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Abstract It has been reported that oxygen uptake (VO,)
increases exponentially with levels of the pedal rate during
cycling. The purpose of this study was therefore to test the
hypothesis that the O, cost for internal power output (P;,)
exerted in exercising muscle itself would be larger than for an
external power output (P_,) calculated from external load and
pedal rate during cycling exercise under various conditions of
P, and P, in a large range of pedal rates. The O, cost (AVO,/
Apower output) was investigated in three experiments that
featured different conditions on a cycle ergometer that were
carried out at the same levels of total power output (P, ; sum of
P, and P_,) (Exp. 1), P, (Exp. 2) and load (Exp. 3). Each
experiment consisted of three exercise tests with three levels of
pedal rate (40 rpm for a lower pedal rate: LP; 7080 rpm for a
moderate pedal rate: MP; and 100—120 rpm for a higher pedal
rate: HP) lasting for 2—3 min of unloaded cycling followed by
4-5min of loaded cycling. Blood lactate accumulations (2.3—
3.4mmoll ') at the HP were significantly higher compared
with the LP (0.6-0.9mmoll ') and MP (0.9-1.0mmoll )
except for the LP in Exp. 1. The V02 (360—432 mlmin~' for
LP, 479-644mlmin~' for MP, 960-1602mlmin~' for HP)
during unloaded cycling in the three experiments increased
exponentially with increasing pedal rates regardless of P,,,=0.
Moreover, the slope of the VO,-P,, (13.7mlmin 'W™!)
relation revealed a steeper inclination than that of the VO,-P,,,
(10.2mlmin~' W™") relation. We concluded that the O, cost
for P, was larger than for P, during the cycling exercises,
indicating that the O, cost for P, could be affected by the ratio
of P, to P, due to the levels of pedal rate. J Physiol Anthropol
27(3): 133—138, 2008 http://www.jstage.jst.go.jp/browse/jpa2
[DOI: 10.2214/jpa2.27.133]
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Introduction

An exercising muscle generates an internal power output
(P,,) as well as an external power output (P,,). P, is defined
as the power generated to overcome inertial and gravitational
forces related to the movement of lower limbs during cycling,
and has been estimated by various biomechanical and
physiological models (Minetti et al., 2001; Sjegaard et al,
2002; Wells et al., 1986; Willems et al., 1995; Winter, 1979).
In the case of cycling exercise, P, is generally estimated from
external load and pedal rate. It is argued that the total power
output (P,,), including P,, and P, could be a determining
factor in evaluating the oxygen (O,) cost during exercise. If the
O, cost for P, shows a constant value under various cycling
conditions, the muscular efficiency should remain a constant
value. However, we have recently reported that there is an
inverted U-shaped relationship between the pedal rate and
muscular efficiency and that muscular efficiency decreases
remarkably at pedal rates above 80 rpm (Tokui and Hirakoba,
2007). Since muscular efficiency and the O, cost for P, have
an inverse relation, the O, cost for P, would be expected to
increase at higher pedal rates during cycling.

P, shows an exponential increase as a function of pedal
rates during cycling (Hansen et al., 2004; Minetti et al., 2001).
Consequently, the ratio of P, to P, would increasc at higher
pedal rates in cycling. Previously, we have reported that VO,
increases exponentially with increasing pedal rates under
unloaded cycling conditions (P,,,=0) (Morimoto et al., 2005),
and this finding is consistent with previous studies that showed
a similar relation between VO, and pedal rates (Coast and
Welch, 1985; Foss and Hallén, 2004; Seabury et al., 1977,
Sidossis et al., 1992). Therefore, it seems likely that the O,
cost for P, would be larger than for P_,, and would decrease
muscular efficiency at higher pedal rates. However, there has
been no study of the difference in O, cost between P, and P,,,

based on the levels of pedal rates during a cycling exercise.
The purpose of this study was to test the hypothesis that the
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O, cost for P, would be larger than for P
exercises under various conditions of P,

int
range of pedal rates.

.« during cycling
and P_, in a large

ext

Methods

Subjects

Seven healthy male subjects (age: 22.4*+0.4yr; height:
169.6=1.9 cm; mass: 64.1+£2.9kg; VO, : 43.6=2.9mlkg™"
min~!) volunteered to participate in Experiment 1 (Exp. 1),
and nine healthy male subjects (age: 20.7x0.8 yr; height:
170.3%1.6 cm; mass: 62.6*1.6kg, VO,,..: 47.8+2.1mlkg™"
min~") volunteered in Experiments 2 and 3 (Exp. 2 and Exp. 3,
respectively). All subjects were physically active, but none was
specifically trained. They were all informed of the purpose and
procedure of this study, and gave their informed, written
consent prior to testing. The experimental protocol used in this
study was approved by the Ethics Committee for Human
Subjects of the Kyushu Institute of Technology.

Experimental protocol

To investigate the difference of O, cost between P, and P,
the cycling exercise test should be carried out under
experimental conditions with various levels of ratios of P, , and
P.. to P, due to changing pedal forces in a large range of
pedal rates. Consequently, the three experiments were carried
out at the same levels of P, (Exp. 1), P, (Exp. 2), and load
(Exp. 3), respectively. In each experiment, the subjects
performed three exercise tests on a friction-braked cycle
ergometer (Monark 818E, Crecent AB, Sweden) with lower
pedal rates (LP), moderate pedal rates (MP), and higher pedal
rates (HP), which corresponded to 40, 80, and 120rpm in
Exps. 1 and 2, and 40, 70, and 100 rpm in Exps. 3, respectively.
The pedal rates in Exp. 3 were set lower than those in the other
two experiments, because power output would be too high to
be performed at a similar metabolic rate as in Exps. 1 and 2 if
the HP test were cycled at 120rpm. The exercise tests
consisted of 3min rest, 2min unloaded cycling, and 5min
loaded cycling in Exp. 1, and 3min rest, 3min unloaded
cycling, and 4min loaded cycling in Exp. 2 and Exp. 3. An
electrical metronome was set to assist subjects in maintaining
the target pedal rates. The three exercise tests in each
experiment were carried out within one day in randomized
order separated by a reasonable recovery period (~30 min).

ext?

Measurements

Breath-by-breath pulmonary gas exchange parameters were
measured continuously throughout the exercise tests using a
metabolic analysis system (A-E 300S, Minato Medical
Science, Japan). Pulmonary  gas exchange parameters were
averaged for 1 min (from the Ist to 2nd min) at rest and during
the unloaded cycling exercise, and for 2min (the last 2
minutes) during the loaded cycling exercise.

Arterialized capillary blood samples were taken from the
fingertips immediately before and after each exercise test, and

the blood lactate concentration ([La]) was analyzed by a semi-
automated lactate analyzer (YSI-1500 Sport, Yellow Springs
Ins., USA). Blood lactate accumulation (A[La]) was measured
as the difference of [La] between rest and loaded cycling.

The flywheel frequency during cycling was measured by an
IC hall sensor attached to the cycle ergometer in order to
analyze pedal frequency.

Calculations

The exercising muscle generates both P, and P,,, (Cavagna
and Kaneko, 1977). The definitions of power outputs (P, P,
and P,,) and VO, for P, and for P_, are illustrated in Fig. 1.
The Py, and P, were measured during unloaded and loaded
cycling, respectively. It is assumed that the VO, for P,
corresponds to the VO, increase from a resting level during
unloaded cycling and that the VO, for P,
the VO, between unloaded and loaded cycling.

According to Minetti et al. (2001), P, was estimated from
body mass (BM; kg) and pedal frequency (f; Hz) that was
calculated by actually measured flywheel frequency (ff; Hz)
and the ratio of pedal to flywheel rotations (3.64) as follows:

ext

is the difference in

S(H2)=/f(Hz)/3.64

P, (W)=0.153-BM(kg) /*(Hz)

P, was estimated from the load (kp) and f'as follows:
P, (W)=load(kp)-9.8 (ms~% gravitational acceleration)-
6 (mrev.” ") f(Hz)
Statistics

All data are presented as means*=SEM. A one-way ANOVA
with repeated measures was used to test the differences in
physiological variables between the three exercise tests in each
experiment. If a significant F ratio was obtained, then a
Student-Newman-Keuls Post hoc test was performed to obtain
the differences in the selected variables. The relations between
physiological variables were analyzed by a non-linear and
lincar regression analysis with a least square method.
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Fig. 1 [llustration and definitions of internal (Pim), external (P,,,) and
total power output (P,,) and oxygen uptake (VO,) for P, and P_,,.
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(r=0.95, p<0.001) between P,  estimated using the
biomechanical model of Minetti et al. (2001) and the
physiological model of Sjogaard et al. (2002). Thus, when
considering small differences of P,, between biomechanical
and physiological models, it is indicated that the P, level
estimated in this study would be adequate.

The VO, during unloaded cycling in the present results was
observed to rise exponentially with increasing pedal rates (Fig.
2). This is consistent with our previous study regarding P, and
the metabolic rate, which observed that the VO, during
unloaded cycling at five different pedal rates (40—1201pm)
increased exponentially with increasing pedal rates (Morimoto
et al., 2005). Moreover, several previous studies have reported
similar results (Coast and Welch, 1985; Foss and Hallén, 2004;
Seabury et al., 1977; Sidossis et al., 1992). Thus, it would be
thought that a higher muscle contraction velocity and
frequency at higher pedal rates could cause greater O,
consumption and decrease muscular efficiency. From this result
and Minetti’s model (2001) on the relationship between VO,,
P, and pedal rates, it could be expected that P, is linearly

related to VO,. In fact, the VO, was observed to increase

linearly as a function of P;,, and P,,,. The main finding obtained

in the present study was that the slope of the VO,-P, , relation
showed a steeper inclination than that of the VO,-P_, relation
(Fig. 3), indicating that the oxygen cost for P, (13.7ml

min~' W™') was larger than that for P, (10.2mlmin™' W™,
which was almost equal to the values reported by Jones et al.
(2004) and Koga et al. (2005). Previous studies demonstrated
that higher frequency muscle contractions required a greater
energy cost than lower frequency ones (Abbate et al., 2001;
Bergstrom and Hultman 1988; Chasiotis et al., 1987; Hogan
et al., 1998). This would be due to an extra energy cost related
to an energy turnover for noncontractile processes, particularly
the Ca®>" pump of the sarcoplasmic reticulum (Abbate et al.,
2001; Barclay, 1994; Blinks et al., 1978). In addition, it has
been reported that a large proportion of ATP consumed by
noncontractile processes derives mainly from anaerobic
metabolism (Baker et al., 1994; Hogan et al., 1998). This
finding is supported by the present data that A[La] was higher
at the HP than at the LP and MP (Table 3). Thus, it is possible
that the larger O, cost for the increased P;, with increasing
pedal rates would be related to a higher energy cost for
noncontractile processes.

Another possible explanation for a higher O, cost for P,
would be different patterns of muscle fiber recruitment
associated with the power-velocity (frequency) relationship.
The ratio of type I and type II fiber in exercising muscle, which
have different contractile and metabolic properties, is altered
by tension exerted in exercising muscle or by exercise intensity
(Sargeant et al., 1981; Sargeant, 1994). A higher ratio of type
II muscle fiber recruitment could cause a greater energy
consumption (Coyle et al., 1992; Jones et al., 2004; Hansen
et al., 2002; Horowitz et al., 1994; Mogensen et al., 2006).
Consequently, the higher O, cost for P, could be partially
accounted for by the recruitment of low efficiency type II

muscle fibers at higher pedal rates with a higher ratio of P, to
P

tot*

We concluded that the O, cost for P, was larger than for P,
during the cycling exercises, indicating that the O, cost for P,
could be affected by the ratio of P, to P, due to the levels of

int tot>
pedal rate.
References

Abbate F, De Ruiter CJ, Offringa C, Sargeant AJ, De Haan A
(2001) In situ rat fast skeletal muscle is more efficient at
submaximal than at maximal activation levels. J Appl
Physiol 92: 2089-2096

Baker AJ, Brandes R, Schendel TM, Trocha SD (1994) Energy
use by contractile and noncontractile processes in skeletal
muscle estimated by 3'P-NMR. Am J Physiol 266: C825—
C831

Barclay CJ (1994) Efficiency of fast- and slow-twitch muscles
of the mouse performing cyclic contractions. J Exp Biol
193: 65-78

Bergstrom M, Hultman E (1988) Energy cost and fatigue
during intermittent electrical stimulation of human skeletal
muscle. J Appl Physiol 65: 1500-1505

Blinks JR, Riidel R, Taylor SR (1978) Calcium transients in
isolated amphibian skeletal muscle fibers: detection with
aequorin. J Physiol 277: 291-323

Cavagna GA, Kaneko M (1977) Mechanical work and
efficiency in level walking and running. J Physiol 268:
467481

Chasiotis D, Bergstrom M, Hultman E (1987) ATP utilization
and force during intermittent and continuous muscle
contractions. J Appl Physiol 63: 167-174

Coast JR, Welch HG (1985) Linear increase in optimal pedal
rate with increased power output in cycle ergometry. Eur J
Appl Physiol 53: 339-342

Coyle EF, Sidossis LS, Horowitz JE Beltz JD (1992) Cycling
efficiency is related to the percentage of Type I muscle
fibers. Med Sci Sports Exerc 24: 782—788

Ferguson RA, Ball D, Sargeant AJ (2002) Effect of muscle
temperature on rate of oxygen uptake during exercise in
humans at different contraction frequencies. J Exp Biol 205:
981-987

Foss @, Hallén J (2004) The most economical cadence increases
with increasing workload. Eur J Appl Physiol 92: 443-451

Hansen EA, Andersen JL, Nielsen JS, Sjegaard G (2002)
Muscle fiber type, efficiency, and mechanical optima affect
freely chosen pedal rate during cycling. Acta Physiol Scand
176: 185-194

Hansen EA, Jorgensen LV, Sjegaard G (2004) A physiological
counterpoint to mechanistic estimates of “internal power”
during cycling at different pedal rates. Eur J Appl Physiol
91: 435442

Hogan MC, Ingham E, Kurdak SS (1998) Contraction duration
affects metabolic energy cost and fatigue in skeletal muscle.
Am J Physiol 274: E397-E402

NI | -El ectronic Library Service



Japan Soci ety of Physiol ogical Anthropol ogy

138 Oxygen Cost of Internal Power

Horowitz JE, Sidossis LS, Coyle EF (1994) High efficiency of
type I muscle fibers improves performance. Int J Sports Med
15:152-157

Jones AM, Campbell IT, Pringle JSM (2004) Influence of
muscle fiber type and pedal rate on the VO,-work rate slope
during ramp exercise. Eur J Appl Physiol 91: 238-245

Koga S, Poole DC, Shiojiri T, Kondo N, Fukuba Y, Miura A,
Barstow TJ (2005) Comparison of oxygen uptake kinetics
during knee extension and cycle exercise. Am J Physiol
288: R212-R220

Minetti AE, Pinkerton J, Zamparo P (2001) From bipedalism
to bicyclism: evolution in energetics and biomechanics of
historic bicycles. Proc R Soc Lond B 268: 1351-1360

Mogensen M, Bagger M, Pedersen PK, Fernstrém M, Sahlin K
(2006) Cycling efficiency in humans is related to low UCP3
content and to type I fibers but not to mitochondrial
efficiency. J Physiol 571: 669-681

Morimoto Y, Tokui M, Hirakoba K (2005) Relationship
between internal work and metabolic rate during cycling
exercise. J Physiol Anthropol 24: 559

Sargeant AJ, Hoinville E, Young A (1981) Maximum leg force
and power output during short-term dynamic exercise. J
Appl Physiol 51: 1175-1182

Sargeant AJ (1994) Human power output and muscle fatigue.
Int J Sports Med 15: 116-121

Seabury JJ, Adams WC, Ramey MR (1977) Influence of
pedalling rate and power output on energy expenditure
during bicycle ergometry. Ergonomics 20: 491498

Sidossis LS, Horowitz JF, Coyle EF (1992) Load and velocity
of contraction influence gross and delta mechanical
efficiency. Int J Sports Med 13: 407411

Sjogaard G, Hansen EA, Osada T (2002) Blood flow and
oxygen uptake increase with total power during five different
knee-extension contraction rates. J Appl Physiol 93:
1676-1684

Tokui M, Hirakoba K (2007) Effect of internal power on
muscular efficiency during cycling exercise. Eur J Appl
Physiol 101: 565-570

Wells R, Morrissey M, Hughson R (1986) Internal work and
physiological responses during concentric and eccentric
cycle ergometry. Eur J Appl Physiol 55: 295-301

Willems PA, Cavagna GA, Heglund NC (1995) External,
internal and total work in human locomotion. J Exp Biol
198: 379-393

Winter DA (1979) A new definition of mechanical work done
in human movement. J Appl Physiol 46: 79-83

Received: July 31, 2007

Accepted: February 18, 2008

Correspondence to: Masato Tokui, Department of Sports
Science, Faculty of Sports Science, Kyushu Kyoritsu
University, 1-8 Jiyugaoka, Yahatanishi-ku, Kitakyushu-shi,
807-8585, Japan

Phone: +81-93-693-3095

Fax: +81-93-693-3095

e-mail: tokui@kyukyo-u.ac.jp

NI | -El ectronic Library Service



