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Summary

The effect of elevated human muscle temperature on (P<0.05) compared with the normal muscle temperature
energy turnover was investigated during cycling exercise (64.9+3.7 versus 69.0+4.7kJmirrl, respectively). The
(at 85% of Vo,max) at a contraction frequency of estimated net mechanical efficiency was therefore higher

60revs mirrl, Muscle temperature was passively elevated
prior to exercise by immersion of the legs in a hot
water bath (42°C). During exercise at this low pedalling
rate, total energy turnover was higher P<0.05) when
muscle temperature was elevated compared with
normal temperature (70.4+3.7 versus 66.9+2.4 kI mirr?,
respectively). Estimated net mechanical efficiency was
found to be lower when muscle temperature was elevated.
A second experiment was conducted in which the effect of
elevated human muscle temperature on energy turnover

when muscle temperature was elevated. We propose that,
in these experiments, prior heating results in an
inappropriately fast rate of cross-bridge cycling when
exercising at 60revs mint, leading to an increased energy
turnover and decreased efficiency. However, at the faster
pedalling rate, the effect of heating the muscle shifts the
efficiency/velocity relationship to the right so that cross-
bridge detachment is more appropriately matched to the
contraction velocity and, hence, energy turnover is
reduced.

was investigated during cycling exercise (at 85% of
Vo,max) at a contraction frequency of 120 revs mint. Under

the conditions of a high pedalling frequency, an elevated
muscle temperature resulted in a lower energy turnover

Key words: contraction velocity, temperature, cycling exercise,
human, efficiency/velocity relationship.

Introduction

Temperature is widely recognised as an importantharacteristics, and mATPase activity, would necessarily
determinant of skeletal muscle function (for reviews, seehange the efficiency/velocity relationship.
Bennett, 1984; Rall and Woledge, 1990; Ranatunga, 1998). Surprisingly, the effect of a change in muscle temperature
One effect of heating muscle is to alter the force/velocityon the efficiency of muscle contraction in humamsivo has
relationship both in humans (Binkhorst et al., 1977; De Ruitereceived little attention. This is despite the fact thairihevo
and De Haan, 2000; He et al., 2000) and in other mammalemperature of human skeletal muscles can vary over a wide
(Ranatunga, 1982, 1984). Maximum contraction velocityrange depending on environmental conditions and the
(Vmay and the curvature of the force/velocity relationshipmetabolic heat liberated in the muscle itself (e.g. Asmussen
(a/Po) are most sensitive to changes in temperature, such thatd Bgje, 1945; Saltin et al., 1968). Indeed, it is common
Vmax iNncreases an@/Po decreases at higher temperaturespractice for athletes to perform warming-up exercises prior to
which is a consequence of the temperature-dependence todining or competition. However, the effect of muscle
myofibrillar ATPase (MATPase) activity (e.g. Stienen et al.temperature on the mechanical efficiency of exercise in
1996; He et al., 2000). Since it has been observed that specifiamans may be velocity-specific since it would imply a shift
types of muscle fibre with different force/velocity in the efficiency/velocity relationship analogous to that
characteristics have distinct efficiency/velocity relationshipgpreviously reported for the power/velocity relationship for
(Reggiani et al., 1997; He et al., 2000), it might be inferred thatuman exercise (for a review, see Sargeant, 1999).
an effect of muscle temperature on the force/velocity The purpose of the present study was therefore to
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determine whether an increase in muscle temperature affected Experimental protocol
energy turnover and estimates of net mechanical efficiency The subjects arrived at the laboratory in the morning
during sustained dynamic exercise in humans. It wafllowing an overnight fast. In the normal temperature
hypothesised that the effect of increasing muscle temperatuggndition, subjects rested for 30min at normal room
on energy turnover would be dependent on contractiofemperature (20-22°C; quadriceps muscle temperature
frequency. It has previously been speculated that thgpproximately 36°C at 3cm depth) (Sargeant, 1987). In
optimum pedalling frequency for efficiency of the type Ithe heated temperature condition, muscle temperature was
fibres during cycling might be approximately 60revsThin increased by immersing the legs, up to the gluteal fold, in a
(see Sargeant, 1999). Any temperature-related shift in thgater bath at 42 °C for 30 min. On these occasions, the subjects
efficiency/velocity relationship towards the right would meanexited the water bath, briefly towelled dry and put on their shoes
that exercise at a low pedalling frequency of approximatelpefore mounting the cycle ergometer (this typically took less
60revsmin! would be on the ascending limb of the than 2min). In a parallel study using the same heating protocol,
relationship. Thus, energy turnover would be greater for thgyuscle temperature, measured by a needle thermistor
same mechanical output. Conversely, a fast pedalling rag|lab, Copenhagen, Denmark), was found to be elevated by
would be on the descending limb of the efficiency/velocity2 4+0.2 °C immediately prior to the commencement of exercise
relationship, and any temperature-related rightwards shifompared with normal temperature conditions. In parallel
would lead to an increase in efficiency and, hence, energperiments, it was also shown that the effect of exercise was
turnover for a given mechanical output would be expected tg increase muscle temperature by a further 0.5°C in the
decrease. ‘heated’ conditions and by 3.5°C in control conditions. This
We have tested this hypothesis (i) by estimating the energydicates a convergence of muscle temperature towards the end
turnover during cycling at 60revsmihat normal muscle of the exercise period, although there was still a significantly
temperature and following passive heating and (i) byhigher temperature in the pre-heated trigs0(05).
estimating the energy turnover at normal and elevated muscle|mmediately after temperature manipulation or the 30 min
temperature when cycling at 120revsminthis latter rest period, the exercise trial began. This consisted of a 3min
pedalling rate being chosen as the fastest pedalling rate thakt period whilst seated on the cycle ergometer, after which
could be reliably sustained. subjects performed 3min of unloaded cycling followed
immediately by a 6 min period of cycling at the predetermined
. power output equivalent to 85% oflo,max at 60 or
Materials ar_1d methods 120revs mint. After the exercise bout, there was a final 5min
Subjects period of rest seated on the ergometer. Pulmonary gas
Six healthy male subjects (age 23+3 years, heightxchange was continuously measured throughout the exercise
180.5£6.8cm, mass 72.3+6.9 kg; meansetm.) volunteered  trial. Blood samples for the determination of blood lactate
for the study. All subjects participated in some form ofconcentration were collected prior to leg warming,
recreational physical exercise but none was specificallinmediately before exercise and at 0.5, 1.5, 3 and 5min post-
trained. The subjects were fully informed of the purposes angikercise.
associated risks of the StUdy and gave their written, informed The experiments at normal and heated muscle temperatures
consent. The study was approved by the Manchesteihd at 60 and 120 revs minwere performed, in randomised
Metropolitan University Ethics Committee. order, on separate occasions with at least 4 days between trials.
The pulmonary gas exchange data were averaged between two

Pre-experimental procedures repeated trials. Blood samples were obtained on only one
Each subject performed two tests to determine the maximugtcasion for each condition.

rate of oxygen uptakeV,max), one at 60 and the other at

120 revs mint, using a multi-stage protocol on a friction-braked Metabolic measurements

cycle ergometer (Monark 814, Varberg, Sweden). Each stage Expired air was sampled continuously for percentage CO
lasted for 3min, and expired air was analysed during the lasihd @ content and volume on a breath-by-breath gas-analysis
minute of each stage. From the relationship between powsystem (2900 Metabolic Measurement Cart, Sensormedics,
output andvo,, an external power output equivalent to 85% ofNetherlands). This was calibrated with gases of known
Vo,max Was calculated for each contraction frequency. Allconcentration and a 3| syringe immediately prior to each
experiments were performed at this intensity, which was choséasting session. Breath-by-breakh, data were computed and

to enable exercise to be sustained while eliciting a Yiglso  then averaged over each minute of sampling for each trial. The
that small changes b, would be measurable. In addition, it coefficient of variation for repeatedo, measurements was
should be noted that this intensity is also typical of that during.4 %.

prolonged endurance events when small changes in efficiency Arterialised venous blood samples (Forster et al., 1972) were
may critically affect performance. Prior to the experimentatakenvia an indwelling butterfly needle (21G) inserted into a
trials, each subject performed at least one habituation trial &uperficial vein on the dorsal surface of the hand following
familiarise himself with the experimental protocol. immersion in hot water (42 °C) for a minimum of 10 min. The
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needle was kept patent by regular flushing with heparinise 51
sterile saline. Blood samples (2.5ml) were mixed thoroughl
with  EDTA (3mgmtl). From these samples, duplicate
aliquots (10@Ql) of whole blood were immediately
deproteinised in 1 ml of ice-cold perchloric acid (2.5%) anc
stored at —20 °C for later analysis. The concentration of bloo
lactate was determined fluorimetrically using the supernatai
from the deproteinised blood (Maughan, 1982). The coefficier
of variation for duplicate samples was 3.9 %.

4

Vo, (I min1)

Calculations

Aerobic energy turnover (kJ nif) was calculated using the
respiratory exchange ratio (RER) and rate of oxygen uptak
Net Vo, was calculated by subtracting resting from exercise -
Vo,, with the exercisé&/o, averaged over the final 3min of 0 50 100 150 200 250 300 350
exercise. Anaerobic energy turnover (kJhirwas calculated Extemal poweroutput(W)
on the assumption that 1 mmol bf post-exercise blood lactate Fig. 1. Vo,/power output relationship during the incremental multi-

) . ) 1
accumulation yields the equivalent of 3.3mkg™ (for @  giage exercise test at contraction frequencies of 60 revé filled

review, see Di Prampero and Ferretti, 1999). Net blood lactasquares) and 120 revs min(open squares), respectively. Regression
accumulation was calculated as the difference between tlcoefficients were 0.995 in both instances. Values are meamswt

peak post-exercise concentration and the corresponding resti(N=6).

lactate concentration. Total energy turnover (kJ#imas

calculated as the sum of aerobic energy turnover and anaerobizst required to overcome frictional losses in the ergometer
energy turnover. Total mechanical power output (W) wadransmission.

calculated as the sum of the external power delivered to .

the cycle ergometer plus the estimated ‘internal’ power PulmonaryVo,

output. Internal power output (WkY was estimated as  The effects of heating the legs in the water bath was to
0.153(frequency) where frequency is in Hz (Minetti et al., increase th&/, of exercise by 0.15Imidt when pedalling at
2001). Net mechanical efficiency (%) was defined as the rati60 revs min! compared with the controP€0.05; Figs 2, 3;
between total mechanical power output (W converted tdable 1). In contrast, when pedalling at 120revs#pithe
kJmirY) and the total rate of energy turnover.

Statistical analyses Table 1.Respiratory and blood lactate data at rest and at the
end of cycling exercise at 60 and 120 revs#imder

Data were analysed by either pairetests or two-way -
conditions of normal and elevated muscle temperature

(temperature and time) analysis of variance (ANOVA) with
repeated measures, where appropriate. When a significe 60 revs mint 120revs mint
effect was detected, differences were located wiht-hoc
pairedt-tests. Significance was acceptedPa0.05. Data are
presented as meanss.m. (N=6).

Normal Elevated Normal Elevated

Rest
Voz (Imin—1) 0.34+0.04 0.37+0.02 0.33+0.04 0.35%0.08
Vco, (Imin~1)  0.26+0.04 0.30+0.02 0.25+0.02 0.28+0.01

Results RER 0.78+0.02 0.82+0.03 0.76+0.02 0.80%0.03
. . . . [Lactate] 0.63+0.04 0.82+0.08 0.52+0.06 0.54+0.04
Vo,max did not differ between 60 and 120revsmdin (mmol 1Y)
(3.86+0.19 versus 3.88+0.181 min?, respectively). Thus, Exercise
X IS

85% of Vo,max under both conditions was calculated to be™":

- . . Vo, Imin~1)  3.25+0.14 3.40+0.18* 3.35+0.20 3.22+0.16*
1 1 ik VO,
3.28+0.20 I min* for 60revs mint and 3.30£0.15|min" for Veo, (Imin-)  3.3940.14 3.51#0.20 3.44+0.21 3.31+0.18*

120revs min. DespiteVo.max being the same, there was an  pep 1.04:0.01 1.03+0.02 1.020.01 1.02+0.01
Upward shift in the/ozlpower output r6|at|0nSh|p when CyCllng [Lactate] 6.40+0.49 8.08+0.56* 6.08+0.90 4.88+0.48
at 120revs mint at submaximal workloads (Fig. 1). Thus, at (mmol 1Y)

85% of Vo,max the external power set on the ergometer wa:

236+9W at 60revsmit and 170+12W at 120revs mih Vo,, rate of oxygen uptakéfco,, rate of carbon dioxide release;
(P<0.05). TheVo,/power relationship output shown in Fig. 1 RER, respiratory exchange ratioVco,/Vo,); [Lactate], pek
indicates a marked difference in tidéntercepts extrapolated concentration of blood lactate.

to zero power. The greatgintercept at 120 revs mifreflects Significant differences_ P(<_0.05) between normal and elewvhite
the added cost of internal work due to the increase in trmuscle temperature are indicated by an asterisk.

number of leg movements per minute in addition to the enerc_ YAIUes are meanss.m., N=6.
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Fig. 2. Continuous measurement of pulmon¥ty in one subject Fig. 3. Pulmonaryo, during exercise at 60 (A) and 120 revstin

during exercise at 60 (A) and 120revsmii(B) under conditions of (B) under conditions of normal (filled circles) and increased (open

normal (filled circles) and increased (open circles) muscle temperatuicircles) muscle temperature. Data points are breath-by-breath values

Data points are breath-by-breath values averaged over 10s. averaged over 1 min. Values are meansem. (N=6). Difference
(P<0.05) between normal and elevated muscle temperature are
indicated by an asterisk.

effect of the same prior hot water immersion protocol was ti

decrease the exercisk, by 0.131mirl, compared with the

control (P<0.05; Figs 2, 3; Table 1). 120revs minl, the converse was observed, with a 5.9%
decrease H<0.05) in energy turnover (Table 2). At
Blood lactate levels 60revsminl, the total rate of energy turnover

Consistent with the changes in pulmon¥y, the effect of (aerobic+anaerobic; see Materials and methods) was higher
heating the legs was to increase (at 60 revsthor decrease when the legs were heated compared with the cof«@l.05).
(at 120revs mint) the concentration of blood lactate by lessSince the total mechanical power (internal and external

than 2 mmolt! (P<0.05; Fig. 4). components) remained the same at 247 W, the estimated net
_ o mechanical efficiency decreased by 1P«@.05) following
Energy turnover and mechanical efficiency passive heating. Thus, a 1% decrease in absolute terms would

The estimated total rate of energy turnoverrepresent a relative decrease in the apparent net mechanical
(aerobic+anaerobic; see Materials and methods) a&fficiency of 5%. At 120revs mid, the total rate of energy
60revs min! was 5.2 % higherR<0.05) when the legs were turnover (aerobic+anaerobic; see Materials and methods) was
heated compared with the normal condition. In contrast, dower when the legs were heated compared with the control
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Table 2.Energy turnover and estimates of net mechanical TA = *
efficiency during cycling exercise at 60 and 120 revsin 81 l/l\l_,j
under conditions of normal and elevated muscle temperature 1
60 revs mint 120revs mint 6 - I/'\I\I
Normal Elevated Normal Elevated ]
Aerobic energy 62.0+2.3 64.4+35 64.2+4.0 61.2+3.4* T
turnover =
(kJ mirr?) £ ol 60 revs mirrt
Anaerobic energy 4.8+0.4 6.0+0.4* 4.8:+0.8 3.7x0.4 5
turnover B SR
(kI mirry) S 0- . . . . T T
Total energy 66.912.4 70.4+3.7* 69.0+4.7 64.9+3.7* e 1B
turnover 8 8-
(k3 mirmry) g | *
Total power output 247+10 247+10 259+14  259+14 e 6
W) 8 °]
Mechanical 22.2+0.3 21.2+0.4* 22.7+0.6 24.0+0.5* o) 1
efficiency (%) @ 4] i/ihﬁ\i
See Materials and methods for calculations. i I
Significant differences R<0.05) between normal and elewdte 2 120 revs mir
muscle temperature are indicated by an asterisk. i
Values are meansse.m., N=6. 0 3
Pre Rlest Il |2 CIS A :'-3
(P<0.05). With the total mechanical power (internal and Time post-exercise (min)

external components) remaining the same at 259W, the

estimated net mechanical efficiency increased by just over 1‘F|g. 4._ Concgntratlon of blood _Iactate before hot water immersion
P<0.05) following passive heating. In this case, a 1% increa<(Pre)’ immediately before exercise (Rest) and post-exercise at 60 (A)
_( ’ gp 9. o ~“and 120revs mirt (B) under conditions of normal (filled circles) and

in absolute terms would represent a relative increase in Nipcreased (open circles) muscle temperature. Values are means =*

mechanical efficiency of just over 5%. seM. (N=6). Difference P<0.05) between normal and elevated
muscle temperature are indicated by an asterisk. Note that the data

. ) points at Pre and Rest are superimposed.
Discussion

The present investigation demonstrated that passivel
increasing the temperature of the exercising muscle prior tg faster than required by the actin—myosin movement. Thus,
sustained dynamic exercise significantly alters energy turnovere would propose that, in these experiments, prior heating
and estimates of net mechanical efficiency during exerciseesults in an inappropriately fast rate of cross-bridge cycling at
Furthermore, these alterations are influenced by the contracti®® revs min! leading to an increased energy turnover and
frequency at which the exercise is performed. decreased efficiency.

During exercise at 60revsmih energy turnover was This is illustrated by considering the schematic relationship
greater when muscle temperature was elevated. Thizetween mechanical efficiency and velocity as shown in Fig. 5.
observation is perhaps not surprising since the maifhe solid line represents the efficiency/velocity relationship
determinant of total energy turnover for muscle contraction isinder control conditions. In this schema, we have assumed that
the cost of cross-bridge cycling. It is to be expected that th@0 revs min! (point a) is around the optimum velocity for
rate of cross-bridge cycling will increase with an elevatednaximal efficiency, i.e. the velocity at which the cross-bridge
muscle temperature since, as with other enzymatic processegcling rate is close to the required rate of actin—-myosin
myofibrillar ATPase activity is temperature-dependent (seenovement. Heating the muscle will increase the cross-bridge
Stienen et al., 1996; He et al., 2000). Indeed, in isometricycling rate, shifting the efficiency/velocity relationship to the
contractions in humans, the economy of muscle contractioright (as shown by the dashed line in Fig. 5). As a consequence,
had previously been reported to decrease, as shown by #re mechanical efficiency will be reduced at 60revstnin
elevated ATP utilisation, when muscle temperature wagpoint b), i.e. energy turnover for a given mechanical output
increased from 22.5 to 38.6° C (Edwards et al., 1972). Just delivered will be increased. This shift in the efficiency/velocity
increased cross-bridge cycling during isometric contractioneelationship of course reflects the change in the force/velocity
will require an increased energy turnover for the sameelationship of muscle that occurs when temperature is elevated
sustained force, at relatively slow contraction velocities, théRanatunga, 1984). It should also be noted that the shift is
effect of prior heating could result in cross-bridge cycling thatinalogous to the difference in the mechanical efficiency/
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change in force generated due to the frequency of stimulation

d (Sargeant, 1999). It is clear, however, that while the hierarchy
> of motor units is the major determinant of recruitment there is
some element of rate coding, as indicated by studies of
/ metabolic intermediates and glycogen depletion (Greig et al.,
/ 1986; vy et al., 1987). Thus, even during relatively low-
/ intensity exercise, type Il muscle fibres will be active, albeit at
/ low firing frequencies and thereby making a minor contribution
/ to force production and metabolic cost.
i It has previously been suggested that, at a contraction
frequency of 60revsmif in cycling exercise, human type |
fibres might be operating close to their optimum for maximum

60 120 efficiency (Sargeant and Jones, 1995). Thus, a temperature-
Velocity (revs mirtt) induced shift to the right of the efficiency/velocity relationship

Fig. 5. A schematic representation of the qualitative changes that, ggr the recruited fibre population, as propo_sgd Schgmatlcally In
theoretical grounds, might be expected of the efficiency/velocity/9- 5, would lead to a decrease in efficiency; i.e. energy
relationship consequent upon an increase in muscle temperature.tifnover for a given mechanical power output would have to
the illustration, the solid line shows the efficiency/velocity increase. The increased rate of oxygen uptake and increased
relationship for a muscle that has an optimum velocity for maximunblood lactate concentration observed following passive
efficiency close to 60revsmih under normal conditions. The warming when cycling at 60 revs minare entirely consistent
dashed line indicates the expected rightward shift consequent upg¥ith this suggestion.
an increase in muscle temperatgre. Thus, incr_easing_ muscle at 85 % ofVo,maxat a contraction frequency of 120 revsmjn
temperature at 60 revs min results in a decrease in efficiency yq type | fibres would have remained fully recruited in
from point ato b.' In contrast, at a higher movement flrequenC)é\ccordance with the hierarchical pattern of recruitment (see
(120revs mind), efficiency increases from to ¢ to d as a result of theBeeIen et al., 1993; Sargeant and Kernell, 1993). However, at a
rightward shift in the relationship. S ' 9 ’ ) . '
contraction frequency of 120revsmin the type | fibres
may normally operate on the descending right side of the

velocity relationship between slow and fast muscle (Woledgeyower/velocity relationship and therefore also of the
1968; Goldspink, 1978; Reggiani et al., 1997; He et al., 2000gfficiency/velocity relationship (Sargeant, 1999). Following

In contrast to the effects seen at 60revstnirour  heating and the subsequent shift to the right of the efficiency/
experiments show that during exercise at 120 revshaimergy  velocity relationship, the type | fibores may be closer to their
turnover was lower after muscle temperature had beeoptimum velocity for efficiency, as suggested by point d in Fig. 5.
elevated. In the schematic illustration shown in Fig. 5, alence, efficiency will increase and energy turnover for a given
pedalling rate of 120 revs miflies to the right of the optimum mechanical power output will decrease, as we have observed.
velocity for maximum efficiency under normal conditions In the present investigation, we have examined the effect of
(point c), i.e. on the descending right limb of theprior passive heating of the active muscle fibres on the
efficiency/velocity relationship. Consequently, the effect ofsubsequent energy cost during dynamic exercise. It will be
heating the muscle, as shown by the dashed line, is to shift thealised that muscle temperature can also be expected to rise
efficiency/velocity relationship to the right so that optimumduring exercise as a result of the liberation of metabolic heat.
velocity occurs at a higher pedalling rate and efficiency af number of authors have speculated that the so-called ‘slow
120revs mint (point d) is increased. component’ of Vo, seen during sustained exercise is a

In this Discussion, we have been concerned with the effect @bnsequence of an increase in muscle temperature (for a review,
local heating on the energy turnover of the active muscles assae Gaesser and Poole, 1996). It has been suggested that this is
whole. Thus, changes in the efficiency/velocity relationshipdue to a decrease in mitochondrial efficiency with increasing
refer to a ‘global’ relationship of the involved muscles and theemperature (e.g. Brooks et al., 1971). The present data do not,
recruited fibres of those muscles that have diverse contractif®wever, provide evidence to support this hypothesis. At
and metabolic properties. It has not been possible to determib®revs minl, there was a temperature-related increase in
the pattern of fibre type recruitment in the present experimentsnergy turnover; in contrast, while cycling at 120revstin
Nevertheless, at an exercise intensity of 85%V@efnax at  with the same heating protocol, the situation was reversed and
60 revs mir, the power required probably represents less thaanergy turnover decreased. Furthermore it is notable that during
50% of the maximal power available at that velocity ofrecovery, i.e. when the mechanical efficiency/velocity
contraction (Greig et al., 1986) (see Sargeant and Jones, 199%8)ationship is no longer a factor, the,-off kinetics were not
It is probable that the majority of the power required in thoselemonstrably different between the heated and control
experiments could be generated by type | muscle fibres actimgnditions, either at 60 or at 120 revs ii(Fig. 2).
alone if motor units were recruited purely on a hierarchical size If muscle temperature affected mitochondrial efficiency, as
principle without any modulation due to rate coding, i.e. groposed by earlier authors, it might be expected that an elevated

Efficiency o)
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Vo, would be observed during recovery when the muscle wasdwards, R. H. T., Harris, R. C., Hultman, E., Kaijser, L., Koh, D. and
heated. Of course, it is still just possible that there is a Nordesjo, L.-O. (1972). Effect of temperature on muscle energy

. . . . metabolism and endurance during successive isometric contractions,
temperature-related decrease in mitochondrial efficiency, but g giained to fatigue, of the quadriceps muscle in hahysiol., Lond220,
that at 120revsmiit the effect of this on the total energy 335-352.

turnover may be obscured by the magnitude of the proposed stifster. H. V., Dempsey, J. A., Thompson, J., Vidruk, R. and Dipico, G.
in th ffici Nelocity relationshi r It of elevated A. (1972). Estimation of arteriaPo,, Pco,, pH and lactate from an
In the efriciency/velocity relationship as a result of elevate arterialised venous blood sample Appl. Physiol32, 134-137.

temperature. Recent data, however, have also suggested thaésser, G. A. and Poole, D. G1996). The slow component of oxygen
elevated muscle temperature does not contribute to the sloydPtake kinetics in humangxerc. Sports Sci. Re24, 35-71.

. . . Goldspink, G. (1978). Energy turnover during contraction of different types
component ofo, during heavy exercise (Koga et al., 1997). ~ 5t uscles. InBiomechanics vol. VI-A (ed. E. Asmussen and K.

Notwithstanding the underlying mechanism for the slow Jorgensen), pp. 27-39. Baltimore: University Park Press.

component 01\'/02, this will affect the estimated efficiency. In Gonzél_ez—AIonso, J._, Calbet, J. A L. an_d Nielsen, B1998). Mus_cle blood
h . h Kineti d off flow is reduced with dehydration during prolonged exercise in hundans.
the present experiments where W@-Oﬂ inetics (and off- Physiol., Lond513 895-905.

kinetics) appear similar regardless of temperature conditionsyeig, C. A., Sargeant, A. J. and Vollestad, N. K(1986). Muscle force and
efficiency was calculated in the sixth minute. It should be noted fibre recruitment during dynamic exercise in manPhysiol., Lond371,
howeyer' that the absolute efficiency values WOUId change ﬁe, ZH Bottinelli, R., Pellegrino, M. A., Ferenczi, M. A. and Reggiani,
exercise were prolonged as a result of the increased energy. (2000). ATP consumption and efficiency of human single muscle fibres
turnover characterised as the ‘slow componer\b@kinetics’. with different myosin isoform compositioBiophys. J.79, 945-961.

. . vy, J. L., Chi, M. Y., Hintz, C. S., Sherman, W. M., Hellendall, R. P. and
It should also be realised that heatmg the Iegs can be eXpec{e@owry, O. H. (1987). Progressive metabolic changes in individual human

to have an effect on core temperature (which has not beemmuscle fibres with increasing work ratésn. J. Physiol252 C630-C639.

measured in this investigation) and may have energett9a S., Shiojiri, T., Kondo, N. and Barstow, T. J.(1997). Effect of
. _ . increased muscle temperature on oxygen uptake kinetics during ex&rcise.
consequences for pulmonafy,, although the existing evidence  ao.i “physiol83, 1333-1338.

is equivocal (e.g. Nielsen et al., 1990; Gonzéalez-Alonso et alMaughan, R. J.(1982). A simple, rapid method for determination of glucose,

1998). In our investigation, the impact of heating the Iegs on lactate, pyruvate, alanine, 3-hydroxybutyrate and acetoacetate on a single
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