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Abstract

Purpose. The aim of the study was to establish the respiratory response to unloaded cycling at different cadences. Methods.
Eleven healthy participants performed a maximal graded exercise test on a cycle ergometer to assess aerobic fitness (maximal
oxygen consumption: 46.27 ± 5.41 ml · min–1 · kg–1) and eight 10-min unloaded pedaling (0 W) bouts at a constant cadence (from
40 to 110 rpm). Respiratory data were measured continuously during each effort and then averaged over 30 s. Blood samples
were collected before and 2 min after each effort to monitor changes in acid–base balance. Results. The efforts were performed
at an intensity of 16.5–37.5% VO2peak. Respiratory response was not differentiated in cadences of 40, 50, 60 rpm. From 70 rpm, an
increase in cadence was significantly associated with increased minute ventilation (F = 168.11, p < 0.000) and oxygen consumption
(F = 214.86 p < 0.000) and, from 80 rpm, respiratory frequency (F = 16.06, p < 0.001) and tidal volume (F = 54.67, p < 0.000).
No significant changes in acid-base balance were observed as a result of difference cadences. Conclusions. Unloaded cycling
at a cadence of 70 rpm or above has a significant effect on respiratory function and may be associated with the involvement
of large muscle ergoreceptors (mechanoreceptors) stimulated by the frequency of muscle contractions.
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Introduction
The frequency of voluntary muscle contractions affects the physiological response to exercise. In particular,
the effects of pedaling frequency on physiological response was and still is the subject of numerous studies,
addressing issues such as optimal cadence [1, 2], pedaling
efficiency [3–5], or entrainment of breathing frequency
to cadence [6–8].
Overall, the body’s response to exercise is dependent
on the intensity and, concurrently, on the number and
type of motor units recruited to complete a task. When
exercise intensity is increased and requires greater force,
motor unit recruitment and firing rate also increase [9].
With this, the type of muscle fibers activated as a result
increased intensity is also changed, initially from slow
twitch fibers (ST) with slow contraction times and a high
resistance to fatigue to fast twitch fibers (FTa and FTb)
that are more susceptible to fatigue. When analyzing
the effects of exercising on a cycle ergometer, intensity
is the product of external resistance (load) and cadence.
Besides a higher contribution of FT fibers in response to
increased load or cadence, changes in load and cadence
also affect respiratory function and oxygen utilization
[9, 10]. This is the result of changes in metabolic activity,
which stimulate the respiratory center by chemoreceptors and metaboreceptors. While the above processes
in moderate to vigorous physical activity are viable, it
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is not entirely clear what occurs during light intensity
exercise such as in unloaded pedaling.
Stimulation of the respiratory system during exercise,
including changes in minute ventilation, can occur via
three mechanisms. The first involves neural control of
respiratory function at the onset of physical activity.
It has been hypothesized that there exists a parallel command structure of impulses originating from nervous
system motor centers (brain cortex, hypothalamus, spinal
structures), where a feed-forward mechanism stimulates
the respiratory and locomotion systems [11, 12]. The
second mechanism involves a neural impulse feedback
loop from the exercising muscle [13–15]. The third mechanism is through the metabolic/chemical regulation of
respiratory function, whose contribution is dependent
on exercise intensity and momentary disturbances to
the acid–base balance.
During exercise, ventilation is subject to change so as
to meet increasing oxygen demands without increasing
the physiological cost of the work performed. In light
and moderate intensity exercise, this is met by a rise in
minute ventilation although this is more of a function
of increased tidal volume per breath than the frequency
of breaths per minute [16]. However, further increased
minute ventilation is coupled with additional changes to
tidal volume and respiratory frequency (including inspiratory and expiratory time).
Besides the energy used to maintain an upright sitting position, the physiological cost of pedaling on a cycle
ergometer without load is based solely on lower extremity
locomotion. The aim of this study was to establish the
effects of different cadences on respiratory response during
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frequency (Rf), tidal volume (VT), total respiratory time
(Ttot), inspiratory time (Ti), expiratory time (Te), oxygen
uptake (VO2), and minute ventilation (VE); data were
averaged over 30 s. In order to assess changes in acid–base
homeostasis, arterialized capillary blood was sampled
before and 2 min after each effort and examined with
a RapidLab 385 (Bayer, Germany) to monitor the partial
pressures of oxygen (pO2) and carbon dioxide (pCO2)
and concentrations of hydrogen ions (H+) and bicarbonate anions (HCO3–). A LT400 blood analyzer (dr Lange,
Germany) was used to examine changes in blood lactate concentration (BLa).
Data were analyzed with the Statistica 10.0 software package (StatSoft, USA). Variability in cadence and
respiratory frequency was assessed by calculating the relative standard deviation (absolute coefficient of variation
= 100*SD/M [%]). The Shapiro–Wilk test was used to test
the normality of the distribution.of the data. The effect
of cadence on the physiological variables was analyzed
using repeated measures analysis of variance (ANOVA).
Results bearing statistical significance were analyzed
post hoc with Tukey’s honest significant difference (HSD)
test. The results are presented as mean ± SD. Statistical
significance was adopted at the 5% level.

unloaded ergometry. The lack of an external load can
help identify the most optimal cadence that induces
distinct exercise-based changes in the body without disturbing intrasystemic homeostasis.
Material and methods
Eleven male university students were recruited; they
were not informed about the purpose of the study. Basic
characteristics of the sample are presented in Table 1.
Approval of the local research ethics committee was
obtained and signed consent was provided by the participants after the study protocol was explained. All
procedures were performed at the same ambient temperature, humidity (21°C and 55%, respectively), and time
of day (± 1 h). The study involved nine visits to a university laboratory each separated by a two day interval.
The first visit had the participants complete a maximal graded exercise test on an Excalibur Sport cycle
ergometer (Lode, Netherlands) to determine physical fitness level by measuring maximal oxygen uptake (VO2max).
Initial load was set at 50 W and increased every 3 min by
an additional 50 W. The test was performed until volitional exhaustion or when no increase in VO2 was observed
with a concordant increase in load or minute ventilation.
The remaining eight visits involved testing the effects
of cadence on respiratory response. On each visit, participants completed 10-min of unloaded pedaling (0 W)
on the same cycle ergometer; cadence on the first visit was
40 rpm and progressively increased by 10 rpm to 110 rpm
on the last visit. A threshold of 110 rpm was adopted
in order to avoid the effects of inertia. Cadence was displayed and monitored on a RPM meter located on the
front of the ergometer.
The composition of expired air on a breath-by-breath
basis was analyzed 3 min before, throughout the 10 min
of pedaling, and during a 10 min period of recovery with
a K4b2 gas analysis system (Cosmed, Italy). The device
was calibrated in accordance with the manufacturer’s
instructions. Measurements were taken of respiratory

Results
The results of the maximal graded exercise test
(Table 1) show that the participants presented a moderate level of physical fitness. All of the physiological
variables were within norms for males of this age.
The 10-min efforts were performed at an intensity
from 16.5 to 37.5% VO2peak, indicative that they were performed within the range of aerobic work and involved
little metabolic change as evidenced by the blood test
results. Analysis of the blood variables showed significant
differences only in H+ concentrations at cadences of 40
(p < 0.03) and 80 rpm (p < 0.01) and pCO2 at 40 (p < 0.01)
and 110 (p < 0.01) rpm. For pCO2, this involved an increase of 2 mmHg at 40 rpm and a decrease of 1 mmHg

Table 1. Characteristics of the sample

M ± SD

Age
(years)

Body height
(m)

Body mass
(kg)

BMI

VO2max
(ml · min–1 · kg–1)

19.9 ± 0.8

178.9 ± 5.5

73.6 ± 7.6

22.9 ± 1.9

46.2 ± 5.4

VE max
(l · min–1)

HR max
(bpm)

118.7 ± 25.5 189.1 ± 8.4

Table 2. Changes in blood variables with increased cadence
Cadence
40 rpm
+

H (nM)
HCO3 – (mM · l–1)
BLa (mM)

50 rpm

60 rpm

70 rpm

80 rpm

90 rpm

100 rpm

110 rpm

1.10* ± 0.82 −0.57 ± 1.31 −0.18 ± 1.15 0.55 ± 1.54 −1.44* ± 1.46 0.18 ± 0.94 0.27 ± 2.24 0.69 ± 1.15
−0.67 ± 1.27 −0.40 ± 1.08 −0.26 ± 0.56 0.19 ± 0.73 −0.49 ± 0.59 −0.31 ± 0.77 −0.31 ± 1.63 0.45 ± 0.90
2.25 ± 1.35 1.17 ± 0.95
1.0 ± 0.68 0.90 ± 0.69
1.04 ± 0.62 1.24 ± 0.76 1.13 ± 0.84 1.15 ± 0.83

H+ – difference in hydrogen ion concentration, HCO3– – differences in bicarbonate anion concentrations pre- and post-exercise,
BLa – blood lactate concentration post-exercise; * p < 0.05, a negative value denotes a decrease in concentration
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Figure 2. Changes in minute ventilation (VE)
and respiratory frequency (Rf ) with increased cadence
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Figure 1. Changes in oxygen uptake (VO2)
with increased cadence
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90 rpm compared with all lower cadences (p < 0.005)
and remained at a similar level regardless of increased
pedaling frequency. The increase of 160 ml in VT between 40 and 50 rpm and 70 rpm was not statistically
significant. Only at 80 rpm was the increase in VT of
280 ml significantly different compared with VT at 40,
50, and 60 rpm. VT increased by 110 and 200 ml in
the subsequent pedaling rates; this difference was also
statistically significant (Figure 3).
The difference in oxygen uptake between 40 and
50 rpm and 70 rpm was 120 ml (p < 0.005). From 70 rpm,
an increase of approximately 180 ml was observed in
each subsequent pedaling rate. These differences were
also significant at p < 0.000 (Figure 3).
The effects of pedaling cadence also influenced total
respiratory time (F = 8.659, p < 0.001) and its components inspiratory and expiratory time (F = 21.96, p < 0.001).
Total respiratory time (Ttot) was significantly reduced
at cadences of 70 and 80 rpm compared with 40 rpm.
Comparisons with subsequent pedaling rates and the
value recorded at 50 rpm were also significantly different.

VE (l · min-1)

at 110 rpm. The remaining changes observed in pO2 ,
pCO2 , and H+ were not statistically significant. Acute
response to exercise was observed in the first minute
of ergometer pedaling from 40 to 70 rpm and in the
second minute from 80 to 110 rpm (Figure 1). Oxygen
uptake in the first three tests (40, 50, 60 rpm) did not
differ significantly and ranged from 541 ml · min–1 at
40 rpm to 597 ml · min–1 at 60 rpm. Only at a pedaling
cadence of 70 rpm were significant differences in oxygen
uptake noted compared with those recorded at 40 and
50 rpm. From 80 rpm, statistically significant differences
were found when comparing measures with those recorded at lower cadences.
Variability in cadence and respiratory frequency was
evaluated by calculating the relative standard deviation.
Variability in cadence was 3.5% and similar to the values
reported by Kohl et al. [6]. From 40 rpm, variability gradually decreased to 1.1% at 70 rpm, then rose to 1.8%
at 80 rpm and 2.8% at 90 rpm, only to decrease again to
1.2% at 100 and 110 rpm. Respiratory frequency (Rf )
variability ranged from 7.46% to 9.84%. Similar to what
was observed in cadence variability, after an initial decrease to the lowest value at 70 rpm, variability increased
to 9.6% at 80 rpm and 9.8% at 90 rpm and then decreased to 9.2%. Total respiratory frequency variability
was below 10% and considered satisfactory.
Figure 2 presents the effects of different cadences on
respiratory response, with significant effects noted for
VE (F = 168.11, p < 0.000), Rf (F = 16.06, p < 0.001),
VT (F = 54.67, p < 0.000), and VO2 (F = 214.86 p < 0.000).
As a result of increased cadence, VE rose from 14.4 ±
2.8 l · min–1 at 40 rpm to 32.2 ± 5.9 l · min–1 at 110 rpm
(Figure 2). Statistically significant differences in VE were
observed when comparing 70 rpm with 40 and 50 rpm
(p < 0.000). Afterwards, all pedaling frequencies above
80 rpm were significantly different from the slower cadences for VE at p < 0.001. Differences in respiratory
frequency (Rf ) were significant at 80 rpm compared
with 40 rpm (p < 0.002). Rf was significantly higher at
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Figure 3. Changes in oxygen uptake (VO2) and tidal
volume (VT) with increased cadence
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Figure 4. Changes in total respiratory (Ttot), inspiratory (Ti)
and expiratory (Te) times with increased cadence

The rate of change of Ttot was the largest when comparing
70 and 80 rpm and 80 and 90 rpm (p < 0.000). The decrease in Ttot was mainly an effect of reduced expiratory
time (Figure 4). In turn, inspiratory time (Ti) remained
steady in all analyzed pedaling rates (F = 1.11, p < 0.353).
Discussion
The body’s control of respiratory function during physical exertion involves the central processing of neural and
biochemical information. The aim of the present study
was to determine the effects of different pedaling cadences on respiratory response. In order to control for
the large effects of load on physiological response, the
study adopted a cycle ergometer test protocol involving
no external load. This allowed the pedaling efforts to be
performed with minimum variability in cadence (below
3.5%), which controlled for the effects of cycling rhythm
on respiratory response (Figure 1). The results indicate
that only from a cadence of 70–80 rpm are significant
changes noted in respiratory function, in which increased
cadence induced greater respiratory response. Lower
pedaling rates (40–60 rpm) did not have an effect on respiratory response.
Acute respiratory response was similar in cadences
of 40–70 rpm, with the body adapting within the first
minute of ergometer pedaling at these rates. At higher
cadences, physiological adaptation to exercise was attained in the second minute of pedaling (Figure 1). The
tempo in which physiological response plateaued and
the differences between the pedaling rates (16.5% of
VO2max at 40 rpm and 37.5% of VO2max at 110 rpm) are indicative that all efforts were performed at light intensity and largely taxed the aerobic system. Foss et al. [17]
demonstrated that VO2 increased with increasing cadence. After comparing oxygen uptake values at a load
of 0 W between different cadences (60, 80, 100, and
120 rpm), they established that extrapolating this data
to cadences of 40 and even 20 rpm would show a con-

tinued decrease in oxygen uptake. While our study did
not analyze the effects of pedaling at 20 rpm, the mean
differences in oxygen uptake was only 6 ml · min–1
between 40 and 50 rpm and 56 ml · min–1 between 40
and 60 rpm. These small differences fall within the
margin of error for the entire sample. This finding indicates that pedaling on a cycle ergometer without load
at a frequency of 40 to 60 rpm does not modulate VO2.
Only when comparing VO2 between 40 and 70 rpm is
a significant difference found in the amount of oxygen
used by working muscle.
Similar changes and statistically significant differences were observed with regard to minute ventilation
(VE), tidal volume (VT), and respiratory frequency (Rf )
(Figure 2, 3). Rf and VT increased only slightly between
40 and 70 rpm. This small and not statistically significant change in both variables did, however, cause a significant increase in VE already at 60 rpm compared with
40 rpm (Figure 2). Only at a cadence of 80 rpm was the
increase in Rf and VT significant in relation to the values
measured at lower pedaling cadences. Noteworthy is also
the fact that the increase in VE at 100 and 110 rpm is
only associated with an increase of VT (Figure 3) and that
pedaling between 90 and 110 rpm is characterized by
similar respiratory frequency (approximately 21 bpm)
(Figure 2).
The changes observed in Rf were a result of reduced
total respiratory time (Ttot), which was mainly an effect
of shortened expiratory time (Te) (Figure 4). Inspiratory
time (Ti) was similar at rest and and in all of the pedaling
rates considered in the present study (Figure 4). Takano [18] considered inspiratory (Ti) and expiratory (Te)
times during cycle exercise, although they only analyzed cadences of 30 and 60 rpm and pedaling at a load
of 0 W was performed for only 4 min and also preceded
by cycling with incremental load. A marked reduction
was found in both Ti (approx. 50 ms) and Te (approx.
70 ms) at these cadences compared with at-rest values.
Such an effect was not observed in the present study,
but in can be inferred that this may be due to the different protocols. In our study, Ti in all of cadences averaged 1.39 ± 0.09 s, whereas Te decreased with increased pedaling cadence and did not concur with the
results obtained by Takano at a cadence of 60 rpm. In
fact, a similar response was obtained by the sample of
the present study only at a pedaling rate of 110 rpm.
Similarly, Scheuermann and Kowalchuk [19] observed
an increased respiratory response to pedaling at 60
rpm than what was found in this study – VO2 (839 ± 199
vs. 624 ± 123 ml), VE (20 ± 4 vs. 16 ± 2.7 ml · min–1)
VT (1093 ± 270 vs. 925 ± 120 ml), Te (1997 ± 0.488 vs.
2001 ± 0.446 ms), and Ti (1502 ± 0.471 vs. 1385 ±
0.197 ms), respectively. The values reported by Scheuermann and Kowalchuk at 60 rpm were achieved by the
participants of the present study at 80 rpm. One factor
which may explain the difference between the results
of the studies may also lie with the adopted protocol.
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Although both studies used a cycle ergometer with a magnetic resistance mechanism, the participants in Scheuermann and Kowalchuk were informed that they would be
performing a graded exercise test until volitional exhaustion. Hence, the psychological effect of motivation may
have played a role here, leading to increased activity of
the sympathetic nervous system and therefore improved
respiratory response to pedaling at a load of 0 W.
Although statistically significant differences in respiratory response (e.g., decreased Ttot and increased VT
with increasing cadence) were observed at and above
70 and 80 rpm, no such changes were evident in postexercise metabolic response. Differences among the analyzed blood variables as a result of unloaded pedaling
were not significant, with values similar to those recorded
at rest. The highest concentration of lactate (BLa) was
observed at 40 rpm. On the one hand, this may be the
effect of a higher contribution of slow twitch fibers in
muscle contraction and an extended muscle contraction
phase. Ahlquist et al. [20] observed greater glycogen
depletion by slow twitch fibers at a pedaling rate of 50 rpm
compared with 100 rpm. Support for this is found in the
statistically significant increase in H+ ions when pedaling
at 40 rpm (Table 2). On the other hand, the significant
increase in pCO2 at this cadence is indicative of increased
aerobic response in meeting the energy demands of working muscle. During light intensity exercise, such as the
unloaded pedaling in the present study, pCO2 is determined by the amount of CO2 produced during aerobic
metabolism and excreted from muscle tissue. However,
changes in the above variables were not reflected in modified respiratory function. The respiratory response to
pedaling at 40 rpm was not significantly different from
respiratory measures registered at rest. For the remaining
cadences considered in the present study, BLa was maintained at approximately 1 mM (Table 2).
The lack of significant differences among the biochemical parameters and the maintenance of normocapnia
regardless of increased ventilation suggests that stimulation of respiratory function during unloaded cycling
is neurogenic via cortical stimulation and muscle ergoreceptors, specifically mechanoreceptors. Mechanoreceptors, which are sensitive to changes in muscle deformation (pressure and tension) that occur during muscle
contraction by group III afferents (A delta fibers), stimulate the respiratory system in response to exercise
[13, 21–23]. Their increased sensitivity may be the result of continuous changes in the recruitment pattern
during unloaded pedaling in order to maintain a constant cadence and optimize pedal forces, especially by
biarticular muscle such as the quadriceps and biceps
femoris [24, 25].
Conclusions
Pedaling at a frequency between the optimal shortening velocities of slow twitch (70 rpm) and fast twitch
40

(100 rpm) muscle with no external load on a cycle ergometer has an effect on respiratory response. It is known
that the mechanical efficiency of slow twitch muscle
fibers decreases at a cadence of approximately 70 rpm,
whereas the efficiency of fast twitch fibers increases
from 100 rpm. It is also known that the greater recruitment of fast twitch fibers with increased cadence is
not due to an inherent inefficiency of slow twitch fibers
to perform at higher pedaling rates but rather the faster
activation rates of fast twitch fibers [26, 27]. Pedaling
at a frequency outside the optimal cadence for these two
types of muscle fibers may be the cause of differences
in muscle activation in order to maintain a constant
cadence [25]. As muscle activation is also influenced
by increased pedaling frequency [5, 28, 29], this may
have also been a factor contributing to the statistically
significant changes in respiratory function. While pedaling between 70 and 100 rpm is considered to be outside the optimal frequency for untrained and trained
individuals [1, 2], the findings of the present study indicate that these frequencies are effective in stimulating
respiratory system in unloaded conditions on a cycle
ergometer. As a result, this type of pedaling protocol
can be used in elderly, inactive, or obese populations.
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