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Inadequate heat release from the human brain during
prolonged exercise with hyperthermia

Lars Nybo, Niels H. Secher* and Bodil Nielsen

Department of Human Physiology, Institute of Exercise and Sport Sciences and *Department of Anesthesia, Rigshospitalet and CMRC, University of
Copenhagen, Denmark

Brain temperature appears to be an important factor affecting motor activity, but it is not known to
what extent brain temperature increases during prolonged exercise in humans. Cerebral heat
exchange was therefore evaluated in seven males during exercise with and without hyperthermia.
Middle cerebral artery mean blood velocity (MCA V,,.,,) was continuously monitored while global
cerebral blood flow (CBF) and cerebral energy turnover were determined at the end of the two
exercise trials in three subjects. The arterial to venous temperature difference across the brain
(v—aD\enmp) was determined via thermocouples placed in the internal jugular vein and in the aorta.
The jugular venous blood temperature was always higher than that of the arterial blood,
demonstrating that heat was released via the CBF during the normothermic as well as the
hyperthermic exercise condition. However, heat removal via the jugular venous blood was 30 + 6 %
lower during hyperthermia compared to the control trial. The reduced heat removal from the brain
was mainly a result of a 20 £ 6% lower CBF (22 + 9% reduction in MCA V,,..,), because the
v—aD,.,, was not significantly different in the hyperthermic (0.20 £ 0.05°C) compared to the
control trial (0.22 % 0.05 °C). During hyperthermia, the impaired heat removal via the blood was
combined with a 7 £ 2 % higher heat production in the brain and heat was consequently stored in
the brain at a rate of 0.20 + 0.06 J g ' min~'. The present results indicate that the average brain
temperature is at least 0.2 °C higher than that of the body core during exercise with or without
hyperthermia.
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Exercise endurance is markedly reduced by hyperthermia
(Gonzalez-Alonso et al. 1999; Nybo et al. 2001), and the
idea that central fatigue is involved in the aetiology of
hyperthermia-induced fatigue is supported by the
observation that exercise-induced hyperthermia reduces
the voluntary activation of motorneurons during a
sustained maximal muscle contraction (Nybo & Nielsen,
2001a). The reduced work capacity may relate to more
than one factor, but exhaustion during prolonged exercise
in the heat seems to coincide with the attainment of a
critical internal temperature (Nielsen et al. 1993; Fuller et
al. 1998; Gonzalez-Alonso et al. 1999; Walters et al. 2000),
and experiments with goats indicate that brain temperature
is a dominant factor affecting motor activity (Caputa et
al. 1986). Brain temperature changes in humans during
exercise with hyperthermia and the influence of active
head cooling have been a matter of great interest and
controversy (Cabanac & Caputa 1979; Brengelmann 1993;
Cabanac 1993). The evaluation of selective brain cooling
has so far been based on measurements carried out in post-
operative neurological patients at rest (Shiraki et al. 1988;
Mellergard 1992; Mariak et al. 1999) or on temperature

differences between the body core and the tympanic
membrane during exercise with or without active cooling
of the head (Cabanac & Caputa 1979; Brinnel ef al. 1987;
Cabanac et al. 1987; Nagasaka et al. 1998). The cerebral
thermodynamic response during exercise has never been
directly investigated and it is not known to what extent
brain temperature increases when humans exercise in the
heat.

The temperature of the brain is determined by the balance
between heat produced by cerebral energy turnover and
the heat that is removed, primarily by the cerebral blood
flow (CBF). Convection of heat between tissue and
capillaries is considered to be very high (Pennes, 1948) and
the temperature of the cerebral venous blood is expected to
equilibrate with that of the cerebral tissue (Yablonskiy et
al. 2000). Accordingly, the thermodynamic response of the
human brain can be evaluated by measuring the internal
jugular venous to arterial blood temperature difference
(V=aD\emp) together with determinations of CBF and cerebral
energy turnover. At rest a stable brain temperature is
established with a v—aD,yy,, of ~0.3°C (Shevelev 1998;
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Yablonskiy et al. 2000), but the balance between the
cerebral heat production and its removal could be
disturbed during exercise and especially so when heat
stress contributes to elevate the temperature of the arterial
blood. It should also be considered that exercise in the
heat is associated with an elevated cerebral oxygen
consumption at the same time as the global CBF is reduced
(Nybo & Nielsen, 20015; Nybo et al. 2002), and that the
lower cerebral perfusion could hamper the removal of
metabolic heat from the brain. On the other hand, it has
been proposed that a reduced CBF during exercise with
hyperthermia may be advantageous, since it could
contribute to protecting the brain against an excessive heat
gain from the body core (Cabanac, 1993). Therefore, the
aim of this study was to evaluate the thermodynamic
response of the brain during prolonged exercise with and
without hyperthermia.

METHODS

The seven males who participated in the study had a mean age of
26 + 2 years (+ $.D.), a height of 182 + 5 cm, a weight of 75 + 5 kg
and a maximal oxygen uptake (Vo, ma) Of 4.6 + 0.4 I min~". All
participants gave written informed consent to participate in the
study, which was approved by the Ethical Committee of
Copenhagen and Frederiksberg (KF 01-135/00) and all protocols
were performed according to the Declaration of Helsinki.

Experimental design

The subjects completed two exercise bouts on a cycle ergometer
(Monark 829E, Sweden) at 174+ 12W with a cadence of
85 %+ 3 r.p.m. corresponding to ~ 50 % of peak oxygen uptake. In
one trial, exercise was carried out in a thermoneutral environment
(20°C, control), while a hyperthermic exercise condition was
established in the other trial by dressing the subjects in a water
impermeable suit composed of rain clothes and rubber gloves
(hyperthermia). The two exercise trials were separated by 1 h of
recovery and the treatment order was randomly assigned and
counterbalanced across subjects.

Subjects arrived at the laboratory approximately 1 h before the
start of the experiment. An oesophageal thermocouple was
inserted and skin temperature thermocouples, an ultra sound
transcranial Doppler probe and a heart rate (HR) monitor were
attached to the subject. The subject then rested on a couch while
catheters were inserted into the brachial artery of the non-
dominant arm and into the bulb of the right internal jugular vein.
Thermocouples to record blood temperature were inserted
through the catheters and finally, a tympanic thermocouple was
inserted as described by Brinnel & Cabanac (1989). Baseline
values of all body temperatures were obtained after 5 min of
seated rest on the ergometer.

During exercise and 30 min into the recovery period of the
hyperthermic trial, the middle cerebral artery mean blood velocity
(MCA V,0n) Was monitored beat by beat, while the oesophageal,
skin, tympanic and blood temperatures were recorded every fifth
minute. In addition, the global CBF was measured at the end of the
trials in three of the subjects. Head cooling was applied from
35-40 min of exercise in the hyperthermic trial by facial fanning
(4-5ms™'), and by continuously spraying a thin mist of 20°C
water to the face and to the top of the head. A rating of perceived
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exertion (RPE; Borg 1975) was expressed every 5 min during the
exercise trials.

Cerebral blood flow

Global CBF was measured with the Kety—Schmidt technique in
the desaturation mode during the last 10 min of the normo- and
hyperthermic trials as previously described (Madsen et al. 1993;
Nybo et al. 2002). In short, **Xe dissolved in saline was infused
intravenously for 30 min, and '“Xe activity (expressed in
counts min~' gram™') were determined in arterial and jugular
venous blood samples at equilibrium and 0.5, 1, 2, 3, 4, 6, 8
and 10 min after the stop of infusion. Global CBF in
ml (100 g)”' min~" was calculated by the height-over-area method
(i.e. CBF equals the jugular venous activity at equilibrium minus
the activity 10 min after the stop of infusion divided by the
integrated area under the venous—arterial curve during this period
of time) as prescribed by Kety & Schmidt (1948), and the cerebral
metabolic rates of oxygen and lactate were calculated using
Fick’s principle. However, concomitant blood temperature
measurements and frequent blood sampling, as required for a
Kety—Schmidt determination of CBF, was technically difficult and
the Kety—Schmidt technique was only applied in three of the
subjects. Furthermore, it is not possible to make frequent CBF
determinations with the Kety—Schmidt technique, since 30 min of
'¥*Xe infusion is required before each CBF measurement. Hence,
the cerebral circulation was also evaluated with transcranial
Doppler ultrasound (Transcan, EME, Uberlingen, Germany). The
proximal segment of the middle cerebral artery was insonated at a
depth of 45-50 mm from the temporal bone depending on the
best signal-to-noise ratio (Aaslid et al. 1982). The probe was
secured with a customised headband and the position was
maintained throughout the examination. Doppler ultrasound has
the advantage of providing a continuous real-time recording, and
hyperthermia-induced reductions in CBF during exercise are
reflected in alower MCA V., (Nybo & Nielsen 20015; Nybo et al.
2002). On the other hand, transcranial Doppler ultrasound
measures a regional blood velocity rather than flow and global
CBF cannot be estimated with the Doppler technique. However,
the combination of MCA V., determinations and global CBF
measurements may allow for an evaluation of the time course of
the changes in the cerebral circulation as well as a determination of
whole-brain values for energy turnover and blood flow. The
cerebral metabolic rate of oxygen (CMR yyy4n) and cerebral lactate
release were calculated by multiplying global CBF with the
arteriovenous differences. Arterial and jugular venous blood
values for blood gases and metabolites were determined on an
ABL 700 apparatus (Radiometer, Copenhagen, Denmark).

Temperature measurements

The oesophageal temperature (T,,,) was recorded with a thermo-
couple (model MOV-A, Ellab, Denmark) inserted through the
nasal passage to a distance equal to one-quarter of the subject’s
standing height. Another thermocouple (model MAC-07170-A,
Ellab) was advanced through the jugular catheter to assess the
temperature of the cerebral venous blood. Placement of this
thermocouple at the base of the cranium corresponding to the
jugular bulb was verified by X-ray in two of the subjects. The
arterial blood temperature was registered by inserting a similar
thermocouple in the arterial catheter and by advancing the
thermocouple 45 cm. The tip of the probe was thereby placed in,
or close to, the aortic arch as verified by X-ray in two subjects. Skin
temperatures at the forehead, cheek and top of the head were
measured with a MHC-40050-A thermocouple (Ellab), and mean
head skin temperature was calculated as an average of the three
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skin temperatures. All thermocouples were connected to a
recorder (CTF 9008 precision thermometer, Ellab) interfaced to a
computer and registered with an accuracy of 0.01 °C.

Cerebral heat transfer

The following calculations were performed on the data from the
three subjects in whom global CBF was determined. Cerebral heat
production per gram of brain tissue per minute was calculated as
described by Yablonskiy et al. (2000) on the basis of the cerebral
metabolic rate of oxygen consumption. In addition, heat
production from anaerobic metabolism was estimated on the
basis of the cerebral release of lactate. Heat removal via the jugular
venous blood was the product of CBF, the temperature difference
between jugular venous and arterial blood, and the specific heat
capacity of blood (3.6 ] ml™" (°C)™'; at a haematocrit of 45 %). The
temperature of the venous blood was assumed to equilibrate with
the average tissue temperature (Pennes, 1948; Yablonskiy et al.
2000) and the rate of cerebral heat storage was calculated on the
basis of changes in jugular blood temperature and a cerebral heat
capacity of3.64 ] g ' (°C)™" (Shevelev, 1998).

Statistical analysis

One and two way (time-by-trial) repeated measures analysis of
variance (ANOVA) was performed to evaluate differences
between and within trials. Following a significant F test, pairwise
differences were identified using Tukey’s honestly significance
(HSD) post hoc procedure. The significance level was set at
P <0.05 and data are presented as means * s.D. unless otherwise
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indicated. Statistical comparisons were not performed on data sets
where n < 5,1.e. the CBF and cerebral heat transfer data.

RESULTS

The oesophageal, arterial and jugular venous blood
temperatures increased progressively during the hyper-
thermic trial and the tympanic temperature tended to
follow the internal temperatures; except during the period
with active head cooling (Fig. 1). The jugular venous blood
temperature was always the highest of the measured
temperatures and it reached a peak value of 39.5 £ 0.2°C
at the end of the hyperthermic trial. In the control trial,
the oesophageal, arterial and jugular venous blood
temperatures increased by ~1 °C during the first 15 min of
exercise and then stabilised for the remainder of the
exercise period.

The v—aD.,, was 0.33 £ 0.06 °C at rest, but during the first
10 min of exercise the arterial temperature increased at a
faster rate than the jugular temperature and the v—aDip,
was therefore narrowed to ~0.1°C in both trials. From
15 min to the end of exercise, the v—aDi, stabilised at
0.22 £ 0.05°C in the control trial and at a similar level of
0.20 £ 0.05°Cin the hyperthermic trial.

20 40 60
Time (min)

RECOVERY

BICYCLE EXERCISE

20 40 60 80
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The arterial blood temperature decreased rapidly during
the first 10 min of recovery from the hyperthermic trial
(0.15°C min '), while the rate of reduction in jugular
venous temperature was more modest (0.05°C min™").
The v—aDi, was therefore increased to 0.90 +0.16°C
during the 10 min following the hyperthermic trial.

Cerebral blood flowand MCA V...

MCA V..., increased at the onset of exercise in both trials
and remained elevated throughout the control trial. In
contrast, during the hyperthermic trial, MCA V..,
gradually decreased and it was 22 + 9 % lower than in the
control trial at the end of exercise (P < 0.05; Fig. 2). The
MCA V,ean remained lower during the first 15 min of the
recovery period in hyperthermia compared to control.
Similarly, the global CBF was reduced by 20 + 6 % at the
end of the hyperthermic trial compared to control
(0.41 £ 0.08 v5.0.51 + 0.08ml g' min".

Cerebral heat exchange

The rate of cerebral heat production was slightly higher at
the end of the hyperthermic trial (0.69 + 0.12J g”' min™")
compared to the control trial (0.65 + 0.11 ] g' min™') asa
result of an increase in the CMR e, from 3.2 + 0.4 in
the control trial to 3.4 +0.4ml (100 g)' min™' during
hyperthermia. The cerebral release of lactate was similar
across trials (0.02 £ 0.01 gmol g' min™"). On the other
hand, cerebral heat removal via the jugular venous blood
was lower during hyperthermia (0.36 £ 0.09 J g”' min™")
than during the control trial (0.50 +0.10] g ' min™").
Consequently, during the last 15 min of the hyperthermic
trial, heat was stored in the brain at a rate of
0.20 + 0.06 ] g”' min "', while there was no storage of heat
in the brain during the same period of time in the control
trial (Fig. 3). In both exercise trials there appeared to be a
heat loss of 0.14 + 0.03 ] g min™' via other mechanisms
than by convective heat removal by the jugular venous
blood (see the legend for Fig. 3 for further explanation).
The cerebral metabolic and thermodynamic differences
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between the hyperthermic and the control trial were
consistent across the subjects.

Active head cooling

Facial fanning reduced the mean head skin temperature
from 37.3 £ 0.2t032.8 £ 0.2°C (P < 0.001) and at the end
of the cooling period, it was similar to the corresponding
control trial value of 33.2 + 0.2 °C. Concurrently with the
reduction in head skin temperature there was a small
lowering of the tympanic membrane temperature by
0.1 £ 0.0°C (P < 0.05). In contrast, both the arterial and
jugular venous blood temperatures increased during the
cooling period and the v—aD,, remained unchanged at
0.20 £ 0.05°C.

All subjects reported improved thermal comfort in
response to the facial fanning, but active head cooling
failed to lower the RPE score. Rather, RPE increased from
16 + 1 to 17 = 1 units during the period with active head
cooling (P < 0.05).

DISCUSSION

The jugular venous blood temperature was stable from 15
to 45 min in the control trial indicating that cerebral heat
balance is established during prolonged exercise in a
thermoneutral environment. The jugular venous to
arterial temperature difference was narrowed during the
first 10 min of exercise, resulting in storage of heat in the
brain, but a new balance between cerebral heat release and
heat production was then developed. In contrast, heat was
stored in the brain throughout the hyperthermic trial and
this was primarily related to diminished heat removal via
the venous blood, but the increased rate of cerebral heat
production also contributed. It has been suggested that
when the temperature of the trunk increases, the arterial
blood, instead of cooling the brain, may place it in
jeopardy (Brinnel et al. 1987; Cabanac, 1993). However,
the arterial blood temperature was always lower than the

Figure 2. Middle cerebral artery mean
blood velocity (MCA V,,..,) during exercise
with and without hyperthermia and
during the subsequent recovery period

@, hyperthermia; O, control. Values are
means + S.D. of 6 subjects. * Significantly lower
than control.
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jugular venous blood temperature indicating that heat was
removed from the brain throughout the hyperthermic
trial. However heat removal via the jugular venous blood
was reduced by ~30% in the hyperthermic compared to
the control trial. This reduction in heat removal from the
brain was primarily a result of the lower CBF, because
the v—aD.n, was not significantly different in the two
trials. The impaired heat removal via the circulation
combined with the 7% increase in metabolic heat
production resulted in an estimated net heat storage of
~0.2 J (g cerebral tissue) ' min~" during the last 15 min of
the hyperthermic trial. The increased cerebral metabolic
heat production was, consistent with our previous
findings, due to an accelerated aerobic energy turnover
without alterations in the cerebral release of lactate, and it
appears that a Qo of ~1.5 will explain the 7 % increase in
cerebral energy turnover (Nybo et al. 2002).

The lower CBF in response to hyperthermia is primarily
related to a hyperventilation-induced lowering of the
arterial carbon dioxide pressure (Nybo & Nielsen 2001b).
If CBF was not reduced during the hyperthermic trial or
restored via hypoventilation, heat removal by the blood
would be expected to increase and consequently lower the
rate of cerebral heat storage. However, the temperature
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gradient between the incoming arterial blood and the
cerebral tissue would then be narrowed which would
reduce the ability of the blood to remove heat from the
brain. Therefore, cerebral heat storage is an inevitable
consequence of body core hyperthermia, and restoration
of CBF will not protect the brain against hyperthermia. On
the other hand, heat removal from the brain is highly
dependent on convective heat removal by the cerebral
circulation, and further reductions in CBF would be
expected to increase the rate of cerebral heat storage.

Selective brain cooling

The jugular venous blood temperature was in all subjects
and at all times higher than the oesophageal and aortic
arch temperatures. Thus, under all the investigated
conditions the brain must have been warmer than the
body core. Cabanac (1993) suggested that selective brain
cooling does not take place during normothermia but
becomes relevant during hyperthermia. However, no
indications of selective cooling of brain during the
hyperthermic exercise bout were observed in the present
study although the subjects reached quite high body
temperatures — the highest individual core temperature was
40.1 °Cwith a corresponding jugular blood temperature of
40.4°C. During the period with active cooling of the head,

EE Heat removal via jugular venous blood
1 Heat removal by other mechanisms
Storage

0.8 -

0.6 -

0.4 1

Heat (J g min1)

0.2 -

0.0 -

Control

Hyperthermia

Figure 3. Rate of cerebral heat production, heat removal via the jugular venous blood and
heat storage during the last 15 min of the control and hyperthermic exercise trials

The rate of cerebral heat production, which is represented by the total height of the bars, was calculated on
the basis of the Kety—Schmidt-determined values for cerebral oxygen uptake and lactate release, while heat
removal via the jugular venous blood was determined on the basis of the global CBF and the arterial to
internal jugular venous temperature difference. Storage is the average rate of heat storage from 30— 45 min of
exercise, as determined from the change in cerebral venous blood temperature, and ‘heat removal via other
mechanisms’ (than convective removal via the jugular venous blood) is the difference between the rate of
cerebral heat production and the computed rate of storage in the brain summed with the rate of heat removal
by the jugular venous blood. The values represent means of three subjects.
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the jugular venous blood remained ~0.2 °C warmer than
the arterial blood and the thermodynamic response of the
brain temperature did not seem to be affected by a 5°C
drop in head skin temperature. This finding is in
accordance with the quantitative modelling results by
Nelson & Nunneley (1998) and it supports the arguments
against brain cooling during face fanning obtained with
auditory evoked potentials (Jessen & Kuhnen, 1992;
Nielsen & Jessen, 1992) and proton MRI spectroscopy
(Corbett & Laptook, 1998). The head cooling we applied
may have been less aggressive than previously used
procedures (Cabanac et al. 1987; Nielsen & Jessen, 1992;
Desruelle & Candas, 2000), but the active cooling did restore
the mean head skin temperature to a normothermic level
and the tympanic membrane temperature was, in
agreement with previous findings, slightly reduced (Cabanac
et al. 1987; Nielsen & Jessen, 1992). The tympanic
temperature tended to follow the internal temperatures
when no fanning was applied during the hyperthermic
trial, but the deviation between tympanic and jugular
venous blood temperature during the period with facial
fanning indicates that the average brain temperature and
the tympanic temperature are independent in humans
(Shiraki et al. 1988).

A substantial amount of heat may be released from the
surface of the head and from the upper respiratory tract
during exercise (Hanson, 1974; Rasch et al. 1991), and we
have observed that the temperature in the tissue adjacent
to the internal carotid artery may be 1-2 °C lower than the
aortic blood temperature during exercise with or without
hyperthermia, whereas aortic blood temperature and the
tissue temperature adjacent to the internal carotid artery
were similar at rest (L. Nybo & N. Secher, unpublished
observations). Therefore the basis for cooling of the
arterial blood on its passage from the heart to the brain
exists (see also Rubenstein ef al. 1960) and especially so
during exercise when the pulmonary ventilation is
increased (Hanson, 1974; Rasch et al. 1991). However, the
transit time in the carotid artery is relatively short and
the blood temperature will not equilibrate with that of the
surrounding tissue (Crezee & Lagendijk, 1992). Also,
calculations based on the present results indicate that the
blood temperature is lowered by less than 0.1°C on its
passage from the body core to the brain. Thus, heat
removal via the jugular venous blood would account for all
of the cerebral heat loss if the temperature of the arterial
blood reaching the brain was 0.09°C lower than the
temperature in the aortic arch. If some of the
unaccounted-for cerebral heat loss (see Fig. 3) is explained
by this pre-cooling of arterial blood during the passage in
the carotid artery, then it may be considered as a sort of
brain cooling mechanism. However, the unaccounted-for
cerebral heat loss was similar in the control and
hyperthermic trials and it is therefore unlikely that the pre-
cooling of arterial blood is a mechanism selectively used
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during hyperthermic exercise conditions. Furthermore,
according to Fig. 3, a maximum of 20 % of the cerebral
heat production could be removed via this mechanism and
the present results indicate that the pre-cooling of arterial
blood is far from sufficient to establish a brain temperature
which is lower than that of the body core.

The improved thermal comfort in response to facial
fanning seems to be explained by altered afferent input
from the cooled skin and not by reductions in brain
temperature. Thus, facial fanning reduced only the
external head temperatures, while it failed to lower the
temperature of the cerebral venous blood. The lowering of
the head skin temperatures was not associated with a
reduction in RPE, and the degree of exertion during
exercise in the heat did not appear to be directly related to
the perception of thermal comfort. Rather, the subjects’
rating of perceived exertion seemed to increase in parallel
with the jugular and arterial blood temperatures.

Cerebral thermodynamics during recovery from
hyperthermia

The marked increase in the v—aD,.,,, immediately after the
termination of exercise forms the basis for a large heat
release from the brain. However, the cerebral venous
blood temperature only decreased by 0.05 °C min™" during
the first 10 min of the recovery, whereas the drop in core
temperature was much more pronounced. This indicates
that the brain has a relatively slow recovery response from
hyperthermia, which may be related to a high cerebral heat
production combined with a low perfusion of the brain.
The cerebral metabolic rate is probably increased for as
long as the temperature is elevated, reflecting the Q,, effect
(Nybo et al. 2002), and the MCA V..., recordings indicate
that large parts of the brain have a low perfusion early in
the recovery period. A faster dissipation of heat from the
brain could be expected if CBF, in addition to whole-body
cooling, was increased, e.g. by CO, inhalation or via
voluntary hypoventilation. Such a procedure may even
have therapeutic relevance in heat stroke patients, where
the length and the magnitude of the hyperthermic period
is critical for the course and prognosis of the heat stroke
(Shani er al. 2001). We therefore suggest that a rapid
restoration of CBF under such conditions may lower the
risk of heat-induced damage of cerebral tissue.

Methodological considerations

Heat loss by other mechanisms than convective removal
via the jugular venous blood was calculated to account for
~20% of the total cerebral energy turnover in both the
hyperthermic and normothermic exercise trial, consistent
with the calculations presented by Shevelev (1998). This
unaccounted-for loss of heat may include thermal
conductance through the skull and it is also possible that
some electrical energy may leave the brain through the
skull, as electrical signals (EEG) can be detected on the
outside of the head. Also heat loss via the blood could be
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underestimated due to methodological problems. Although,
the Kety—Schmidt technique is regarded as the standard
method for determination of global CBF (Lassen, 1985) it
may estimate jugular venous blood flow rather than global
CBF (Ide & Secher, 2000). A fraction of the CBF leaves the
brain via other pathways than the jugular vein (Shenkin et
al. 1948), consequently heat transfer via the circulation
may be larger than what was measured as heat removal via
the internal jugular venous blood.

Furthermore, heat removal via the jugular venous blood
may also have been slightly underestimated. A crucial
assumption for the calculations of cerebral heat exchange
is that the blood in the internal jugular vein represents
cerebral venous blood. Although the thermocouple was
positioned in the bulb of the internal jugular vein, a slight
(~2 %) admixture of extracranial origin may be expected
(Shenkin et al. 1948). Contamination by cool extracranial
blood will result in an underestimation of the cerebral
v—aDm, and consequently also underestimate heat
removal via the jugular venous blood. However, the
finding that the jugular venous to arterial temperature
difference was unaffected by a 5 °C reduction in mean head
skin temperature indicates that the influence from
admixture of extracranial blood is negligible.

Assuming that the global CBF and the cerebral oxygen
uptake were similar at rest and during the control trial
(Scheinberg et al. 1953; Madsen et al. 1993), it appears that
~95 9% of the cerebral heat production is removed via the
jugular venous blood at rest (v—aDiey, = 0.33 °C), whereas
heat removal via the jugular venous blood only accounts
for ~75% of the cerebral loss of heat during the
normothermic exercise bout. This inconsistency between
rest and exercise could very well relate to an under-
estimation of the cerebral v—aD,,,, during exercise,
because the arterial blood, as already discussed, may be
cooled on its passage from the aortic arch to the brain
when the pulmonary ventilation is increased.

The present determinations of jugular venous blood
temperature and cerebral heat exchange reveal that
cerebral heat balance is achieved after ~15 min of exercise
in a thermoneutral environment. In contrast, cerebral heat
production is increased, heat removal via the jugular
venous blood is reduced and heat is continuously stored in
the brain during hyperthermic exercise. The finding that
the cerebral venous blood temperature, both at rest and
during exercise with or without hyperthermia, was higher
than that of the arterial blood indicates that the brain had a
higher temperature than the body core. The arterial blood
may be cooled on its passage from the heart to the brain
and such pre-cooling of the arterial blood will benefit heat
removal from the brain. However it appears that the
arterial blood temperature is lowered by less than 0.1°C
and that is not sufficient to create a lowering of the brain
temperature below that of the aortic blood. This picture
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was unaltered by facial fanning and it appears that
hyperthermic humans, in contrast to some animal species,
are unable to establish a brain temperature, which is lower
than the trunk temperature.
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