressure and volume remain elevated and cause

reduced filling pressure (190).  Redistribution of blood from active skeletal muscle to
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the skin could also be responsible for the increase in skin blood flow, but that has not

been shown to occur in humans (190) unless sympathetic activity is increased above

what is normal during exercise (240).  The pooling of blood in the skin could be

responsible for the reduced V]O2max and performance reported in a hot environment,

since lower central blood volume would lead to lowered cardiac filling pressure,

resulting in lowered stroke volume and eventually lowered cardiac output.  The

cutaneous vasodilation reduces stroke volume so maximal heart rate and A-VO2diff are

reached at a lower V]O2, resulting in lower muscle blood flow because maximal cardiac

output is not reached, with the end result being lower V]O2max.  Further evidence for the

blood volume displacement on central circulatory changes was obtained during exercise

in air at 45O C and in water at 35O C at the same oxygen uptake and skin temperature,

but cardiac output and stroke volume were higher in the water exercise because of less

blood pooling in the skin (164).

Heart rate increases fairly linearly with increased absolute and relative exercise

intensity in thermoneutral environment (10,190).  During heat stress, the heart rate is

higher at a given absolute intensity (22,59,73,156,172,193,197,200,219,234,259). 

Therefore, studies (193,200,259) finding no reduction in V]O2max in the heat despite

increased heart rate during submaximal exercise at the same absolute intensity, suggest

that there is dissociation in the relationship between heart rate and relative exercise

intensity.  This apparent dissociation and elevated heart rate in the heat has been

explained by increased sympathetic activity (123,196) increased rate of sinoatrial node

firing in the heat (115), and feedback from increased core and skin temperature to the

heart (42,248).

Furthermore, increased skin blood flow for thermoregulation could play a role

for the elevated heart rate in the heat.  Skin blood flow during submaximal exercise

generally starts at around core temperature of 37.2O C (121,246,256).  This increase in

skin blood flow in the heat is partially met by reduced splanchnic (189) and renal (180)
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blood flows and partially by elevated cardiac output during mild exercise

(156,163,199).  The cardiac output can be increased 2-3 l/min due to tachycardia during

prolonged mild exercise in the heat (156,163,199) to maintain both the elevated

metabolic rate during mild exercise and the increased skin blood flow for

thermoregulation.

Although cardiac output is elevated during mild exercise in the heat, during

heavy exercise in the heat, it is not increased despite heart rate reaching maximal values

(86,200), because of a marked decrease in stroke volume (17-21%) at the highest

workloads that could not be compensated for by increase in heart rate (200).  These

results support the findings of earlier work (6,58) but are in contrast with the results

found by Williams et al. (259), who found no reduction in cardiac output in the heat

despite the fact that maximal heart rate was reached prior to V]O2max; apparently stroke

volume was restored at the highest workload.  In thermoneutral environment, or during

low-intensity exercise in heat, up to 3 l/min of blood (188) can be redistributed away

from splanchnic and renal regions, non-exercising muscle, and adipose tissue (35,88,89,

101,104,122,180,189,192-194,198,233,258) meeting the blood flow of both skin and

muscle.  However, during hard exercise in severe heat stress,  the cardiovascular system

is forced to its functional limits at submaximal levels of oxygen uptake (200). 

Nevertheless, once the flow requirements of skin and muscle exceed the cardiac

pumping capacity, blood pressure is still maintained possibly through vasoconstriction

in both active muscle and skin (20,134).  The vasoconstrictor stimuli affects skin blood

flow which has been reported to be reduced at high core temperature

(20,156,157,246,256) and during exhaustive exercise (12,259).  Furthermore, the

plateauing of cardiac output has been related to the point at which vasoconstrictor

stimuli for blood pressure begin to overwhelm the vasodilator influence of increasing

core temperature (20,156,201).  The vasoconstrictor stimuli overrides the vasodilation

when stroke volume falls to about 100 ml/beat (156) and prevents further fall in stroke
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volume, stabilizing the cardiac output and the central circulation at the expense of core

temperature, which increases.

During brief periods of maximal exercise in the heat, V]O2max may not be

reduced, most likely because of skin vasoconstriction (190), permitting the normal 85%

of cardiac output to be directed towards the working muscle (4,54,191,253).  However,

at some core temperature or a combination of core and skin temperatures,

vasoconstriction in the skin is overwhelmed and V]O2max falls as a consequence of

cutaneous vasodilation (190).

The core temperature hypothesis: Although attainment of critical core

temperature alone can cause termination of submaximal endurance exercise as reviewed

above, high core temperature during maximal exercise is usually associated with

maximal heart rate indicating a maximal level of circulatory strain (167,174,208). 

Therefore, it is plausible that a combination of circulatory strain and high core

temperature contribute to a reduction in V]O2max in the heat.  Under severe heat stress,

blood volume displacement to the skin, reducing stroke volume and cardiac output, may

occur at the same time as a critical core temperature is attained.  Stroke volume could

also be lowered due to increased vascular resistance caused by an increase in

sympathetic activity in proportion to increased core temperature (123).  Furthermore,

attainment of a critical core temperature by itself may prevent attainment of a maximal

stroke volume, which has been found to increase progressively up to V]O2max in trained

individuals (80).  Regardless of the mechanism for lowered stroke volume associated

with high core temperature, the lower cardiac output and hyperthermia would decrease

V]O2max, despite no reduction in A-VO2diff (200).  Because V]O2max in the heat would be

reached at lower work rate than in thermoneutral environment, muscle blood flow

compared to the same work rate in a thermoneutral environment, would not be reduced,

regardless of lower cardiac output.  However, higher work rates could not be sustained,
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due to the simultaneous attainment of critical core temperature and maximal cardiac

output.

Reduction in V]O2max due to lower central blood volume (circulatory strain)

would not occur with a maximal or supramaximal protocol without preheating.  Skin

vasoconstriction (190) due to the high workload would permit the normal 85% of

cardiac output to be directed towards the working muscle (4,54,191,253) as was

demonstrated by Saltin et al (208).  Similarly, during regular exercise at 60% of V]O2max

in the heat, the active muscles do not need the blood that has pooled in the skin, and

therefore, no reduction in leg blood flow is observed (161,166).  These studies report

that V]O2 (87,161,166) and heart rate (161,166) at exhaustion are well below maximal,

suggesting that circulatory strain is not the cause of fatigue.  In these studies, a plateau

was reached in forearm blood flow, which would maintain leg blood flow and allow

core temperature to rise to critical levels.  However, during very prolonged exercise in

the heat, circulatory strain or combination of circulatory strain and high core

temperature has been shown to be the cause of fatigue, especially if subjects were

untrained (37), dehydrated (216), or wore protective clothing that interfered with heat

dissipation (38,46,128,141-143,150,214,225,247).

In conclusion, the most plausible reason for reduced V]O2max and performance

during exercise in the heat following preheating is attainment of a critical core

temperature.  The preheating elevates core temperature and reduces the ability for heat

storage.  At certain point, cardiac output cannot meet both the thermoregulatory and

metabolic demands, which leads to a plateau or a decrease in skin blood flow, further

escalating the rise in core temperature.  Once the core temperature reaches a critical

level, subjects terminate exercise.  Depending on the intensity of exercise, that critical

level of core temperature may or may not be associated with maximal level of

circulatory strain.  Under extremely hot temperatures, it is hypothesized that attainment
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of this critical core temperature will occur prior to attainment of work rates sufficient to

elicit V]O2max in thermoneutral environments.  Hence, V]O2max will be reduced.



1Arngrímsson, S. Á., D. J. Stewart, F. Borrani, K. A. Skinner, and K. J. Cureton.  To be
submitted to Journal of Applied Physiology.
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CHAPTER 3

MAXIMAL OXYGEN UPTAKE IN THE HEAT:

ROLE OF CORE TEMPERATURE1
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Abstract

Previous studies have suggested that attainment of a critical core temperature (~40O C)

can limit performance in prolonged, exhaustive exercise in the heat.  To test the

hypothesis that large (> 10%) reductions in maximal oxygen uptake (V]O2max) in the heat

are associated with attainment of a critical core temperature, V]O2max was measured in 11

male and 11 female runners under 7 conditions designed to manipulate the esophageal

temperature (TESO) at which V]O2max was reached by varying environmental temperature

(at 50% RH) and preheating.  The conditions were: 1) 25O C, no preheating (control); 2-

4 and 6) 25, 35, 40, and 45O C, with preheating by a 20-min walk at ~33% of control

V]O2max; 5) 45O C, no preheating; and 7) 45O C, with passive preheating raising TESO to

the same degree as at the end of the 20-min walk in Condition 6.  Compared to V]O2max

(l/min) in the control condition (4.52±0.46 in men, 3.01±0.45 in women), V]O2max in the

heat was reduced by 3-9% under Conditions 2-5 when core temperature at V]O2max was

below the apparent critical core temperature (< 39.2O C in men, < 39.1O C in women),

but was reduced 17-19% under Conditions 6-7 when a critical core temperature

appeared to have been attained (39.6-39.7O C in men, 39.3-39.4O C in women). 

Percentage reductions in time to exhaustion were larger (7-36%) than for V]O2max and

were strongly related to reductions in V]O2max (r = 0.82-0.84).  The effect of heat on

V]O2max and work capacity in men and women were almost identical.  We conclude that

large reductions in V]O2max and work capacity in men and women in severe,

uncompensable heat stress are associated with attainment of a critical core temperature. 

The strong relation between reductions in V]O2max and in work capacity in the heat

appears to depend, in part, on the effect of attainment of a critical core temperature on

both measures.  Men and women do not differ in their body temperature responses, or

in the relation of  the core temperature, to the reductions in V]O2max and work capacity in

the heat.



41

INDEX WORDS: Critical core temperature, Maximal oxygen uptake, Endurance

performance, Heat stress, Gender, Treadmill exercise.



42

Introduction

A hot compared to a cool environment compromises physical work capacity

(28,33,40,42).  However, the literature is conflicting as to whether the reduction in

performance is related to reduced maximal oxygen uptake (V]O2max) in the heat.  Some

studies suggest that high ambient temperature reduces V]O2max slightly (3-6%)

(25,40,42,52), whereas other studies reported no effect (39,41,55).  Pirnay et al. (37)

were the first to observe a marked decrease (25%) in V]O2max when measured in the heat. 

Their protocol differed from those employed in the earlier studies in that V]O2max was

measured following low-intensity exercise that elevated body core temperature

(preheating).  Small (6-8%) to moderate (16%) decreases in V]O2max following

preheating were later observed by others (36,43,46).

A common explanation for the reduction in work capacity and the possible

reduction in V]O2max in the heat is an hypothesized reduction in muscle blood flow due

to peripheral displacement of blood to the skin (38).  However, data suggest that high

core temperature may limit exercise performance in the heat (16,20-22,28,33-35,44)

independent of an effect on muscle blood flow (33-35).  A thermal limit to performance

of prolonged, strenuous exercise is suggested by studies that have found exhaustion to

occur at a similar core temperature regardless of ambient or skin temperatures

(13,22,28,49), initial core temperature (22), rate of rise in core temperature (22,28),

exercise duration (22,33,35), exercise intensity (32,45), climate (32), acclimatization

stage (11,33,35), state of hydration (11,26), fluid ingestion (12), stage in menstrual

cycle (53), melatonin intake (30), or carbohydrate availability (16).  High core

temperature also could limit V]O2max during high-intensity exercise in the heat if it is

linked to a maximum cardiovascular response and causes termination of exercise at a

work rate below that needed to elicit V]O2max under thermoneutral conditions.

Almost all of the evidence supporting a thermal limit for performance (11-

13,16,22,26,28,30,32,33,35,45,49,53), and possibly V]O2max (14,36,37,42,43,46,48), has
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been obtained in men.  Whether the effect of high core temperature on V]O2max and

performance in women is qualitatively or quantitatively different from that in men is

unknown.

The purpose of this study was to determine whether large (> 10%) reductions in

V]O2max during exercise in the heat are associated with attainment of a critical core

temperature in endurance-trained men and  women.  We hypothesized that: 1) large (>

10%) reductions in V]O2max are obtained only under conditions in which a critical core

temperature is reached; 2) reduced work capacity is related to reduced V]O2max in the

heat; and, 3) there is no gender difference in the effect of core temperature on V]O2max

and physical work capacity.

Methods

Subjects:  Twenty-eight healthy, endurance-trained male (n=15) and female

(n=13) runners and triathletes were recruited as subjects.  Three males and 2 females

withdrew from the study after 1-4 tests and incomplete data were obtained from 1 male

subject.  Therefore, all analyses are reported on 11 men and 11 women.  Their physical

characteristics are presented in Table 3.1. The men and women had averaged 72.4±42.6

and 59.5±39.5 km/week of running, respectively, for at least 6 wk and were accustomed

to exercising in a hot environment.  Each subjects was tested at the same time of the day

to minimize the effects of circadian rhythms on heart rate and body temperature, and a

minimum of 2 days intervened between tests of the same subject.  All subjects wore

shorts and running shoes, and the women wore a sport bra.  Participation was voluntary

and subjects were paid upon completion of the study.  The study was approved by the

University’s Institutional Review Board and written consent was obtained before

testing.
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Table 3.1: Physical characteristics of the subjects
Measures Age

yr
Height

cm
Mass

kg
V]O2max
l/min

V]O2max
ml/kgBM/min

V]O2max
ml/kgFFM/min

Fat
%

Males
(n = 11)

23.1±
4.7

178.2±
4.4

70.1
±8.8

4.52
±0.46

64.7
±5.3

70.5
±4.5

8.2
±3.0

Females
(n = 11)

23.8±
3.8

164.8±
5.7

56.0
±4.9

3.01
±0.45

53.9
±7.5

65.8
±8.0

18.3
±3.3

V]O2max = maximal oxygen uptake, kgBM = kilograms of body mass, kgFFM = kilograms of
fat-free mass.

The number of subjects needed to have adequate power to detect a meaningful

decrease in V]O2max was estimated according to Lipsey (27).  A decrease in V]O2max of 0.3

l/min was considered meaningful, since 0.3 l/min is about twice the value generally

used as a criterion for demonstration of attainment of V]O2max in men (increase in V]O2

less than 0.15 l/min with standard increase in work rate (52)) and is similar in

magnitude to the smallest significant decreases in V]O2max reported as a result of

preheating in the literature (43,46).  Assuming a standard deviation (SD) of 0.5 l/min

and a correlation of 0.7 for repeated determinations of V]O2max under the conditions of

this study (37), an adjusted effect size of 1.1 was expected. Based on these assumptions,

it was estimated that 11 male subjects were sufficient to obtain a power of  0.8 utilizing

a one-tailed ? of 0.05.  Despite lower absolute V]O2max in the women, 11 female subjects

also were sufficient to obtain a power of 0.8 (one-tailed ? = 0.05) to detect a decrease

in V]O2max of 0.2 l/min  assuming the same correlation (0.7) for repeated determinations

of V]O2max as in men, because of a smaller assumed SD of V]O2max (0.33 l/min) in

women.

Experimental Design:  A repeated-measures experimental design in which

subjects served as their own control was used.  The dependent variables were V]O2max,

esophageal temperature (TESO) at the time of fatigue (TESOmax), and performance time

during a continuous, progressive running test to exhaustion.   The independent variables

were environmental temperature and pretest physical activity (or lack thereof), designed

to manipulate core temperature and time to fatigue.  Other metabolic, cardiorespiratory,
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and perceptual measures were assessed during exercise to help interpret the effects of

manipulations of the independent variables on the dependent variables.

Treatments:  The study was conducted in an environmental chamber at 50%

relative humidity under the following seven conditions in which environmental and

pretest core temperature were varied: 1) 25O C with no warm-up (25N); 2) 25O C with a

20-min walking warm-up at ~33% of control V]O2max (25W); 3) 35O C with a 20-min

walking warm-up at ~33% of control V]O2max (35W); 4) 40O C with a 20-min walking

warm-up at ~33% of control V]O2max (40W); 5) 45O C with no warm-up (45N); 6) 45O C

with a 20-min walking warm-up at ~33% of control V]O2max (45W); and 7) 45O C with

passive heating prior to the test for a period of time sufficient to elevate the core

temperature to the same extent as after the 20-min walk in condition 6 (45P).  Condition

1 was completed first and served as a control (baseline) condition.  Then, Conditions 2-

6 were performed in random order, with Condition 7 following.  Conditions 2-4 and 6

were designed to elevate the core temperature to different degrees using active

preheating prior to the V]O2max test, and to alter the rate of rise in core temperature

during the test.  Condition 5 was designed to investigate whether there was any

reduction in V]O2max in the heat without preheating.  Finally, Condition 7 was designed

to determine whether there was any effect of prior exercise on V]O2max beyond the effect

of heat.  Based on pilot data, we expected that a critical (same within a subject) core

temperature at the point of fatigue on the graded exercise test would be attained in

40W, 45W, and 45P.  We also expected that some individuals might reach their critical

core temperature in 35W.  Because walking for 20-min at 25O C had no significant

effect on any of the measures, reproducibility of the measures was assessed using data

from 25N and 25W.

Test Protocol:  Subjects reported to the laboratory following a 3-h fast, but well

hydrated.  They were instructed not to consume alcohol or drugs 48 h prior to testing,

not to consume caffeine 12 h prior to testing, and to drink water and other non-
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caffeinated beverages liberally.  On the morning of the test, subjects filled out a 24-h

history questionnaire designed to determine adherence to pretest instructions.  Then,

skinfold thickness measures were taken for estimation of body fat (in 25N only) and

subjects measured their nude body weight.  Next, subjects inserted rectal and

esophageal thermisters for measurement of core temperature, thermisters for

measurement of skin temperature were attached, and a strap containing the electrodes

and transmitter for a heart rate monitor was placed around the chest.  Finally, the

subjects ingested water to compensate for the estimated sweat loss that would occur.

Metabolic, cardiorespiratory, temperature, and perceptual measures were

obtained every 5 min prior to the graded running test during the preheating in 25W,

35W, 40W, 45W, and 45P (no metabolic data collected during preheating in 45P). 

During the passive preheating in Condition 7 (45P), body weight was monitored and

fluid was ingested to compensate for sweating.  The subjects then completed a graded

running test to exhaustion during which oxygen uptake (V]O2), other metabolic and

perceptual variables, heart rate, and performance were measured.  Rectal, esophageal,

and skin temperatures were continuously monitored throughout the test and recorded

every 2 min.  Three min following the test, a fingerstick blood sample was obtained and

analyzed for lactate.  Then, subjects dried off and measured their nude body weight to

determine the amount of weight loss (dehydration).

V]O2max Test Procedures:  To elicit V]O2max, subjects ran to exhaustion on a

treadmill at a constant speed, with the grade increasing 2% every 2 min.  A speed was

chosen to exhaust subjects in 6-15 min of exercise.  During the test, a Sensormedics

Vmax 29 metabolic cart was used to measure the metabolic variables over a sampling

period of 30 s.  Two consecutive 30-s values were averaged for all metabolic measures. 

The metabolic cart was calibrated using standard gases with concentrations verified to

0.02%.
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Attainment of V]O2max in the control condition (25N) was assured by using a

modification of the plateauing criterion described by Taylor et al. (52).  The criterion

for determining a plateau was an increase in V]O2 (ml/kgBM/min) between the last two

stages of less than 50% of the expected increase, based on the American College of

Sports Medicine metabolic equation (29).  The criterion varied depending on treadmill

speed and ranged from 1.3 ml/kgBM/min (5.5 mph) to 2.2 ml/kgBM/min (9 mph).  After

completion of the graded test, all subjects (regardless of plateau attainment during the

graded test) rested for 20 min and then ran until exhaustion at a grade 2% higher than

the grade at the end of the graded test.  This process was repeated until a plateau was

obtained.  Using this protocol, all subjects demonstrated plateau in V]O2 either during

the graded exercise test and/or after the first rest period.

Because we hypothesized that a plateau in V]O2 might not be evidenced in the

heat if performance was limited by hyperthermia, and because it was not possible to do

follow-up tests in the heat due to the threat of heat injury, this procedure only was

followed in the control condition.  For the other conditions, peak V]O2 (average of the

two highest consecutive 30-s values) was used if heart rate was within 5 bpm of the

control condition, or if the V]O2 obtained was the same (within the plateauing criterion)

as the V]O2max in the control condition.  If this criterion was not met, the test was

repeated on another day.  Five tests in males were repeated because of inability to meet

the criterion, and 2 tests in males and 1 test in females were repeated because of

equipment failure. The SD of replicate measures (25N and 25W) in 22 subjects for

V]O2max (l/min), V]O2max (ml/kgBM/min), and RER at exhaustion  was 1.36, 0.085, and

0.02, respectively. 

Rectal temperature was measured with an YSI thermister (model 4491E)

inserted 12 cm beyond the anal sphincter.  TESO was measured using an YSI thermister

model (4491E) inserted through the nasal cavity into the esophagus a distance equal to

one-fourth of the standing height.  Mean skin temperature was calculated according to
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the formula of Burton (8) from measurements of forearm, back, and thigh skin

temperatures with YSI thermisters (model 409B).  All temperature probes were

connected to YSI telethermometers (models 44TD or 4600).  The accuracy of the

thermisters was verified by checking against a mercury thermometer prior to use.  The

SD of replicate measures (25N and 25W) in 22 subjects for rectal, esophageal, and skin

temperatures at exhaustion was 0.25, 0.17, and 0.44O C, respectively.

Heart rate was measured using a Polar Vantage XL Heart Rate Monitor (model

145900).  The SD of replicate measures (25N and 25W) in 22 subjects for heart rate at

exhaustion was 2.6 bpm.  Ratings of perceived exertion (RPE) and motivation to

continue were measured by having the subjects holding up the appropriate number of

fingers corresponding to the Borg 15-point category scale (4), and a 5-point scale

evaluating “motivation to continue” (1 corresponding to “very weak” and 5

corresponding to “very strong”).  The SD of replicate measures (25N and 25W) in 22

subjects for RPE and motivation to continue at exhaustion was 0.7 and 0.9,

respectively.  Performance was measured as the running time to volitional exhaustion

during the graded exercise test. The SD of replicate measures (25N and 25W) in 22

subjects for performance time was 0.51 min.  Blood lactate was measured with a YSI

2300 STAT plus lactate/glucose analyzer. The SD of replicate measures (25N and

25W) in 22 subjects was 1.1 mmol/l.  Finally, body weight was measured with an

electronic scale (A&D Co. Ltd., model FW-150KA1).  The SD of replicate measures

(25N and 25W) in 22 subjects for pre-exercise nude body weight and weight loss was

0.66 and 0.18 kg, respectively.

Statistical Analysis:  Statistical analyzes were done with SPSS 10 for Windows

(SPSS Inc. Chicago, IL).  Data are reported as means±SD.  A two-way (Gender x

Condition) mixed-model repeated-measures ANOVA was used to determine the

significance of differences among the measures under the different environmental
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conditions, and to test for the presence of an interaction.  Planned contrasts (paired

samples t-test) were used to determine differences between conditions.

A two-way (Gender x Condition) mixed-model repeated-measures ANCOVA

with resting temperature held constant was used to determine the significance of

differences among the core temperature measures under the different environmental

conditions, and to test for the presence of an interaction.  Planned contrasts (paired

samples t-test) were used to determine differences between conditions. 

A two-tailed ? level of 0.05 was used for all significance tests except for the

measures of V]O2max and performance, for which a one-tailed ? level of 0.05 was used. 

The significance level was adjusted using the modified Bonferonni adjustment for the

family of contrasts performed.

Results

Core and skin temperature measurements at the start of the graded exercise test

and at exhaustion are presented in Table 3.2.  There was a significant Gender x

Condition interaction for all rectal and esophageal temperature measurements, but the

pattern of differences among conditions was the same in men and women with one

exception.  In men, rectal temperature at exhaustion tended to be higher  in 45P

compared to 45W, whereas in women, this difference was reversed. The manipulations

in core temperature (no warm-up, walking, passive preheating) prior to the V]O2max test

were successful in altering TESO at the onset of the graded exercise test (TESOinitial), and

the different environmental temperatures produced different rates of increase in TESO. 

TESOinitial was higher in 45W and 45P than in the other conditions, but did not differ

between 45W and 45P by design, which allowed comparison of the effects of passive

and active preheating (Table 3.2).  TESOinitial also was lower in the conditions with no

warm-up (25N and 45N) than in conditions with warm-up, allowing us to assess the

effects of preheating.  The lack of differences in TESOinitial in 25W, 35W, and 40W

allowed for comparison of the effects of different rates of rise in core temperature
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during the V]O2max test (0.13±0.03 and 0.13±0.02O C/min in 25W, 0.16±0.03 and

0.15±0.01O C/min in 35W, and 0.18±0.03 and 0.16±0.02O C/min in 40W in men and

women, respectively).

Table 3.2: Core and skin temperatures at the start of the graded exercise test and at
exhaustion

Males
Measures 25N 25W 35W 40W 45N 45W 45P
TESOinitial,
O C

36.4±
0.4†

36.9±
0.4†‡

36.8±
0.2†

37.2±
0.5†

36.6±
0.4†‡

37.9±
0.3

37.8±
0.3

TESOmax,
O C

38.6±
0.6†

38.6±
0.6†

38.7±
0.6†

39.2±
0.4†‡

39.2±
0.5†*

39.7±
0.4

39.6±
0.4

TRECTALinitial,
O C

36.8±
0.4†

37.2±
0.3†‡

37.2±
0.3†

37.2±
0.3†

36.7±
0.5†‡

37.6±
0.3

37.6±
0.4

TRECTALmax,
O C

37.9±
0.4†

38.2±
0.4†‡

38.3±
0.4†

38.4±
0.4†

38.2±
0.6†

38.8±
0.5

39.1±
0.6

TSKINinitial,
O C

32.3±
0.6†

32.3±
0.7†

35.0±
0.4†‡

36.0±
0.4†‡

34.6±
0.6†‡*

37.6±
0.3

37.5±
0.4

TSKINmax
O C

32.1±
0.8†

31.9±
0.6†

35.0±
0.5†‡

36.6±
0.4†‡

38.0±
0.4†‡*

38.5±
0.4

38.1±
0.4†

Females
TESOinitial,
O C

36.8±
0.4†

37.3±
0.4†‡

37.2±
0.4†

37.3±
0.3†

36.9±
0.3†‡

37.7±
0.2

37.6±
0.2

TESOmax,
O C

38.8±
0.3†

38.9±
0.3†

39.0±
0.4†

39.1±
0.4†

39.1±
0.3†*

39.4±
0.4

39.3±
0.5

TRECTALinitial,
O C

37.0±
0.4†

37.3±
0.4†‡

37.3±
0.4†

37.3±
0.3†

37.1±
0.3†‡

37.6±
0.3

37.6±
0.2

TRECTALmax,
O C

38.1±
0.5†

38.3±
0.4†‡

38.3±
0.4†

38.4±
0.4†

38.1±
0.4†‡

38.7±
0.6

38.4±
0.5

TSKINinitial,
O C

32.4±
0.4†

32.1±
0.7†

35.2±
0.4†‡

36.3±
0.3†‡

35.1±
0.6†‡*

37.5±
0.2

37.6±
0.4

TSKINmax
O C

31.4±
0.6†

31.4±
0.9†

34.9±
0.7†‡

36.4±
0.4†‡

37.9±
0.2†‡*

38.3±
0.4

38.0±
0.4†

TESOinitial = esophageal temperature at the start of the graded exercise test, TESOmax =
esophageal temperature at exhaustion, TRECTALinitial = rectal temperature at the start of the
graded exercise test, TRECTALmax = rectal temperature at exhaustion, TSKINinitial = Skin 
temperature at the start of the graded exercise test, TSKINmax = skin temperature at
exhaustion, 25N = 25O C without preheating, 25W = 25O C with active preheating, 35W
= 35O C with active preheating, 40W = 40O C with active preheating, 45N = 45O C
without preheating, 45W = 45O C with active preheating, 45P = 45O C with passive
preheating, † = p < 0.05 from 45W, ‡ = p < 0.05 compared to the cell left of the value, *
= p < 0.05 45N vs. 25N.

TESOmax was significantly higher in 45W, than in all conditions except 45P (Table

3.2).  The similar means in 45W and 45P, and high absolute values, suggest that the

critical core temperature was probably reached in 45W and 45P.  Similarly, the rectal
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temperature at exhaustion was significantly higher in 45O C after preheating (45W and

45P) than in the other conditions.  The skin temperature at exhaustion, on the other

hand, was higher in 45W than in  all the other conditions including 45P and 45N.  The

significant difference among the three 45O C conditions in skin temperature indicates

that exhaustion was not associated with a constant (critical) skin temperature.

Data on V]O2max; the other metabolic, cardiorespiratory, and perceptual measures

assessed at exhaustion, and performance are contained in Table 3.3.  There was a

significant Gender x Condition interaction in V]O2max (l/min) and oxygen (O2) pulse, but

the pattern of differences among conditions was the same in men and women.  As

expected, a significant main effect was found for these variables with men having

higher values.  Compared to control, V]O2max was decreased under all conditions except

25W.  There was a significant, small reduction in 35W (3-5%); a modest reduction in

40W and 45N (~9%); and a large reduction in 45W and 45P (17-19%).  Similarly, O2

pulse at exhaustion was lower in the heat compared to the thermoneutral environment.
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Table 3.3: Metabolic, cardiorespiratory, perceptual, and performance variables at
exhaustion

Males
Measures 25N 25W 35W 40W 45N 45W 45P
V]O2max,
l/min

4.52±
0.46

4.52±
0.47

4.30±
0.43*

4.12±
0.44*

4.13±
0.51*†

3.75±
0.48*

3.70±
0.42*

O2 pulse
ml/beat

24.0±
3.7

24.5±
3.7

23.1±
3.4*

21.9±
3.6*

22.1±
4.1*†

19.6±
3.4*

19.4±
3.3*

HR,
bpm

189±
12

186±
9*

187±
10*

190±
12

189±
11†

193±
12*

192±
10*

RER 1.16±
0.03

1.15±
0.03

1.13±
0.03*

1.12±
0.03*

1.15±
0.03†

1.09±
0.06*

1.09±
0.04*

RPE 19.3±
1.0

18.9±
1.1

18.8±
1.6

19.3±
1.2

19.0±
1.1

19.2±
1.0

18.9±
1.3

Motivation to
continue

3.1±
1.5

2.8±
1.4

2.7±
1.6

3.0±
1.4

3.0±
1.3

3.1±
1.2

2.7±
1.4

Lactate,
mmol/l

8.98±
1.60

9.40±
2.82

7.81±
1.51*

8.51±
1.77

7.89±
2.18*†

5.96±
2.07*

5.24±
1.58*

Wt. loss,
kg

0.36±
0.33

0.05±
0.11*

0.28±
0.28

0.38±
0.32

0.31±
0.25

0.45±
0.24

0.78±
0.34*†

PTIME,
min

13.01±
1.18

13.15±
1.41

11.76±
1.22*

11.33±
1.59*

11.51±
1.15*†

8.77±
1.31*

8.30±
1.25*

Females
V]O2max,
l/min

3.01±
0.45

3.01±
0.44

2.91±
0.47*

2.75±
0.42*

2.75±
0.44*†

2.52±
0.40*

2.44±
0.40*

O2 pulse
ml/beat

15.9±
2.4

15.9±
2.4

15.4±
2.6*

14.4±
2.2*

14.5±
2.3*†

13.1±
2.0*

12.8±
2.0*

HR,
bpm

190±
8

189±
7

189±
7

190±
8

190±
7

192±
8*

190±
7

RER 1.18±
0.03

1.16±
0.04

1.14±
0.05*

1.15±
0.04*

1.14±
0.05*

1.10±
0.04*

1.06±
0.07*

RPE 19.4±
0.7

19.4±
0.5

19.1±
0.8

19.5±
0.5

19.4±
0.7

19.1±
0.8

19.3±
0.6

Motivation to
continue

2.2±
1.1

2.8±
1.3

2.9±
1.2

2.8±
1.5

2.8±
1.5

2.5±
0.9

2.2±
1.1

Lactate,
mmol/l

8.13±
1.23

7.45±
1.68

7.21±
1.87*

6.54±
1.58*

6.60±
1.70*†

5.39±
1.60*

4.75±
1.51*

Wt. loss,
kg

0.32±
0.22

0.14±
0.11*

0.22±
0.20

0.18±
0.18

0.15±
0.13*

0.40±
0.24

0.48±
0.31

PTIME,
min

13.00±
1.13

12.64±
1.45

12.10±
1.82*

10.99±
1.48*

11.38±
1.43*†

9.05±
1.79*

8.32±
1.91*

V]O2max = maximal oxygen uptake, PTIME = performance time, O2 pulse = oxygen pulse,
HR = heart rate, RER = respiratory exchange ratio, RPE = ratings of perceived exertion,
Wt. loss = weight loss, 25N = 25O C without preheating, 25W = 25O C with active
preheating, 35W = 35O C with active preheating, 40W = 40O C with active preheating,
45N = 45O C without preheating, 45W = 45O C with active preheating, 45P = 45O C
with passive preheating, * = p < 0.05 from 25N, † = p < 0.05 45W vs 45N or 45P.
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The identical V]O2max in 25N and 25W indicates that, in absence of

environmental heat stress and a large increase in TESOinitial, the 20-min walk prior to the

graded exercise test had no effect on V]O2max.  In contrast, the significantly lower V]O2max

in 45W than in 45N indicates that the 20-min walk prior to the graded exercise test,

which was accompanied by an increase in TESOinitial, and resulted in significantly higher

TESOmax, did contribute to a reduction in V]O2max.  The lack of a significant difference in

V]O2max in 45W and 45P conditions, in which the increase in TESOinitial and TESOmax were

not different, strongly suggests that the significantly lower V]O2max under these two

condition was related to the higher TESOmax and not to some other effect of prior

exercise.  Heat stress by itself also reduced V]O2max without attainment of a critical core

temperature, as was evidenced by the lower V]O2max in 45N compared to 25N.

There is strong evidence that V]O2max was attained in each of the conditions. 

Physiological and perceptual indicators of effort were similar across conditions at

exhaustion, except for blood lactate (Table 3.3).  Blood lactate was lower in the heat,

except in 40W in men, in which  it was not different from control.  A significant heart

rate Gender X Condition interaction at exhaustion was found, but the pattern of

differences among conditions was the same for men and women.

Dehydration also did not appear to contribute to differences in V]O2max among

conditions.  Weight loss during the test was small, or less than 0.9% of body weight

under all conditions, except in 45P in men in which it was 1.1% (Table 3.3).  Weight

loss was not greater in the heat compared to the control condition, except in 45P in

men.  Weight loss responses were somewhat different in men and women, resulting in a

significant Gender x Condition interaction.  Men tended to have greater weight loss in

40W compared to 25N and in 45N compared to 35W, whereas the pattern in women for

these conditions was the opposite.

Significant decreases in performance time were observed in the heat in men and

women (Table 3.3).  The percentage reductions in performance were larger than the
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percentage reductions in V]O2max.  In 35W, the reduction in run time was 7-10 %; in

40W, 13-15%; in 45N, ~12%; in 45W, 30-33%; and in 45P, ~36%.

The relation between the reduction in V]O2max from control and the difference in

TESOmax from TESOmax in 45W, which we operationally defined as the critical core

temperature and used as the upper-limit reference for TESOmax, is shown in Figures 3.1A

and B.  When TESOmax was well below TESOmax in 45W, V]O2max did not differ much from

the control value.  On the other hand, when TESOmax approached the TESOmax in 45W,

larger reductions in V]O2max were observed.  The same relation between the reductions in

performance time from control and the difference in TESOmax from TESOmax in 45W is

depicted in Figures 3.1C and D. 
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Figure 3.1: The relationship between reductions in V]O2max and performance time, and
deviations in TESOmax from TESOmax in 45W.  Panels A and C are men; panels B and D are
women.  FV]O2max = reduction in maximal oxygen uptake from 25N, FPTIME =
reductions in performance time from 25N, FTESOmax = deviations in the esophageal
temperature at exhaustion from the esophageal temperature in 45W, 25N = 25O C
without preheating, 25W = 25O C with active preheating, 35W = 35O C with active
preheating, 40W = 40O C with active preheating, 45N = 45O C without preheating, 45W
= 45O C with active preheating, 45P = 45O C with passive preheating.  Values are means
and SE.

There were considerable individual differences in the environmental conditions

at which attainment of critical core temperature (TESOmax in 45W±0.2) was first observed

(Figures 3.2A-D).  Two individuals reached the critical core temperature in 25N, 1 in

25W, 4 in 35W, 2 in 40W, and 1 in 45N; almost half of the subjects appeared to reach

their critical core temperature before the highest level of heat stress (45W and 45P). 

Some individuals demonstrated clear attainment of a critical core temperature even at

low ambient temperatures as illustrated in a representative subject in Figures 3.2A and
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C.  In 25W, 35W, and 45N, this individual had no reduction in V]O2max (Figure 3.2A),

because the work intensity that elicited control V]O2max was attained before critical core

temperature was reached.  This lack of reduction in V]O2max was reflected in minor

reductions in performance time (Figure 3.2C).  At higher levels of heat stress, V]O2max

was markedly reduced, apparently because exercise was terminated at the critical core

temperature, which was reached early in the protocol (large reductions in performance

time), because of higher TESOinitial (45W, 45P) or more rapid rise in TESO (40W).  Other

individuals did not attain the critical core temperature until the highest level of heat

stress (45W, 45P) as illustrated in a representative subject in Figures 3.2B and D. 

Consequently, this individual demonstrated no reduction in V]O2max until in 45W and

45P (Figure 3.2B), and performance time was not affected much until these conditions

(Figure 3.2D).  The magnitude of the reductions were small because of the length of

time it took to reach the critical core temperature, which permitted exercise to continue

almost to the same work intensity as that which elicited the control V]O2max.
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Figure 3.2: Representative data from two subjects illustrating variability in the relation
of TESOmax to V]O2max and performance time.  A) Illustrates reduction in V]O2max with clear
attainment of a critical core temperature.  B) Illustrates lack of reduction in V]O2max
without attainment of a critical core temperature.  C) Illustrates reduction in
performance time with a clear attainment of a critical core temperature.  D) Illustrates
lack of reduction in performance time without attainment of a critical core temperature. 
V]O2max = maximal oxygen uptake, PTIME = performance time, TESOmax = esophageal
temperature at exhaustion, 25N = 25O C without preheating, 25W = 25O C with active
preheating, 35W = 35O C with active preheating, 40W = 40O C with active preheating,
45N = 45O C without preheating, 45W = 45O C with active preheating, 45P = 45O C
with passive preheating.

There was a strong linear relationship (r = 0.84) between the decrease in V]O2max

and the decrease in performance time in the heat in men (Figure 3.3A).  Essentially the

same relationship (r = 0.82) was observed in women (Figure 3.3B).
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Figure 3.3: The relation between the reduction in performance time and reduction in
V]O2max in A) men (r = 0.84, SEE 1.08 min) and B) women (r = 0.82, SEE 1.09 min). 
FPTIME = reductions in performance time from 25N, FV]O2max = reduction in maximal
oxygen uptake from 25N.

Discussion

The major finding of this study was that V]O2max was markedly reduced under

environmental conditions (45W and 45P) in which critical core temperature was

reached at an exercise intensity below that needed to elicit V]O2max under thermoneutral

conditions.  This finding suggests that a critical level of hyperthermia can limit V]O2max. 

Secondly, decreases in performance were related to the reductions in V]O2max, suggesting

that reduced V]O2max can be a cause for reduced performance of prolonged, strenuous

exercise in the heat.  A final important finding was that the relations of V]O2max and

performance to TESOmax  were very similar in men and women, indicating that the effect

of hyperthermia on V]O2max and performance was not related to gender.

To our knowledge, this study is the first to assess the effects of environmental

and core temperatures on V]O2max and performance by systematically altering TESOinitial

and by altering the rate of rise in core temperature during the test.  The manipulations

caused TESOmax to be reached at different work intensities, permitting us to study the

effect of attainment of critical core temperature on V]O2max and performance.  Previous
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studies have not had the data necessary to determine the effect of attainment of a critical

core temperature on V]O2max (14,25,36,37,39-43,46,48,52,55). 

Considerable data suggest that attainment of critical core temperature in

prolonged, strenuous exercise may limit work capacity or endurance performance in

humans (11-13,16,20-22,26,28,30,32-35,45,49,53) and animals (1,10,18,23,51,54,56). 

In these studies, people and animals fatigued at similar core temperatures despite

markedly different exercise times to exhaustion.  In several studies, most alternative

causes of fatigue such as lactate accumulation, glycogen depletion, or glucose or free-

fatty acid availability were ruled out and cardiovascular strain was not maximal.  In

these studies, fatigue at a critical (constant) core temperature for an individual occurs

regardless of ambient or skin temperatures (13,22,28,49) initial core temperature

(18,22,54), rate of rise in core temperature (18,22), exercise duration (10,18,22,23,33,

51,54,56) exercise intensity (32,45), climate (32), acclimatization stage (11,33,35), state

of hydration (11,26), fluid ingestion (12), stage in menstrual cycle (53), melatonin

intake (30), or carbohydrate availability (16).  In most  human studies, exhaustion

occurred at a mean core temperature between 39.3 and 40.2O C (20-22,28,33-35,44),

although others have reported exhaustion at lower body temperatures at exhaustion in

uncompensable heat stress (11-13,26,30,32,45,47,49,53).  The core temperature at

exhaustion has been found to be lower in subjects who were untrained (11), dehydrated

(47), and exercised in full chemical and/or protective clothing (32) early in the morning

(30).   Some of these studies (11,12,30,32,47,49,53) have used very prolonged (2-3 h),

low-intensity exercise, which could  increase the thermal load (core temperature above

a certain temperature level multiplied by the time above that level) and cause

exhaustion due to cardiovascular strain.  The protective clothing, extensive dehydration,

and lower intensity exercise conditions used in these studies also could lower the

critical core temperature.  In addition, in many of these studies exercise was terminated
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once rectal temperature reached 39.3-39.5O C, preventing some subjects from reaching

their critical core temperature, resulting in lower mean rectal temperature at exhaustion.

In our study, TESOmax in men and women in 45W and 45P was higher than in the

other conditions and similar to core temperature at exhaustion in uncompensable heat

stress in many other studies (20-22,28,33-35,44), suggesting that critical core

temperature was attained under these conditions.  Based on the very high level of heat

stress, and the high TESOmax values obtained, we believe that all subjects reached their

individual critical core temperature in 45W and/or 45P conditions.  We operationally

defined the TESOmax in 45W as the critical core temperature, and used it as an upper-limit

temperature reference for data analysis, because on average, TESOmax was slightly higher

in that condition than in 45P.  Reasons for terminating exercise support our assumption

that a critical core temperature causing fatigue was probably attained in 45W and 45P. 

When asked why they stopped running in 45W or 45P, the subjects reported being too

hot or dizzy to continue in 65% of cases.  Complaints of being extremely dizzy or hot

have been reported by subjects at exhaustion due to attainment of a critical core

temperature in other studies (34,35).  In the other conditions, subjects complained of

being too hot or dizzy to continue in only 9% of the cases.

There was considerable variability in the minimum environmental temperature

at which individual critical core temperatures (TESOmax in 45W±0.2) appeared to have

been attained.  Individuals who did not appear to reach their critical core temperature

until 45W and 45P usually had higher critical core temperatures.  The V]O2max test was

probably too short (10-15 min) for them to reach their critical core temperature in lower

ambient temperatures.  Therefore, the mean TESOmax was lower in all conditions

compared to 45W and 45P.

This study is the first to test the hypothesis that attainment of a critical core

temperature may limit V]O2max in the heat during uphill treadmill running, which

generally results in the highest V]O2 values attainable (2).  Results from studies on the
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effect of heat stress on V]O2max have been equivocal.  Some studies report no reduction

(39,41,43,55), whereas others report very small (150-300 ml/min or 3-8%), often trivial,

reductions (14,25,37,40,42,43,46,48,52).  The first study to find a marked reduction in

V]O2max in the heat was that of Pirnay et al. (37).  They found a 985 ml/min or 25%

reduction after 20 min of light walking (active preheating) in 46O C.  Without

preheating, only a 7% (225 ml/min) reduction was observed in a different group of

subjects.  Similarly, Nybo et al. (36) recently reported that V]O2max was reduced 16%

(750 ml/min) after elevating core temperature 1O C prior to the test.  The findings of the

present study are consistent with these two studies and help to reconcile the differences

between these studies and others that have found lesser decreases in V]O2max.  In our

study, under hot environmental conditions in which the initial core temperature was not

very high (45N, 35W), or the rate of rise in core temperature was not very fast (35W,

40W), V]O2max was reduced 3-9% (100-400 ml/min), or on the same order as reported by

most other studies.  In 45W and 45P, in which the initial core temperature and its rate of

rise were higher, much greater reductions of 17-19% (500-820 ml/min) were observed. 

The larger reductions are similar in absolute magnitude to the reductions found by Nybo

et al. (36) but smaller than reported by Pirnay et al. (37).

Attainment of a critical core temperature is the most likely explanation for the

larger reduction in V]O2max and performance observed in 45W and 45P in this study. 

The attainment of the critical core temperature appears to cause subjects to terminate

exercise before V]O2 reaches levels comparable to the V]O2max attained in a neutral

environment (25N and 25W).  Lack of effort was not a likely cause for the large

reductions in V]O2max based on the physiological and perceptual data collected.  RER

was ~1.1 or higher under all conditions, and similar means for heart rate and  RPE in all

conditions, indicate that a maximal effort was given.  Blood lactate accumulation was

lower in the heat, but that more likely reflects reduced work rate at V]O2max rather than
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lack of effort. Weight loss was similar in all the conditions, suggesting that the

reductions were not due to dehydration. 

This study is the first to demonstrate a relation between attainment of a critical

core temperature and reduction in V]O2max.  Previous studies (40,43,46) have not found a

relationship between core temperature at exhaustion and V]O2max or reduction in V]O2max. 

There are several reasons for the difference.  First, other studies have not specifically

investigated the relation of attainment of a critical level of core temperature and

reduction in V]O2max.  Second, most of these studies used rectal temperature as a

measure of core temperature.  Rectal temperature responds more slowly than

esophageal temperature and does not reflect the rapid change in core temperature that

occurs during a short V]O2max test, as reflected by the difference in TESOmax and rectal

temperature at exhaustion observed in our study (Table 3.2).  We also found no relation

between rectal temperature at exhaustion and V]O2max (r = 0.07).  Only when reductions

in V]O2max from control (25N) were plotted against the differences in TESOmax from

TESOmax in 45W (operationally defined as the critical core temperature), was an inverse

relation evident (Figures 3.1A and B).  Large reductions in V]O2max were observed when

TESOmax was near the apparent critical core temperature, whereas smaller reductions were

observed when TESOmax was much below the critical core temperature.  Third, a critical

core temperature that causes fatigue would be expected during a relatively brief V]O2max

test only if core body temperature is elevated initially.  Despite similar rates of rise in

core temperature in the 45O C conditions (0.23±0.04 and 0.19±0.03O C/min in 45N,

0.20±0.03 and 0.19±0.02O C/min in 45W, and 0.22±0.05 and 0.21±0.03O C/min in 45W

in men and women, respectively) in the present study, the TESOmax was lower in the 45N

than in 45W and 45P, because the TESOinitial was lower in 45N.  The only studies to

report reductions in V]O2max in the heat larger than 15%, have preheated subjects prior to

the V]O2max test (36,37).  Without preheating, there is insufficient time for the critical

core body temperature to be attained.  Nybo et al. (36), however, reported a 16%
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reduction in V]O2max after elevating initial core temperature, apparently without

attainment of the critical core temperature, although the TESOmax in their study was high

(39.0O C) and higher than during the control tests (38.5-38.7O C).  Because higher

TESOmax (39.5-40.2O C) were obtained in prior prolonged submaximal studies in their

laboratory (22,33,35), they attributed the decrease in V]O2max to lower stroke volume and

not to attainment of a critical core temperature.  Our data essentially agree with theirs

(36), and our values for TESOmax are within the range of the values reported in their

earlier studies (22,33,35).  The different levels of TESOmax obtained in the present study

and that of Nybo et al. (36), could be due to the duration of the V]O2max test (10-15 min

vs < 3 min, respectively).

Physical work capacity also was decreased in the heat in this study confirming

the findings of others (13,16,22,28,33,36,40,42,43,49).  Performance time was affected

much more than V]O2max, but the strength of the relation between TESOmax and decrease in

performance time was similar to the relation between TESOmax and reduction in V]O2max. 

The reductions in performance in men and women ranged from 7-10% in 35W to 36%

in 45P.  The reason for greater percentage reductions in performance time than V]O2max

may be explained by the nature of the V]O2max test used in this study.  Persons that

demonstrated a good plateau in V]O2max (2-4 min) in a temperate (25N and 25W)

environment still reached (or were close to) that V]O2max in slightly hotter ambient

temperature (35W), despite their performance time being 2-4 min shorter.

The strong relation between the reductions in V]O2max and performance time in

this study is a unique finding, since others have reported reductions in performance

without reductions in V]O2max (40,41,43).  The strong relation found in this study is

probably because of the preheating and the different environmental temperatures, which

caused attainment of the critical core temperature.  Attainment of the critical core

temperature caused larger decreases in V]O2max and performance than in previous

studies, and appears to explain the concomitant large reductions in the hot test
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environment.  The strong relation between reductions in V]O2max and work capacity

observed in this study is important because it suggests that after a modest duration of

sustained exercise in the heat that elevates core temperature, V]O2max may be reduced,

which in turn, is associated with reduced performance.

Traditionally, the reduction in performance (and V]O2max) as result of heat stress

has been explained by reduction in stroke volume and cardiac output due increased

blood flow to the skin for thermoregulation, resulting in peripheral displacement of

blood volume (38,41) and possibly lower muscle blood flow (circulatory strain).  In

addition, glycogen breakdown (17) and oxidative stress are increased in the heat (31),

and mitochondrial phosphorylative efficiency is reduced at muscle temperatures above

40O C (6), all of which may detrimentally affect skeletal muscle metabolic function

(15).

More recently though, it has been shown that neither leg blood flow nor leg V]O2

is reduced in the heat, even during exhaustive exercise in men (20,21,33-35,44) and

animals (1,23).  Furthermore, other metabolic causes of fatigue such as lactate

accumulation, glycogen depletion, or availability of glucose or free-fatty acids have

been ruled out as causes of premature fatigue in the heat (21,33-35).  Excluding most

other causes of fatigue, these studies have generally attributed exhaustion during

prolonged strenuous exercise in the heat to attainment of a high core temperature.  

The rise in core temperature to critical levels in the heat could be explained by

reduction in skin blood flow at the expense of thermoregulation.  Skin blood flow has

been reported to be reduced at high core temperatures (5,23) and during exhaustive

exercise (23,55).  In addition, Savard et al. (44) demonstrated that the maximal level of

skin blood flow, which occurred at skin temperature of 38O C, was the same in one-and

two-legged exercise despite very different esophageal temperatures (37.9 vs 39.4O C,

respectively), suggesting that skin vasoconstriction occurred in two-legged exercise. 

These findings indicate that during one-legged exercise the central circulation was able



65

to meet blood flow demands of both skin and muscle, because of much lower metabolic

rate, retarding the rise in esophageal temperature, whereas in two-legged exercise,

muscle blood flow was maintained at the expense of skin blood flow and rise in core

temperature.

The mechanisms underlying the reduced V]O2max and performance associated

with a attainment of a critical core temperature have not been identified.  The high core

temperature is thought to affect the central nervous system and mental functioning

(7,33,34).  Muscular discomfort and circulatory strain in addition to thermal discomfort

from heat storage and lack of heat dissipation, may counteract motivation and thus

gradually reduce the drive to exercise with increasing body temperature (7).  However,

previous studies have not attempted to quantify the effect of different environmental

conditions on motivation to continue.  We found no differences among conditions in

“motivation to continue” assessed at the time of fatigue using a 5-point scale, and

could, therefore, not confirm this hypothesis.  Similarly, Nielsen et al. (33) found no

difference in the ability to recruit motor units in a maximal contraction before and after

exercise to exhaustion that appeared to be limited by attainment of a critical core

temperature.

It also is unclear whether it is muscle, core, or brain temperature that is

associated with fatigue.  Brain temperature as the limiting factor for exercise is

appealing given the subjective reports of dizziness, confusion, and being too hot to

continue at exhaustion.  Selective brain cooling with increasing body temperature that

occurs in some animal species (e.g., goats and gazelles) (9,10,50) suggests that

protecting the brain from high temperature is important.  On the other hand, the skeletal

muscles are the origin of increased heat production during exercise, and Febbrario (15)

has argued that high skeletal muscle temperatures causing dysfunction in metabolic

processes could be the limiting factor for exercise in the heat.  Skeletal muscle

temperature at exhaustion has been reported to be slightly higher (0.6O C) than TESOmax
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(22).  A critical level of skin temperature does not seem to cause fatigue as was

eloquently demonstrated by Gonzalez-Alonso et al. (22), who found that subjects

fatigued at same core and muscle temperatures, but at markedly different skin

temperatures.  The findings of the present study and others (28) support their findings.

An alternate mechanism through which attainment of the critical core

temperature may have limited V]O2max and work capacity in the present study is that the

high (critical) core temperature was associated with the upper limit in cardiovascular

capacity, as suggested by the similar maximal heart rates in all of the conditions in our

study.  Assuming that the arterio-venous O2 difference was not reduced (41), the lower

O2 pulse in 45W and 45P would reflect reduced stroke volume.  Thus V]O2max would

have been attained at a lower maximal cardiac output under these conditions, which is

consistent with the mechanism proposed by Rowell (38).  Because of the higher

exercise intensity, the conditions in our study were different than in other studies in

which fatigue at a critical core temperature did not appear to coincide with a maximal

level of circulatory strain (33,35).  In these studies, fatigue during prolonged, constant-

rate exercise occurred when heart rate was submaximal and when there was no

reduction in cardiac output or muscle blood flow compared to early in the exercise.  In

our study, the exercise intensity was increased progressively and fatigue occurred at the

maximal heart rate.  It is possible that sympathetic nervous system activity increased in

proportion to core body temperature (24), increasing vascular resistance and decreasing

stroke volume.  However, there is a possibility that attainment of a critical core

temperature in 45W and 45P prevented maximal stroke volume attainment, which has

been found to increase progressively up to V]O2max in endurance trained individuals (19),

and to be restored at maximal level of exercise in the heat (55).

This study is the first to report TESOmax from strenuous exercise, and the effect of

heat on V]O2max and work capacity, in women.  We found that TESOmax in men and

women was similar, and the effects of heat and TESOmax on V]O2max and performance were
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essentially the same in men and women.  Our findings suggest that men and women are

subject to the same limitations in V]O2max and work capacity during exercise in the heat. 

These data are consistent with studies involving lower intensity exercise that have

concluded that thermoregulation and exercise tolerance in the heat is similar in men and

women (3).

We conclude that large reductions in V]O2max and work capacity in men and

women in severe, uncompensable heat stress are associated with attainment of a critical

core temperature.  The strong relation between reductions in V]O2max and in work

capacity in the heat appears to depend, in part, on the effect of attainment of a critical

core temperature on both measures.  Men and women do not differ in their maximal

body temperature responses, or in the relation of  the core temperature to the reductions

in V]O2max and work capacity in the heat.
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CHAPTER 4

ELEVATION IN HEART RATE DURING SUBMAXIMAL EXERCISE IN 

THE HEAT: RELATION TO RELATIVE METABOLIC INTENSITY1
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Abstract

Heart rate is elevated during submaximal exercise intensity in the heat compared to a

thermoneutral environment, but maximal oxygen uptake (V]O2max) may not be reduced

in the heat.  Therefore, there appears to be a dissociation between relative metabolic

intensity (%V]O2max) and heart rate in the heat.  We tested the hypothesis that elevation

in heart rate during submaximal exercise is related to increased %V]O2max due to reduced

V]O2max in the heat.  V]O2max, and V]O2 and heart rate during submaximal exercise were

measured in 22 male and female runners under 4 environmental conditions designed to

manipulate heart rate during submaximal exercise and V]O2max.  The conditions involved

walking for 20-min at ~33% control V]O2max in 25, 35, 40, and 45O C, followed

immediately by measurement of V]O2max.  V
]O2max was reduced 4-17% in the heat.  Heart

rate at the end of the submaximal exercise increased progressively with increasing

environmental temperature (107±10, 112±10, 120±10, and 137±11 bpm, respectively). 

Heart rate and %V]O2max based on the V]O2max measured under the conditions of the study

increased in an identical fashion in the heat, and the elevations in heart rate were

significantly related to the reductions in V]O2max (r = 0.79).  We conclude that elevation

in heart rate during submaximal exercise in the heat is not indicative of dissociation

between heart rate and relative metabolic intensity.  Rather, the elevation in heart rate

during submaximal exercise in the heat is proportional to reduced V]O2max.  Exercise in

the heat at the same heart rate as in a thermoneutral environment elicits similar relative

metabolic intensity.

INDEX WORDS: Heart rate, Relative metabolic intensity, Maximal oxygen uptake,

Heat stress, Treadmill exercise, Submaximal exercise.
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Introduction

Heart rate increases linearly as a function of exercise intensity in thermoneutral

environment and is closely related to the percentage of maximal oxygen uptake

(%V]O2max) elicited (1,14).  During exercise in the heat, heart rate is elevated at

submaximal exercise intensities (6,15,17,18,23,28), but most studies have reported that

maximal oxygen uptake (V]O2max) is unchanged (15,18,21,28) or reduced only slightly

(6,10,13,17,20-23,25).  These findings suggest there is dissociation of heart rate and

%V]O2max in the heat.  Elevated heart rate has been explained by increased sympathetic

activity (9,16), increased firing rate of the sinoatrial node (8), feedback from skin or

core temperatures (5,26), and increased circulatory strain due to lowered stroke volume

and higher skin blood flow for thermoregulation (14).  However, the dissociation

between heart rate during submaximal exercise and %V]O2max in the heat has not been

verified by measuring both variables in cool and hot environments.

Two studies (12,13) have reported marked (16-25%) reductions in V]O2max in the

heat.  These reductions were found following mild exercise in the heat that elevated

core temperature (12,13).  If V]O2max is reduced following sustained exercise in the heat,

then the oxygen uptake (V]O2) at submaximal intensities would represent a higher

%V]O2max and the relation of heart rate to %V]O2 max might not be different from that in

cool environment.  

Therefore, the aim of this study was to determine whether the elevation in heart

rate resulting from sustained submaximal exercise in the heat is related to reduced

V]O2max.  We hypothesized that V]O2max would be reduced following sustained exercise in

the heat, increasing the relative metabolic intensity during submaximal exercise at a

constant work rate, and that higher relative metabolic intensity would, in turn, be

associated with the elevation in heart rate during sustained submaximal exercise in the

heat.  
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Methods

Subjects:  Twenty-two healthy, endurance-trained male (n=11, age 23.1±4.7 yr,

height 178.2±4.4 cm, mass 70.1±8.8 kg, V]O2max 64.7±5.3 ml/kg/min) and female (n=11,

age 23.8±3.8 yr, height 164.8±5.7 cm, mass 56.0±4.9 kg, V]O2max 53.9±7.5 ml/kg/min)

runners and triathletes served as subjects.  The men and women had run 72.4±42.6 and

59.5±39.5 km/week, respectively, for at least 6 wk and were accustomed to exercising

in a hot environment.  All subjects were tested at the same time of the day to minimize

the effects of circadian rhythm on heart rate, and a minimum of 2 days passed between

testing of the same subject.  Participation was voluntary and subjects were paid upon

completion of the study.  The study was approved by the University’s Institutional

Review Board and a written consent was obtained before testing.

Experimental Design:  A repeated-measures experimental design in which

subjects served as their own control was used.  The dependent variables were %V]O2max,

and heart rate at the end of submaximal exercise.  The independent variable was

environmental temperature.  Other metabolic, cardiorespiratory, and temperature

measures were assessed to help interpret the effects of manipulations of the independent

variables on the dependent variables.

Treatments:  The study was conducted in an  environmental chamber at 50%

relative humidity (RH) under the following four conditions in which environmental and

pretest core temperature were varied: 1) 25O C with a 20-min walking warm-up at

~33% of control V]O2max (25W); 2) 35O C with a 20-min walking warm-up at ~33% of

control V]O2max (35W); 3) 40O C with a 20-min walking warm-up at ~33% of control

V]O2max (40W); 4) 45O C with a 20-min walking warm-up at ~33% of control V]O2max

(45W).  A control V]O2max test was conducted prior to the treatments, which then were

conducted in a random order.  The conditions were designed to elevate the core

temperature to different degrees using active preheating prior to the V]O2max test, and to

alter the rate of rise in core temperature during the test.  The conditions reflect the
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effects of increased core temperature and circulatory strain associated with prolonged

submaximal exercise in different ambient temperatures.  Because there were no

significant differences in measures at maximal exercise, reproducibility was assessed

using data from the control and 25W tests.

Test Protocol:  Subjects reported to the laboratory following a 3-h fast, but well

hydrated.  They were instructed not to consume alcohol or drugs 48 h prior to testing,

not to consume caffeine 12 h prior to testing, and to drink water and other non-

caffeinated beverages liberally.  On the morning of the test, subjects filled out a 24-h

history questionnaire designed to determine adherence to pretest instructions.  Then,

skinfold thickness measures were taken for estimation of body fat (only done in the

control test) and subjects measured their nude body weight.  Next, subjects inserted

rectal and esophageal thermisters for measurement of core temperature, thermisters for

measurement of skin temperature were attached, and a strap containing the electrodes

and transmitter for a heart rate monitor was placed around the chest.  The subjects

ingested water to compensate for the estimated sweat loss that would occur.

The subjects then completed a 20-min walk at ~33% of control V]O2max followed

by a graded running test to exhaustion.  During the exercise, V]O2 and other metabolic

variables of interest; heart rate; and rectal, esophageal, and skin temperatures were

monitored.  Metabolic, cardiorespiratory, and temperature measures were recorded

every 5 min during the 20-min walk and every 2 min during the graded running test.

Three min following the test, a fingerstick blood sample was obtained from the

subject and analyzed for lactate.  Then subjects dried off and measured their nude body

weight to determine the amount of weight loss (dehydration).

Test Procedures:  To elicit V]O2max, subjects ran to exhaustion at a constant

speed with the grade of the treadmill increasing 2% every 2 min.  A speed was chosen

to exhaust subjects in 6-15 min of exercise.  During the test, a Sensormedics Vmax 29

metabolic cart was used to measure the metabolic variables over a sampling period of
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30 s.   Four consecutive 30-s values were averaged for all metabolic measures during

submaximal exercise, and 2 consecutive 30-s values were averaged during the V]O2max

test.  The metabolic cart was calibrated using standard gases with concentrations

verified to 0.02%.

Attainment of V]O2max in the control condition was assured by using a

modification of the plateauing criterion of Taylor et al. (25).  The criterion for

determining a plateau was an increase in V]O2 (ml/kg/min) between the last two stages

of less than 50% of the expected increase, based on the American College of Sports

Medicine metabolic equation (11).  The criterion varied depending on treadmill speed

and ranged from 1.3 ml/kg/min (5.5 mph) to 2.2 ml/kg/min (9 mph).  After completion

of the graded test, all subjects (regardless of plateau attainment during the graded test)

rested for 20 min and then ran until exhaustion at a grade 2% higher than the grade at

the end of the graded test.  This process was repeated until a plateau was obtained. 

Using this protocol, all subjects demonstrated plateau in V]O2 either during the graded

exercise test and/or after the first rest period in the control test. 

Because we hypothesized that a plateau in V]O2 might not be evidenced in the

heat if performance was limited by hyperthermia, and because it was not possible to do

follow-up tests in the heat due to the threat of heat injury, the average of the two highest

consecutive 30-s values, or the peak oxygen consumption, was used in the other

conditions if heart rate was within 5 bpm of the control condition, or if the increase in

V]O2 (ml/kg/min) met the plateauing criterion tested for in the control condition.  If this

heart rate/V]O2 criterion was not met, the test was repeated on another day.  Five tests in

males were repeated because of inability to meet this criterion and 2 tests in males and 1

test in females were repeated because of equipment failure. The standard deviations of

replicate measures in 25O C in 22 subjects for V]O2max (l/min), V]O2max (ml/kg/min), and

RER at exhaustion  were 1.36, 0.085, and 0.02, respectively. 
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Rectal temperature was measured with an YSI thermister (model 4491E)

inserted 12 cm beyond the anal sphincter.  Esophageal temperature was measured using

an YSI thermister (model 4491E) inserted through the nasal cavity and into the

esophagus a distance equal to one-fourth of the standing height.  Mean skin temperature

was calculated according to the formula of Burton (3) from measurements of skin

temperature with YSI thermisters (model 409B), on the forearm, beneath the scapula,

and on the thigh.  All thermisters were connected to a YSI telethermometer (model

44TD or 4600).  The accuracy of all thermisters was verified by a mercury thermometer

prior to use.  The standard deviations of replicate measures in 25O C in 22 subjects for

rectal temperature, esophageal temperature, and mean skin temperature at exhaustion

were 0.25, 0.17, and 0.44O C, respectively.

Heart rate was measured using a Polar Vantage XL Heart Rate Monitor (model

145900). The standard deviation of replicate measures in 25O C in 22 subjects for heart

rate at exhaustion was 2.6 bpm.  Rating of perceived exertion (RPE) was measured by

having the subjects holding up the appropriate number of fingers corresponding to Borg

15-point category scale (2).  The standard deviation of replicate measures in 25O C in 22

subjects for RPE at exhaustion was 0.7.  Blood lactate was measured with a YSI 2300

STAT plus lactate/glucose analyzer. The standard deviation of replicate measures in

25O C in 22 subjects for blood lactate was 1.05 mmol/l.  Finally, body weight was

measured with an electronic scale (A&D Co. Ldt., model FW-150KA1).  The standard

deviations of replicate measures in 25O C in 22 subjects for nude body weight and

weight loss were 0.66 and 0.18 kg, respectively.

Statistical Analysis:  Statistical analyzes were done with SPSS 10 for Windows

(SPSS Inc. Chicago, IL).  Data are reported as means and SD of the measures.  A one-

way repeated-measures ANOVA was used to determine the significance of differences

among the measures under the different environmental conditions for the metabolic,

cardiorespiratory, skin temperature, and RPE measures.  A one-way repeated-measures
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ANCOVA, with the resting temperature held constant, was used to determine the

significance of differences among the measures under the different environmental

conditions for the core temperature measures.  Planned contrasts (paired samples t-test)

were used to determine differences between conditions.  Simple linear regression and

correlation was used to examine the relationship between change in heart rate during

submaximal exercise and decrease in V]O2max in the heat, and between heart rate at the

end of submaximal exercise and %V]O2max.

A two-tailed ? level of 0.05 was used for all significance tests except for

V]O2max.  A one-tailed ? level of 0.05 was used for V]O2max because it was expected to be

unchanged or decreased in the heat.  The significance level was adjusted using the

modified Bonferonni adjustment for the family of contrasts performed.

Results

Data on the metabolic, cardiorespiratory, and perceptual measures are contained

in Table 4.1.  V]O2max was significantly lower in the heat (Table 4.1) compared to the

neutral environment by 4% at 35W, 9% at 40W, and 17% at 45W.  The reduction was

not due to lack of effort in the heat, because indicators of maximal effort suggested that

a maximal effort was given under all conditions.  Maximal heart rate was within 5 bpm

in all conditions, RER was always 1.1 or higher, and RPE was approximately 19 in all

conditions.  Blood lactate was lower in 45W compared to the other conditions, but that

more likely reflected reduced running time and lower grade at exhaustion than lack of

effort.  Dehydration also was an unlikely contributor to the reductions in V]O2max since

weight loss was less than 0.7% of body weight.
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Table 4.1: Metabolic and performance variables at exhaustion

Measures 25C 25W 35W 40W 45W

V]O2max (l/min) 3.76±0.89 3.77±0.89 3.61±0.84* 3.44±0.82* 3.13±0.76*

HR (bpm) 190±10  188±8   188±8      190±10*  192±10* 

RER 1.17±0.03 1.16±0.03 1.14±0.04* 1.13±0.04* 1.10±0.05*

Lactate (mmol/l) 8.6±1.5 8.4±2.5 7.5±1.7 7.5±1.9 5.7±1.8*

RPE 19.3±0.8 19.1±0.9 19.0±1.3 19.4±0.9 19.1±0.9

V]O2max = maximal oxygen uptake, HR = heart rate, RPE = ratings of perceived exertion,
25C = Control test in 25O C, 25W = 25O C, 35W = 35O C, 40W = 40O C, 45W = 45O C.
* = p < 0.05 from 25W.

The metabolic, cardiorespiratory, and temperature data after 20-min of

submaximal exercise are presented in Table 4.2.  At the end of submaximal exercise,

V]O2 was slightly lower in the heat (35W, 40W, 45W) than in the thermoneutral

environment (25W), but the differences among the hot conditions in V]O2 were not

significant.  Heart rate increased progressively in curvilinear fashion with increasing

ambient temperature (Figure 4.1).  Oxygen uptake as a percentage of the control-test

V]O2max (%V]O2max-ctrl) was slightly lower in the heat (Figure 4.1), reflecting the reduced

submaximal V]O2 in the heat.  However, when V]O2 was expressed as a percentage of the

V]O2max measured in each of the conditions (%V]O2max-msrd), the relative metabolic

intensity during submaximal exercise increased in a curvilinear fashion with increasing

environmental temperature (Figure 4.1).
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Table 4.2: Metabolic, cardiorespiratory, and temperature variables after 20 min of
submaximal exercise

Measures 25W 35W 40W 45W

V]O2 (l/min) 1.25±0.29 1.21±0.29* 1.22±0.28* 1.20±0.29*

HR (bpm) 107±10 112±10* 120±10*† 137±11*†

%V]O2max-msrd 33.4±2.0 33.7±2.4 35.7±2.0*† 38.7±3.5*†

%V]O2max-ctrl 33.4±2.0 32.3±2.1* 32.6±1.9* 32.0±2.2*

TESO (O C) 37.1±0.4 37.0±0.4 37.2±0.4* 37.8±0.2*†

TRECTAL (O C) 37.3±0.3 37.3±0.3 37.3±0.3 37.6±0.3*†

TSKIN (O C) 32.2±0.7 35.1±0.4* 36.1±0.4*† 37.6±0.2*†
V]O2max = maximal oxygen uptake, HR = heart rate, %V]O2max-msrd = percent of measured
maximal oxygen uptake, %V]O2max-ctrl = percent of control maximal oxygen uptake, TESO
= esophageal temperature, TRECTAL = rectal temperature, TSKIN = skin temperature, 25W
= 25O C, 35W = 35O C, 40W = 40O C, 45W = 45O C. * = p < 0.05 from 25W, † = p <
0.05 from next temperature condition below.

Figure 4.1: Changes in heart rate and %V]O2max with increasing environmental
temperature. %V]O2max-msrd = percent of measured maximal oxygen uptake, %V]O2max-ctrl =
percent of control maximal oxygen uptake, 25W = 25O C, 35W = 35O C, 40W = 40O C,
45W = 45O C.

Skin temperature increased with increasing environmental temperature (Table

4.2).  Core temperature, on the other hand, did not change much until 45W, during

which it was higher than in other conditions (Table 4.2).  That finding indicates that the
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subjects were able to dissipate most of the heat produced during the low-intensity

submaximal exercise in temperatures up to 40O C.

The change in heart rate at the end of the submaximal exercise in the heat from

the heart rate in the thermoneutral condition (25W) correlated significantly with the

reduction in V]O2max in the heat (r = 0.79, Figure 4.2).  Similarly, heart rate at the end of

submaximal exercise correlated significantly with %V]O2max-msrd (r = 0.62, Figure 4.3A). 

However, heart rate at the end of submaximal exercise was unrelated to %V]O2max-ctrl (r =

0.06, Figure 4.3B).  Figures 4.3A and 4.3B are identical, except that in the left hand

panel, %V]O2max-msrd is the on the X-axis, whereas %V]O2max-ctrl is on the X-axis in the

right hand panel.  These figures reflect that once reduced exercise capacity in the heat

has been taken into account, elevation in heart rate during submaximal exercise is

related to relative metabolic intensity, whereas if V]O2max is assumed to not be reduced

in the heat, heart rate is elevated independent of relative metabolic intensity (no

relation).
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Figure 4.2: Relation between elevations in heart rate during submaximal exercise above
the heart rate in 25O C and reductions in V]O2max in the heat (r = 0.79, SEE 8 bpm).  F
Heart Rate = change in heart rate in the heat from 25O C, F %V]O2max = reduction in
maximal oxygen uptake in the heat expressed as a percentage of control maximal
oxygen; 35W = 35O C, 40W = 40O C, 45W = 45O C.

Figure 4.3: Relation of heart rate at the end of 20-min of submaximal exercise to
%V]O2max-msrd (A, r = 0.62, SEE 12 bpm) and V]O2max-ctrl (B, r = 0.03, SEE 16 bpm). 
%V]O2max-msrd = percent of measured maximal oxygen uptake, V]O2max-ctrl = percent of
control maximal oxygen uptake, 25W = 25O C, 35W = 35O C, 40W = 40O C, 45W = 45O

C.
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Discussion

The primary new finding of this study is that increased heart rate at the end of

submaximal exercise was related to reduced V]O2max and increased relative metabolic

intensity following 20-min of low intensity exercise in the heat.   As ambient

temperature was progressively increased from 25O C to 45O C, the mean heart rate and

the mean %V]O2max-msrd following the 20 min of exercise increased in an identical

fashion.  These data suggest that during sustained exercise in the heat, heart rate

accurately reflects the relative metabolic intensity and is not dissociated from V]O2 as

long believed.

Whether V]O2max is reduced as a result of heat stress has been debated.  Some

studies report no change (15,18,21,28), whereas others report very small, often trivial,

reductions on the order of 150-350 ml/min or 3-8% (6,10,13,17,20-23,25).  Two studies

(12,13) have found marked reductions (16-25% or 750-985 ml/min) in V]O2max during

heat stress, when V]O2max was measured following 12-20 min of preliminary low-to-

moderate intensity (30-50% of V]O2max) exercise that elevated the core temperature prior

to the V]O2max test.  The findings of the present study support these latter findings and

reconcile the discrepancy between the studies finding small and large reductions in

V]O2max.  When the ambient heat stress (35W, 40W) during low-intensity exercise is not

severe enough to prevent the body from effectively thermoregulating, small reductions

are found in V]O2max.  However, when the heat stress (45W) becomes uncompensable,

large reductions are observed in V]O2max, probably due to attainment of a critical core

temperature that causes fatigue (Arngrímsson et al., manuscript in preparation) and/or

circulatory strain (14).

Heart rate increases fairly linearly with increased exercise intensity in a

thermoneutral environment (1,14).  The relation of heart rate to relative metabolic

intensity (%V]O2max) is stronger than to absolute metabolic intensity (V]O2), probably

because the stimuli that increase sympathetic nervous system activity, the primary



87

factor that increases heart rate during exercise (4), are most closely linked to relative

exercise intensity (14,19).  During heat stress, heart rate is higher at submaximal

exercise intensities than in a thermoneutral environment (6,15,17,18,23,28).  Studies

reporting no reduction in V]O2max in the heat despite increased heart rate during

submaximal exercise at the same absolute intensity, suggested that there was

dissociation in the relation between heart rate and %V]O2max (15,18,28).  The elevated

heart rate in the heat independent of altered V]O2max has been explained by increased

sympathetic activity (9,16), increased rate of sinoatrial node firing (8), feedback from

increased core and skin temperature to the heart (5,26), or increased circulatory strain

due to elevated skin blood flow for thermoregulation and reduced stroke volume from

peripheral displacement of blood (14).

  This study is the first to measure V]O2max, and V]O2 and heart rate during

submaximal exercise, following a period of sustained exercise, under progressively

increasing ambient temperatures.  We found that V]O2max was reduced and the relative

metabolic intensity (%V]O2max) increased in the heat compared to a thermoneutral

environment, and that the changes in the two were strongly related.  There was a

positive relation between heart rate and %V]O2max in different levels of heat stress if

V]O2max was measured after 20-min of submaximal exercise, but no relation if %V]O2max

was calculated based on the control V]O2max.  Our findings differ from most others

primarily because of the conditions under which V]O2max was measured.  With two

exceptions (12,13) that did not report heart rate during submaximal exercise, most other

studies reporting the effect of heat on submaximal heart rate have not measured V]O2max

following sustained exercise in the heat that elevates core temperature (6,15,17,18,23). 

Instead V]O2max was measured following a brief exposure to the heat (15,18).  During

brief periods of maximal exercise in the heat (no preheating prior to the V]O2max test),

V]O2max may not be reduced because of skin vasoconstriction (14) and insufficient time
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to raise the core temperature to critical levels (Arngrímsson et al., manuscript in

preparation).

Our findings have practical implications for exercise prescription in the heat. 

The general advice regarding exercise in the heat has been to stay within the target heart

rate zone because heart rate is sensitive to heat stress and provides an index of the

overall physiological strain (7).  Because heart rate at submaximal intensities is elevated

in the heat, exercise intensity must be reduced to maintain the same heart rate as in a

thermoneutral environment.  Reduction of the exercise intensity lowers the absolute

V]O2 elicited.  If V]O2max is assumed to be unchanged in the heat, then the calculated

%V]O2max also is lower when exercising at the same heart rate in the heat compared to a

thermoneutral environment.  The findings of this study suggest, on the other hand, that

following sustained exercise in the heat, lowering the exercise intensity to maintain the

same heart rate as in thermoneutral environment would elicit similar %V]O2max as in a

thermoneutral environment, because heart rate is increased in proportion to the

reduction in V]O2max.  

Because relative metabolic intensity is thought to determine the training

stimulus for increasing V]O2max (24,27), similar percentage improvements in V]O2max

might be expected after training at a given %V]O2max in the heat compared to a

thermoneutral environment, despite the lower absolute V]O2 elicited.   However, the

increase in V]O2max with training in warm (35O C) compared to cold (20O C) water at the

same absolute V]O2, but different (~25 bpm) heart rates, was the same (29,30),

suggesting that the lower absolute V]O2 elicited at the same %V]O2max in the heat

provides less of a stimulus for increasing V]O2max with training.  Unfortunately, V]O2max

was only assessed in air in a thermoneutral environment; V]O2max in the warm water may

have been reduced.  Additional studies are needed to determine whether the absolute or

relative metabolic intensity is a more important stimulus for increasing V]O2max in a hot

climate in which V]O2max is reduced.
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We conclude that elevation in heart rate during submaximal exercise in the heat

is not indicative of dissociation between heart rate and relative metabolic intensity. 

Rather, the elevation in heart rate during submaximal exercise in the heat is

proportional to reduced V]O2max.  Exercise in the heat at the same heart rate as in a

thermoneutral environment elicits similar relative metabolic intensity.
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CHAPTER 5

SUMMARY AND CONCLUSIONS

A hot compared to cool environment compromises physical work capacity and

endurance performance.  On the other hand, studies have suggested that maximal

oxygen uptake (V]O2max) is unchanged in the heat or reduced only slightly.  If V]O2max is

not reduced in the heat but performance is decreased, it suggests that the two are

unrelated in the heat and some factor other than reduced V]O2max is the cause of

decreased performance.  Heart rate also is elevated at submaximal intensities during

exercise in the heat.  Elevated heart rate at submaximal intensities without reduction in

the V]O2max suggests that there is dissociation of heart rate and relative metabolic

intensity (%V]O2max) in the heat.

The reduction in work capacity and performance has commonly been explained

by a hypothesized reduction in muscle blood flow due to peripheral displacement of

blood to the skin.  Such displacement, along with increased sympathetic activity and

increased firing of the sinoatrial node in the heat, and feedback from skin or core

temperature, would also elevate heart rate at submaximal intensities in the heat. 

Recently however, it has been demonstrated that muscle blood flow is not reduced in

the heat during exhaustive submaximal exercise, and data suggest that high core

temperature may limit exercise performance in the heat; exhaustion at similar core

temperature during exercise to exhaustion in the heat has been found in numerous

studies, which have almost exclusively studied men.

Only two studies have reported large decrease in V]O2max in the heat.  Both of

those studies measured V]O2max following a 12-20 min period of light-to-moderate

exercise in the heat that elevated core temperature.  The findings of these studies
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suggest that following prolonged, submaximal exercise in the heat, V]O2max may be

reduced and the reduction may be due to attainment of critically high core temperature. 

If V]O2max is reduced following submaximal exercise in the heat, the reduction in

performance may be related to the reduction in V]O2max.  Reduced V]O2max in the heat also

would increase the %V]O2max during submaximal exercise, which might explain a part of

the elevation in heart rate during submaximal exercise in the heat.  Therefore, the

relation of heart rate to %V]O2max in the heat might not be different from that in

thermoneutral environment.

The main purpose of this study was to determine whether V]O2max during

exercise in the heat is limited by attainment of a critical core temperature in endurance-

trained men and women.  A second purpose was to determine whether the elevation in

heart rate resulting from sustained submaximal exercise in the heat is related to reduced

V]O2max.

V]O2max and esophageal temperature at exhaustion (TESOmax) were measured in 11

men and 11 women under environmental conditions ranging form 25O C to 45O C

following periods of active, passive, or no preheating.  Furthermore, measures of

oxygen uptake and heart rate were obtained following a 20-min period of active

(walking) preheating.  The conditions were designed to manipulate core temperature at

the beginning of, and the rate of rise during, the V]O2max test, thereby manipulating the

time to fatigue.

V]O2max was moderately reduced (3-9%) in the heat under conditions in which

critical core temperature was not attained, but larger reductions (17-19%) were

observed in conditions which the critical core temperature was reached.  However, there

were considerable individual differences in the environmental conditions in which

critical core temperature was first observed.  The reductions in performance time were

strongly related to reductions in V]O2max in men and women (r = 0.82-0.84).  Responses

of men and women in TESOmax, V
]O2max, and work capacity in the heat were almost
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identical.  %V]O2max and heart during submaximal exercise in the heat increased in an

identical curvilinear fashion with increasing environmental temperature.  Elevation in

heart rate at the end of submaximal exercise in the heat correlated significantly with the

reduction in V]O2max in the heat (r = 0.79), as did heart at the end of submaximal

exercise and %V]O2max (r = 0.62).

Based on the results from this study, it is concluded that:

1) Large (> 10%) reductions in V]O2max and work capacity in men and women in

severe, uncompensable heat stress are associated with attainment of a critical core

temperature.  Without such attainment, moderate decreases due to circulatory strain are

observed.

2) Reduced physical work capacity is strongly related to reduced V]O2max in the

heat.  That relation appears to depend, in part, on the effect of attainment of a critical

core temperature on both measures because it causes concomitant decrease in both

variables.

3) Men and women do not differ in their TESOmax responses, or in the relation of

the core temperature to the reductions in V]O2max and work capacity in the heat. 

Therefore, men and women appear to be subject to the same limitations in V]O2max and

performance during exercise in the heat.

4) The elevation in heart rate during sustained submaximal exercise in the heat

is not indicative of dissociation between hear rate and %V]O2max.  Rather the elevation in

heart rate during submaximal exercise in the heat is proportional to reduced V]O2max. 

Therefore, exercise in the heat at the same heart rate as in a thermoneutral environment

elicits similar %V]O2max.
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APPENDIX A

SCALES OF PERCEPTUAL MEASURES

Perceived Exertion Scale

6

7 VERY, VERY LIGHT

8

9 VERY LIGHT

10

11 FAIRLY LIGHT

12

13 SOMEWHAT HARD

14

15 HARD

16

17 VERY HARD

18

19 VERY, VERY HARD

20
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Pain Intensity Scale

0 NO PAIN AT ALL

½ VERY FAINT PAIN (just noticeable)

1 WEAK PAIN

2 MILD PAIN

3 MODERATE PAIN

4 SOMEWHAT STRONG PAIN

5 STRONG PAIN

6

7 VERY STRONG PAIN

8

9

10 EXTREMELY INTENSE PAIN 

(almost unbearable)

• UNBEARABLE PAIN

Scale of Thermal Sensation

1 NEUTRAL

2 WARM

3 HOT

4 VERY HOT

5 AS HOT AS POSSIBLE
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Scale of Comfort Sensation

1 COMFORTABLE

2 SLIGHTLY UNCOMFORTABLE

3 UNCOMFORTABLE

4 VERY UNCOMFORTABLE

5 AS UNCOMFORTABLE AS POSSIBLE

Motivation to Continue Scale

HOW STRONG IS YOUR MOTIVATION TO CONTINUE?

1 VERY WEAK

2 WEAK

3 AVERAGE

4 STRONG

5 VERY STRONG
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APPENDIX B

INSTRUCTIONS FOR THE SCALES OF PERCEPTUAL MEASURES

Perceived Exertion Scale Instructions

The scale you see before you contains numbers from 6 to 20.  We want you to

try to estimate how physically stressful you feel the exercise to be; that is, we want you

to rate the degree of perceived exertion you feel.  By perceived exertion we mean the

total amount of exertion and physical fatigue, combining all sensations and feelings of

physical stress, effort, and fatigue.  Don’t concern yourself with any one factor such as

leg pain or shortness of breath, but try to concentrate on your total, inner feeling of

exertion.  Try to estimate as honestly and objectively as possible.  Don’t underestimate

the degree of exertion you feel, but don’t overestimate it either.  Just try to estimate it as

accurately as possible.

Looking at the scale before you, the number 6 corresponds with no exertion at

all; it is basically sitting at rest just like you are now. Note that the verbal expressions

begin with “very, very light”, and most people would consider this level just noticeable. 

The verbal title, “very, very hard” (the number 19) refers to work that is extremely

heavy.  For most people this will be equal to the heaviest or most stressful physical

exercise they have ever done, basically as hard as you have ever pushed yourself during

a race or a run.  The numerical scale will allow you to report your perceived exertion. 

Feel free to use any number on the scale.

During an actual data collection session, you will have the mouthpiece in your

mouth, which will prevent you from speaking.  When you are prompted for your

perceived exertion, we will present you with the scale so that you can indicate your

number by holding up that number of fingers.  The numbers 6-10 correspond to 1-5
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fingers (1 finger means 6, 5 fingers mean 10).  The numbers 11-15 and 16-20 also

correspond to 1-5 fingers (1 finger means 11 or 16 and 5 fingers mean 15 or 20). 

During the test, a test administrator will read back to you’re your selected number to

clarify your choice.  For example if you hold up 3 fingers when asked for RPE (your

perceived exertion), the administrator may say 13.  If that is correct, give thumbs up, if

not shake your hand and the administrator will try either the number 8 or 18.  This hand

signaling will be practiced at rest prior to the test.  Once the initial number during the

test is established, the administrator will hardly ever associate the number of fingers

you hold up with the wrong perception of effort.

Do you have any questions?

Pain Intensity Scale Instructions

You are about to undergo an exercise test.  The scale before you contains the

numbers 0-10.  You will use this scale to assess perceptions of pain in your legs during

the exercise test.  In this context, Pain is defined as the intensity of hurt that you feel. 

Do not underestimate or overestimate the degree of hurt you feel, just try to estimate it

as honestly and objectively as possible.

The numbers on the scale represent a range of pain intensity from “very faint

pain” (number ½) to “ extremely intense pain - almost unbearable” (number 10).  When

you feel no pain in your legs, you should respond with the number 0.  If your legs feel

extremely strong pain that is almost unbearable, you should respond with the number

10.  If the pain is greater than 10, respond with the number that represents the pain

intensity you feel in relation to 10.  For example, if the pain is twice as intense as 10

give the number 20.

Repeatedly during the test you will be asked to rate the feelings of pain in your

legs.  When rating these pain sensations, be sure to attend only to the specific sensations

in your legs and not report other pains you may be feeling (e.g. chest pain).  
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It is very important that your ratings of pain intensity reflect only the degree of

hurt you are feeling in your legs during exercise.  Do not use your ratings as an

expression of fatigue (i.e., inability of the muscle to produce force). 

During an actual data collection session, you will have the mouthpiece in your

mouth, which will prevent you from speaking.  When you are prompted for your leg

pain, we will present you with the scale so that you can indicate your number by

holding up that number of fingers.  The numbers 1-5 correspond to 1-5 fingers (1 finger

means 1, 5 fingers mean 5).  The numbers 5-10 also correspond to 1-5 fingers (1 finger

means 6 and 5 fingers mean 10).  During the test, a test administrator will read back to

you’re your selected number to clarify your choice.  For example if you hold up 3

fingers when asked for leg pain, the administrator may say 3.  If that is correct, give

thumbs up, if not shake your hand and the administrator will try the number 8.  Zero

should be signaled by making a zero with your index finger and thumb and ½ by

making a U with your index finger and thumb.  For ratings higher than 10, raise your

fist, and the administrator will ask you after the test what number the fist meant.  This

hand signaling will be practiced at rest prior to the test.  Once the initial number during

the test is established, the administrator will hardly ever associate the number of fingers

you hold up with the wrong perception of effort.

In summary, you will be asked to: 1) provide pain intensity ratings in your legs

only; 2) give ratings as accurately as possible; and 3) not under- or overestimate the

pain, but simply rate your pain honestly.  You should use the verbal expressions to help

rate your perceptions.

Do you have any questions?

Scale of Thermal Sensation Instructions

You are about to undergo an exercise test.  The scale before you contains the

numbers 1-5.  You will use this scale to assess your whole body thermal sensation

during and prior to the exercise test.  By whole body thermal sensation we mean how
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cold or hot you are feeling over your entire body.  Do not underestimate or overestimate

your degree of thermal sensation, just try to estimate it as honestly and objectively as

possible.

The numbers represent a range of thermal sensation  from “neutral” (number 1)

to “as hot as possible” (number 5).  If you are neither hot nor cold during or prior to the

exercise, respond with the number 1.  If you are as hot as possible during or prior to the

exercise, respond with the number 5.

Repeatedly prior to and during the test you will be asked to rate your thermal

sensation.   It is very important that your ratings of thermal sensation reflect only the

degree of thermal sensation you are feeling prior to and during the exercise test.

During an actual data collection session, you will have the mouthpiece in your

mouth, which will prevent you from speaking.  When you are prompted for your

thermal sensation, we will present you with the scale so that you can indicate your

number by holding up that number of fingers.  The numbers 1-5 correspond to 1-5

fingers (1 finger means 1, 5 fingers mean 5). During the test, a test administrator will

read back to you’re your selected number to clarify your choice.  This hand signaling

will be practiced at rest prior to the test. 

Do you have any questions?

Scale of Comfort Sensation Instructions

You are about to undergo an exercise test.  The scale before you contains the

numbers 1-5.  You will use this scale to assess your level of comfort during and prior to

the exercise test. By comfort we mean how comfortable or uncomfortable you feel over

your whole body both internally and externally.  Do not underestimate or overestimate

your degree of comfort, just try to estimate it as honestly and objectively as possible.

The numbers represent a range of thermal sensation  from “comfortable”

(number 1) to “as uncomfortable as possible” (number 5).  If you are comfortable
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during or prior to the exercise, respond with the number 1.  If you are as uncomfortable

as possible during or prior to the exercise, respond with the number 5.

Repeatedly prior to and during the test you will be asked to rate your comfort

sensation.   It is very important that your ratings of comfort sensation reflect only the

degree of comfort sensation you are feeling prior to and during the exercise test.  You

should rate your overall comfort level and not confuse it with your sensation of heat and

leg pain since it is possible that you could be hot and comfortable or without leg pain

and uncomfortable.

During an actual data collection session, you will have the mouthpiece in your

mouth, which will prevent you from speaking.  When you are prompted for your

comfort level, we will present you with the scale so that you can indicate your number

by holding up that number of fingers.  The numbers 1-5 correspond to 1-5 fingers (1

finger means 1, 5 fingers mean 5). During the test, a test administrator will read back to

you’re your selected number to clarify your choice.  This hand signaling will be

practiced at rest prior to the test. 

Do you have any questions?

Motivation to Continue Scale Instructions

You are about to undergo an exercise test.  The scale before you contains the

numbers 1-5.  You will use this scale to assess the intensity of your motivation to

continue exercising during the exercise test.  Do not underestimate or overestimate your

degree of motivation to continue exercising, just try to estimate it as honestly and

objectively as possible.

The numbers represent the intensity of your motivation to continue exercising

ranging from “very weak” (number 1) to “very strong” (number 5).  If you are very

weakly motivated to continue the exercise, respond with the number 1.  If you are very

strongly motivated to continue the exercise, respond with the number 5.  However, do
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not stop exercising merely because your motivation to continue has decreased; continue

to exercise until you physically cannot go any longer.

Repeatedly during the test you will be asked to rate your motivation to continue

exercising.   It is very important that your ratings of motivation to continue reflect only

the degree of motivation you are feeling to continue to exercise during the exercise test. 

Do not use your ratings as an expression of fatigue (i.e., physical inability to continue

exercising) since you may be motivated to continue exercising despite being tired or

unmotivated to continue exercising despite feeling no fatigue.  

During an actual data collection session, you will have the mouthpiece in your

mouth, which will prevent you from speaking.  When you are prompted for your

motivation to continue, we will present you with the scale so that you can indicate your

number by holding up that number of fingers.  The numbers 1-5 correspond to 1-5

fingers (1 finger means 1, 5 fingers mean 5). During the test, a test administrator will

read back to you’re your selected number to clarify your choice.  This hand signaling

will be practiced at rest prior to the test. 

Do you have any questions?


