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Neuromuscular blockade of slow twitch muscle fibres
elevates muscle oxygen uptake and energy turnover
during submaximal exercise in humans
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We tested the hypothesis that a greater activation of fast-twitch (FT) fibres during dynamic
exercise leads to a higher muscle oxygen uptake (V̇ O2 ) and energy turnover as well as a
slower muscle V̇ O2 on-kinetics. Subjects performed one-legged knee-extensor exercise for
10 min at an intensity of 30 W without (CON) and with (CUR) arterial injections of the
non-depolarizing neuromuscular blocking agent cisatracurium. In CUR, creatine phosphate
(CP) was unaltered in slow twitch (ST) fibres and decreased (P < 0.05) by 28% in FT fibres,
whereas in CON, CP decreased (P < 0.05) by 33% and 23% in ST and FT fibres, respectively.
From 127 s of exercise, muscle V̇ O2 was higher (P < 0.05) in CUR compared to CON (425 ± 25
(± s.e.m.) versus 332 ± 30 ml min−1) and remained higher (P < 0.05) throughout exercise. Using
monoexponential fitting, the time constant of the exercise-induced muscle V̇ O2 response was
slower (P < 0.05) in CUR than in CON (55 ± 6 versus 33 ± 5 s). During CUR and CON, muscle
homogenate CP was lowered (P < 0.05) by 32 and 35%, respectively, and also muscle lactate
production was similar in CUR and CON (37.8 ± 4.1 versus 35.2 ± 6.2 mmol). Estimated total
muscle ATP turnover was 19% higher (P < 0.05) in CUR than in CON (1196 ± 90 versus
1011 ± 59 mmol) and true mechanical efficiency was lower (P < 0.05) in CUR than in CON
(26.2 ± 2.0 versus 30.9 ± 1.5%). In conclusion, the present findings provide evidence that FT
fibres are less efficient than ST fibres in vivo at a contraction frequency of 1 Hz, and that the
muscle V̇ O2 kinetics is slowed by FT fibre activation.
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Several in vitro studies have provided evidence that
fast-twitch (FT) muscle fibres are less economical than
slow-twitch (ST) muscle fibres (Crow & Kushmerick,
1982; Barclay, 1996; Jackman & Willis, 1996), at least
at low-to-moderate contraction velocities (di Prampero
et al. 1988). There is also some experimental support
of fibre type specific differences in oxygen uptake (V̇O2 )
and mechanical efficiency during dynamic exercise in
humans (Coyle et al. 1992; Barstow et al. 1996; Krustrup
et al. 2004a,b). Firstly, cross-sectional studies have
demonstrated a negative correlation between the fraction
of FT fibres and efficiency (Coyle et al. 1992). Secondly, it
has been observed that muscle V̇O2 and energy turnover
increase disproportionally at high exercise intensities
(Bangsbo et al. 1993; Zoladz et al. 1995; Krustrup et al.
2003). An association between FT fibre recruitment and
a progressive increase in V̇O2 (slow component) during
intense constant load exercise has also been observed in

some (Russell et al. 2002; Burnley et al. 2002; Krustrup
et al. 2004a,b) but not all studies (Viitasalo et al. 1985)
using EMG or single fibre CP content measurement to
determine fibre type recruitment. Krustrup et al. (2004b)
used glycogen depletion of ST fibres by long-term cycle
exercise the day prior to the experiment, and demonstrated
an elevated FT fibre recruitment and a 7% increase in
pulmonary V̇O2 during low-intensity submaximal bicycle
exercise. However, there is still a lack of direct evidence
that muscle energy turnover differs between fibre types
during dynamic exercise. It has also been speculated that
FT fibres have a slower rise in V̇O2 than ST fibres, and
that the larger recruitment of FT fibres at high intensity
work is the cause of the slowed V̇O2 kinetics compared
to low intensity exercise (Barstow et al. 1996; Krustrup
et al. 2004c). However, it remains unclear whether the
oxygen kinetics of FT fibres is slower than for ST
fibres.
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One approach to studying these phenomena is to
use a non-depolarizing neuromuscular blockading agent
(traditionally tubocurine) which affects preferentially ST
fibres as observed in both rodents (Paton & Zaimis, 1951)
and humans (Bonde-Petersen et al. 1973). Bonde-Petersen
et al. (1973) studied three male subjects and found
that the glycogen depletion determined by PAS staining
was more pronounced in FT fibres during long-term
moderate intensity cycle exercise with administration of
tubocurarine. A more detailed evaluation of fibre type
recruitment during exercise is to use metabolic measures
in single muscle fibres from biopsies obtained at rest and
immediately after exercise (Söderlund & Hultman, 1992;
Krustrup et al. 2004a,b, 2008). In the 1960s, Asmussen
et al. (1965) gave tubocurine to three subjects performing
submaximal cycling exercise and observed an 11% increase
in pulmonary V̇O2 . More than two decades later Galbo
et al. (1987) infused tubocurine during cycling and
observed that during maximal exercise with curarization
the pulmonary oxygen uptake was almost twice as high as
during a control bout at the same absolute intensity. In
that experiment tubocurine was provided by intravenous
injections and led to considerable movements of the upper
body, which was likely to contribute to the higher oxygen
uptake, making a direct comparison difficult. In addition,
V̇O2 in the first phase of exercise was not measured.
Cisatracurium is a substance that has a similar effect on
the muscle as curare and tubocurine, but less influence on
heart rate. Furthermore, to study the direct effect of neuro-
muscular blockade on muscle V̇O2 and energy turnover,
small doses of cisatracurium can be infused in the artery
feeding the contracting muscles thereby causing a minimal
central disturbance.

Thus, the purpose of the present study was to test
the hypothesis that a change in fibre type recruitment,
created by arterial infusion of the non-depolarizing
neuromuscular blocking agent cisatracurium leads to a
higher muscle V̇O2 and energy turnover as well as a
slower muscle V̇O2 on-kinetics during moderate-intensity
knee-extensor exercise. In addition, to evaluate muscle
fibre type recruitment with and without non-depolarizing
neuromuscular blockade, single muscle fibre metabolic
measurements were performed in biopsies obtained at rest
and immediately after exercise.

Methods

Subjects

Eight healthy male subjects at an age of 20–24 years,
with a mean height of 183 (range: 169–185) cm, a mean
body mass of 80.8 (59.9–89.2) kg, a fat percentage of
20.7 (11.0–24.7) and a maximal pulmonary V̇O2 of 48.3
(41.4–54.7) ml min−1 kg−1 participated in the experiment.
The subjects were untrained or recreationally active and

none trained for competition. The subjects were fully
informed of the risks and discomforts associated with
the experimental procedures and all provided written
consent. The study was carried out in accordance with the
guidelines contained in the Declaration of Helsinki and was
approved by the local Ethics Committee (KF 01-255671).

Exercise model

Subjects performed dynamic one-legged knee-extensor
exercise in a supine position on an ergometer that
permitted the exercise to be confined to the quadriceps
muscle (Andersen et al. 1985). The subjects had
several visits to the laboratory in order to become
familiarized with the exercise protocol. After at least
three familiarization sessions, the subjects performed
an incremental exercise test in order to determine the
maximal power of the knee extensors, which was 67 ± 4
(50–84) W.

Experimental procedures

Subject preparation. The subjects arrived at the
laboratory at 08.00 h after consuming a standard
breakfast including fruit juice and cereal. In the supine
position a catheter was placed, under local anaesthesia,
into the femoral artery of the left experimental leg with the
tip positioned ∼2 cm proximal to the inguinal ligament.
This catheter was used for collection of arterial blood
samples and for injections of curare. A second catheter
for collection of venous blood samples was placed in the
femoral vein of the left leg with the tip positioned 2 cm
distal to the inguinal ligament. A thermistor (Edslab, T.D.
Probe, 94-030-2.5F, Baxter A/S, Allerod, Denmark) for
measurement of blood temperature was advanced ∼8 cm
beyond the tip of the catheter for the calculation of thigh
blood flow. An area over one thigh was anaesthetized
(1 ml of 20 mg ml−1 lidocaine) and prepared with two skin
incisions for subsequent extraction of four needle biopsy
samples from m. vastus lateralis (Bergström, 1962).

Experimental protocol. The exercise protocol included
a 10 min warm up period with low-intensity exercise
(15–20 W). After 30 min of rest, the subjects performed
a 10-min bout of exercise at 30 W (CON) with a
target kicking frequency of 60 kicks min−1. Subjects then
rested for 45 min and performed a 10-min low-intensity
warm-up including injections of the neuromuscular
non-depolarizing agent cisatracurium (GlaxoPharma,
Gladsaxe, Denmark). After another 30 min rest period,
a 10-min bout of 30 W exercise at a target frequency
of 60 kicks min−1 was carried out with injections of
cisatracurium (CUR). A total of 0.2 mg L−1 thigh volume
was infused during the warm-up as well as during the
30 W exercise. Twenty per cent of the dose was infused
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4 min prior to the exercise, another 20% of the dose
2 min prior to the exercise and 10% after 1.5, 3, 4.5, 6,
7.5 and 9 min, respectively. The cisatracurium injections
were performed during the warm-up period to ensure
an optimal distribution of the neuromuscular blocking
agent in the knee-extensors of the experimental leg and to
fine-tune the dose used during CUR. The cisatracurium
dose used during CUR was adjusted downwards for four
of eight subjects (10–30%), to ensure that the subjects
were able to perform exercise at the required work load.
For one subject, the load was adjusted to 22 W after the
initial warm-up. The average kicking frequency for CON
and CUR was 61 and 60 kicks min−1, respectively, with a
corresponding average power output of 29 and 28 W.

Blood was drawn from the femoral artery and vein at
rest, during passive exercise and frequently during the
initial phase of exercise, i.e. arterial samples were attained
after −5, 0 and 5 and 10 s and venous samples were
obtained after 6, 9, 12, 15 and 18 s. For the rapid initial
sampling of venous blood a rag of stop-cocks was used
(Bangsbo et al. 2000). Further arterial and venous samples
were collected at ∼0.5, 1, 1.5, 2, 3, 6 and 10-min of exercise.

Blood flow was measured at rest, during passive exercise
and from 15 to 30, 40–55, 120–135, 185–200, 370–385 and
565–580 s in CON and CUR. An occlusion cuff placed
below the knee was inflated (240 mmHg) 30 s prior to
exercise and remained inflated throughout exercise in
order to avoid contribution of blood from the lower
leg.

Muscle biopsies were obtained 5 min prior to CON and
CUR as well as immediately after CON and CUR. The
biopsies were taken from the medial portion of m. vastus
lateralis at a depth of ∼3 cm. After exercise in CON and
CUR, the leg was abruptly stopped and the muscle biopsy
was obtained within 5 s of cessation of exercise and frozen
in liquid nitrogen within another 5 s. This procedure was
used to minimize CP changes related to recovery processes
and freezing procedures (Teeter et al. 1969; Söderlund &
Hultman, 1986). For 15 s immediately prior to the onset
of each of the exercise bouts, the leg was passively moved
in order to accelerate the ergometer flywheel and ensure a
constant power from the onset of exercise.

Measurements and analyses

Thigh blood flow measurements. Thigh blood flow
was measured by the constant infusion thermodilution
technique (Andersen & Saltin, 1985) as modified by
González-Alonso et al. 2000). Briefly, venous and
infusate temperatures were measured continuously before
and during ice-cold saline infusion (10–15 s) at a
rate of 120 ml min−1 to achieve a drop in venous
blood temperature of ∼0.6–2◦C. Resting blood flow

measurements were made with an infusion rate of
∼30 ml min−1 for 30–45 s. Venous temperature was
measured with the thermistor positioned through the
venous catheter. Infusate temperature (0–4◦C) was
measured at the site of entry to the catheter (Edslab
flow-through thermister). Venous blood temperature and
saline infusate temperatures were recorded at 400 Hz
analog-to-digital sampling rate (Powerlab 16 s data
acquisition system, Chart v4.13 software, ADInstruments,
Sydney, Australia) onto the hard drive of a computer.

Blood analyses. Arterial and venous blood samples
were immediately analysed for PO2 , O2 saturation
and haemoglobin (ABL510, Radiometer, Copenhagen,
Denmark) from which O2 content was calculated. For
the determination of blood lactate and glucose (YSI 2300,
Yellow Spring Instruments, Yellow Springs, OH, USA),
200 μl of whole blood was haemolysed within 10 s of
sampling by adding to 200 μl of buffer (YSI; 0.5% Triton
X-100) (Foxdal et al. 1992).

Single fibre analyses. After storage at −80◦C, ∼40 mg
w.w. muscle tissue was freeze dried and used for metabolic
analyses in single muscle fibres. From each biopsy, 75
single muscle fibres were manually dissected under a low
power microscope. Three pieces of each fibre fragment
were cut off and attached to three separate glass plates
in drops of distilled water. After evaporation of the
water, a triple identification of fibre type (ST or FT) was
performed by incubation for myofibrillar ATPase activity
at pH 9.4, after preincubation at pH 10.3 (Essén et al.
1975). With alkaline preincubation the ST and FT fibres
stain light and dark, respectively. The remainder of each
fibre fragment was weighed on a quartz-fibre fish-pole
balance (Lowry & Passonneau, 1972). The quartz-fibre
was calibrated before and after the weighing procedure
by a specthrophotometrical determination of the weight
of p-nitrophenol crystals that had been weighed on the
balance. From each biopsy, 13 (7–18) ST fibre fragments
and 15 (6–21) FT fibre fragments weighing 1–4 μg were
used for a luminometric determination of CP in single
fibres with the firefly luciferase method (Wibom et al.
1991). Briefly, each fibre fragment was extracted in 200 μl
trichloroacetic acid (2.5%) followed by neutralization
in 20 μl 2.2 M KHCO3. A 50 μl aliquot of the extract
was then added to a 925 μl sucrose buffer containing
D-luceferin. The assay was then carried out by the use
of a luminometer (1251, Bio Orbit Oy, Turku, Finland)
fitted with a temperature-controlled, 25-position sample
carousel and three automatic dispensing units that were
connected to cuvettes containing 10 μM ATP standard,
50 μM ATP substrate and 10 μg ml−1 creatine kinase,
respectively. In step 1 of the assay, sample (25 μl) was
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added to the ATP monitoring reagent, and the light
emission corresponding to the sample ATP concentration
was measured. In steps 2 and 3, ADP substrate (15 μl) and
CK (10 μl) were added. The light emission was measured
before the addition of CK and after the completion of the
CK reaction. Finally, in step 4, ATP (10 μl) for internal
standardization was added, and the subsequent increase
in signal recorded.

Previous studies from our laboratory have shown
that the coefficient of variance (CV) for duplicate
determinations of CP is 5.7% when using the same
fibre fragment and 7.0% when using two separate fibre
fragments from the same fibre (Krustrup et al. 2004d).
A total of 28 biopsies were used for single fibre analyses,
i.e. seven biopsies taken prior to CON, after CON, before
CUR and after CUR.

Muscle homogenate analyses. Another 20–25 mg w.w.
muscle tissue from each biopsy was used for muscle
homogenate metabolite analyses. The frozen samples
for biochemical analyses were weighed before and
after freeze-drying to determine water content. After
freeze-drying, the muscle samples were dissected free of
blood, fat and connective tissue and about 2 mg d.w.
muscle tissue was extracted in a solution of ice-cold
3 M perchloric acid. The extract was kept in an ice
bath for 30 min while being agitated with a vortex
mixer and then centrifuged (10 000 g). The supernatant
was neutralized to pH 7.0 with ice-cold 2 M KHCO3

after which it was centrifuged (10 000 g), pipetted and
stored at −80◦C until analysed for lactate and creatine
phosphate (CP) by fluorometric assays (Ratio-2 filter
fluorometer, Optical Technology Devices Inc., Valhalla,
NY, USA) (Lowry & Passonneau, 1972). Thus, lactate
was determined in a series of enzymatic reactions in a
glycylglycine buffer (0.3 M, pH 9.9, containing 1.75 mM

glutamic acid and 0.3 mM NAD+). After addition of
the metabolite extract, the NADH was determined
fluorometrically at 340 nm before and 120 min after
addition of lactate dehydrogenase and glutamic-pyruvic
transaminase to a final concentration of 500 and
2000 U l−1, respectively, allowing the transformation of
lactate and NAD to pyruvate and NADH, and pyruvate
and glutamate to alanine and oxalogluterate. The net
formation of NADH was used to determine lactate
concentration after standardizing with a lactate standard.

CP was determined in a series of enzymatic reactions in a
Tris buffer (0.1 M, pH 8.1, containing 1 mM glucose, 1 mM

MgCl2, 0.5 mM AMP, 0.12 mM ADP, 5 μM di-adenosine
pentaphosphate, 60 μM of NADP, 140 U l−1 of glucose
6-phosphate (G6P) dehydrogenase, 140 U l−1 hexokinase)
and a small amount of dithiothreitol. After addition
of the metabolite extract time was allowed for a
complete rundown of ATP by a reaction of ATP +

glucose to ADP and G6P by hexokinase and G6P +
NADP to 6-phosphoglucono-δ-lactone + NADPH by
G6P-dehydrogenase. The NADPH was then determined
fluorometrically at 340 nm before and 30 min after
addition of creatine kinase allowing the formation of CrP
and ADP to ATP and creatin and further to NADPH,
which again was determined. The net formation of
NADPH was used to determine the CP concentration after
standardizing with a CP standard.

Another 2 mg d.w. muscle tissue was extracted in 1 M

HCl and hydrolysed at 100◦C for 3 h and the glycogen
content was determined by the hexokinase method (Lowry
& Passoneau, 1972).

Muscle fibre types. Approximately 30 mg w.w. of the
resting muscle biopsy was mounted in an embedding
medium (OCT Compound Tissue-Tek, Sakura Finetek,
Zoeterwoude, the Netherlands), frozen in isopentane that
was precooled to the freezing point and stored at −80◦C,
until analysed histochemically for fibre type distribution.
Five serial 10 μm thick sections were cut at −20◦C and
incubated for myofibrillar ATPase reactions at pH 9.4 after
preincubation at pH 4.3, 4.6 and 10.3 (Brooke & Kaiser,
1970). Based on the myofibrillar ATP staining, individual
fibres were classified under light microscopy as ST, FTa
or FTx. The distribution of ST, FTa and FTx fibres in m.
vastus lateralis was 51.7 ± 4.8% (33.3–64.7), 30.9 ± 4.4%
(17.6–48.9) and 17.5 ± 1.6% (9.7–24.1), respectively.

Thigh volume and quadriceps muscle mass. The thigh
volume and mass of the quadriceps femoris muscle of the
experimental leg were estimated by anthropometry with
measurements of thigh length, circumference and skin fold
thickness (Jones & Pearson, 1969) and corrected based
on a comparison between MR-scan and anthropometric
determinations (Krustrup et al. 2004d). The thigh volume
of the experimental leg was 8.9 ± 0.4 (6.9–10.2) L and the
quadriceps muscle mass was 2.44 ± 0.10 (1.96–2.75) kg.

Calculations. Thigh V̇O2 and lactate release were
calculated by multiplying blood flow with arterial–venous
O2 difference and venous–arterial lactate difference,
respectively. A continuous blood flow curve was
constructed for each subject by linear interpolation of the
measured blood flow data points to obtain time-matched
values of blood flow with the blood variables. Total V̇O2 and
thigh lactate release were calculated as the area under the
uptake–release curve. Thigh V̇O2 was converted to aerobic
ATP production by a factor of 4.5 ml O2 per mmol ATP.
This factor implies a mole volume of 22.4 l per mol of
oxygen (O2) and a P/O ratio of 2.5 mmol ATP (mmol O)−1

(Hinkle & Yu, 1979). Thigh V̇O2 was converted into kJ by
multiplying by 20.5 kJ l−1 O2 assuming an RQ of 0.9 during
the exercise (Kiens et al. 1993). Muscle anaerobic ATP
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production was calculated as � muscle CP + 3/2 � muscle
lactate + 3/2 lactate release. Anaerobic energy turnover
was determined from the net change in reactant levels and
average values of energy produced in each of the reactions
determined in vitro. �H values of 55 and 67 kJ mol−1 of
ATP produced were used for the creatine kinase reaction
and glycolysis leading to lactate formation, respectively
(Walsh & Woledge, 1970; Curtin & Woledge, 1978). Muscle
ATP production (mmol ATP) and the energy turnover
were determined as the sum of aerobic and anaerobic ATP
production and energy turnover, respectively. Metabolic
efficiency was calculated as the ratio between the total ATP
production (mmol ATP) and the total work performed
(J). Gross efficiency was calculated as the ratio between
the external power and total energy turnover. Moreover,
the ‘true’ mechanical efficiency was estimated as the total
power divided by total energy turnover. The total power
was estimated as the sum of external power output and
the internal work that is related to the gravitational and
inertial forces acting on the lower leg (17 W at 60 r.p.m.;
Ferguson et al. 2000). The muscle V̇O2 data were modelled
from the onset of exercise as shown in eqn (1), using the
computer software MathCad (PTC, Needham, MA, USA).

V̇O2 (t) = V̇O2 baseline + A p(1 − e−(t−Tdp)/τp ) (1)

where: V̇O2 (t) represents the absoluteV̇O2 at a given time
t ; V̇O2 baseline represents the V̇O2 in the baseline period; Ap,
Tdp, and τp represent the amplitude, time delay and time
constant, respectively, describing the increase in V̇O2 above
baseline.

Statistics

Data were analysed using a two-factor (condition × time)
repeated measure analysis of variance (ANOVA), with
significance set at P < 0.05. Significant interactions
and main effects were subsequently analysed using
a Newman–Keuls post hoc test. Differences in the
muscle homogenate metabolite changes, single fibre CP
changes and V̇O2 kinetics variables during CON and
CUR were evaluated by Student’s paired t test. The
single ST and FT fibre data were averaged for each
individual before statistical evaluation. Data are presented
as means ± standard error of the mean (S.E.M.), unless
otherwise stated.

Results

CP in single fibres

During exercise in CUR, CP was not significantly altered
in ST fibres, whereas it decreased (P < 0.05) by 28% in
FT fibres (Figs 1 and 2). In CON, CP decreased (P < 0.05)
during exercise by 33% and 23% in ST and FT fibres,

respectively, and CP was lower (P < 0.05) in ST than in FT
fibres after exercise (43.0 ± 6.4 versus 52.0 ± 7.8 mmol (kg
d.w.)−1) (Fig. 1).

Thigh blood flow

At rest, during passive exercise and during the first minute
of exercise, thigh blood flow was not different between
CUR and CON (Fig. 3). However, after 86 s of exercise,
thigh blood flow was 20% higher (P < 0.05) in CUR than
in CON (3.75 ± 0.41 versus 3.12 ± 0.20 l min−1) and it
remained higher throughout the 10-min exercise bout,
being 32% higher (P < 0.05) in CUR than in CON after
126 s of exercise and 42% higher (P < 0.05) at the end of
exercise (4.65 ± 0.58 versus 3.27 ± 0.22 l min−1) (Fig. 3).

Thigh oxygen uptake

At rest, during passive exercise and during the first 15 s
of exercise, thigh oxygen extraction (a-v O2diff ) was not
different between CUR and CON (Fig. 4A). After 36 s,
a-v O2diff was 7% lower (P < 0.05) in CUR than in CON
(118 ± 4 versus 127 ± 4 ml l−1) and it remained lower
(P < 0.05) throughout the exercise, being 15% lower at the
end of exercise (126 ± 8 versus 148 ± 6 ml l−1) (Fig. 4A).

At rest, during passive exercise and during the first
76 s of exercise, thigh oxygen uptake (V̇O2 ) was not
different between CUR and CON (76 s: 346 ± 35 and
332 ± 30 ml min−1; Fig. 4B). After 127 s of exercise, thigh
V̇O2 was 18% higher (P < 0.05) in CUR compared to
CON (425 ± 25 versus 332 ± 30 ml min−1) and remained
higher (P < 0.05) throughout exercise, being 16% higher
(P < 0.05) at the end of exercise (556 ± 42 versus
479 ± 23 ml min−1) (Fig. 4B). The total V̇O2 was 20 ± 9%
higher (P < 0.05) in CUR than in CON (5.05 ± 0.42
versus 4.23 ± 0.26 l). From 2 to 10-min of exercise, V̇O2

was 23 ± 10% higher (P < 0.05) in CUR than in CON
(4.38 ± 0.39 versus 3.58 ± 0.22 l).

Thigh oxygen uptake kinetics

The baseline of thigh V̇O2 was not different between
CUR and CON (38 ± 5 versus 43 ± 8 ml min−1; NS).
The time constant (τp) of the thigh V̇O2 on-kinetics
was 55 ± 6 s in CUR, which was longer (P < 0.05) than
in CON (33 ± 5 s). The time delay of the fundamental
component was slightly shorter (P < 0.05) in CUR than
in CON (1 ± 1 versus 4 ± 1 s). The amplitude of the
fundamental thigh V̇O2 response was 519 ± 50 ml min−1

during CUR, which tended (P = 0.07) to be higher than
in CON (418 ± 28 ml min−1).
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Muscle CP utilization

Muscle homogenate metabolite concentrations before
and after CUR and CON are presented in Table 1.
Muscle creatine phosphate (CP) was∼96 and 86 mmol (kg
d.w.)−1 prior to CUR and CON, respectively, and
decreased (P < 0.05) by 32 and 35% during exercise in
CUR and CON, respectively. Thus, the net CP utilization
during exercise was similar in CUR and CON (30.4 ± 7.1
and 30.0 ± 8.4 mmol (kg d.w.)−1, respectively).

Thigh lactate production

Muscle lactate was ∼5 and 4 mmol (kg d.w.)−1 prior
to CUR and CON, respectively, and it increased
(P < 0.05) about 4-fold during exercise (Table 1). No
significant difference was observed in net muscle lactate
accumulation between CUR and CON (15.2 ± 4.9 and
16.2 ± 8.1 mmol (kg d.w.)−1, respectively).

Figure 1. Single fibre CP content in ST fibres (A)
and FT fibres (B) before and immediately after
10-min of knee-extension exercise at 30 W with
(CUR) and without (CON) arterial injections of a
neuromuscular blocking agent
Individual values (n = 7) are presented.

No net lactate release from the thigh was measured
before and during the first 15 s of exercise, after
which it increased (P < 0.05) to 1.2 ± 0.3, 3.1 ± 0.5
and 3.9 ± 0.7 mmol min−1 after 36 s, 3 min and
10-min of exercise in CUR, respectively, which was
not different from CON (1.6 ± 0.4, 2.9 ± 0.4 and
2.5 ± 0.4 mmol min−1, respectively; Fig. 5). The total
net lactate release was not different between CUR and
CON during the 10-min exercise bout (29.1 ± 3.1 and
26.2 ± 2.7 mmol, respectively) or from 2 to 10-min
(25.1 ± 2.7 and 22.8 ± 2.6 mmol, respectively). Net thigh
lactate production was 37.8 ± 4.1 and 35.2 ± 6.2 mmol in
CUR and CON, respectively (P > 0.05).

Muscle glycogen utilization

No difference in net utilization of muscle glycogen
was observed between CUR and CON (54 ± 16 and
47 ± 24 mmol (kg d.w.)−1, respectively) (Table 1).
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Figure 2. Average CP utilization in ST fibres (filled bars) and FT
fibres (open bars) during 10-min of knee-extension exercise at
30 W with (CUR) and without (CON) arterial injections of a
neuromuscular blocking agent
Values are means ± S.E.M. (n = 7). #Significant different (P < 0.05)
from ST fibres. §Significant (P < 0.05) CP utilization during
exercise.

Total muscle energy turnover

The estimated aerobic ATP turnover for the quadriceps
muscle during exercise was 1121 ± 93 mmol in CUR,
which was 20% higher (P < 0.05) than in CON
(940 ± 58 mmol). The total anaerobic ATP production,
based on the sum of net CP breakdown and lactate
production, was not significantly different between CUR
and CON (74 ± 4 versus 70 ± 12 mmol). Thus, the total
estimated ATP turnover (sum of aerobic and anaerobic
ATP turnover) was 1196 ± 90 mmol in CUR, which was
19% higher (P < 0.05) than in CON (1011 ± 59 mmol).

Figure 3. Thigh blood flow before and during 10-min of
knee-extension exercise at 30 W with (CUR; ◦) and without
(CON; •) arterial injections of a neuromuscular blocking agent
Values are means ± S.E.M. (n = 8). ∗CUR significantly P < 0.05
different from CON.

Similarly, the total energy turnover of 108.2 ± 8.4 kJ
in CUR was 19% higher (P < 0.05) than in CON
(91.2 ± 5.4 kJ) (Fig. 6A). In CON and CUR, aerobic
ATP turnover accounted for 95 ± 1% (90–97) and
95 ± 1% (92–98) of total ATP turnover, respectively
(Fig. 6A).

Mechanical efficiency

Gross efficiency was 16.4 ± 1.4% in CUR, which was
lower (P < 0.05) than in CON (19.4 ± 0.9%) (Fig. 6B).
The true mechanical efficiency, including internal work,
was 26.2 ± 2.0% in CUR, which was lower (P < 0.05)
than in CON (30.9 ± 1.5%). The total power output per
ATP production was 23.7 ± 1.8 J (mmol ATP)−1 in CUR,

Figure 4. Thigh oxygen extraction (A) and oxygen uptake (B)
before and during 10-min of knee-extension exercise at 30 W
with (CUR; ◦) and without (CON; •) arterial injections of a
neuromuscular blocking agent
Values are means ± S.E.M. (n = 8). ∗CUR significantly P < 0.05
different from CON.
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Table 1. Muscle CP, lactate and glycogen before and immediately after 10-min of knee-extensor exercise
with (CUR) and without (CON) femoral arterial injections of a neuromuscular blocking agent

CON CUR

0 min 10-min 0 min 10-min

Muscle CP (mmol (kg d.w.)−1) 86.0 ± 3.1 56.0 ± 10.1∗ 95.8 ± 3.0 65.5 ± 7.1∗

Muscle lactate (mmol (kg d.w.)−1) 5.2 ± 1.3 21.4 ± 8.9∗ 4.4 ± I.0 19.7 ± 5.5∗

Muscle glycogen (mmol (kg d.w.)−1) 432 ± 33 384 ± 40 386 ± 46 332 ± 49

Values are means ± S.E.M. (n = 8). ∗Significantly different (P < 0.05) from pre-exercise values.

with values being 21 ± 8% higher (P < 0.05) in CON
(27.9 ± 1.3 J (mmol ATP)−1). The mechanical efficiency
in CUR (r = −0.50, P < 0.05) and CON (r = −0.45,
P < 0.05) correlated with the relative fraction of FTx fibres,
whereas mechanical efficiency was not correlated with the
relative fraction of ST fibres.

Discussion

The major finding of the present was that muscle oxygen
uptake and energy turnover were elevated and that the
muscle oxygen uptake kinetics was slower during sub-
maximal continuous exercise, with partial neuromuscular
blockade. The determination of metabolites in single fibres
furthermore revealed that a low intra-arterial dose of
cisatracurium reduced the recruitment of ST fibres. Thus,
the present findings support the hypothesis that the muscle
energy turnover for a given work rate is higher for FT fibres
than for ST fibres and that FT fibres have slower oxygen
uptake kinetics.

Figure 5. Thigh lactate release before and during 10-min of
knee-extension exercise at 30 W with (CUR; ◦) and without
(CON; •) arterial injections of a neuromuscular blocking agent
Values are means ± S.E.M. (n = 8).

The muscle oxygen uptake was about 20% higher
with partial neuromuscular blockade than in the control
situation. This difference is more pronounced than the
observed increase in pulmonary oxygen uptake using
curarization (11%, Asmussen et al. 1965) or prior ST-fibre
glycogen depletion (7%, Krustrup et al. 2004a) to change
fibre type recruitment. On the other hand, the 20%
difference was smaller than observed by Galbo et al. (1987),

Figure 6. Total energy turnover (A) and mechanical efficiency
(B) during 10-min of knee-extension exercise at 30 W with
(CUR) and without (CON) arterial injections of a neuromuscular
blocking agent
Individual values (n = 8) as well as means ± S.E.M. are presented. ∗CUR
significantly different (P < 0.05) from CON.
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where a two-fold increase was observed in pulmonary
oxygen uptake during maximal cycling in the tubocurarine
trial compared to exercise at the same intensity in a control
condition. In that experiment, however, tubocurine was
provided by intravenous injections and led to considerable
movements of the upper body, which are likely to have
contributed to the higher oxygen uptake, making a direct
comparison difficult. Changes in variables related to
anaerobic energy production were the same in CUR
and CON. Thus, net muscle CP utilization and lactate
accumulation as well as lactate release from the muscle
were equal in CON and CUR. A similar muscle glycogen
breakdown during CUR and CON supports that the rate
of glycolysis was not different in the two situations. With
anaerobic energy turnover being the same in the two
situations the total energy turnover was 19% higher in
CUR than CON. Correspondingly the gross efficiency was
16.4% in CUR and 19.4% in the control trial, which
is similar to a value of 19.1% found in a comparable
knee-extensor exercise study using a protocol with 10-min
of exercise at 37 W (Ferguson et al. 2001). In CUR,
mechanical efficiency was lower than 16% for 5 of 8
subjects (Fig. 6), which is among the lowest reported values
during knee-extensor exercise.

The difference in energy production between CON and
CUR was about 20%, which is smaller than the observed
difference in energy turnover between ST and FT fibres
in in vitro studies (Crow & Kushmerick, 1982; Jackman &
Willis, 1996). However, it represents a minimum difference
since the single fibre analysis of CP revealed that a
substantial number of FT fibres contributed to the work
in the control situation, which is in accordance with
recent observations from our laboratory using moderate
intensity knee-extensor exercise (Krustrup et al. 2008).
The individual data presented in Fig. 1 show that the FT
fibre CP content decreased by > 15 mmol (kg d.w.)−1 for
subjects 3, 7 and 8 during the control trial. It should also
be emphasized that the FT fibre CP content may have
decreased even more in the rectus femoris muscle than
in the biopsied muscle portion, as the m. vastus lateralis
activity during moderate intensity knee-extensor exercise
is somewhat lower than the rectus femoris involvement
and slightly lower than the average response of the entire
m. quadriceps femoris (Krustrup et al. 2008). In addition,
the single fibre analyses revealed that some subjects had
a partial recruitment of their ST fibre pool despite the
neuromuscular blockade, as can be seen from the 20 and
30 mmol (kg d.w.)−1 decrease in ST fibre CP content in
the curare trial for subjects 7 and 8. However, the observed
decrease in ST fibre CP content during the curare trial was
lower than during the control, also for subjects 7 and 8
(10 and 30 mmol (kg d.w.)−1, respectively). Together, it is
clear from the present results that less ST and more FT
fibres were recruited with cisatracurium administration
compared to control and also that the blockade in humans

may not be as specific as observed in animals (Paton &
Zaimis, 1951). The difference in energy turnover between
ST and FT fibres in the present study compared to in vitro
studies may also be related to the way of activating the
fibres. In in vitro studies electrical stimulation is used to
promote rhythmic or sustained static contractions, which
is different from the dynamic exercise with a contraction
cycle of 1 Hz used in the present study. Another important
aspect is that in vitro studies have shown a marked
variation in the difference in energy turnover between
ST and FT fibres depending on the stimulation rate and
contraction frequency. For example, Di Prampero et al.
(1988) observed that the energy turnover was only larger
in FT fibres than in ST fibres at contraction velocities
below 2 fibre lengths per second. The contraction velocity
used in the present study was 135 deg s−1 or ∼20% of the
maximal kicking velocity (Aagaard et al. 1994), which has
been suggested to be within the optimal range of ST fibres
and suboptimal for FT fibres (di Prampero et al. 1988;
Barclay, 1996).

In vitro studies have demonstrated that the rate of
glycolysis and lactate accumulation are considerably
greater (100%) in FT fibres compared to ST fibres when
stimulated at a given frequency (Sawka et al. 1981). In
pooled ST and FT fibres from muscle biopsies obtained
from humans after intense dynamic exercise the difference
was less (40%; Tesch et al. 1978; Greenhaff et al. 1994) and
no fibre type specific differences were observed in lactate
accumulation during submaximal cycle exercise (Jacobs
& Kaiser, 1982). During intense exercise in humans, FT
fibres have also been shown to have a faster breakdown of
CP than ST fibres (Söderlund & Hultman, 1992; Greenhaff
et al. 1994; Casey et al. 1996). Apparently the FT fibres have
a greater capacity to produce anaerobic energy and a higher
rate of anaerobic energy turnover during the first part
of intense exercise compared to ST fibres. However, the
present findings suggest that during submaximal
activation the anaerobic energy production in humans
is not higher in FT fibres.

The hypothesis that the oxygen uptake kinetics would
be slower after partial neuromuscular blockade was
confirmed since the mean response time was significant
longer in CUR than in CON, supporting the suggestion
that FT fibres have slower oxygen kinetics than ST fibres
during dynamic exercise in humans (Barstow et al. 1996).
In the study by Barstow et al. (1996) it was observed
that subjects with predominantly ST fibres had a much
faster oxygen uptake kinetics than subjects with few ST
fibres. However, in that study the recruitment of fibres
during exercise was unclear and it was not possible to
provide evidence of a causal relationship between FT
fibre activation and slow oxygen uptake kinetics. The
present finding of a longer time constant of the oxygen
uptake response when more FT fibres were recruited can
explain why Krustrup et al. (2004c) found that muscle

C© 2008 The Authors. Journal compilation C© 2008 The Physiological Society



6046 P. Krustrup and others J Physiol 586.24

oxygen kinetics was faster at a low intensity compared to
a high submaximal intensity where there probably was a
significantly greater recruitment of FT fibres. In that study
it was also observed that the difference between the low
and high intensity exercise disappeared after an 8-week
training period, which led to a 20% increase in the number
of capillaries surrounding FT fibres and a marked increase
in the muscle activity of CS and HAD (Krustrup et al.
2004c; Jensen et al. 2004). It may be that the FT fibres
by high intensity training improve their ability to extract
oxygen in the initial phase of exercise and the results of
the present study may have been different if the subjects
had been more trained. In support of this suggestion is
the observation that the two most trained subjects had a
minimal difference in oxygen uptake on-kinetics between
CUR and CON. The finding that the oxygen kinetics was
associated with the recruitment of muscle fibres suggests
that the oxygen utilization in the initial phase of exercise
is not limited by oxygen delivery. This notion is supported
by the finding that both in CON and CUR the oxygen
provided but not used was > 260 ml min−1 in the first
phase of exercise and that it was greater in CUR after 127 s
of exercise (Fig. 7). These observations are in agreement
with findings in animal studies (Grassi et al. 1998) and
other human studies (Bangsbo et al. 2000), but not with
studies using intermittent static handgrip exercise and
knee-extensor exercise under conditions with restricted
oxygen delivery (Hughson et al. 1996; MacDonald et al.
1998), where it has been proposed that oxygen availability

Figure 7. Difference between thigh oxygen delivery (thigh
blood flow × arterial O2 content) and thigh oxygen uptake
(thigh blood flow × oxygen extraction) before and during
10-min of knee-extension exercise at 30 W with (CUR; ◦) and
without (CON; •) arterial injections of a neuromuscular
blocking agent
Values are means ± S.E.M. (n = 8). ∗CUR significantly P < 0.05
different from CON.

was a limiting factor of the muscle respiration during
exercise.

An interesting finding of the present study was that
leg blood flow was higher in CUR than in CON. It
may be related to the greater oxygen demand, since
a number of studies have shown a close relationship
between oxygen need and blood flow when the oxygen
content of the arterial blood has been manipulated
(González-Alonso et al. 2001). However it is probably not
the only explanation, since the a-v O2 difference was lower
in CUR than in CON after 26 s of exercise. It is unclear
whether the higher blood flow is related directly to a greater
activation of the FT fibres. The observation in a number
of studies that there is a linear increase in blood flow from
low-intensity to high-intensity exercise (e.g. Andersen &
Saltin, 1985) speaks against that theory, since it has been
established that low intensity exercise is performed with
minimal FT fibre activity and that the relative FT fibre
recruitment increases progressively with increased work
load in the high-intensity exercise domain (Völlestad &
Blom, 1985; Krustrup et al. 2004b). In addition, blood
flow for a given oxygen uptake has actually been observed
to be higher at rest and during contraction in a muscle
comprising predominantly ST fibres (soleus) compared to
a muscle with primarily FT fibres (white gastrocnemius)
in anaesthetized rats (McDonough et al. 2005; Ferreira
et al. 2006), which does not support the possibility that
the higher blood flow in CON was caused by the enhanced
recruitment of fast twitch fibres. However, the latter study
may not be relevant for dynamic contractions in human
muscles with a heterogeneous distribution of fibres of
different types, with a different activation pattern and an
active sympathetic system, which appears to affect more
the fast twitch muscle (Laughlin & Armstrong, 1987). An
alternative hypothesis for the increase in blood flow, not
related to the greater energy demand, is that an excessive
release of acethylcholine from the motor nerves during
cisatracurium infusion is causing a greater vasodilatation,
as acethylcholine has been shown to relax the smooth
muscle cells. However, this has only been observed in vitro
and the effect of acethylcholine in humans is unknown
(Segal & Kurjiaka, 1995). Further research is needed to
explore the possible causes of the elevated muscle blood
flow during cisatracurium inhibition.

In summary, the present study has demonstrated that
the muscle oxygen uptake and energy turnover are elevated
when neuromuscular blockade is applied to block ST
fibres, suggesting that FT fibres are less effective than ST
fibres at a contraction frequency of 1 Hz. Furthermore the
muscle oxygen uptake on-kinetics appears to be slower
when more FT fibres are activated. On the other hand,
the anaerobic energy production during submaximal
exercise was not elevated with a greater involvement of FT
fibres.
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Krustrup P, Söderlund K, Mohr M & Bangsbo J (2004a). The
slow component of oxygen uptake during intense
sub-maximal exercise in man is associated with additional
fibre recruitment. Pflugers Arch 447, 855–866.
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Völlestad NK & Blom PC (1985). Effect of varying exercise
intensity on glycogen depletion in human muscle fibres. Acta
Physiol Scand 125, 395–405.

Walsh TH & Woledge RC (1970). Heat production and
chemical changes in tortoise muscle. J Physiol 206, 457–469.
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