Dehydration during prolonged exercise in the heat is
known to exacerbate cardiovascular strain, increase core
temperature and impair endurance performance compared
with when fluids are ingested during exercise (Pitts et al.
1944; Saltin, 1964; Sawka et al. 1979; Nielsen et al. 1981;

Journal of Physiology (1999), 520.2, pp.577-589

Metabolic and thermodynamic responses to
dehydration-induced reductions in muscle blood flow in
exercising humans

José Gonzalez-Alonso, José A. L. Calbet and Bodil Nielsen

Huwman Physiology Department, August Krogh Institute, University of Copenhagen,
Denmark

(Received 21 June 1999; accepted after revision 24 July 1999)

The present study examined whether reductions in muscle blood flow with exercise-induced
dehydration would reduce substrate delivery and metabolite and heat removal to and from
active skeletal muscles during prolonged exercise in the heat. A second aim was to examine
the effects of dehydration on fuel utilisation across the exercising leg and identify factors
related to fatigue.

Seven cyclists performed two cycle ergometer exercise trials in the heat (35 °C; 61 + 2% of
maximal oxygen consumption rate, Vog,max)’ separated by 1 week. During the first trial
(dehydration, DE), they cycled until volitional exhaustion (135 + 4 min, mean + s.E.M.), while
developing progressive DE and hyperthermia (3:9 £ 0-3 % body weight loss and 397 + 0-2 °C
oesophageal temperature, 7). On the second trial (control), they cycled for the same period
of time maintaining euhydration by ingesting fluids and stabilising 7, at 38:2 4+ 0-1 °C.

After 20 min of exercise in both trials, leg blood flow (LBF) and leg exchange of lactate,
glucose, free fatty acids (FFA) and glycerol were similar. During the 20 to 135 + 4 min
period of exercise, LBF declined significantly in DE but tended to increase in control.
Therefore, after 120 and 135 + 4 min of DE, LBF was 0:6 + 0-2 and 1:0 + 0-3 1 min " lower

(P < 0:05), respectively, compared with control.

The lower LBF after 2 h in DE did not alter glucose or FF'A delivery compared with control.
However, DE resulted in lower (P < 0-05) net FFA uptake and higher (P < 0:05) muscle
glycogen utilisation (45%), muscle lactate accumulation (4:6-fold) and net lactate release
(62 %), without altering net glycerol release or net glucose uptake.

In both trials, the mean convective heat transfer from the exercising legs to the body core
ranged from 63+ 17 to 72+ 1-3kJ min%, thereby accounting for 35-40% of the
estimated rate of heat production (~18 kJ min™).

At exhaustion in DE, blood lactate values were low whereas blood glucose and muscle
glycogen levels were still high. Exhaustion coincided with high body temperature (~40 °C).

In conclusion, the present results demonstrate that reductions in exercising muscle blood
flow with dehydration do not impair either the delivery of glucose and FFA or the removal of
lactate during moderately intense prolonged exercise in the heat. However, dehydration
during exercise in the heat elevates carbohydrate oxidation and lactate production. A major
finding is that more than one-half of the metabolic heat liberated in the contracting leg
muscles is dissipated directly to the surrounding environment. The present results indicate
that hyperthermia, rather than altered metabolism, is the main factor underlying the early
fatigue with dehydration during prolonged exercise in the heat.
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Hamilton et al. 1991; Montain & Coyle, 1992a,b; Gonzélez-
Alonso et al. 1995, 1997, 1998; Montain et al. 1998).
Furthermore, it has recently been shown that dehydration
amounting to 2:9% of body weight increases muscle
glycogen utilisation and muscle lactate accumulation during
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prolonged cycling exercise in a thermoneutral environment
(Hargreaves et al. 19965). However, the latter is in contrast
to the unaltered rate of muscle glycogen depletion, muscle
lactate accumulation and leg lactate release observed during
prolonged exercise in the heat with smaller dehydration but
higher hyperthermia (Nielsen et al. 1990, 1993). Moreover,
recent evidence points to an unchanged muscle inorganic
phosphate/g-ATP ratio and pH during exhaustive one-
legged knee-extension exercise in markedly dehydrated
subjects (Montain et al. 1998). Therefore, it remains unclear
whether or not dehydration increases muscle lactate
production and glycogen utilisation and whether these
alterations are accompanied by a reciprocal reduction in
muscle lipid metabolism. No previous study has directly
determined the influence of dehydration on substrate
delivery, fuel utilisation and energy turnover in active
skeletal muscles during prolonged exercise. This is of
particular interest because hyperthermia combined with
dehydration result in a reduction in active skeletal muscle
blood flow during prolonged exercise in the heat (Gonzélez-
Alonso et al. 1998).

We have previously reported that the marked reductions in
systemic and exercising muscle blood flow with dehydration
and hyperthermia are accompanied by unaltered O, delivery
and leg oxygen consumption rate (VOz) during the first 2 h of
exercise (Gonzalez-Alonso et al. 1998). Yet, at exhaustion in
the dehydration trial, O, delivery and leg 1702 were
significantly reduced or tended to be lower compared with
control. Substrate delivery to the exercising leg and the
removal of locally produced muscle metabolites have been
shown to be closely matched in conditions of adequate
systemic and skeletal muscle blood flow (Ahlborg et al. 1974;
Ahlborg & Felig, 1977; Nielsen et al. 1990, 1993; Kiens et
al. 1993). However, the marked reductions in systemic and
active skeletal muscle blood flow with dehydration could
potentially reduce the delivery of substrate as well as the
removal of locally produced muscle metabolites and heat.
This condition could result in energy deficiency, metabolite
accumulation and critically high muscle temperature, which
in turn could limit intracellular metabolic processes and
anticipate fatigue (Brooks et al. 1971; Sahlin et al. 1998).

Hyperthermia might be another plausible factor involved in
the early fatigue with dehydration since exercise performance
in the heat in trained cyclists has been shown to be closely
associated with high internal body temperature (Nielsen et
al. 1993). In a parallel study, we have recently observed that
cyclists exercising at 60 % of maximal 1702 (Vog,max) fatigued
at remarkably similar core and muscle temperatures (~40 and
~40:7 °C, respectively), regardless of the wide differences in
the initial value and the rate of rise of body temperature
(Gonzélez-Alonso et al. 1999). Since dehydration impairs heat
dissipation and leads to a progressive increase in body
temperature, it seems plausible that the attainment of a
critically high body temperature contributes to the early
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fatigue observed with dehydration during prolonged exercise
in the heat.

Therefore, the purpose of this study was to determine
whether reductions in exercising skeletal muscle blood flow
would alter substrate delivery to and metabolite and heat
removal from the exercising leg and whether metabolic
factors and/or hyperthermia are responsible for the early
fatigue observed with dehydration during prolonged,
moderately intense exercise in the heat.

METHODS
Subjects

Seven healthy endurance-trained males participated in this study.
They had a mean (£ s.0) age of 27 £+ 2 years, body weight of
781 + 7-4 kg, height of 184 +7 ¢cm, maximal heart rate of
197 + 11 beats min™" and ¥y, .. of 49 £ 0:6 1 min™ or 63 + 5 ml
kg™ min™. The subjects were fully informed of any risks and
discomforts associated with the experiments before giving their
informed written consent to participate. The study conformed to
the code of Ethics of the World Medical Association (Declaration of
Helsinki) and was approved by the Ethics Committee of Copenhagen
and Frederiksberg communities. All subjects had participated in
experiments involving endurance performance in hot environments
before undergoing this experiment. Furthermore, subjects
acclimated to the heat and adapted to large volumes of ingested fluid
before the experimental trials by performing four practice trials

(2 h cycling exercise at ~60% of V;, . in a 35 °C environment).

Experimental design

On two occasions separated by 1 week, subjects exercised
continuously on a cycle ergometer (Electronic Monark 829E) in the
heat (35 °C; 40-50% relative humidity, 1-2 m s™ fan speed) at a
power output (208 + 21 W; 80—-90 r.p.m) that initially elicited
61 + 2% of Vc>2,max~ In the first trial (dehydration trial, DE), they
cycled until volitional exhaustion (135 + 4 min (+ s.E.M); range
122—-148 min), while developing significant dehydration and hyper-
thermia (3:9 £ 0-3% body weight loss, 397 + 0-2 °C oesophageal
temperature, 7). In the second trial (control), they cycled for the
same period of time while maintaining euhydration by consuming
fluids and stabilising 7, at 38:2 °C after 30 min of exercise. To
ensure this large difference in core temperature, fan speed was
doubled in the control trial. During DE, subjects only received
~0-81 of fluid: (1) 0-21 of a concentrated carbohydrate—electrolyte
solution by mouth and (2) ~0-61 of a saline solution (0-9% NaCl)
intravenously infused during the leg blood flow measurements. In
so doing, they replaced 28% of the sweat losses and lost
3:07 £+ 0:28 kg or 3:9 £ 0:3 % of their body weight. During control,
subjects received ~4-31 of fluid: (1) 3:7+ 011 of a diluted
carbohydrate—electrolyte solution by mouth and (2) ~0-6 | of intra-
venously infused saline. This resulted in the maintenance of body
weight throughout the experimental trial. The same amount of
carbohydrate and electrolytes was ingested in each trial (i.e. 99 g of
glucose and 1 g of a mixture containing Na*, C1~ and K™). During
control, the 3:71 of fluid was divided into equal aliquots and
ingested at 20, 35, 50, 65, 80, 95 and 110 min of exercise. During
DE, the 021 of fluid was ingested at 30, 60 and 90 min of exercise.
The estimated average sweating rate was 1-5+ 0-11 h™ in both
trials. The temperature of the oral fluid replacement was ~38 °C to
minimise fluctuations in core temperature.
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On the day prior to experimental testing, the hydration status of
the subjects was standardised by having them adopt the same diet,
exercise bout (1 h of low intensity cycling) and fluid intake regimen.
The subjects reported to the laboratory approximately 3—4 h prior
to the experiment, following the ingestion of a plentiful breakfast
(consisting of several pieces of bread, marmalade, cookies, cereals,
tea, milk) and 200—-300 ml of fluid (water or juice). Upon arrival,
they rested in the supine position while two catheters were placed,
using the Seldinger technique, one in the femoral vein and another
in the femoral artery of the right leg. Both catheters were
positioned 1-2 ¢cm distal from the inguinal ligament (antegrade
position). A thermistor (model 94-030-2:5F T. D. Probe, Edwards
Edslab, Baxter, Irvine, CA, USA) to measure venous blood
temperature was inserted through a catheter. Furthermore, a
thermocouple (model MAC-07170-A, Ellab, Denmark) to measure
muscle temperature was inserted through a Venflon (Ohmeda AB,
Helsingborg, Sweden) catheter 3—4 ¢cm into the vastus lateralis. A
second thermistor was inserted in an antecubital vein to measure
the venous blood temperature of a resting limb. A resting muscle
biopsy from the vastus lateralis was then obtained.

Thereafter, the subjects walked to another room, were weighed and
sat in an armchair while electrodes to measure 3-lead electro-
cardiogram and skin thermistors (model MHC-40050-A, Ellab) to
measure temperature at six sites (upper arm, forearm, chest, back,
thigh and calf) were attached. A thermocouple (model MOV-
05005-A, Ellab) to measure core (oesophageal) temperature was
then inserted through the nasal passage a distance equal to one-
fourth of the subject’s standing height. After 15 min of seated rest,
10 ml blood samples were withdrawn simultaneously from the
femoral artery and vein for later determination of baseline blood
variables. The subjects then entered an environmental chamber
(35 °C and 40—50 % relative humidity) and sat on a cycle ergometer
while resting cardiovascular and temperature measurements were
obtained. They then started to exercise.

During exercise, heart rate, arterial blood pressure and skin, core,
blood and muscle temperature were recorded continuously.
Pulmonary Voz was measured during a 5 min period beginning at 5,
40, 80, 105 and 125—-135 min of exercise. Leg blood flow (themo-
dilution) was measured in duplicate at 20, 50, 90, 120 and 135 +
4 min of exercise. Arterial and venous blood samples (10 ml) were
withdrawn simultaneously at 20, 60, 90, 120 and 135 + 4 min of
exercise. A rating of perceived exertion was recorded after 30, 60,
90, 120 and 135+ 4 min of exercise using the Borg scale (Borg,
1975). Upon completion of the exercise, a post-exercise muscle
biopsy was obtained within 2—4 min. Thereafter, catheters and
thermocouples were removed and post-exercise naked body weight
was recorded.

An additional dehydration experiment was performed in one subject
while measuring femoral arterial and venous blood temperature,
oesophageal temperature and leg blood flow during exercise until
fatigue (208 W and 85r.p.m). The aim was to determine the
difference between oesophageal temperature and femoral arterial
blood temperatures during steady-state exercise to calculate
convective heat transfer from the exercising leg to the body core in
the main study.

Leg blood flow

Femoral venous blood flow (i.e. leg blood flow, LBF) was determined
by the constant infusion thermodilution technique, originally
described by Andersen & Saltin (1985) and was modified in this
study (Gonzdlez-Alonso et al. 1998).
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Core, skin, muscle temperature and blood temperature

The oesophageal, muscle and skin thermocouples were connected to
a recorder (CTF 90008 precision thermometer, Ellab) interfaced to
an IBM-AT computer. Blood temperatures were recorded using a
data acquisition system (MacLab 8:s, ADInstruments, Sydney,
Australia) interfaced to a computer (Macintosh Performa). After
each experiment, all thermistors and thermocouples were calibrated
with a mercury thermometer with a precision of 0-05 °C.

Blood analysis

Blood glucose and blood lactate were analysed on a glucose and
lactate analyser (Yellow Springs Instruments, Yellow Springs, OH,
USA). Plasma glycerol was determined on an automatic analyser
(Cobas Fara, Roche, France). Plasma free fatty acid (FFA) was
measured fluorometrically using an enzymatic kit (WAKO Chemical,
Germany). Haemotocrit (Het) was measured in triplicate after micro-
centrifugation and corrected for trapped plasma (0-98). Haemoglobin
concentration and blood O, saturation were determined spectro-
photometrically (Radiometer, OSM-2 Hemoximeter, Copenhagen,
Denmark). P, Py, and pH were determined with the Astrup
technique (ABL30, Radiometer) and corrected for measured blood
temperature. Plasma noradrenaline and adrenaline concentrations
were determined using a radio enzymatic assay (Christiansen et al.
1980). Plasma insulin and plasma glucagon were determined using
commercially available radioimmunoassay kits (Pharmacia Insulin
RIA 100, Sweden and Linco’s Glucagon RIA, Linco Research Inc.,
St Louis, MO, USA).

Muscle samples analysis

The biopsy samples were frozen in liquid nitrogen within 5-10 s and
stored at —80 °C until analysis. Muscle biopsies were first analysed
for total water content by weighing the samples before and after
freeze drying. They were subsequently homogenised and analysed
for lactate, creatine phosphate (PCr) and glycogen using fluorometric
assays (Lowry & Passonneau, 1972).

Calculations

Estimation of blood CO, content. Arterial and venous whole-blood
CO, content was determined from blood haemoglobin, temperature,
0O, saturation, pH and P, according to the model proposed by
Douglas et al.(1988).

Substrate delivery to the exercising leg. Substrate delivery was
calculated by multiplying blood flow (or plasma flow for FFA) by
the arterial concentration of a given substrate.

Leg VOz’ 17002 and substrate exchange. T/E)z and CO, production
(Veo,)» and net lactate, net glucose, net FFA and net glycerol
exchange by the leg were calculated by multiplying blood flow or
plasma flow by the difference between the femoral artery and vein
concentrations of O,, glucose, FFA and glycerol (e.g. a—v O,
difference) or the difference between the femoral vein and artery
concentrations of CO, and lactate (e.g. v—a CO, difference). To
correct for changes in plasma volume, venous substrate values were
multiplied by the ratio of arterial-to-venous haemotocrit. In a
preliminary experiment in one subject during submaximal cycle
ergometer exercise, we observed very similar concentrations of
lactate, glucose, FF'A and glycerol in the femoral vein and the great
saphenous vein, which drains the leg skin and subcutaneous fat,
when leg skin blood flow was either low or high (0-08 s.0-47 1 min™",
respectively) and LBF was 7-8 1 min™ Tt is therefore assumed that
the measured leg substrate exchange during cycling exercise reflects
metabolic changes in the muscle compartment. The leg respiratory
quotient (RQ) was calculated as the ratio between leg 17002 and leg VOz'
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Total Voz, total 17002 and total substrate exchange. The total 1,
total V5,, total lactate, total glucose and total FFA exchange
during the 20 to 135 4+ 4 min period of exercise in DE and control
trials were calculated by the time integral:

where x is 20 min, y is 122—148 min, and f{(t) is the exchange of
any of these variables at a given time ({) during exercise. Total
exchanges were calculated from the areas under the f(t) curves,
with time on the X-axis. The curves were constructed assuming a
linear relationship with time in the interval between two consecutive
measured values.

Total leg energy turnover. Total leg carbohydrate and fat
oxidation was calculated from non-protein leg RQ and leg Voz
(Péronnet & Massicotte, 1991). The few RQ values that were
slightly higher (1-5%) than 1:00 were considered to reflect full
contribution of carbohydrate to total energy production. The
estimated contribution of protein during prolonged exercise
amounted to approximately 2% of the total fuel utilisation and
therefore was disregarded (Graham et al. 1991). The uptakes of
plasma glucose and FFA by the leg during the 20 to 135 + 4 min
period of exercise were converted into their energy equivalents and
used as an index of maximal contribution of these plasma
substrates to energy. The minimal intramuscular and circulating
triacylglycerol oxidation was calculated as the difference between
total leg fat oxidation and FFA oxidation. The difference between
total leg carbohydrate oxidation and plasma glucose uptake was
used as the index of minimal glycogen oxidation (Romijn et al.
1993). Total leg energy turnover was estimated as the sum of
aerobic and anaerobic energy turnover. The small anaerobic energy
turnover during exercise was estimated by adding the net muscle
lactate accumulation, the net lactate release and net muscle PCr
degradation.

Heat transfer from the leg to the body core. The rate of heat
transfer from the active leg muscles to the body core was calculated
by multiplying the mean venous—arterial (v—a) temperature
difference by LBF and the specific heat of the blood at 38:5°C
(36 kJ 17" °C™"; Het ~45%). Femoral arterial blood temperature
was estimated from oesophageal temperature values, using a
correction factor (—0:17 °C) obtained in the additional experiment.
The mean leg heat production was calculated by subtracting the
heat equivalent of power output from the heat equivalent of total
metabolic energy turnover.

Statistical analysis

A two-way (trial-by-time) repeated measures analysis of variance
(ANOVA) was performed to test for significant differences
between and within treatments. Following a significant F' test, pair-
wise differences were identified using Tukey’s honestly significant
difference (HSD) post hoc procedure. When appropriate, significant
differences were also identified using Student’s paired ¢ tests. The
significance level was set at P<0:05. Data are presented as
means + s.E.M. unless otherwise stated.

RESULTS

Hydration status, leg blood flow, baseline metabolism
and body temperature

Hydration was equal in both trials as indicated by similar
body weights (mean range between trials, 78:5-78:8
(+ 2:8) kg) and arterial and femoral venous haemoglobin
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concentration (mean range between trials, 8:8—8:9
(& 0°3) mmol 17"). In addition, other indicators of hydration
status such as haemotocrit, osmolality and total plasma
proteins were also similar between trials at rest and after
20 min of exercise. Between-trial differences in hydration
were only present after 30—50 min of exercise and generally
became significant after the first hour of exercise, reaching a
difference of 4 % body weight by the end of exercise. During
DE, LBF declined significantly during the 20 to 135+ 4
min period of exercise (7°5+ 04 to 6:8 +0:41 min";
P < 0:05). In contrast, LBF tended to increase during the
same time period of control (7-4 + 04 to 78 + 0-4 1 min™;
n.s.). Therefore, after 120 and 135 + 4 min of DE, LBF was
06 + 0-2 and 1-0 + 0-3 1 min " lower, respectively, compared
with control (P < 0:05) (for further results see Gonzdlez-
Alonso et al. 1998). Leg substrate exchange and circulating
levels of glucose, lactate, FFA, glycerol, catecholamines,
insulin and glucagon were also similar in both trials at rest
and during the first 20 min of exercise (Fig. 1). Furthermore,
whole-body 1702, leg VOz and temperatures of muscle, skin,
blood and core were also similar.

Arterial concentrations of lactate, glucose, FFA and
glycerol

During DE, arterial lactate concentration increased over time
and was higher (P < 0:05) after 120 min (1-7 & 0-2 mmol 17)
compared with 20 min of exercise (1-2 4+ 0-2 mmol 17"). In
contrast, arterial lactate concentration did not increase
throughout the control trial (Fig. 14). Thus, after 2h of
exercise, arterial lactate concentration was higher during
DE (1*7 4+ 0-2mmol1™) compared with control (0-9 +
0-1 mmol I™"; P < 0:05; Fig. 14).

In both trials, the arterial glucose concentration was similar
during the first hour of exercise (Fig. 1B). Thereafter,
arterial glucose was maintained at approximately 5 mmol I™*
during DE but declined progressively to 38 4 0-2 mmol 1™
during control. Thus, arterial glucose concentration was
higher after 2 h of exercise in DE compared with control
(Fig. 1.B). Consequently, leg glucose delivery was also higher
during DE compared with control at the end of exercise
despite reduced LBF (34—35 (4 3) vs. 30 + 3 mmol min™,
respectively; P < 0:05).

Arterial FFA concentration increased from 02 mmol 17" at
20 min of exercise to above 0-6 mmol 17" after 2 h of exercise
in both trials (P <0:05), and thus leg FFA delivery
increased similarly from 09 to 2:5-2:8 mmol min™"
(P < 0:05; Fig. 10). During the same time period, arterial
glycerol concentration increased from 015 mmol 1™ to
0-34 mmol 17" in both trials (P < 0-05; Fig. 1D).

Substrate exchange across the leg

During the first 90 min of exercise, leg net lactate release
was 0-:3—0'4 mmol min™" in both trials (Fig. 24). However,
net lactate release increased abruptly to 0°9 mmol min™
(P < 0:05) during the last 15 min of DE, while it remained
unaltered during the same time in control. Therefore, net
lactate release at the end of exercise was higher during DE
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(0°9 + 0-2 mmol min™") compared with control (03 +
0-1 mmol min™"; Fig. 24). The higher net lactate release
during DE was due to an increase in femoral v—a lactate

difference (0:06 + 0:2 ws. 0:13 £ 0:02 mmol I at 20 ws.

135 min, respectively; P < 0:05), which was much greater
than the concomitant reduction in LBF. In contrast, femoral
v—a lactate difference during control was maintained at
0-04—0-06 (4 0-2) mmol 1" throughout exercise. During the
20 to 135 + 4 min period of exercise, total lactate release

was higher during DE compared with control (91 £ 22 vs.

60 4+ 10 mmol, respectively; P < 0-05).
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Figure 1. Arterial substrate concentrations during the
dehydration and control trials

A, arterial lactate concentration; B, arterial glucose
concentration; O, arterial FF'A concentration; D, arterial
glycerol concentration. * Significantly higher than 20 min
value, P < 0-05. T Significantly higher than control,

P < 0:05.
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Despite the higher leg glucose delivery during DE compared
with control after the first hour of exercise (~4—5 mmol
min~" or 13-17% higher; P < 0:05), leg glucose uptake
was not different between trials at any time point (Fig. 2B).
In both trials, leg glucose uptake increased over time
(18 + 04 ws. 31 + 04 mmol min~" after 20 vs. 120 min,
respectively; P<0:05; Fig. 2B). This was due to the
increase over time in femoral a—v glucose difference (0-23 wvs.
0:39—-043 mmol 1™ at 20 ws. 135+ 4 min, respectively;
P < 0:05). During the 20 to 135 + 4 min period of exercise,
total glucose uptake was similar during DE to control
(392 £ 29 vs.390 £+ 54 mmol, respectively).
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Figure 2. Leg substrate exchange during the
dehydration and control trials

A, leg lactate release; B, leg glucose uptake; C; leg FFA
uptake; D, leg glycerol release. * Significantly higher than
20 min value, P < 0-05.  Significantly lower than control,
P < 0:05.
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Leg net FFA uptake increased over time during control
(015 4+ 005 ws. 0:53 + 0:10 mmol 1™ at 20 vs. 135 (+ 4) min,
respectively; P < 0:05). During DE, there was also a trend
for an elevation in net FFA uptake (0:09 4+ 0:01 ws.
0-33 + 008 mmol 1" at 20 ws. 135 (£ 4) min, respectively;
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Figure 3. Leg respiratory quotient, carbon dioxide
production and oxygen consumption during the
dehydration and control trials

A, leg RQ; B, leg Vcoz; G leg VOz; D, femoral venous—arterial
CO, (v—aCO0,) difference; E, femoral arterial—venous O,
(a—v0,) difference during the dehydration and control trials.
* Significantly different from the 20 min value during the
dehydration trial, P < 0-05. T Significantly different from
control, P < 0-05.
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n.s.; Fig. 2C). However, at the end of exercise, net FFA
uptake was significantly lower during DE compared with
control (Fig. 2C). This was largely due to the smaller
increase over time (20 to 135 + 4 min) in femoral a—v FFA
difference during DE compared with control (0-06 + 0-01 vs.
0-09 + 0-01 mmol 17, respectively; P < 0-05). During the
20 to 135 £ 4 min period of exercise, total FFA uptake was
significantly lower during DE compared with control
(33 £ 8 v5.40 + 7 mmol, respectively; P < 0-05). In contrast,
leg glycerol release was not significantly different either over
time or between DE and control (Fig. 2D).

Leg RQ, leg CO, release and leg O, consumption
Estimated leg RQ was significantly higher during DE
compared with control at 2 h of exercise (Fig. 34). The mean
leg RQ during the 20 to 135 4 4 min period of exercise
tended to be higher during DE compared with control
(0-94 + 0-01 v5.0:92 £ 0-01; P=007). At the systemic level,
the mean respiratory exchange ratio (RER) was significantly
higher during DE (0-93 4 0:01) compared with control
(0-90 £ 0-01).

During the 20—120 min period of exercise with DE, femoral
v—a CO, difference tended to increase progressively from
146 +40 to 163 +50 ml1™, respectively (Fig. 3D). In
contrast, during control, femoral v—a CO, difference tended
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Figure 4. Glycogen and lactate content of vastus
lateralis muscle during dehydration and control trials
A, muscle glycogen content; B, lactate content.

* Significantly different from 20 min value, P < 0-05.

T Significantly different from control, P < 0-05.
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to decline after 120 min (135 4 90 ml17™") compared with
the 20 min of exercise (152 + 40 ml1™"; Fig. 3D). Therefore,
femoral v—a CO, difference during DE was significantly
(P <0:05) higher than control after 2h of exercise.
Accordingly, leg V<702 release tended to be higher in DE
compared with control after the 2 h of exercise (Fig. 3B).
During the 20 to 135 + 4 min period of exercise, total leg
17002 tended to be higher during DE compared with control
(181 + 10 vs. 178 £ 13 1, respectively; n.s.).

During the 20 to 135 + 4 min period of exercise with DE,
femoral a—v O, difference increased progressively from 150 +
50 to 168 +80mll™, respectively (P <0:05; Fig.3E).
During control, femoral a—v O, difference was also
significantly higher after 120 min of exercise compared with
the 20 min value (150 4 40 vs. 155 4 90 m1 17, respectively;
P < 0:05; Fig. 3E). Nevertheless, after 50 min of exercise,
femoral a—v O, difference during DE was significantly
(P <0:05) higher than control. In both trials, leg 1702
increased significantly (P < 0:05) during the 20—-120 min
period of exercise (i.e. 0-08-0-101min™"; Fig. 30). At
exhaustion in DE, there was a trend for leg Voz to decline
compared with control (5 + 2%, n.s;; Fig. 3C). Nevertheless,
during the 20 to 135 + 4 min period of exercise, total leg VOQ
was the same in both trials (i.e. 192 + 11 1).

Muscle glycogen, lactate and creatine phosphate

Before exercise, muscle glycogen, lactate and PCr contents
were similar in both trials. After exercise, however, muscle
glycogen content was significantly lower and muscle lactate
content was higher in DE compared with control (Fig. 44
and B). Therefore, net glycogen utilisation during exercise
was higher during DE compared with control (298 4+ 21 vs.
205 + 15 mmol (kg dry weight)™, respectively; P < 0-05).
Furthermore, net muscle lactate accumulation during
exercise was higher during DE compared with control
(50419 vs. 009 £+ 0-7 mmol (kg dry weight)_l, respectively;
P < 0:05). PCr degradation during exercise was low in both
trials based on the observation that the 2—4 min post-
exercise PCr values were similar to the initial 82-83
(& 3) mmol (kg dry weight)™ resting values.

Leg lipid and carbohydrate oxidation estimated from
leg V02 and leg RQ

During DE, leg carbohydrate oxidation was maintained at
1-1-1-2gmin™" In contrast, leg carbohydrate oxidation
tended to decline from 1:3+ 01 to 09 + O-ngirf1
during control (£ =0-08). Therefore, leg carbohydrate
oxidation tended to be higher after 90 min of DE compared
with control. Total leg carbohydrate oxidation during the
20—135 min period of exercise was higher during DE vs.
control (183 +£16 wvs. 169 £ 18 ¢g; P < 0:05). Reciprocally,
leg lipid oxidation during the 20—135 min period of exercise
was maintained during DE whereas it tended to increase
during control (0-04 £ 0:02 to 0-24 + 0-08 g, respectively;
P =0-09). Total leg lipid oxidation was significantly lower
during DE (21 + 4 g) compared with control (27 &+ 5 g).
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Leg energy turnover estimated from leg VO2, leg RQ,
lactate and PCr

During the first 2 h of exercise, leg energy turnover increased
significantly over time in both trials (6—7 (+ 2)%; P < 0-05).
At exhaustion, leg energy turnover tended to be lower
during DE compared with control (5%; n.s.; Fig. 54 and B).
However, during the 20 to 135 £ 4 min period of exercise,
no significant difference in total leg energy turnover was
observed between DE and control (3990 + 221 wvs. 3968 +
307 kJ, respectively, n.s). Nevertheless, anaerobic energy
turnover estimated from net muscle lactate accumulation
(assuming 5 kg of active muscle mass in the leg) and net leg
lactate release were significantly higher during DE compared

Blood-barne glucose
Muscle glycogen
Bload-barne FFA

Muscle and circulating TG
Muscle lactate

Oom

BEE

A Fatigue

28 - | l

Leg energy turnover (kJ min')

Leg energy tumover (kJ min'!)

20 40 60 80 100 120 140
Time (min)

Figure 5. Estimated maximal contribution of blood-
borne glucose and FFA, and minimal contribution of
intramuscular glycogen and circulating and muscle
triacylglycerol (TG) to total leg energy production
Levels throughout the dehydration (A4) and control (B) trials.
Lactate contribution was estimated by adding net leg lactate
release and net muscle lactate accumulation. The latter was
estimated assuming an active muscle mass in the leg of 5 kg
and correcting for the lactate release (~1+5 mmol) occurring
during the 2—4 min before the biopsy was obtained (Bangsbo
et al. 1994).



534 J. Gonzdlez-Alonso, J. A. L. Calbet and B. Nielsen

with control (34406 wvs. 1:6+0'3 kJ, respectively;
P < 0:05). It is estimated that PCr degradation averaged
~0-03 kJ min™" throughout exercise (Hargreaves et al.
19966). Collectively, the between-trial difference in anaerobic
energy turnover and its overall contribution to total leg
energy turnover (i.e. < 0-3 %) is clearly negligible in terms of
total ATP energy turnover. During the 20 to 135 4+ 4 min
period of exercise, total carbohydrate oxidation was 8%
higher during DE compared with control (3162 + 251 ws.
2937 + 301 kJ, respectively; P < 0:05). Therefore, carbo-
hydrate oxidation contributed to 74—79% of the total leg
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Figure 6. Plasma insulin, plasma glucagon, arterial
noradrenaline and arterial adrenaline during the
dehydration and control trials

A, plasma insulin concentration; B, plasma glucagon
concentration; C, arterial noradrenaline concentration;
D, arterial adrenaline concentration; E, vastus lateralis
muscle temperature. * Significantly different from 20 min
value, P < 0°05. T Significantly different from control,

P <0-05.
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energy turnover during the 20 to 135+ 4 min period of
exercise in both trials.

Arterial concentrations of insulin, glucagon and
catecholamines

Arterial insulin concentration was only higher in control
compared with DE at 50 min of exercise (10-8 ws. 7:7 pU
ml™, respectively; P < 0:05). However, during exercise in
both trials, arterial insulin concentration tended to decline
from 8:0-8:2 xU ml™ at 20 min of exercise to 6:8—7-0 uU
ml™ after 135 4 4 min (n.s.; Fig. 64).

During DE arterial glucagon concentration increased after
2h (108-112 (£ 15) pg ml™) compared with 20 min of
exercise (81 +6 pgml™; P<0:05). In contrast, arterial
glucagon concentration did not increase during control.
Thus, arterial glucagon tended to be higher during DE
compared with control after 90 min of exercise (Fig. 6B).
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Figure 7. Body temperature during dehydration and
control trials

Temperatures of muscle, oesophagus, femoral venous blood,
forearm venous blood, forearm skin and whole-body skin
during dehydration (A4) and control (B) trials.
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During DE, arterial noradrenaline and adrenaline
concentrations increased progressively and were significantly
elevated above the 20 min value after the first hour of
exercise. In contrast, during control arterial adrenaline did
not increase significantly whereas an elevation in nor-
adrenaline was observed at the end compared with 20 min of
exercise. Thus, noradrenaline and adrenaline were higher
during DE compared with control after the first hour of
exercise (Fig. 6C and D).

Body temperatures and convective heat transfer from
the leg

During DE, oesophageal, femoral venous blood and muscle
temperatures increased progressively throughout exercise
up to 39:7-39:8 (4 0:2)°C for oesophageal and femoral
venous blood temperature and 40-4 (+ 0-2) °C for muscle
temperature (Fig. 74). In contrast, oesophageal and femoral
venous blood temperature were maintained at 38:1-38:3 °C
and muscle temperature at 38:5-38:8 °C throughout the
control trial. Therefore, oesophageal, femoral venous blood
and muscle temperatures were significantly higher during
DE compared with control after 40 min of exercise, all
being 1:5 °C higher in DE compared with control at the end
of exercise (Fig. 74 and B). Conversely, venous blood
temperature in the resting forearm was 35:3—35+5 (£ 0-3) °C
at 20 min of exercise in both trials increasing 0-9—1-2°C
thereafter. Similarly, mean skin temperature was 34:1-346
(£ 0:3) °C at 20 min of exercise increasing 0-6—0-8 °C in both
trials. Mean skin temperature was ~0-5 °C higher throughout
exercise in DE compared with control (P < 0-05).

There were no differences over time in convective heat
transfer from the leg in either trial. The estimated mean
femoral v—a temperature difference throughout exercise was
0-21 4+ 0-:06 °C in control and 0:26 4+ 0-05 °C in DE whereas
the mean convective heat transfer from the leg to the body
core was 63+ 1'7kJ min™" in control and 7:2 + 13 kJ
min~" in DE. In the additional experiment, the mean femoral
v—a temperature difference was 0-38 °C, whereas the average

convective heat transfer to the core was 76 kJ min ™.

Rating of perceived exertion

At 30 min of exercise, the rating of perceived exertion
(RPE) was similar in both trials (11—12 units; i.e. fairly light).
During DE, RPE increased progressively to 194 + 0-2 units
(i.e. very, very hard) at exhaustion. In contrast, during
control, RPE only increased to 136+ 06 units
(i.e.somewhat hard).

DISCUSSION

This study tested the hypothesis that reduced blood flow to
contracting skeletal muscles alters substrate delivery, fuel
selection and metabolite removal and that these alterations,
together with hyperthermia, contribute to the early fatigue
observed with dehydration during prolonged exercise in the
heat. We found that lower leg muscle blood flow with
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dehydration and hyperthermia did not alter either the
delivery of glucose and FFA or impair the removal of
lactate. However, dehydration reduced net FFA uptake and
increased muscle glycogen utilisation and lactate production
compared with control. Despite altered metabolism, fatigue
with dehydration appears largely related to hyperthermia.

Effect of reduced leg blood flow on substrate delivery,
net substrate exchange and lactate removal

An important finding of this study was that reductions in
LBF of up to 1 1 min™ (13 %) with dehydration and hyper-
thermia did not compromise either the delivery to the
contracting leg muscles of glucose and FFA or the removal
of lactate compared with control. This was due to the fact
that the lower LBF after 2 h of exercise was accompanied by
proportional or greater elevations in arterial concentrations
of glucose and FFA and venous concentrations of lactate.
This observation indicates that glucose and FFA availability
did not limit the uptake and oxidation of these substrates in
the exercising leg muscles when the subjects were dehydrated.

Interestingly, leg glucose uptake increased similarly through-
out exercise in both trials, despite the 13—17 % higher leg
glucose delivery at the end of exercise in DE compared with
control (see Fig. 1B). This finding is consistent with the
observation that arterial insulin concentrations were the
same during most of the exercise period, suggesting a
similar stimulus for insulin-stimulated glucose uptake in the
leg muscles with dehydration (Fig. 64). The higher leg
glucose delivery in DE was largely due to the maintainance
of arterial glucose concentration at ~5mmoll™ with
dehydration but declined to 3-8 mmol 17" in the control trial.
The gradual lowering in arterial glucose concentration after
50 min exercise during control, when leg glucose uptake
increased ~70 % throughout exercise in both trials, appears
to be the result of a blunting or lack of a corresponding
increase in hepatic glucose production. An exaggerated
increase in glucose disposal by other upper body tissues
appears to be a less likely possibility given the constancy of
non-legged 1702 and the significant progressive decline in
RER. A suppressed liver glucose output in control could in
part be ascribed to a lack of increase in sympathetic activity
and glucagon action, as suggested by the unaltered
circulating catecholamines and blunted rise in glucagon
compared with dehydration (see Fig. 6) (Kjeer et al. 1991,
1993; Hargreaves et al. 1996a).

On the other hand, dehydration blunted the progressive
increase in leg FFA uptake after 90 min of exercise
compared with control, thereby resulting in a 17 % lower net
FFA uptake (Fig. 2C). The mean fractional FFA uptake
was also lower in DE compared with control (12 4+ 2 vs.
16 + 2%, respectively; P < 0:05). Because FFA delivery
was unaltered by dehydration, the reduced leg net FFA
uptake appears to result from an inhibition in FFA
transport and/or intracellular uptake, possibly in response
to a shift in fuel selection (Coyle et al. 1997). In support of
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this the lower net muscle FFA uptake coincided with an
abrupt increase in leg lactate release, femoral v—a CO,
difference and leg RQ as well as elevated glycogen utilisation.

Effect of dehydration on substrate oxidation

Dehydration was shown to potentiate muscle glycogen
utilisation, with neither apparent alteration in blood glucose
contribution nor noticeable differences in total leg energy
turnover during the first 2 h of exercise compared with
control (see Fig. 54 and B). The progressive lowering in
muscle glycogen breakdown during exercise was offset by
larger increases in the oxidation of blood-borne substrates
(glucose and FFA), so that total leg energy turnover
increased 6—7% over time in both trials. The estimated
total leg carbohydrate oxidation during the 20—135 min
period of exercise was 8% higher with dehydration
(183 + 16 g) compared with control (169 + 18 g). Assuming
that all glucose taken up by active leg muscles is oxidised, it
is estimated that the maximal contribution of blood glucose
to total leg energy turnover was 28 % in both trials whereas
the minimal contribution of muscle glycogen ranged from 46
to 51 % in the control and dehydration trials, respectively
(Fig. 54 and B). These values of blood glucose and muscle
glycogen utilisation during moderate intensity prolonged
exercise are consistent with those reported in fed subjects
(Bergman et al. 1999) but predictably are much greater than
those estimated in subjects fasted overnight (Montain et al.
1991; Romijn et al. 1993).

The oxidation of blood-borne FFA appears to contribute
to approximately one-half of leg lipid oxidation, which
accounted for 21-26 % of total leg energy turnover in both
the dehydration and control trials (Fig. 54 and B). The
finding that leg glycerol release was within 0-00—0:07 mmol
min~" at rest and throughout exercise in both trials indeed
supports the idea that lipolysis in fat depots located inside
and outside the muscle fibres and in subcutaneous adipose
tissue accounted for a small percentage of total leg energy
turnover. Our preliminary results showing similar glycerol
concentrations in the saphenous vein, which drains the leg
skin and subcutaneous adipose tissue, and in the femoral
vein, when cycling in the heat at similar work intensity,
supports this argument. Furthermore, this is in agreement
with the present estimation of a 10-12% minimal
contribution of both triacylglycerols transported via lipo-
proteins and intramuscular triacylglycerol stores in both
trials (Fig. 54 and B). Given that the circulating very low
density lipoprotein triacylglycerols might have contributed
to at least part of this already low relative total energy
contribution (Kiens et al. 1993), it is reasonable to conclude
that the contribution of muscle triacylglycerol breakdown to
total leg energy turnover was small in both the euhydrated
and dehydrated state.

Factors mediating the increased muscle glycogenolysis

with dehydration

There are at least three potential factors that could have
stimulated the greater leg muscle glycogenolysis during
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dehydration compared with control: (i) reduced O, supply
and lower cytoplasmic P, (Wilson et al. 1977), (ii) increased
muscle temperature (§,,) (Febbraio et al. 1996), and
(iii) elevated circulating adrenaline (Febbraio et al. 1998).
These factors have been suggested to increase muscle
glycogenolysis by stimulating the activity of phosphorylase
and other key enzymes involved in glycogen breakdown
(Wilson et al. 1977; Febbraio et al. 1996, 1998). The finding
that leg O, delivery and leg VO2 were maintained at control
levels during the first 2 h of exercise in DE would suggest
that low intracellular P, did not play a major role in
triggering the further activation of muscle glycogenolysis
with dehydration. However, the possibility still exists that a
lower cytoplasmic P, as suggested by slightly reduced
femoral venous P, after 90 min of cycling (10:9 ws.
122 mmHg), might have contributed to some extent to the
greater muscle lactate production and glycogen utilisation
with dehydration during the last 45 min of exercise (Wilson
et al. 1977). Indeed, a significantly lower intracellular P,
paralleling a reduced femoral venous P, and increased
arterial lactate concentration, has been reported with
hypoxia compared with normoxia (2 vs. 3 mmHg) during
dynamic knee-extension exercise (Richardson et al. 1995).
Inasmuch as the present intravascular P, differences were
small, the elevated muscle temperature and circulating
adrenaline already existing after 50 min of exercise might
instead largely explain the higher muscle glycogenolysis and
possibly higher glycolysis with dehydration (Figs 6B, and
7A and B) (Febbraio et al. 1996, 1998). The increased muscle
glycogen utilisation, muscle lactate accumulation and whole-
body carbohydrate utilisation with independent alterations
in circulating adrenaline and body temperature during
prolonged exercise in the heat support this contention
(Febbraio et al. 1996, 1998).

Heat transfer across the exercising leg

A major finding of this study was that convective heat
transfer from the exercising leg to the core only represented
35-40% of the leg metabolic heat production (Figs 54 and
B, and 8('). Therefore, the present finding refutes the
traditional concept that the majority of the heat produced
by the active leg muscles is transferred to the core and then
dissipated from the upper body skin (Nadel, 1988).
Interestingly, the opposite actually occurs during the
transition from rest to exercise; i.e. heat is transferred from
the warmer core to the cooler exercising muscles (Fig. 9). As
depicted in Fig. 8 B, the femoral v—a temperature difference
averaged —0:47 °C during the first minute of exercise, thus
leading to a net heat gain by the exercising leg of ~8 kd.
Only after 6min of exercise did the femoral v-—a
temperature difference become positive, resulting in a net
heat release from the leg to the core (Figs 8B and 9). Heat
transfer within the legs to the surrounding tissue can occur
via skin blood convection and conduction. During exercise in
a 35 °C environment, skin blood convection appears to be
the most important pathway since the muscle-to-skin
temperature gradient available for conductive heat loss is
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only 4-6°C. Assuming that leg skin blood flow was
051 min~" and the arterial-to-saphenous blood temperature
difference was 4 °C, a rough estimation of 7 kJ min™" of heat
loss to the surrounding environment via convection is
obtained. This would explain ~40% of the leg heat
production, which added to the heat transfer to the core
appeared to account for the major part of the ~18 kJ min™
mean leg heat production.

Influence of hyperthermia and altered metabolism on
fatigue with dehydration

Another salient observation of this study was that fatigue
with dehydration was not related to either hypoglycaemia,
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Figure 8. Blood and core temperature with progressive
dehydration during exercise in the heat in one subject
(follow-up study)

A, femoral venous blood (T), femoral arterial blood (7},) and
oesophageal temperature (7,); B, femoral venous-to-arterial
blood temperature difference; C, rate of heat removal from
the active legs by the blood. In A, the drastic drop in venous
blood temperature at several time points during exercise was
due to the infusion of cold saline while measuring LBF. In C,
the kinetics of heat transfer from the exercising leg to the
core during the transition from rest to 10 min of exercise was
omitted because LBF was not measured during this period.
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very low muscle glycogen or critically high muscle and
circulating metabolite levels, but rather it was associated
with a high body temperature (see Fig. 7A4). This is based on
the observations that blood glucose and muscle glycogen
levels were still high (4:6—5:0 mmol 17" and 306 mmol (kg
dry weight)™) and the absolute levels of muscle lactate as
well as the between-trial differences in other metabolites
proposed to be involved in fatigue such K™ and H* were
small. Instead, hyperthermia might have been the most
important factor leading to fatigue with dehydration since
exercise performance in the heat in these trained subjects
was previously found to be closely associated with high
body temperature (Gonzdlez-Alonso et al. 1999). In our
recent parallel study, these cyclists also exercising at 60 %
I'/Og,max fatigued at remarkably similar oesophageal (7}) and
muscle (7;,) temperatures (40-1-40-3 °C and 40-7—40-9 °C,
respectively) and almost maximal heart rates (95—99 % of
maximal value), regardless of the wide differences in the
initial value and the rate of rise of body temperature
(Gonzélez-Alonso et al. 1999). Time to exhaustion ranged
from 28 to 63 min, being the shortest with the highest
initial body temperature and highest rate of heat storage. In
the present study, fatigue coincided with a ~0:5°C lower
internal body temperature (397 + 0-2 and 40-4°C in T,
and T, respectively), suggesting that other factors, such as
altered metabolism, reduced energy provision and longer
duration of exercise impaired the tolerance to hyperthermia.
In agreement with these observations, dehydrated subjects
have been previously shown to fatigue at a significantly
lower core temperature compared with when they were
euhydrated (Sawka et al. 1992).

The present findings provide new insights into a possible
mechanism of fatigue in dehydrated subjects during exercise
in the heat at lower body temperatures. It is apparent that
the main end-result of reductions in systemic and exercising
muscle blood flow with dehydration is the lowering in O,
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Figure 9. Body temperature during the transition from

rest to exercise in one subject

T, muscle (vastus lateralis); 7, femoral arterial blood;
T,,femoral venous blood; and T}, oesophageal temperature.
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delivery to the exercising legs at exhaustion, which in turn
leads to a somewhat reduced total energy turnover (5%; n.s)
despite the significant increase in anaerobic energy provision
(see Fig. 54). Although this hypothesis of a mismatch
between energy requirement and energy turnover needs
further elucidation, evidence in the literature clearly indicates
that reductions in O, delivery to the exercising muscle
drastically impair oxidative energy turnover and high
intensity exercise performance (Saltin et al. 1968; Knight et
al. 1993). When cycling at work rates between 250 and
300 W, Knight et al. (1993) found that two-legged VOz and
systemic Voz were ~0-51min™" and ~0'71min™" lower,
respectively, with reduced O, delivery compared with that
expected under normal conditions. The present observation
warrants further studies, particularly in conditions in which
dehydration and hyperthermia markedly reduce maximal
O, uptake and endurance performance at constant power
output.

In conclusion, the present results demonstrate that significant
reductions in muscle blood flow with dehydration do not
impair either the delivery of glucose and FFA to or the
removal of lactate from exercising muscle during prolonged
exercise. However, dehydration results in lower FFA uptake
and higher muscle glycogen utilisation and lactate production
by the exercising muscles, resulting in 8% greater carbo-
hydrate utilisation compared with control. Despite differences
in substrate utilisation over time, total leg energy turnover
was increased similarly (6—7%) in both trials during the
first 2 h of exercise. A major finding is that more than one-
half of the metabolic heat liberated in the contracting leg
muscles during prolonged exercise in the heat is dissipated
directly to the environment surrounding the exercising leg.
Fatigue with dehydration was not related to either critically
elevated muscle lactate or critically reduced blood glucose and
muscle glycogen. Instead, fatigue with dehydration appeared
to be largely associated with high body temperature.
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