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Abstract This study investigated the change in the
energetically optimal cadence after prolonged cycling. The
energetically optimal cadence (EOC) was determined in 14
experienced cyclists by pulmonary gas exchange at six
different cadences (100-50 rpm at 10 rpm intervals). The
determination of the EOC was repeated after a prolonged
cycling exercise of 55 min duration, where cadence was
fixed either at high (>95 rpm) or low (<55 rpm) pedalling
rates. The EOC decreased after prolonged cycling exercise
at a high as well as at a low fixed cadence (P < 0.01).
According to the generalized muscle equations of Hill, this
indicates that most likely more type I muscle fibres con-
tribute to muscular power output after fatiguing cycling
exercise compared to cycling in the beginning of an exer-
cise bout. We suggest that the determination of EOC might
be a potential non-invasive method to detect the qualitative
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changes in activated muscle fibres, which needs further
investigation.
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Introduction

Cyclists chose their pedalling rate freely, independent of
cycling speed or power output. Besides the freely chosen
cadence, the energetically optimal cadence (EOC), which
minimises energy expenditure at a given workload, is of
great interest in sport science. Several investigations found
that EOC is not fixed but increases with increasing work-
load (Coast and Welch 1985; di Prampero 2000; Foss and
Hallén 2004).

The generalised Hill equations explain why EOC
increases with greater workloads (Kohler and Boutellier
2005). These fundamental relationships show that for any
muscle consisting of both types of muscle fibres, the most
efficient muscle shortening velocity depends on muscle
fibre composition. The most efficient muscle shortening
velocity in muscles containing many type I muscle fibres is
slower compared to muscles of the same length consisting
of many type II muscle fibres (Hill 1938, 1964).

Since Martin et al. (2000) showed that muscle function
during cycling is similar to that observed in situ, cadence
can be used for equivalent muscle shortening velocity in
Hills’ relationships. With increasing workload, the force
production of locomotor muscles has to increase, which
results in the additional activation of type II muscle fibres
(Henneman et al. 1965). Therefore, we suggest that acti-
vated muscle fibres contributing to muscular force pro-
duction are a major factor affecting EOC.
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However, workload itself is not the only parameter that
leads to modulations in activation of muscle fibres.
Endurance cycling may act as another external demand,
which induces changes in activated muscle fibres. Muscle
fibre types differ due to their fatiguability. Thus, we expect
alterations in activated muscle fibres as endurance exercise
proceeds.

The aim of this study was to investigate the change in
EOC after prolonged cycling. We hypothesise that the
pattern of activated muscle fibres changes such that fati-
gue-resistant type I muscle fibres are activated predomi-
nantly after prolonged cycling. This will reduce EOC
according to the generalised Hill relationships.

Methods
Subjects

Fourteen healthy experienced cyclists participated in the
study after giving their written informed consent. Cardio-
vascular and pulmonary diseases as well as medication,
detected by a questionnaire, were exclusion criteria.

The subjects’ anthropometric and physiological char-
acteristics were as follows (values are mean =+ standard
deviation): age 31.5 + 8.4 years; height 179.5 + 6.7 cm;
body mass 73.1 £ 8.0 kg; VOzmaXZ 58.1 £ 8.7 ml kg_l
min~'; maximal power reached during incremental test
49 4+ 09 W kg™ '; workload at ventilatory threshold
404+ 0.7 W kg™

The experimental design was approved by the Human
Ethics Committee of the ETH Zurich.

Experimental design

The investigations were conducted over three sessions. In
the first session, maximal oxygen uptake (VOj;mix) Was

determined and a familiarisation trial of the EOC test
protocol was conducted. After a recovery period of at least
48 h, EOC and its change after prolonged cycling was
determined during sessions 2 and 3 (Fig. 1), which were
separated by at least 7 days.

Subjects were asked to refrain from intensive exercise
for at least 24 h before each session. The sessions took
place in the morning after the subject had eaten a carbo-
hydrate-rich breakfast. No energy intake was allowed
during the test sessions, since carbohydrate availability
may alter the pattern of activated muscle fibres. Water
intake was permitted ad libitum. A similar regimen of
longer duration has already been applied in a previous
study, and no cases of hypoglycaemia (blood glucose
concentration <50 mg/dl) were detected (Kohler and
Boutellier 2004). All subjects of this study tolerated the
protocol well without any occurrence of hypoglycaemia.

Exercise protocols

The cycling exercises were conducted on an electronically
braked bicycle ergometer (ergoselect 200k, Ergoline, Bitz,
Germany), which allowed power output adjustment inde-
pendently of cadence. An incremental cycling test protocol
was used to determine VOy . Initial power output was set
at 100 W and increased by 30 W every 2 min until
exhaustion. Cadence was kept constant at 80 rpm
throughout the test. Respiratory data were recorded breath
by breath (Oxycon beta, Jaeger, Hoechberg, Germany) and
sampled as mean values over 10 s. Mean oxygen con-
sumption over the last 30 s before exhaustion was taken as
VO3 max- Ventilatory threshold was determined based on
ventilatory (minute ventilation) and respiratory data
(respiratory exchange ratio).

The determination of EOC was performed at a workload
corresponding to 65% VOZ max (210 & 35 W) and was
carried out after a warm-up of 15 min at a workload

Section Warm-up PCE EOC

Workload [% Vo,max] 55 60 - 50 65

Cadence [rpm] >95/<55

Data acquisition | HR |
L Ergo L ]
fooooon o RPE fooooon o

| Time scale [min] | 15 | 30 l 45

leo ‘75 ‘90

105 ‘120

Fig. 1 Overview of experimental cycling protocol applied at test
sessions 3 and 4: workload, cadence and data acquisition during
warm-up, at the determination of energetically optimal cadence
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determination of EOC was followed by a cool down of 2 min. HR
heart rate, Ergo ergospirometry, RPE rate of perceived exertion



Eur J Appl Physiol (2010) 109:1103-1110

1105

corresponding to 55% VOzmaX. For each subject, the
workload was below the ventilatory threshold. Respiratory
data were acquired at six different cadences: starting at
100 rpm (100 rpmgy,,), cadence was reduced every 4 min
by 10 rpm. After completing 50 rpm, cadence was
increased again up to 100 rpm for a further 6 min (100
rpme,q). The given cadences had to be maintained as clo-
sely as possible and were monitored continuously to verify
accuracy. Heart rate was recorded continuously (Polar
s610i; Polar Electro, Kempele, Finland). Additionally,
subjects were asked to rate their perceived exertion
according to a modified Borg scale containing a numerical
range from O to 10 (Borg 1982).

A prolonged cycling exercise followed the determina-
tion of EOC during sessions 2 and 3 and was conducted at
either a high (above 95 rpm) or a low cadence (below
55 rpm), because the cadence during the prolonged cycling
exercise might affect EOC by conditioning. The order of
cadences set during the prolonged cycling exercise at ses-
sions 2 and 3 was randomised. The prolonged cycling
exercise started at a workload corresponding to 60%
VOjmax. However, the initial workload had to be lowered
to 55% VO, max as prolonged cycling exercise progressed
to ensure the completion of the whole session. The
reduction in workload occurred after 49.9 £ 3.9 and
47.8 £ 7.5 min during prolonged cycling exercise at a high
and low cadence, respectively. The criterion for the
workload reduction was either an increase in heart rate
above 85% of maximal heart rate attained during the
incremental cycling test or the feeling of the subjects that
they might not be able to complete the remaining exercise
protocol, i.e. the determination of EOC.

After the prolonged cycling exercise, EOC was deter-
mined again, which summed to a total cycling exercise
time of 132 min during sessions 2 and 3.

Data processing and statistics

Energy expenditure (EE) during the determination of EOC
was calculated from oxygen uptake and carbon dioxide
exhalation by indirect calorimetry according to the table of
thermal equivalents of oxygen for the non-protein respi-
ratory exchange ratio (Zuntz 1901). Only data of the last
2 min of each cadence step were included for calculation,
assuring respiratory steady state. Values of EE were plotted
against its corresponding cadence and approximated by a
parabola for each subject. This form has previously been
used in several studies and seems to best fit this relation-
ship (Brisswalter et al. 2000; Chavarren and Calbet 1999;
Hansen et al. 2002). Degree of fit (R?) ranged from 0.68 to
1.00 with the median at 0.97 (n = 56). Minimal EE and
concomitantly EOC were calculated analytically from the
parabolic curve equation. Against our expectations, some

subjects showed EOC values below the range of mea-
surement (50-100 rpm). To ensure an accurate analysis of
the shift in EOC after prolonged cycling exercise, we set
the criterion that EOC values determined in one session
had to lie inside the range of measurement (between 50 and
100 rpm) at least once. Otherwise, EOC values determined
in this session were excluded from statistical analysis.
Following this criterion, EOC values from 4 out of 28
(14%) sessions had to be excluded.

Data were checked for normality of distribution (Kol-
mogorov—Smirnov test) and homogeneity of variance (Le-
vene’s test for equality of variances). Data samples of EOC
for each subject did not meet the guidelines. Thus, a binomial
test was conducted to make a qualitative statement about the
direction of the EOC shift after prolonged cycling exercise.
The other physiological parameters acquired during the
determination of EOC were tested for differences by
MANOVA for repeated measures. Statistical analysis was
performed using SPSS 13.0 for Mac OS X (Chicago, Illinois,
USA). Level of significance was set at P < 0.05. Data are
presented as mean =+ standard deviation.

Results
Energetically optimal cadence

Mean EE of all subjects (n = 14) during determination of
EOC before and after the prolonged cycling exercise is
shown in Fig. 2. The minima of the approximated parabola,
representing EOC, were found at 59.2 and 47.9 rpm with
prolonged cycling exercise at high cadence as well as 58.9
and 37.4 rpm at low cadence.

Analysing the change in EOC separately in each subject,
EOC was reduced in 11 out of 13 and in 9 out of 11
subjects after prolonged cycling exercise at a high and a
low cadence, respectively. Finally, this led to a statistically
significant decrease in cadence (P < 0.01) after the pro-
longed cycling exercise.

Oxygen consumption and energy expenditure

Energy expenditure (Fig. 2) was unchanged after the pro-
longed cycling exercise. Oxygen consumption increased
significantly from 100 rpmgg, to 100 rpme,q before the
prolonged cycling exercise, whilst this increase was less
pronounced after the prolonged cycling exercise (Table 1).

Energy metabolism
Respiratory exchange ratio (RER) decreased significantly

after the prolonged cycling exercise at a high as well as at a
low cadence (Fig. 3).
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Fig. 2 Energy expenditure
during determination of
energetically optimal cadence
(EOC) before (white diamonds)
and after (black diamonds)
prolonged cycling exercise
(PCE), which was performed
either at high (>95 rpm, a) or
low cadence (<55 rpm, b). Data
are presented as mean and
standard deviation (n = 14).
There was no statistically
significant change in energy
expenditure after PCE at high
(P = 0.536) as well as at low
cadence (P = 0.054). White
arrow EOC before PCE; Black
arrow EOC after PCE

1400

1200

1000

800

Energy expenditure [J/s]

600

b b

—<—— pre PCE

L - -
1 1 1 1 1 1 1 1 1 1 1 1 1 1

30 40 50 60 70 80 90 100 30 40 50 60 70 80 90 100
Cadence [rpm] Cadence [rpm]

post PCE
L 1

Table 1 As depicted in Fig. 1, Oxygen consumption (VO,) and minute ventilation (VE) at 100 rpm were measured twice during determination
of energetically optimal cadence (EOC), whilst EOC was determined prior to (Pre-PCE) and after prolonged cycling exercise (Post-PCE)

Pre-PCE Post-PCE
100rpmgy¢ 100rpmepg A 100rpmygg,y 100rpmepg A
VO, (ml-min~")
PCEhign 3140 + 409 3247 £+ 413 +3.5 + 2.7%** 3226 + 442 3298 + 465 +2.3 + 5.0%
PCE,ow 3076 + 441 3209 =+ 446 +4.4 £+ 2.5%*** 3171 =+ 407 3287 + 405 +3.7 £ 2.7%*
Ve (1-min~Y)
PCEpign 753 £ 11.1 80.5 + 11.8 +7.1 &+ 6.5%** 81.1 £ 11.1 84.1 £ 13.6 +3.5 + 5.4%*
PCEow 77.5 £ 110 81.8 + 12.6 +5.4 + 4.4%** 80.0 = 11.8 85.6 = 13.9 +6.9 + 5.1%%**

Measurement of VO, at 100 rpm was conducted at the first (100 rpmg,,) and at the last (100 rpm,,q) cadence step during determination of EOC.
Whole cycling session was performed twice, once at high fixed cadence (PCEgn) and another at low fixed cadence (PCE,,,) during prolonged

cycling exercise

* Statistically significant difference to 100 rpmg,,. * P < 0.05, ** P < 0.01, *** P < 0.001

Fig. 3 Respiratory exchange
ratio during determination of
energetically optimal cadence
before (white diamonds) and
after (black diamonds)
prolonged cycling exercise
(PCE), which was performed
either at high (>95 rpm, a) or
low cadence (<55 rpm, b). Data
are presented as mean and
standard deviation (n = 14).
There was a statistically
significant reduction in the
respiratory exchange ratio after
PCE at high (P < 0.01) as well
as at low cadence (P < 0.001)
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Cardiorespiratory data

No change in minute ventilation (Fig. 4) was found after
the prolonged cycling exercise. The same was true for
breathing frequency and tidal volume (data not shown).
Heart rate (Fig. 4) increased significantly after the pro-
longed cycling exercise (P < 0.001).

Perceived exertion

Perceived exertion (Fig. 5) rated significantly higher after
the prolonged cycling exercise (P < 0.01).

Discussion

We found a significant reduction in EOC after prolonged
cycling (P < 0.01). Of 14 subjects, 8 demonstrated a

decrease in EOC in both sessions pedalling at a high and a
low cadence during the prolonged cycling exercise. The
remaining six subjects showed a reduction in EOC at least
once, either at a high or at a low cadence. In summary, a
reduction in EOC was detected independent of the cadence
chosen during the prolonged cycling exercise.

The determination of EOC prior to prolonged cycling
exercise gave similar results (58.9 and 59.2 rpm), although
performed on separate days. Prolonged cycling exercise at
low cadences induced a more distinctive reduction in EOC
(—21.5 rpm) compared to prolonged cycling at high
cadences (—11.3 rpm). This difference might be explained
by the higher strength required during the low cadence,
fatiguing more type II muscle fibres than with the higher
cadence as shown by Ahlquist et al. (1992). Whilst external
resistance per cycle is lower during cycling exercise at high
cadences (Patterson and Moreno 1990), internal work is
increased (Francescato et al. 1995). The latter may most

Fig. 4 Minute ventilation (a) A 100
and heart rate (b) during a b
determination of energetically
optimal cadence before (white = 9} T T
diamonds) and after (black ‘e - - - T
diamonds) prolonged cycling S, X [ T
exercise (PCE), which was c T d T T
i i o 80F 0 ¢
performed either at high =
b= * ¢ Lo
(>95 rpm, a) or low cadence 3 ) o 4
(<55 rpm, b). Data are e ¢ ° ¢ '
presented as mean and standard Q 70 ¢ ¢ ° o 4 x < ?
deviation (n = 14). There was e ' o 1
no statistically significant g 4 1
change in minute ventilation s 60 | - i -
after PCE at high (P = 0.981) 1 - )
as well as at low cadence - 4 B
(P = 0.890). Heart rate was ° pre PCE
\ ! * post PCE
increased after PCE at high 50% | N . X N N N X . . . '
(P < 0.01) as well as at low 50 60 70 80 90 100 50 60 70 80 90 100
cadence (P < 0.001)
180
B a b
170F T
g
160l 4 I I I
: I
©
= L
S150F ¢
(]
: I
140 1
< pre PCE
i . post PCE
130 'l 'l 'l il il il 1 'l 'l 'l 'l 1
50 60 70 80 90 100 50 60 70 80 9 100
Cadence [rpm] Cadence [rpm]
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Fig. 5 Rate of perceived 10
exertion at the given power
output corresponding to 65%
VO3 max during determination of
energetically optimal cadence
before (white diamonds) and
after (black diamonds)
prolonged cycling exercise
(PCE), which was performed
either at high (>95 rpm, a) or
low cadence (<55 rpm, b). Data
are presented as mean and
standard deviation (n = 14).
Perceived exertion was rated
higher after PCE at high

(P < 0.001) as well as at low
cadence (P < 0.01)

Rate of perceived exertion

|1
I3

I
I 1

pre PCE
post PCE
1 1 1 L 1 1 L L 1

50 60

Cadence [rpm]

likely put a higher load on the cardiorespiratory system,
which could explain the more distinctive increase in minute
ventilation and heart rate after cycling at high cadence
(Fig. 4). Therefore, the choice of cadence during prolonged
cycling exercise reduces EOC to a different extent for
different reasons.

Argentin et al. (2006) and Vercruyssen et al. (2001)
applied a prolonged cycling protocol with freely chosen
cadence. They did not detect a decrease in EOC. Both of
them used a comparable intensity to us (65% VOjmay OF
75% of maximal heart rate) and prolonged cycling lasted
approximately the same duration (77 or 60 min). There-
fore, the physical demand on subjects can be expected to be
similar. We suspect that differences in the determination of
EOC led to these different outcomes. Argentin et al. (2006)
as well as Vercruyssen et al. (2001) set cadences in a
randomised order during determination of EOC. We
assume that a randomised order is less sensitive to detect
qualitative changes in EOC. Randomisation includes pha-
ses where cadence has to be increased. This induces
additional work by accelerating lower limbs. Thus, oxygen
uptake is affected and time to reach respiratory steady state
is probably prolonged. This may lead to uncertainties in
detecting EOC, as we have found in preliminary tests.
Additionally, as the determination of EOC requires quite a
long time to acquire respiratory data at different cadences,
a possible effect of the determination on EOC itself cannot
be excluded. Therefore, we re-evaluated oxygen con-
sumption at 100 rpm at the end of the determination.

Oxygen consumption was slightly increased at the end
of the determination of EOC. It has been shown that
endurance exercise for 20-60 min increases oxygen con-
sumption towards the end (e.g. Hagberg et al. 1978;
Passfield and Doust 2000). This phenomenon can be
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attributed for the most part to an increased activity of
exercising muscles (Gonzalez-Alonso et al. 1998) and to a
lesser extent to increased minute ventilation (Aaron et al.
1992). However, the oxygen upward shift was similar for
each determination of EOC (Table 1). Hence, we can
probably exclude a significant effect of the EOC protocol
on the determination of EOC, especially taking also into
consideration that a protocol was applied with a linear
decrease in cadence avoiding any additional acceleration of
the lower limbs.

Although Argentin et al. (2006) and Vercruyssen et al.
(2001) did not find a decrease in EOC, they showed a
significant decrease of the freely chosen cadence at the end
of prolonged cycling exercise (87-58 rpm, P < 0.01, or
90-83 rpm). This observation supports our assumption that
freely chosen cadence relates to the pattern of activated
muscle fibres.

We suggest that the reduction in EOC or of the freely
chosen cadence might be induced by a modulation of the
pattern of activated muscle fibre types after prolonged
cycling exercise. To confirm this speculation, one needs
invasive methods, such as the microdissection method, to
detect specifically which muscle fibres have been activated
(Altenburg et al. 2007). Using surface EMG, Sarre and
Lepers (2005) reported an increase in neuromuscular
activity throughout a prolonged cycling exercise (1 h at
65% VOymax). Nevertheless, it is not possible to uniquely
identify the activity of individual motor units using the
surface EMG (Farina et al. 2004). Recently, Wakeling
(2009) presented techniques to detect whether variations
occur in the populations of active motor units within a
muscle. However, the microdissection method as well as
the EMG detects only the activity of the locally investi-
gated muscle parts. Therefore, even with these elaborate
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methods one does not know how relevant the result will be
for the entire movement of the lower limb.

If the modulation of the fibre type activation pattern
were the only factor affecting whole body measurements
and therefore EOC, a conclusion could be drawn from the
change in EOC about alterations in muscle fibres activation
patterns according to the generalised Hill relationships
(Fig. 3 in Kohler and Boutellier 2005). For example, a
reduction in EOC of about 5 rpm is based on a divergence
of muscle fibre types contributing to muscular work by 6—
10%points. That means that type I muscle fibres contribute
to a higher extent to muscular work (43 to +5%points),
whilst the contribution of type II muscle fibres is reduced
by the same amount (—3 to —5%points).

The statistically significant decrease in RER (Fig. 3),
which indicates an increased fat oxidation after prolonged
cycling exercise, supports our interpretation that more type
I muscle fibres contribute to muscular work with fatiguing
cycling. Energy supply in type I muscle fibres is mainly
met by aerobic metabolism compared to type II muscle
fibres with a reduced capacity in aerobic energy provision
(Bottinelli and Reggiani 2000). Additionally, it is known
that oxygen turnover in type I muscle fibres is more effi-
cient than in type II muscle fibres. Therefore, an increase in
efficiency is expected after prolonged cycling. However,
this was not confirmed by whole body gas exchange though
Poole et al. (1992) showed that pulmonary gas exchange
correlates highly with leg gas exchange. EE did not change
significantly and was even slightly increased. Conse-
quently, gross efficiency showed a slight decrease. Possi-
bly, the efficiency-increasing effect of type I muscle fibres
was blunted by the increased oxygen demand of other
muscle groups, expressed as increased cardiac and respi-
ratory functions after prolonged cycling exercise (Fig. 4).

Even though these factors reduce gross efficiency, they
do no affect EOC since parameters were increased simi-
larly at each cadence (Fig. 4). Furthermore, internal work
increases with pedalling frequency, thus enhancing leg gas
exchange and EE (Francescato et al. 1995). Widrick et al.
(1992) showed that EOC resulting from mechanical effi-
ciency (energy expenditure divided by the sum of external
and internal work rate) was consistently higher than that
determined from gross efficiency (energy expenditure
divided by external work rate). However, limb mass is
unchanged by prolonged cycling exercise and therefore the
qualitative shift of EOC is not affected by the internal work
rate.

In conclusion, the concept of the generalised muscle
equations of Hill seems to explain alterations in muscle
function and in muscle recruitment during prolonged
cycling exercise to maintain external power output. The
decreased EOC suggests that more type I muscle fibres
contribute to muscular power output after prolonged

cycling exercise than before according to the concept of the
generalised characteristic muscle equations of Hill. This
observation is in accordance with our hypothesis that the
activation of muscle fibres changes after prolonged cycling.
We think that the determination of EOC is a possible non-
invasive method to detect qualitative changes in activated
muscle fibres of exercising muscles. This has to be further
evaluated and related to results of established methods,
such as microdissection methods or EMG.
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