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ABSTRACT

PRICE, M. J., and I. G. CAMPBELL. Effects of Spinal Cord Lesion Level upon Thermoregulation during Exercise in the Heat.Med.
Sci. Sports Exerc., Vol. 35, No. 7, pp. 1100–1107, 2003.Purpose: This study examined the effects of the level of spinal cord injury
upon the thermoregulatory responses of wheelchair athletes during prolonged wheelchair exercise in warm conditions.Methods: Eight
tetraplegic (TP), 10 high-level paraplegic (HP), and 10 low-level paraplegic (LP) athletes exercised for 60 min at 60% V˙ O2peakin a
warm environment (31.5� 1.7°C, 42.9� 8.0% relative humidity). Skin temperature and aural temperature were monitored.Results:
Aural temperature increased gradually during the exercise period by 1.1� 0.3 and 1.4� 0.5°C for the HP and LP groups, with a more
marked increase observed for the TP group (2.1� 0.5°C;P � 0.05). Upper-arm skin temperature was higher for the TP when compared
with the HP and LP between 30 and 60 min (P � 0.05). Back skin temperature was higher for the TP when compared with the HP
and LP between 45 and 60 min (P � 0.05). No differences were noted between groups for the thigh or calf skin temperatures. During
recovery, skin temperature remained elevated for the TP group when compared with the HP and LP groups (P � 0.05). Heat storage
was greatest for the TP athletes at the end of exercise and remained elevated throughout recovery (P � 0.05).Conclusions: All athletes
completed the exercise task even though the gradual increase in aural temperature observed for the HP and LP groups suggests a degree
of thermal imbalance. However, this was much less than observed for TP athletes, who demonstrated a much greater imbalance in
temperature regulation. Increasing the exercise or environmental strain may result in the thermoregulatory responses of athletes with
a spinal cord injury being compromised.Key Words: WHEELCHAIR EXERCISE, RECOVERY, BODY TEMPERATURE, AURAL
TEMPERATURE, SKIN TEMPERATURE, HEAT STORAGE

The thermoregulatory responses of spinal cord-injured
and able-bodied subjects to heat exposure at rest have
been previously reported (9,14,21,27,28). These

studies have shown that thermoregulatory responses are
proportional to the level of lesion, reflecting the amount of
sympathetic nervous system available for sweating and
blood redistribution. In general, although paraplegics have
been shown to regulate body temperature effectively at rest,
they show greater increases in core temperature when com-
pared with able-bodied subjects (9). Furthermore, paraple-
gics with lesions at T6 and below demonstrate smaller
increases in core temperature than those with lesions above

T6, who in turn demonstrate smaller increases than subjects
with a cervical lesion (tetraplegics) (9). The latter subject
group exhibits the least effective thermoregulation due to
complete absence of sweating capacity (9,26,21,28). De-
spite this finding, no studies have reported the thermoreg-
ulatory responses of the tetraplegics to prolonged exercise in
a warm environment.

Previous work has shown that during prolonged upper
body exercise in cool conditions, trained paraplegics with
low-level spinal cord lesions demonstrate similar increases
in core temperature to those reported for able-bodied ath-
letes (22). This similarity was suggested to be due to the
reduced sweating capacity below the level of lesion being
matched by the reduced muscle mass for heat production
enabling thermal balance to be achieved. Although the
above study examined responses of low-level paraplegics,
little data exist relating to the responses of both high-level
paraplegics and tetraplegics during exercise. Hopman et al.
(12) observed greater rectal temperature responses for high-
level paraplegics (T2–T6) when compared with low-level
paraplegics (T7–T12) during exercise and thermal stress
(40% peak power, 35°C). However, although the athletes in
this study were working at similar relative power outputs,
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this produced different relative oxygen consumption values
between groups. Consequently, the high-level paraplegics
exercised at greater relative exercise intensities (63%
V̇O2peak) when compared with the low-level paraplegics
(43% V̇O2peak), which may have contributed to the greater
thermal strain for this group. In addition, the use of rectal
temperature has been suggested to be inappropriate for use
in paraplegics (7). Therefore, the aim of this study was to
examine the influence of the level of spinal cord injury on
thermoregulatory responses at rest, and during prolonged
wheelchair exercise and recovery in warm conditions.

METHODS

Twenty-eight wheelchair athletes volunteered to partici-
pate in this study, which had received University Ethics
Committee approval. Subjects comprised of wheelchair
rugby, basketball, and track athletes who trained and com-
peted regularly at national and international levels. More
specifically, the group comprised eight tetraplegic athletes
(TP; C5/C6–C7/C8), 10 paraplegic athletes with high-level
spinal cord injuries (HP; T1–T6), and 10 paraplegics ath-
letes with low-level spinal cord injuries (LP; T7 and below).
The separation of paraplegic athletes into groups with high-
and low-level spinal cord injury is consistent with previous
studies of spinal cord-injured subjects during exercise (12).
All subjects had complete lesions of the spinal cord. Subject
training and lesion characteristics are shown in Table 1.
Subjects were fully familiarized with testing procedures and
provided written informed consent to participate.

Subjects performed all tests in their sports specific wheel-
chair on a wheelchair ergometer (Bromking Turbo Trainer,
Loughborough, UK). The ergometer consisted of a wheel-
chair roller, adjustable spring-loaded bracket for holding the
wheelchair in position, and an optical sensor for determina-
tion of roller velocity. The system was calibrated via a
personal computer and conventional software (Kingcycle)
for each individual in order to produce a rolling resistance
similar to that experienced when pushing on the road. Ve-
locity could be maintained by observation of power output
from the computer screen or from a speedometer attached to
the athletes’ chair. To determine the propulsion speed that
would elicit an exercise intensity of 60% peak oxygen
uptake (V̇O2peak), subjects performed four submaximal
stages of wheelchair ergometry (Bromking Turbo Trainer)
and an incremental test for V̇O2peak. Each submaximal ex-
ercise stage was 4 min in duration and separated by a 2-min
rest period in order to minimize local fatigue (16). The

submaximal stages for athletes exercising in rugby and
basketball wheelchairs were performed at propulsion speeds
of 4, 5, 6, and 7 mph (8, 10, 12, and 14 W). The submaximal
stages for the athletes in track wheelchairs were performed
at 8, 10, 12, and 14 mph (20, 30, 40, and 50 W) (16). A
1-min expired air sample was collected between min 2:45
and 3:45 of each 4-min exercise stage via the Douglas bag
technique. Samples were subsequently analyzed for oxygen
and carbon dioxide content (Servomex, Crowborough, UK).
A small 20-�L capillary blood sample was obtained from
the earlobe for the determination of blood lactate concen-
tration (BLa) at rest and at the end of each exercise stage
(YSI, Yellow Springs Instruments, Yellow Springs, OH).

After the fourth submaximal exercise stage had been
completed, subjects rested for at least 5 min to allow heart
rate to return to below 100 beats·min�1. Subjects then
performed a continuous incremental test for the determina-
tion of V̇O2peak. This test involved increases in speed of 1.0
mph each minute (17) from an initial speed of 4.0 mph for
the athletes exercising in rugby and basketball wheelchairs
and 10.0 mph for the athletes exercising in track wheel-
chairs. The test was open ended and continued until the
athlete reached volitional exhaustion. A 1-min expired air
sample was collected during the final minute of the test. A
small 20-�L capillary blood sample was obtained from the
earlobe for the analysis of BLa once volitional exhaustion
had been reached. Heart rate was continually monitored
(Polar Sports Tester, Kempele, Finland).

After at least 3 h chaperoned rest from the preliminary
tests, subjects began the 60-min test protocol by returning to
the laboratory and resting quietly for a further 15 min (pilot
work demonstrated that this was suitable recovery from
preliminary tests and produced similar thermoregulatory
and other physiological responses to performing the tests on
separate days). At the end of this period resting heart rate
was recorded along with resting thermoregulatory data. A
5-mL venous blood sample was obtained from the antecu-
bital vein from which hemoglobin (Clandon HemoCue,
HemoCue Ltd., Sheffield, UK) and hematocrit (Hawksley
Reader, Hawksley & Sons, Sussex, UK) were subsequently
analyzed to determine plasma volume (4). Body mass was
then recorded (Seca 710, seated scales, Hamburg, Germany)
after individuals had evacuated their bladder. Skin-fold
measurements were taken from the biceps, triceps, subscap-
ular, and suprailiac sites using Harpenden skin-fold callipers
(British Indicators Ltd, Luton, UK), in accordance with the
procedures of Durnin and Wormersley (5). Subjects then
entered the environmental chamber (31.5 � 1.7°C, 42.9 �
8.0% relative humidity) where a resting expired air sample
was obtained (time points �10 to �5 min) via the same
procedures described for the preliminary tests. A small
20-�L capillary blood sample was obtained from the ear-
lobe and analyzed for blood lactate concentration. All sub-
jects wore lightweight tracksuit trousers and training shoes
with no clothing covering the upper body.

Thermistors were positioned for measures of aural and
skin temperatures. Aural temperature was measured by an
aural thermistor inserted into the subjects’ auditory canal (3)

TABLE 1. Physical characteristics and peak test data for the TP, LP, and LP athletes.

TP Group HP LP

V̇O2peak (L�min�1) 1.26 � 0.34 1.70 � 0.33 2.15 � 0.66*
V̇Epeak (L�min�1) 45.9 � 9.6 64.9 � 17.6 77.7 � 26.3
HR peak (beats�min�1) 130 � 20 175 � 11* 188 � 8*
BLa peak (mmol�L�1) 3.70 � 0.83 5.66 � 1.37* 5.66 � 1.76*
Time since lesion (yr) 13.3 � 10.5 16.7 � 8.5 18.5 � 6.6
Training sessions per week 4.1 � 1.1 4.4 � 1.4 4.4 � 1.7
Hours per session 2.2 � 0.8 2.0 � 0.6 1.6 � 0.4

* Significantly different from TP athletes (P � 0.05).
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and securely plugged and taped in position. Skin thermistors
were placed at standard positions (7,25) on the forehead,
forearm, upper arm, back, chest, abdomen, thigh, and calf in
order to establish the whole-body thermoregulatory re-
sponse. The insulation and use of the aural thermistor and
skin thermistor preparation has been described in previous
studies (22,23). Subjects then undertook a standardized
5-min warm-up (�5 to 0 min). This involved 3-min exercise
on the wheelchair ergometer at a speed equivalent to the first
stage of the preliminary submaximal test, followed by 2 min
of light stretching. Once completed, subjects were allowed
to undergo their usual stretching routine. Subjects then
exercised at an intensity of 60% V̇O2peak for 60 min and
were allowed to drink plain water (~15°C) ad libitum. On
completion of the exercise test, subjects remained in the
seated position and a second 5-mL venous blood sample was
obtained. Postexercise hemoglobin concentration and he-
matocrit were subsequently analyzed. Subjects then rested
quietly for 30 min and were reweighed. As well as the
absolute change in body mass, the change in body mass in
relation to fluid consumed was also calculated (adjusted
change in body mass: (Masspre � Masspost) � fluid
consumed)).

Aural and skin temperatures were recorded at rest, post
warm-up, and every 5 min during the exercise period and
during the first 30 min of recovery. Values were recorded by
a Grant Squirrel meter logger (1250 Series, Grant Instru-
ments, Cambridge, UK) via Edale thermistors (Edale Instru-
ments, Cambridge, UK). Heat storage was calculated from
the following formula employed by Havenith et al. (10),
where:

Heat Storage � �0.8 �Tcore � 0.2 �Tskin) � Cb,

and Cb is the specific heat capacity of the body tissue (3.49
J·g�1·°C�1). Values were calculated from changes in aural
and skin temperature (24) from resting values at 5, 15, 30,
45, and 60 min of exercise and 15 and 30 min of recovery.
Small 20-�L capillary blood samples were obtained from
the earlobe at 5, 15, 30, 45, and 60 min during the exercise
period and 5 min postexercise. One-minute expired air sam-
ples were collected via the Douglas bag technique at 5, 15,
30, 45, and 60 min during the exercise period. Ratings of
perceived exertion (RPE; Borg scale) were obtained after
each expired air collection. Heart rate was continually
monitored.

The peak physiological responses to incremental wheel-
chair exercise were compared using one- way ANOVA.
Physiological data (0, 5, 15, 30, 45, and 60 min) and ther-
moregulatory data (rest, post warm-up, 5, 10, 15, 30, 45, 60
min of exercise and 5, 10, 15, and 30 min for recovery) were
compared using two-way ANOVA with repeated measures
(group � time). Significance was accepted at the P � 0.05
level. Where significance was obtained, Scheffé post hoc
analysis was undertaken. All data was analyzed using a
standard statistical package (Statistica, Statsoft Inc).

RESULTS

The peak physiological responses to incremental wheel-
chair ergometry are shown in Table 1. V̇O2peak and peak
ventilation rate (V̇E2peak) values for the LP athletes were
greater than those for the HP and TP athletes. Peak heart rate
and peak blood lactate for the HP and LP athletes were
similar but greater than those for the TP athletes.

Oxygen consumption (V̇O2), heart rate, and ventilation
rate (V̇E) were lower for the TP athletes throughout the
exercise period when compared with the HP and LP athletes
(P � 0.05). No differences were observed between groups
for percent V̇O2peak (62.3 � 13.2, 54.5 � 8.0, and 57.4 �
6.6%, for the TP, HP, and LP at 5 min of exercise, respec-
tively), BLa, or RER responses during exercise. After 30
min of exercise, HR for the HP athletes (146 � 14
beats·min�1) was elevated from values at 5 min of exercise
(125 � 24 beats·min�1; P � 0.05) and remained elevated
until the end of the exercise period (153 � 27 beats·min�1;
P � 0.05), whereas for the LP athletes, HR was elevated
from values at 5 min of exercise by 45 min of the exercise
protocol (140 � 40 and 159 � 16 beats·min�1, respectively;
P � 0.05) also remaining elevated until the end of the
exercise period (168 � 17 beats·min�1; P � 0.05). An
increase in HR from 5 min of exercise (98 � 13
beats·min�1) was not observed for the TP athletes during
exercise with values reaching 109 � 15 beats·min�1 at the
end of the exercise period. RPE throughout the exercise
period is shown in Figure 1. Perceptions of effort were
elevated above those reported at 5 min of exercise (P �
0.05) by 45 min for TP (12.4 � 2.1), 30 min for HP (12.8
� 1.2), and 15 min for LP (12.0 � 2.0). Values then
remained elevated until the end of the exercise period (P �
0.05) for all groups (13.2 � 2.3, 14.2 � 1.3, and 15.7 �
2.8). When compared with the TP athletes, RPE for the LP
athletes was greater at 45 min of exercise until the end of the
exercise period (P � 0.05). No differences were observed

FIGURE 1—Ratings of perceived exertion (RPE) for the TP, HP, and
LP athletes during exercise in warm conditions.
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between ratings of perceived exertion for the HP and LP
athletes, or the HP and TP athletes.

At rest in a cool environment, before entering the envi-
ronmental chamber, aural temperatures for the TP, HP, and
LP athletes were similar (36.2 � 0.2°C; 36.4 � 0.4°C, and
36.4 � 0.2°C, respectively). After 60 min of exercise, aural
temperature increased from resting values by 2.1 � 0.5°C,
1.1 � 0.3°C, and 1.4 � 0.5°C for the TP, HP, and LP
athletes, respectively (P � 0.05; Fig. 2). Aural temperature
was elevated from rest after 5 min of exercise (P � 0.05)
until the end of recovery for LP, and after 10 min of exercise
for the TP and HP athletes (P � 0.05). Aural temperature for
the TP athletes was greater than that observed for the HP
and LP athletes after 45 and 60 min of exercise, respec-
tively, remaining elevated until the end of recovery (P �
0.05). No differences were observed between the aural tem-
perature responses for the HP and LP athletes during exer-
cise or recovery. After 30 min of recovery aural temperature
remained elevated when compared with rest for the TP, HP,
and LP athletes by 1.9 � 0.5°C, 0.6 � 0.2°C, and 0.8 �
0.3°C, respectively (P � 0.05).

Skin temperature responses for the TP, HP, and LP ath-
letes at rest, during prolonged exercise, and recovery in
warm conditions are shown in Figures 3 and 4. Forehead,
forearm, upper-arm, back, chest, and thigh skin tempera-
tures increased from rest in the environmental chamber until
the end of exercise for each group (P � 0.05). After 5 min
and 15 min of exercise, respectively, abdomen skin temper-
ature for the TP and LP athletes was elevated above values
observed at rest in the environmental chamber until the end
of recovery (P � 0.05). Abdomen skin temperature for the
HP athletes remained unchanged from rest during both
exercise and recovery. Calf skin temperatures for the TP,
HP, and LP athletes were elevated from rest in the environ-
mental chamber from 60, 15, and 10 min of exercise until
the end of recovery, respectively (P � 0.05).

No differences were observed between the HP and LP
athletes for any of the skin temperature responses during
exercise or recovery. However, upper-arm skin temperature
for the TP athletes was higher than for both the HP and LP
groups after 30 and 60 min of exercise until the end of

recovery, respectively (P � 0.05). Back skin temperature
for the TP athletes was higher than observed for the HP and
LP athletes from 45 min of exercise until the end of recovery
(P � 0.05). Chest and forehead skin temperatures were
higher for the TP athletes when compared with the HP and
LP athletes throughout recovery from exercise only (P �
0.05). Abdomen skin temperature for the TP athletes was
higher than observed for the HP athletes during recovery (P
� 0.05) but no different from the LP athletes during exer-
cise or recovery. No differences were noted between groups
for forearm, thigh, and calf skin temperatures during either
the exercise or recovery periods.

At rest in the environmental chamber, no differences in
heat storage were observed between groups (1.06 � 0.53
J·g�1, 1.52 � 0.53 J·g�1, and 1.81 � 0.76 J·g�1 for the TP,
HP, and LP athletes, respectively). After 15 min of exercise,
heat storage was greater for all groups when compared with
rest (P � 0.05), increasing further until 60 min of exercise
(8.64 � 1.81 J·g�1, 5.45 � 1.33 J·g�1, and 6.71 � 1.30
J·g�1 for the TP, HP, and LP athletes respectively; P �
0.05). No differences were observed between heat storage
values for the HP and LP athletes during exercise, although
values for the LP athletes tended to be greater. The TP
athletes demonstrated greater increases in heat storage than
those observed for the HP and LP athletes from 30 min of
exercise until the end of recovery (P � 0.05). At the end of
30 min of recovery, heat storage for the HP and LP athletes

FIGURE 2—Aural temperature for the TP, HP, and LP athletes at
rest, during exercise, and recovery in warm conditions.

FIGURE 3—Forehead and back skin temperatures for the TP, HP,
and LP athletes at rest, during exercise, and recovery in warm
conditions.
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was lower than observed at the end of exercise (3.88 � 1.37
J·g�1 and 5.07 � 0.97 J·g�1, respectively; P � 0.05),
whereas values for the TP athletes were no different (7.89 �
2.10 J·g�1). Heat storage at the end of exercise in relation to
the level of spinal cord injury, for the athletes with known
spinal cord lesion level, is shown in Figure 5.

Changes in plasma volume during exercise were greater
for the LP athletes when compared with the TP and HP
athletes, respectively (P � 0.05; Table 2). Changes in body

mass were greater for the HP and LP athletes during exer-
cise when compared with the TP athletes (P � 0.05).
Greater volumes of fluid were consumed by the TP athletes
during exercise when compared with the LP athletes (P �
0.05), with the HP athletes consuming a similar volume of
fluid to the LP athletes. When these values were combined
to calculate total weight loss, no differences were observed
between groups.

DISCUSSION

The main finding of the present study was that during 60
min of wheelchair exercise in warm conditions, both trained
paraplegics and trained tetraplegics were able to complete
the exercise test. However, differing degrees of thermal
imbalance were observed between groups. Furthermore,
during recovery from exercise, all athletes demonstrated
positive heat storage, with this being considerably greater
for the tetraplegic group.

Aural temperatures for the TP, HP, and LP athletes at rest
were similar to those reported for able-bodied athletes and
paraplegics with low-level lesions (22,23). A lower resting
body temperature has been observed previously for the
spinal cord injured when compared with able-bodied sub-
jects (1,15). However, such a decrease in resting body
temperature between able-bodied (24) and spinal cord-in-
jured individuals and between subjects of different lesion
levels is not supported by the results of the present study.

The LP athletes demonstrated an earlier increase in aural
temperature during exercise when compared with the TP
and HP athletes. This is most likely due to the greater
recruitable muscle mass and absolute metabolic heat pro-
duction of these athletes. However, by 20 min of exercise,
similar increases in aural temperature were observed for all
groups. After this point, aural temperatures for the HP and
LP athletes increased at much slower rates when compared
with the TP athletes. The gradual increase in aural temper-
ature indicates that although the HP and LP were not able to
dissipate heat as quickly as it was gained, the cooling
mechanisms initiated by these groups were more effective
than for the TP group. The greater and continued increase in
aural temperature for the TP group is most likely to be due
to the loss of evaporative cooling and effective heat dissi-
pation observed in this population (21).

At the end of the exercise period, no differences were
observed between the increases in aural temperature for the
HP and LP athletes. These results are inconsistent with
previous reports of resting heat exposure where HP subjects
were unable to effectively regulate body temperature

FIGURE 5—Heat storage at the end of exercise in relation to lesion
level for athletes with specifically known injury level.

FIGURE 4—Abdomen and thigh skin temperature for the TP, HP,
and LP athletes at rest, during exercise, and recovery in warm
conditions.

TABLE 2. Fluid consumption and changes in plasma volume and body mass during
prolonged wheelchair exercise in the heat for TP, HP, and LP athletes.

TP HP LP

Change in plasma volume (%) 0.76 � 0.48 �3.47 � 6.20 �6.30 � 3.81§
Change in body mass (kg) 0.45 � 0.60 �0.24 � 0.38* �0.31 � 0.44*
Fluid consumed (mL) 764 � 342 472 � 252 381 � 251*
Adjusted change in body mass (kg) �0.31 � 0.42 �0.71 � 0.33 �0.69 � 0.53

* Significantly different from TP at P � 0.05 level.
§ Significantly different from TP and HP at P � 0.05 level.
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(14,25). The current study involved trained individuals reg-
ularly participating in exercise durations and intensities that
would result in increased body temperature. Consequently,
a partial acclimatization involving earlier sweating onset
and greater sweat output of the sensate area may have
existed as observed for able-bodied subjects (11). A more
effective dissipation of heat from the sensate skin of the
paraplegic athletes in the present study, as a result of train-
ing, may have contributed to the ability of these athletes to
successfully complete prolonged exercise in a warm envi-
ronment. Furthermore, although sweating capacity would be
significantly reduced in such subjects (21), it would be
balanced by the amount of recruitable muscle mass for heat
production. The results of the present study suggest that
both trained HP and LP groups can regulate body temper-
ature as effectively as each other during prolonged exercise
in warm conditions but not as effectively as able-bodied
individuals during arm exercise (24).

The TP athletes in the present study were also able to
successfully complete prolonged exercise in warm condi-
tions even though large increases in body temperature oc-
curred. It is interesting to note that Guttman (8) reported
tetraplegic patients who were conditioned to cool or warm
environmental temperatures demonstrated improved toler-
ance during cool and warm stressors, respectively. Although
the mechanisms of such a response have not been reported,
it is possible that regular increases in body temperature
during training may have conditioned the TP athletes in the
present study to thermal stress in a similar way, thus im-
proving heat tolerance. Whether or not heat tolerance was
improved in the TP group, the differences in heat dissipation
and heat storage between paraplegic and tetraplegic athletes
during exercise were also evident during recovery, with the
TP athletes maintaining most of the heat stored during
exercise.

Forehead skin temperature was similar during exercise
for each group of athletes indicating similar dissipation of
heat from this area for all athletes. Large forehead sweat
rates and increased evaporative cooling have been previ-
ously reported for both paraplegic and tetraplegic subjects
during exercise in hot conditions (22). However, Petrofsky
(21) reported that local forehead sweat rates for tetraplegic
subjects were so large that sweat dripped from the skin
surface and was of no thermoregulatory benefit. Such large
dripping sweat rates were not observed in the present study.
Although the present observations are only subjective and
not quantitative, effective forehead cooling has been sug-
gested to be related to selective brain cooling (30). If this is
indeed true and a degree of forehead cooling did occur in the
TP group, similar forehead skin temperatures for all groups
during exercise may suggest a physiological attempt to
maintain a functional brain temperature. Although this
would not be consistent with the greater aural temperature of
the TP group, it would provide a relatively large thermal
gradient for direct heat conductance to the surface of the
head, possibly improving thermal tolerance and completion
of the exercise test in the presence of thermal imbalance.

Back, chest, and also upper-arm skin temperatures for the
TP athletes demonstrated a gradual increase when compared
with the relatively steady state skin temperatures for the
paraplegic groups. Similar skin-temperature responses to
these have been reported for resting heat exposure (9) and
demonstrate differences in heat dissipation of insensate and
sensate skin. As sweating does not occur in areas of insen-
sate skin, heat cannot be dissipated, resulting in continual
increases in skin temperature. Therefore, as the majority of
the upper-body skin of TP athletes is insensate, this may
explain the greater increases in skin temperature when com-
pared with the sensate upper-body skin of the HP and LP
athletes.

The present study examined athletes employing both bas-
ketball and track wheelchairs in an attempt to provide
greater specificity and ecological validity to the results.
However, due to differences in chair design and athlete
positioning within them, some site-specific differences in
skin temperature may have occurred, for example, the back
and abdomen skin sites. When considering the back skin
temperature site, further analysis of the data demonstrated
little difference between the temperature responses of any
group in relation to chair design. This may not be unex-
pected as neither chair design incorporates a high backrest,
which would potentially cover the skin thermistor. How-
ever, when considering the abdomen site, the chair design
may have a greater impact on the thermoregulatory re-
sponses. For example, two LP athletes exercising in basket-
ball wheelchairs demonstrated slight decreases in abdomen
skin temperature during exercise. These values were within
the cooler range of responses observed for the athletes
employing track wheelchairs. However, for the HP group,
where wheelchair design was evenly matched, no differ-
ences were observed between chair types. This would lead
us to conclude that chair design may be an important con-
sideration for the abdomen skin site where subjects with
lower-level spinal cord lesions are examined. It is not an-
ticipated that other skin temperature sites would be affected
by wheelchair type. Differences between groups based on
the degree of thermal dysfunction though were robust and
consistent whatever the design of wheelchair. A more de-
tailed comparison of chair design on the full complement of
thermoregulatory measures would appear to be pertinent for
future study. It must though be considered that individuals
employing wheelchairs of different design to their habitual
or sporting wheelchairs may exhibit variations in pushing
economy and heat exchange which, in such a study, may be
difficult to control for.

Calf skin temperatures for both paraplegic groups were
elevated within the first 15 min of exercise, whereas the TP
demonstrated a much later elevation at 60 min of exercise.
Although the lower limb was insensate for all athletes and
local metabolic heat production would be severely reduced,
the paraplegic athletes exercised at a much greater whole
body metabolic rate. In addition to greater heat production,
as vasomotor disruption is less with lower levels of spinal
cord injury (13), this would mean that the potential for
greater convective heat transfer within the body was also
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greater, resulting in an earlier increase in lower body skin
temperatures. The more gradual increase in calf skin tem-
perature for the TP group is therefore more likely to have a
larger, passive environmental component. However, all ath-
letes would have experienced heat gain from the environ-
ment due to the colder lower limbs (22) being much cooler
than the environmental temperature employed in the present
study.

As the metabolic rate of the TP group was lower than for
the paraplegic groups, the primary source of whole-body
heat gain for this group, as noted for the lower body, would
appear to be external rather than metabolic in origin. In
conjunction with this, if we consider the increase in back
and chest skin temperature reported earlier, it appears that it
is the area below the spinal cord lesion, which is a potent site
of for heat storage, rather than the lower limb alone as
reported previously for LP athletes (22). Such skin temper-
atures for all groups were greater than the environmental
temperature and would have provided a possible avenue for
dry heat exchange (6). However, as evaporative cooling is
the most potent form of heat loss (29), such dry heat ex-
change was probably unable to effectively dissipate large
quantities of heat from the skin, resulting in the continual
increases in skin temperature and heat storage for the TP
group.

Lower body skin temperatures for spinal cord-injured
subjects at rest in a cool environment are cooler than those
for able-bodied subjects (22). Furthermore, as precooling
athletes before exercise results in reduced heat storage dur-
ing exercise (17), a cooler lower body may be beneficial to
spinal cord-injured subjects. A cooler lower body secondary
to spinal cord lesion may enable heat storage to occur within
the lower body during exercise, without excessive increases
in aural and skin temperatures.

The LP athletes demonstrated greater changes in plasma
volume and body weight during exercise when compared
with the TP and HP athletes. The greater body surface area
available for sweating and greater total sweat output of the
LP (6) would contribute to greater body fluid losses, dehy-
dration, and weight loss when compared with athletes with
a smaller area of sensate skin. Consequently, the HP ath-
letes, with a greater reduction in sweating capacity than the
LP athletes (9), demonstrated smaller changes in plasma
volume and body weight during exercise. Furthermore, the
TP athletes, with the greatest reduction in sweating capacity,
demonstrated little change in plasma volume. However, the
TP athletes consumed the largest amount of fluid during
exercise, which, in the absence of sweating and fluid loss,
may explain the increase in body weight. Although the TP
group did not need to replenish large fluid losses during
exercise, they were under the greatest thermal strain, which
would explain the intake of large amounts of fluid. These

results suggest that changes in plasma volume and body
weight for spinal cord-injured athletes during exercise are
related to the surface area available for sweating and, there-
fore, to the level of spinal cord injury (12).

Although the LP demonstrated greater fluid loss, the HP
athletes demonstrating an increase in heart rate early in
exercise, reminiscent of cardiovascular drift. Paraplegics
with high-level spinal cord injuries demonstrate greater re-
ductions in stroke volume than paraplegics with low-level
spinal cord injuries due to greater vasomotor disruption
(13). Therefore, the earlier increase in heart rate for the HP
during exercise may have been due to a greater reduction in
stroke volume due to peripheral displacement of blood
rather than fluid losses. Further studies of fluid shifts in this
population are warranted.

At the end of the exercise period, the LP athletes dem-
onstrated greater perceptions of effort than the TP athletes.
This may be due to the greater level of dehydration for the
LP athletes, which is an important factor contributing to the
perceptions of effort during exercise (18,20). However, al-
though plasma volume for the TP athletes remained un-
changed during exercise and lower perceptions of effort
were reported, the TP athletes were under a much greater
thermal strain than the LP athletes throughout the exercise
period. As fluid consumption during exercise has been
shown to attenuate perceptions of effort during exercise
(2,19), it is possible that perceptions of effort for the TP
athletes may have been reduced by the consumption of
larger volumes of fluid when compared with the HP and LP
athletes during exercise. Such behavior may have also con-
tributed to them being able to complete the exercise task
although under a much greater thermal strain. Furthermore,
the TP athletes commented upon the sensation of heat build-
ing up only across their forehead, faces, and shoulders
during the exercise period. Perceptions of effort for these
athletes may therefore have been attenuated further by the
reduced sensory input to the brain from the hyperthermic
area below the level of spinal cord injury.

The results of this study have shown that tetraplegic and
paraplegic athletes with high-level and low-level spinal cord
injury are able to complete 60 min of wheelchair ergometry
in warm conditions. However, although the effectiveness of
body temperature regulation for the paraplegic groups was
better than for tetraplegic athletes, this was not as effective
as previous reports of able-bodied athletes in similar con-
ditions. For all athletes, the area below the spinal cord
lesion, in particular the lower limb, was a potent site for heat
storage. Increasing exercise duration or intensity, or envi-
ronmental temperature or humidity, may result in the ther-
moregulatory responses of paraplegic and tetraplegic ath-
letes being compromised.
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