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Abstract: In track cycling sprint events, optimal cadence PRopt is a dynamic aspect of fatigue. It
is currently unclear what cadence is optimal for an athlete’s performance in sprint races and how
it can be calculated. We examined fatigue-induced changes in optimal cadence during a maximal
sprint using a mathematical approach. Nine elite track cyclists completed a 6-s high-frequency
pedaling test and a 60-s isokinetic all-out sprint on a bicycle ergometer with continuous monitoring
of crank force and cadence. Fatigue-free force-velocity (F/v) and power-velocity (P/v) profiles were
derived from both tests. The development of fatigue during the 60-s sprint was assessed by fixing
the slope of the fatigue-free F/v profile. Fatigue-induced alterations in PRopt were determined by
non-linear regression analysis using a mono-exponential equation at constant slope. The study
revealed that PRopt at any instant during a 60-s maximal sprint can be estimated accurately using a
mono-exponential equation. In an isokinetic mode, a mean PRopt can be identified that enables the
athlete to generate the highest mean power output over the course of the effort. Adding the time
domain to the fatigue-free F/v and P/v profiles allows time-dependent cycling power to be modelled
independent of cadence.

Keywords: force-velocity profile; fatigue modelling; optimal pedaling rate; maximum power output;
track cycling

1. Introduction

In cycling, models are used to investigate the factors that determine performance and
optimize competition outcomes. The sprint events in track cycling (i.e., team sprint, sprint,
keirin, and 1000- or 500-m time trials) are approximately 15–60 s in duration and require
maximal production of power over distances of 200–1000 m [1]. In races that are executed
with all-out effort, such as sprint time trials or decisive phases of other sprint events in
track cycling [1–4], the mechanical power applied by the athlete at any given time equals
the maximum power achievable at the current cadence and state of exhaustion.

A decisive physiological determinant of performance in track cycling sprints is the
ability to produce fatigue-free muscular power, which can be described by maximal force-
velocity (F/v) and power-velocity (P/v) profiles (e.g., [1,4–7]). Although Hill [8] modelled
the velocity with which muscle elements contract as a rectangular hyperbola, a strong
linear relationship between the force generated and velocity of movement was established
in the case of movements of large muscle groups engaging more than one joint [9]. The
F/v relationship in cycling of mean pedal force and pedaling rate (PR) was also identified
as linear and can be derived from short maximal sprints in the laboratory and in the
field [5,10–13]. Multiplying the mean pedal force by the cadence results in a parabolic
relationship between power output (P) and cadence (ibid.).
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In cycling, the fatigue-free F/v and P/v profiles represent the maximal resistance
an athlete can overcome at a certain cadence and the maximal power output at that
cadence and allow important parameters of neuromuscular performance to be determined,
including the theoretical maximal mean crank force (Fmax, as the F/v intersection of the
y-axis) and cadence (PRmax, as the F/v intersection of the x-axis), maximum power output
(Pmax, as the P/v apex), and optimal cadence (PRopt, as the pedaling rate corresponding to
Pmax) [5].

With increasing duration of maximal exercise and with the onset of fatigue-induced
impairment of performance, metabolic performance, interpreted as resistance to fatigue,
becomes more and more important [14]. In contrast to the generalized representation of
fatigue-free performance by F/v and P/v profiles, there is no mathematical model that
describes the change in performance with the onset of fatigue in a generalized form to date,
so that time-dependent maximal performance cannot be analyzed independent of the cur-
rent cadence. To control for the effects of cadence on power decay during maximal sprints,
an isokinetic test design is often used to diagnose anaerobic performance [15]. This limits
current performance diagnostics to the analysis of an effort under fixed conditions and
does not allow the general cadence-independent description of an athlete’s performance
capacity. The development of such a model was recently re-identified as a specific research
gap in the field of track cycling [1].

When performing at maximal level, elite track sprinters leave their fatigue-free F/v
profile after less than 3 s in maximal sprints [16] and power output declines in an approxi-
mately exponential manner as a result of increasing fatigue [4]. In this process, accumula-
tion of metabolites and the associated reduction in cellular pH may lead successively to an
almost synchronous and uniform decline in force development (due to attenuated energy
flow) and the velocity of contraction (reflecting reduced membrane excitability). Physio-
logically, this systematic reduction reflects the mechanical and metabolic properties of the
different fiber types in the main propulsive muscles and their time-dependent contribution
to power output (ibid.).

Mathematically, these fatigue-induced changes can be described by a parallel shift
in the F/v profile towards the origin [17,18], whose time course should correspond to
the exponential fatigue behavior described. By adding a time domain and incorporating
the duration of exercise, two-dimensional F/v profiles should form a three-dimensional
model. We proposed that it will be possible to describe the effect of fatigue and motion
velocity on power output for any individual athlete, using a function of time in a mono-
exponential equation. This model would provide a deeper insight into the physiology of
fatigue-induced decline in performance and offer a mathematical approach to optimizing
an athlete’s competitive performance.

With the parallel shift of the initial fatigue-free F/v profile, its characteristic parameters
also decrease [7]. The optimal cadence is, therefore, not a static parameter, but a dynamic
aspect of fatigue. Since it has not been possible to determine the changes in optimal cadence
over the course of a race, it is currently unclear what cadence is optimal for an athlete’s
performance in sprint races and how it can be calculated. As a special application of our
approach with high practical relevance, we aimed to calculate the time-dependent optimal
cadence and determine power output reserves in order to reveal unused potential for
performance optimization.

2. Methods

Nine male elite track cycling sprinters (22.1 ± 4.2 yrs, 184.4 ± 4.6 cm, 89.2 ± 6.0 kg
(means ± standard deviations)) performed a high-cadence, low-resistance pedaling test
(motoric test), as well as a 60-s all-out test (sprint test) in a seated position on a bicycle
ergometer. As very high neuromuscular and metabolic performance was required for the
study, only athletes whose F/v profiles showed sufficiently high linearity (R2 > 0.95) in
previous tests and who had experience with sprint time trials at national or international
championships were tested.
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All subjects used their own cycling shoes and pedals during these sprints. The settings
of the ergometer were chosen to resemble the demands faced during actual competition.

The subjects were requested to refrain from consuming alcohol and from intense
training during the 24-h period prior to the experimental session and asked to maintain
their normal drinking and eating habits. All provided their written, informed consent
to participate in this study, which was approved by the institute’s ethical committee and
performed in accordance with the Declaration of Helsinki.

3. Exercise Protocol

The warm-up prior to both tests consisted of 6 min of low-intensity cycling (1–1.5 W kg−1

bodyweight), followed by a 3-s maximal sprint. Each athlete rested passively for 10 min
between warm-up and testing.

Participants first performed 6 s of maximal high-cadence, low-resistance cycling
(motoric test) on a specially prepared ergometer, from which the internal flywheel had been
removed to minimize resistance. Reducing the overall momentum of the ergometer enabled
the athlete to reach a cadence ≥160 rpm within the first 3 s to generate additional data
points in the high-frequency cadence range for a valid determination of the F/v profiles by
combining this data with the fatigue-free pedal revolutions from the acceleration phase of
the 60-s sprint [19].

In order to determine the fatigue-induced drop in performance, after a further 10 min
of rest, each athlete completed a 60-s sprint test in an isokinetic mode at a fixed cadence
of 120 rpm, on another SRM cycle ergometer (Schoberer Radmesstechnik GmbH, Jülich,
Germany) with a 9-kg flywheel, in seventh gear. As the test corresponded to the require-
ments of sprint time trials and the athletes were familiar with the settings from previous
performance tests in the laboratory, no further familiarization was required.

The participants accelerated as rapidly as possible from a simulated rolling start
(approx. 20 rpm) to 120 rpm at a self-selected instant and continued sprinting at this rate
until the end of each effort, while receiving emphatic verbal encouragement to maintain
maximal power output throughout the test.

In both tests, crank force and cadence were monitored continuously with a SRM power
meter (Schoberer Radmesstechnik GmbH, Jülich, Germany).

4. Data Processing

Raw data from the ergometer were obtained at a sample rate of 10 Hz. The mean
tangential force F (N) at both pedals, averaged over one revolution, as well as the corre-
sponding mean pedal rate PR (rpm) were derived from these values.

From the first 3 s of the acceleration phase of the 60-s sprint, three or four cycles with
linear decay in pedal force and one or two cycles at pedal rates above 160 rpm from the
motoric test were evaluated to establish the fatigue-free F/v and P/v profiles. Since PR is
directly proportional to the tangential speed of motion v at the pedal, they were based on
the mean cadence PR and corresponding mean crank force F.

The force–velocity continuum was subjected to linear (F/v profile) and non-linear
(P/v profile) regression analysis. The function

F(v) = a·PR + b (1)

approximates the relationship between mean pedal force F and the movement velocity PR
in the absence of fatigue.

P(v) was calculated by multiplying F(v) by PR:

P(v) = a·PR2 + b·PR (2)

For purposes of statistical analysis, the following indices of performance were calcu-
lated:

theoretical maximal force Fmax= F(0)= b,
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theoretical maximal velocity of movement PRmax = −b·a−1,
optimal cadence PRopt = −b·(2a)−1, and
maximum power output Pmax = −b2·(4a)−1.
To analyze the fatigue-induced performance loss during the 60s-sprint data, the slope

derived from the fatigue-free force-velocity profile (1) was kept fixed, in accordance with
Buttelli and colleagues [17]. When a time domain was added and the exercise duration was
included, the two-dimensional F/v profiles yielded a three-dimensional model F:R2→ R
in maximal sprints no longer than ~ 60 s in duration:

F(v, t) = F(v)·e
−t
τF + c (3)

where F(v) is the fatigue-free F/v profile and τF denotes the time constant of its decline due
to fatigue. Since the results of Burnley and Jones [20], among others, described a steady
state of power output after an exponential drop, a limiting value c was included in the
function to represent this steady state.

As the F/v profile shifted, the characteristic parameters of the fatigue-free profiles
also decreased, allowing the three-dimensional model to be reduced to a two-dimensional
model by eliminating the dependence on cadence. The fatigue-induced changes in the F/v
can, therefore, be characterized by the alteration of a single parameter such as the optimal
cadence. The calculation of the instantaneous F/v profile and theoretical optimal cadence
for each data point i was based on the associated cadence PRi and corresponding mean
crank force F(PRi):

bi = F(PRi)− a·PRi ⇒ PRopt,i = −bi·(2a)−1 (4)

The decay in PRopt during the sprint was approximated by an exponential function of
time t:

PRopt(t) = A·e
−t+TD

τ + c (5)

Its parameters were determined by non-linear regression with A = PRopt(0)-c, c as
the limiting value, and τ as the time constant.

A time delay (TD) was used to compensate for any delays in the onset of fatigue.
Theoretical mean power output Pmean(PRopt) was calculated as the mean power output

that could be generated at the calculated mean optimal cadence.
To investigate the meaning of the mean optimal cadence mathematically, the cadence

that maximizes power output was determined as follows by non-linear optimization:

max
v∈R+

P(v) = a·PR2 + b·PR (6)

5. Statistical Analyses

All data were checked for normality using the Shapiro–Wilk test and are presented
as means ± SD. Linear regression analysis was used to study the relationship between
measured and modelled data. The relative difference between the measured and mod-
elled data was used to determine the bias of the measurements. The mean differences
between parameters were compared using t-tests for dependent samples. The Pearson
product–moment correlation test was used to evaluate interrelationships between vari-
ables. Multiple regression analyses were conducted to identify the factors which exerted
a major influence on a dependent variable. Pearson correlation coefficient r (small ≥ 0.1;
medium ≥ 0.3; large ≥ 0.5) and Cohen’s d (small = 0.2; medium = 0.5; large = 0.8) were
employed as a measure of effect size, with statistical significance being set at an alpha level
of <0.05. The quality of the regression analyses was examined by calculating the coefficient
of determination R2. For all tests, a post hoc power analysis was performed to determine
the retrospective power of the observed effect based on the sample size at the indicated
level of significance. All mathematical analyses and statistical tests were processed using
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IBM SPSS statistics version 24 Software for Windows (SPSS Inc., Chicago, IL, USA) and
Office Excel 2016 (Microsoft Corporation, Redmond, WA, USA).

6. Results

Anthropometric data and the parameters of the fatigue-free F/v profile with corre-
sponding model quality R2 are presented in Table 1 for all athletes.

Table 1. Anthropometric data and model parameters of the linear fatigue-free F/v profile with corresponding model quality
R2 of all participants.

Part. Age (yrs) Height (cm) Weight (kg) PRopt (rpm) Fmax (N) a R2

1 20 192 96.2 142.74 1459.65 −5.11 1.00
2 29 178 81.6 144.35 1293.20 −4.48 1.00
3 20 190 91.4 171.68 1076.19 −3.13 0.99
4 25 177.5 83.1 138.71 1222.92 −4.41 1.00
5 21 184 87.8 141.76 1426.53 −5.03 0.99
6 18 181 80.1 160.39 1262.81 −3.94 1.00
7 19 186.5 92 152.63 1202.52 −3.94 1.00
8 18 183.5 97.9 163.07 1144.68 −3.51 1.00
9 29 186 92.4 148.99 1313.48 −4.41 0.98

The mean maximal force was 1266.89 ± 116.86 N, mean maximal crank velocity was
303.18 ± 21.23 rpm, and optimal pedaling rate was 151.59 ± 10.61 rpm, as determined
from the fatigue-free F/v profile, which had a slope of a = −4.22 ± 0.59. The coefficient of
determination R2 for this profile was >0.98 for all athletes. The results of the procedure for
generating the fatigue-free F/v and P/v profiles are depicted in Figure 1 for one athlete.
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Figure 1. The fatigue-free force-velocity and power-velocity profiles for a professional track cycling
sprinter calculated on the basis of the force and velocity data derived from the first 3 s of acceleration
during the motoric and the sprint test. The solid line represents the F/v and the dotted line represents
the P/v function. The maximal mean pedal force was 1223 N and the maximal pedaling rate was
277 rpm, resulting in a fatigue-free optimal pedaling rate of 139 rpm. For both profiles, R2 was >0.99.

After a short period of acceleration, all of the athletes attained the specified ca-
dence of 120 rpm and completed their 60-s sprints with an average power output of
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735.15 ± 56.62 W. Figure 2 illustrates the typical time course of power output and corre-
sponding cadence for one of the athletes.
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Figure 2. Power output and pedaling rate of an elite male track cyclist during an isokinetic (120 rpm)
all-out sprint on an SRM ergometer (sampling rate, 10 Hz).

Dynamic optimal cadence PRopt(t) showed an exponential decrease with time. Table 2
presents the parameters of PRopt(t) with corresponding model quality R2, as well as mean
power output in the 60-s sprint Pmean and the theoretical mean power output Pmean(PRopt)
for all participants.

Table 2. Model parameters of the mono-exponential dynamic optimal cadence PRopt(t) with corresponding model quality R2

as well as mean power output Pmean and theoretical mean power output Pmean(PRopt) in the 60-s sprint for all participants.

Part. Pmean (W) Pmean(PRopt) (W) A τ c R2

1 844.12 904.72 87.03 33.80 59.73 0.964
2 716.36 764.50 95.23 23.24 66.93 0.960
3 798.82 828.65 157.53 39.14 45.00 0.956
4 729.39 784.15 85.12 38.20 55.43 0.972
5 732.48 781.05 95.62 21.93 63.69 0.960
6 685.92 765.41 121.79 26.13 63.00 0.987
7 712.23 747.11 97.14 34.40 60.00 0.994
8 639.80 674.70 123.87 18.47 70.61 0.951
9 757.23 825.44 80.43 27.28 70.39 0.965

The mean values of PRopt(t) were A = 104.85 ± 23.49, τ = 29.18 ± 7.03, and
c = 61.64 ± 7.55. The high quality of the non-linear regression analysis was indicated by
its mean coefficient of determination of R2 = 0.97 ± 0.01. Figure 3a depicts a representative
example of the fitting of the function describing the optimal dynamic pedaling rate to the
data collected. The model was tested for correct reproduction of the time-specific optimal
cadence. Figure 3b shows the deviation between modelled and measured data for the data
points for all nine athletes. With a bias of <1% at a standard deviation of 4%, the overall
agreement was found to be satisfactory.
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Black points: current optimal cadence calculated for data point i (PRopt,i) calculated using Equation (4). Grey curve:
time-dependent optimal cadence (PRopt(t)) calculated using Equation (5). The amplitude A was 85 rpm, the time constant τ
was 38.20 s, and the limiting value was c = 55.43 rpm with a time delay of 2.98 s. (b) Comparison of measured and modelled
data via linear regression analysis.

The model was tested for correct reproduction of the time-specific optimal cadence.
Figure 3b shows the deviation between modelled and measured data for the data points of
all nine athletes. With a bias of <1% at a standard deviation of 4%, the overall agreement
was found to be satisfactory. It can be seen that larger deviations between modelled and
measured data occurred mainly in the high-cadence range, which represents the first few
seconds of the sprint.

Mean power output Pmean was statistically significantly smaller than theoretical mean
power output Pmean(PRopt) calculated on the mean optimal cadence (d = −0.872, p < 0.001).
The cadence that maximizes the mean power output as a solution to the non-linear opti-
mization problem was equal to the calculated mean optimal cadence. Figure 4a,b presents
an example of the influence of cadence (a) and its optimization (b) on time-dependent
power output and the work performed (calculated as the corresponding integral) in a 60-s
isokinetic sprint test.

There was a strong positive correlation between the average power Pmean and the
values for Pmax (r = 0.704, p < 0.05), Fmax (r = 0.512, p < 0.05), and τ (r = 0.475, p < 0.05). Ap-
plying multiple linear regression analysis, the following statistically significant linear model
could be utilized to estimate an athlete’s mean power output (R2 = 0.935, R2

adj = 0.900):

Pmean = 0.339·Pmax + 0.054·Fmax + 6.064·τ − 68.833

The statistical power for the model quality was calculated to be >0.99. The reproduc-
tion of the quality of prediction stated was thus guaranteed, even with very small samples.
The power of the other statistics ranged from 0.26 to 0.77. In order to be able to reproduce
all results presented with a probability of at least 80%, we recommend choosing a sample
size of ≥32.
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The power of the other statistics ranged from 0.26 to 0.77. In order to be able to reproduce 

Figure 4. (a) Time-dependent maximal power output (Pmax(t)) at dynamic optimal cadence (PRopt(t))
and power output (P(t)) during a 60-s all-out sprint at a cadence of 120 rpm (PR) on a cycle ergometer.
(b) Comparison of the time-dependent power output (P(t)) at a pedaling rate of 120 rpm and the
corresponding work performed (W(t)) to optimized power output (Popt(t)) at a mean optimal pedaling
rate of 102 rpm and the corresponding work performed (Wopt(t)) during a 60-s all-out sprint on a
cycle ergometer. In fact, free optimization of the mean power output by altering the cadence during
the isokinetic test resulted in a calculated mean optimal pedaling rate of 102 rpm. Changing the
cadence to 102 rpm would result in a 7% higher mean power output of the athlete in the isokinetic
test mode.

7. Discussion

The findings presented in the current study confirmed that the decrease in optimal
cadence due to fatigue during a 60-s maximal sprint by elite track cyclists can be described
quite accurately by a mono-exponential equation.

By combining the fatigue-induced changes of the fatigue-free F/v profile with the
time course of fatigue at maximal intensity, this approach allowed, for the first time, power
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output to be described in a cadence-independent, normalized form as a three-dimensional
model. The relationship between F/v and P/v at maximal effort as a function of time is
exemplified in Figure 5.
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from the data at every fifth second of the sprint test shown in Figure 2.

Assessment of fatigue or calculation of the decrement in fatigue in a normalized
fashion is necessary for modelling the decay in performance during sprints. This model
allowed both the evaluation of the different components of physiological performance and
the simulation of scenarios to optimize competition performance, taking into account the
physical characteristics of cycling.

Using Equation (5) to examine the effects of fatigue on the optimal cadence can help
to optimize individual cadences and gear ratios. Dorel and co-workers [5] suggested
that, during competition, when the difference between an athlete’s optimal (fatigue-free)
cadence and the mean cadence is small, mean power output is maximal. In this context, our
present findings indicate that the difference between the mean cadence and mean optimal
dynamic cadence should be minimized in order to maximize mean power output. In fact,
altering the cadence in the isokinetic test to the calculated mean optimal cadence would
have resulted in a 4–12% higher mean power output. In track cycling sprint races with
fixed gear ratios, where cadence also changes due to resistance and fatigue, there appears to
be even greater potential for enhancing performance by reducing the discrepancy between
cadence and individual dynamic optimal cadence [7].

Furthermore, this model allowed the exploration of the relationship between biome-
chanical and physiological performance. The systematic reduction in optimal cadence
might correspond to the mechanical and metabolic properties of the various fiber types,
with respect to specific characteristics of force development and contraction velocity, as
well as of resistance to fatigue [4,21].

While force production by contractile units containing different types of fibers is simi-
lar, the maximal velocity of contraction by type IIx is approximately four-fold faster than
that of type I muscle fibers [22–24]. IIx fibers derive their energy mainly from phosphates
and glycolysis and are assumed to be completely fatigued after about 60 s of maximal
power output [25]. The duration of maximal force production by predominantly glycolytic
to predominantly oxidative IIa muscle fibers usually ranges from 3–6 min [26,27], whereas
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type I muscle fibers can work for as long as several hours without significant loss of
power [28].

The maximal power output by a muscle can only be generated when it is moving at its
own specific optimal velocity [8,29]. Although, practically, in connection with locomotion,
velocity can only be determined globally for all the muscles involved, the importance of
specific individual optimal velocities is unquestionable [21].

A variety of studies have demonstrated that maximal mechanical performance during
cycling can only be achieved at the individual optimal cadence (e.g., [5,6,11,12,29–31]). In
the case of maximally activated muscles, all fiber types (I, IIa, IIx) are expected to contribute
to power output, so long as they are not completely fatigued and their maximal velocity of
shortening is not exceeded [21].

The effect of fatigue on dynamic muscle function as expressed in the F/v and P/v
profiles has rarely been investigated. Buttelli, Bogdanis, and their colleagues [17,18]
reported that, with increasing fatigue, the F/v profile shifts in a parallel mode towards the
origin, which corresponds to a linear decrease in velocity at constant resistance. A number
of findings indicate that the parallel shift in the initially fatigue-free profile in maximal
sprints is caused by an approximately simultaneous decrease in force development and
in the contraction velocity of high-glycolytic fast-twitching muscle fibers, resulting in a
decline in the number of active muscle fibers as they become fully fatigued [4,32–34].

If this is the case, the time course of the optimal cadence may reflect the time course
of the recruitment of different types of muscle fibers as well as their metabolic state. As
fatigue increases, the optimal cadence should approach the rate that can be sustained by all
fibers with sufficient endurance to continue being activated (i.e., I and IIa). If the effort is
prolonged, successive fatigue in IIa fibers will likely cause a further drop in the profile.

Assuming systematic changes in the force-velocity profile due to fatigue-related
elimination of predominantly phosphatic and glycolytic fast-twitching muscle fibers during
the first 60 s of all-out exercise, the combined optimal cadence of the fibers with sufficient
endurance can be defined as the limiting value for the function modelling the optimal
dynamic cadence (5). Here, c = PRoptI&IIa describes the common optimal cadence of type
I and IIa fibers, reflecting the optimal power generation for endurance events lasting
only a few minutes. Based on our results, the cadence resulting in the greatest power
output during maximal endurance exercise with maximal oxygen uptake appears to be
approximately 62 rpm. This agrees with a number of other reports [29,35–38] that the
cadence that generates power most efficiently during low- to moderate-intensity exercise is
in the range of 42–71 rpm.

In endurance racing, professional cyclists prefer a cadence close to 90 rpm [6]. We
assume that this is because during their regular training, they pedal at such rates, which
results in improved motor coordination and reduced neuromuscular fatigue under these
conditions [38]. Moreover, competing with the same cadence employed during training
probably lowers the accumulation of metabolites during races lasting for several hours,
due to shorter contractions and less restriction of blood flow [4].

Our findings reveal that the mean power during the sprint depends strongly on the
fatigue-free maximal power and maximal force, as well as on the time constant in the
function describing the time-dependent changes in optimal pedaling rate. Pmax and Fmax
characterize an athlete‘s fatigue-free level of performance, whereas τ represents his/her
resistance to fatigue. With respect to the calculated linear influence of these parameters
on Pmean, the fatigue-free level of power appears to exert a greater impact than the time
constant of the loss of power induced by fatigue. Taking the resistances acting on an athlete
during the different phases of a race into account further supports the proposal that, in
races lasting 60 s or less, the fatigue-free level of performance is more important than
resistance to fatigue [7]. Furthermore, Pmax (which is correlated to a cyclist’s maximal
speed [4]) increases Pmean to a greater extent than does Fmax (which is associated with the
ability to accelerate (ibid.)).



Appl. Sci. 2021, 11, 12105 11 of 13

Assuming that our model is valid, it would become necessary to extend Henneman’s
size principle [39] concerning metabolic thresholds to include the specific velocity of
movement. This means that when planning training and controls, the zones of exercise
intensity should not be presented in absolute terms, but as a function of the velocity of
movement. Assuming that the limiting value of the model is the optimal cadence for
exercises in which both type I and type IIa fibers contribute maximally to performance, it
would be possible to generate fiber type-specific F/v profiles by combining the results of
the 60-s all-out sprint with diagnostic isokinetic tests of maximal endurance. In our opinion,
such differentiation could significantly improve specific development of the performance
of the different types of muscle fibers. Furthermore, a fiber type-specific decline in the
force-velocity and power-velocity profiles could be used to define reasonable maximal
training loads.

8. Limitations

Valid determination of the fatigue-free F/v profiles of an athlete is the most important
aspect in the calculation of performance reserves according to this approach. Shifts in
the F/v profile during fatigue can only be correctly calculated and interpreted if the true
fatigue-free profile parameters are known. The application of this model is currently
limited to maximal sprints on the cycle ergometer with a duration of up to 60 s and has
only been demonstrated on a small sample size. Performance predictions are only valid if
the model proves to be valid and reliable. The transfer of our approach to other conditions
and sports and the verification of its validity and reliability should be the subject of future
investigation.

The quality of the model depends on the athlete’s neuromuscular performance. If an
athlete is not able to activate all relevant motor units simultaneously, the power output will
not correspond to the current maximum. The deviations between the measured data and
the model at the beginning of the sprints prove that even elite athletes can have problems
with muscle activation. However, this “inaccuracy” of our model can also be interpreted as
an opportunity. With our model, deficits in neuromuscular performance can be detected
and the athlete’s effort can be evaluated retrospectively.

9. Conclusions

The decrease in the optimal cadence due to fatigue during 60 s of all-out cycling can
be described by utilizing a mono-exponential equation. Our explicit representation of the
changes in an athlete’s performance with time in the form of F/v and P/v profiles at specific
time points allows, for the first time, time-dependent biomechanical performance during
track cycling to be modelled independently of cadence. Our model can be used to analyze
various components of physiological performance as well as to optimize performance in
competition by reducing the discrepancy between actual cadence and individual dynamic
optimal cadence. In an isokinetic mode, the mean optimal cadence equals to the cadence at
which the greatest mean power can be generated.
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Abbreviations

F/v Force-velocity
F Force
P Power
PR Pedaling rate, cadence
P/v Power-velocity
v Velocity
rpm Crank revolutions per minute
Pmax Maximum power output
Pmax(t) Time-dependent maximal power output
Fmax Maximum force
PRmax Maximum pedaling rate
Pmean Mean power output
Pmean(PRopt) Theoretical mean power output at mean optimal cadence
Popt(t) Time-dependent power output at mean optimal cadence
PRopt Optimal cadence, optimal pedaling rate
PRopt(t) Optimal dynamic cadence; time-dependent optimal pedaling rate
PRoptI&IIa Common optimal cadence of type I and type IIa muscle fibers
A Amplitude of the dynamic optimal pedaling rate
τ Time constant of the dynamic optimal pedaling rate
c Limiting value for the dynamic optimal pedaling rate
Part. Participant
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