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SPORTS PERFORMANCE
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ABSTRACT
Understanding the torque-cadence-power relationship can be important in assessing a cyclist’s perfor
mance potential. This study explored these relationships in elite male cyclists (N = 17; age: 24.1 ± 3.8  
years; body mass: 66.0 ± 4.8 kg, critical power (CP): 5.5 ± 0.3 W.kg−1) through sprint, torque, and CP tests 
conducted in fresh and after accumulated work. Testing protocols, performed during a pre-season 
training camp, included maximal efforts across varied gear ratios and durations (15 s, 3 min, and 
12 min), under stable environmental conditions (15–20°C). Results revealed reduced power output, 
torque, and cadence after accumulated work compared to fresh conditions (p ≤ .001). Sprint-derived 
maximum torque (Tmax) was strongly correlated with torque intercepts for CP fresh (r = .558, p = .020) and 
after accumulated work (r = .556, p = .020). The cadence relationships demonstrated a large negative 
correlation between maximum cadence (Cmax) and optimum cadence (Copt) from the sprint test and the 
15 s, 3 min and 12 min cadence recorded during CP after accumulated work (r = -0.541 to −0.634, p =  
0.006 to 0.025). These findings highlight that accumulated work-induced reductions in work capacity (W’) 
and CP values were accompanied by lower cadences across all effort durations.

Highlights
● Influence of Accumulated work.

This study underscores the critical impact of accumulated work on cyclists’ performance by revealing 
significant reductions in power output, torque, and cadence under accumulated work critical power 
(CP) conditions compared to fresh conditions.

● Influence of Torque Cadence Dynamics.
Reductions in power output in a homogenous group are mainly explained by reductions in cadence 
and not torque.

● Influence on High-Intensity Training.
These findings highlight the need for incorporating targeted cadence prescriptions to enhance 
performance under both fresh and accumulated work states.

KEYWORDS 
Cycling; testing; high 
performance; sprinting; 
training

Introduction

Cycling performance is a multifaceted interplay between phy
siological, biomechanical, and neuromuscular factors (Faria 
et al., 2009). Among these, the torque–cadence relationship 
plays a pivotal role in determining the power output sustain
ability during high-intensity and prolonged efforts (Leo et al.,  
2023). Torque and cadence, as key determinants of cycling 
power output, vary significantly across efforts of differing inten
sity and duration, and understanding these variations can pro
vide critical insights into fatigue mechanisms and performance 
optimization (Bertucci et al., 2005; Wackwitz et al., 2024).

While critical power (CP) research has traditionally focused on 
bioenergetic characteristics (Moritani et al., 1981), the underlying 
torque-cadence dynamics should not be neglected (Bertron 
et al., 2024; Leo et al., 2023). Torque, defined as the rotational 

force applied to the pedals, and cadence, the rotational velocity, 
together determine power output according to the equation:

Power = Torque × Cadence (Equation 1)
However, the interaction between these variables varies 

across effort durations and fatigue states. For instance, sprint 
cycling performance depends on maximizing the mechanistic 
torque and cadence properties, whereas prolonged efforts 
require a high bioenergetic capacity to sustain power output 
production (Douglas et al., 2021; Poole et al., 2016).

Power output production after accumulated workloads 
introduces additional complexities, altering neuromuscular 
recruitment patterns, reducing maximal torque production, 
and shifting optimal cadence ranges (Foss & Hallén, 2005; 
Lucia et al., 2001; Vercruyssen & Brisswalter, 2010; Vogt et al.,  
2008). Studies have observed that fatigue disproportionately 
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affects torque generation during high-intensity efforts, while 
cadence reductions often accompany prolonged submaximal 
work (Leo et al., 2023; Sanchez-Jimenez et al., 2023).

Prior studies have explored the torque-cadence-power 
dynamics in diverse cycling populations, highlighting their 
implications for sprint performance, prolonged efforts, and 
fatigue resistance (Abbiss & Laursen, 2005; Leo et al., 2023; 
Poole et al., 2016; Sanchez-Jimenez et al., 2023; Wackwitz 
et al., 2024). For example, Leo et al. (2023) demonstrated that 
torque generation primarily drives power output differences 
across heterogeneous groups. However, in homogenous elite 
populations, differences in power output after accumulated 
work are mainly explained by cadence rather torque (Sanchez- 
Jimenez et al., 2023). Sanchez-Jimenez et al. (2023) emphasized 
that reductions in cadence, rather than torque, after accumu
lated work significantly affect power output sustainability.

Building on this foundation, the current study aims to char
acterize the torque-cadence properties of elite male cyclists 
and assess the impact of fatigue on their power output across 
different testing protocols. By incorporating sprint, torque, and 
CP tests (Leo et al., 2021; Taylor et al., 2022), both in a fresh state 
and after accumulated work (Spragg et al., 2022), this study 
attempts to provide a comprehensive evaluation of the torque– 
cadence relationship under varied conditions. Such insights 
could have direct applications in training and competition pre
paration strategies.

For this reason, the authors hypothesized that changes in 
sustained power output are mainly explained by reductions in 
cadence rather than torque.

Materials & methods

Participants

A total of 19 male elite cyclists participated in this study (N = 19, 
age 23.9 ± 3.5 years, body mass 66.4 ± 4.6 kg). All participants 
were active members of a UCI Pro Team at the time of data 
collection, and recruitment was based on voluntary participa
tion. Two cyclists who experienced illness during the assess
ment period were excluded from the analysis which resulted in 
a final N of 17 (age 24.1 ± 3.8 years, body mass 66.0 ± 4.8 kg).

Informed written consent was obtained from each partici
pant after they received both verbal and written explanations 
of the experimental protocol and demonstrated full under
standing of the potential risks. Ethical approval for the study 
was granted by the local ethics committee (code: AGBMG23). 
Conducted within the framework of the team’s service provi
sion, the study adhered to the ethical principles outlined in the 
Declaration of Helsinki.

Design

The study design involved evaluating the torque-cadence- 
power relationship using the field-testing protocol outlined 
by Taylor et al. (2022). Additionally, participants completed 
three exhaustive exercise bouts with a fixed gear ratio (53/14 
or 8.06 m of development). CP tests were conducted in both 
fresh and fatigued states, following the methodology of Spragg 
et al. (2024). All data collection took place during a pre-season 

training camp. The data were subsequently analysed to com
pare torque, cadence, and power output across different test
ing conditions. Since all participants were experienced elite 
cyclists familiar with varying cadences, no familiarization trial 
was deemed necessary.

Testing protocols

All testing was conducted in the same pre-season training 
camp within 1 week and took place in ambient temperatures 
between 15°C and 20°C on flat, traffic-safe roads with gradi
ents less than 2% for the sprint and torque tests, and an 
average gradient of 5.5% for the CP tests. To prevent any 
sampling issues at low cadences, all sprints were performed 
at cadences exceeding 40 rpm. Field power output was mea
sured using a commercially available power meter (Assioma 
Duo, Favero Electronics Srl, Arcade, Italy) with a sampling rate 
of 1 hz, which has been validated in previous research 
(Rodríguez-Rielves et al., 2021). The power meter was cali
brated according to the manufacturer’s specifications, and 
participants were instructed to perform a zero-offset calibra
tion before the sprint profiling session.

Sprint test
The sprint test followed Taylor et al. (2022) protocol. After a 15- 
min individual warm up all participants completed 2 × 6 
s activation sprints (1× seated and 1× standing with 53/16 and 
39/28 gearing, respectively) with a rating of perceived exertion 
(RPE) 8 out of 10 interspersed by 5 min active recovery at an RPE 
of 1–2 out of 10. The main set consisted of 6 × 6 s maximum 
sprints in the order outlined below at an RPE of 10/10 with 5 min 
active recovery in between, at an RPE of 1–2 out of 10.

To cover the whole cadence and torque spectrum gearing 
was varied as follows:

● 1 seated sprint with 39/28 gearing from 40 rpm rolling 
start

● 2 standing sprints with 53-54/15 and 53-54/16 gearing 
from 80rpm rolling start

● 2 standing sprints with 53-54/11 gearing from 40 rpm 
rolling start

● 1 seated sprint with 39/23 gearing from 40 rpm rolling 
start

Critical power test fresh and after accumulated work
The CP protocols followed established methodologies from 
previous research (Spragg et al., 2024), incorporating 15 s, 
3 min and 12 min efforts for both fresh and after accumulated 
work conditions with 10 min active recovery at an RPE of 2 out 
of 10 between the 15 s and 3 min efforts and 30 min active 
recovery between the 3 and 12 min efforts. The CP test after 
accumulated work conditions involved 2500 kJ of total work 
including 5 × 8 min in power zones 3 and 4 corresponding to 
90% to 100% of CP fresh before completing the 15 s, 3 min, and 
12 min efforts. The participants followed their race day nutri
tional targets of ~90 g.h−1 of carbohydrate intake, which has 
been informed by the team’s nutritionist (Peeters et al., 2025). 
All tests were conducted within the first three days of the 
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training camp to ensure participants had adequate recovery 
and maintained high motivation levels.

Torque test
Based on the parameter estimates from the sprint test – max
imum torque (Tmax) and maximum cadence (Cmax) – the parti
cipants completed three exercise bouts to time to task failure 
for 30, 60 and 90 s using a fixed gear ratio of 53/14 which 
corresponds to 8.06 m of development per pedal revolution 
interspersed by 30 min of active recovery. To ensure no gear 
shifting during the trials, the batteries for both the front and 
rear electronic derailleurs were removed.

Data analysis

All data were collected and uploaded to a commercially avail
able training software (TrainingPeaks LLC, Boulder, USA). Data 
files of type.fit were exported and uploaded to a free accessible 
online training analysis software (EnDuRa, Bluecattechnical, 
West Sussex, UK). For sprint test data analysis, the power and 
cadence data were processed using the following equation 2: 

Equation 2, π (Pi) – ratio of a circle’s circumference to its diameter
A linear regression analysis between torque and cadence 

derived Tmax as the y-intercept, Cmax as the x-intercept and Copt 

as half of the x-intercept (Cmax). The parabolic power cadence 
relationship was fitted with a second order polynomial model 
to derive modelled peak power (Pmax) as followed in equa
tion 3: 

Equation 3, Pmax – peak power (W), Copt – optimum cadence
For the CP tests, the inverse of time model, using a least sum 

of squares linear regression analysis, was used to derive the 
power-duration parameter estimates. The intercept of the 
regression line represented CP and the slope the work capacity 
(W´) according to the following equation 4: 

Equation 4, P – power output (W), t – duration of effort (s), CP – 
critical power, W’ – work above CP

The same linear regression analysis was used as in previous 
research (Pethick et al., 2020), to derive the parameter esti
mates of the torque test as well as CP fresh and CP after 
accumulated work according to the following equation: 

Equation 4, T = torque (Nm), t = duration of effort (s)

Statistical analysis

All descriptive data are reported as mean ± standard deviation 
(SD) and mean difference (∆). Data normality was assessed 
using the Shapiro–Wilk test. When the assumption of normal 

distribution was violated, non-parametric tests were employed: 
the Friedman test replaced the two-way analysis of variance 
(ANOVA), and the Spearman rank correlation coefficient sub
stituted the Pearson’s product-moment correlation coefficient, 
with these substitutions explicitly noted. A two-way ANOVA 
(effort duration × test condition) was performed to evaluate 
differences in cadence, torque, and power output across the 
different test modalities (torque test, CP fresh, and CP after 
accumulated work). Sphericity was controlled using Mauchly’s 
test with a Greenhouse Geisser correction. Holm’s test was used 
for pairwise comparisons to determine significance. 
Relationships between torque and cadence across test modal
ities were analyzed using Pearson’s product-moment correla
tion coefficient (r). Furthermore, Pearson’s product-moment 
correlation coefficient (r) was classified as small (0.1–0.3), mod
erate (0.3–0.5), or large (> 0.5) effect, following guidelines of 
Hopkins (2002).

The level of statistical significance (alpha) was set to p < .05 
two tailed. Statistical analyses were conducted using the open- 
source software JASP (version 0.15.1 for Windows, JASP Team, 
Amsterdam, the Netherlands). Graphs and figures were created 
using GraphPad Prism (version 8.0.0 for macOS, GraphPad 
Software, San Diego, USA).

Results

Sprint test

Descriptive data of the power, torque and cadence character
istics of the sprint test are presented in Table 1.

Torque test

Descriptive data of the power, torque and cadence character
istics as well as parameter estimates of the torque test are 
presented in Table 2.

Effort 1 in the torque test revealed significantly higher 
power output and torque compared to effort 2 (∆ = 50 ± 12 
W, 93 ± 7 N.m; p ≤ .001) and effort 3 (∆ = 111 ± 14 W, 128 ± 8 
N.m; p ≤ .001) and effort 2 showed significantly higher power 
output and torque than effort 3 (∆ = 61 ± 8 W, 35 ± 2 N.m; 
p ≤ .001). Cadence, however, was not significantly different 
between efforts 1–3 (p > .05).

Critical power fresh and after accumulated work

Descriptive data of the power, torque and cadence character
istics as well as parameter estimates of the fresh CP test are 
presented in Table 3.

In the CP test, after accumulated work, participants com
pleted a 2500 kJ ride including 5 × 8 min at power zones 3 and 

Table 1. Pmax −5 s maximum power, Tmax – maximum torque, Cmax – maximum 
cadence, Copt – optimum cadence.

Measure

Pmax [W] 1154 ± 10
Tmax [N.m] 211 ± 24
Cmax [rpm] 209 ± 10
Copt [rpm] 104 ± 5
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4 resulting in an average power output of 360 ± 25 W, 5.4 ± 0.3 
W.kg−1 and 95.3 ± 0.6% of CP fresh. In addition, participants 
averaged a cadence of 84 ± 6 rpm and a torque of 41 ± 5 N.m 
(0.6 ± 0.07 N.m.kg−1). Descriptive data from the CP test after 
accumulated work are presented in Table 4.

Power output between during 15 s, 3 min and 12 min efforts 
was significantly lower in CP after accumulated work compared 
to CP fresh (p ≤ .001, see Tables 3 and 4). The power duration 
parameter estimates, CP and W’, were significantly lower during 
CP after accumulated work compared to CP fresh (p ≤ .001, see 

Table 2. Avg – average, CP – critical power, W’ – work capacity, *significantly different to effort 1, 
#significantly different to effort 2, level of statistical significance p < 0.05.

Measure Effort 1 Effort 2 Effort 3

Time [s] 31.4 ± 1.9 59.8 ± 3.4* 90.9 ± 3.3*,#

Avg Power [W] 576 ± 92 526 ± 53* 465 ± 48*,#

Avg Cadence [rpm] 53 ± 8 56 ± 5 54 ± 4
Avg Torque [N.m] 177 ± 35 84 ± 11* 49 ± 5*,#

Parameter Estimates
W’ [J] 1056 ± 642
Torque intercept [N.m, N.m.kg−1] 71 ± 13 1.07 ± 0.2

Table 3. Avg – average, CP – critical power, W’ – work capacity, *significantly different to 15 s effort, 
#significantly different to 3 min effort, level of statistical significance p < 0.05.

Measure 15 s 3 min 12 min

Avg Power [W] 952 ± 103 478 ± 32* 402 ± 25*,#

Avg Cadence [rpm] 113 ± 7 96 ± 4* 92 ± 4*,#

Avg Torque [N.m] 81 ± 10 48 ± 4* 42 ± 3*,#

Parameter Estimates
W’ [kJ] 18.3 ± 5.1
CP [W, W.kg−1] 376 ± 27 5.6 ± 0.4
Torque intercept [N.m, N.m.kg−1] 40 ± 3 0.6 ± 0.05

Table 4. Avg – average, CP – critical power, W’ – work capacity, *significantly different to 15 s effort, 
#significantly different to 3 min effort.

Measure 15 s 3 min 12 min

Avg Power [W] 763 ± 122 462 ± 29* 390 ± 30*,#

Avg Cadence [rpm] 109 ± 5 94 ±4* 89 ± 4*,#

Avg Torque [N.m] 67 ± 12 48 ± 4* 42 ± 4*,#

Parameter Estimates
W’ [kJ] 17.2 ± 4.7
CP [W, W.kg−1] 366 ± 33 5.5 ± 0.5
Torque intercept [N.m, N.m.kg−1] 40 ± 5 0.6 ± 0.07

Figure 1. Torque comparisons between the sprint test, torque test as well as CP fresh and after accumulated work. CP – critical power. Panel (a) represents individual 
torque profile between different test modalities, panel (b) demonstrates torque box plots and panel (c) violin distribution plots of each test modality.
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Tables 3 and 4). The torque recorded during the 15 s sprint was 
significantly higher in the CP fresh condition than in CP after 
accumulated work (∆ = 170 ± 4 N.m, p ≤ .001). However, no sig
nificant differences in torque were observed for the 3 min and 
12 min efforts (p > .05). Cadence was significantly lower during 
the fatigued CP test across all three effort durations (15 s, 
p ≤ .001; 3 min, p = .001 and 12 min, p = .004 – see Tables 3 
and 4).

The torque – cadence relationship between tests

Comparing the intensity and time-dependent relationship of 
the torque recordings (see Figure 1), Tmax from the sprint test 
demonstrated large effects to the torque intercepts of CP fresh 
(r = .558, p = .020) and CP after accumulated work (r = .556, p  
= .020). Similarly, the torque intercept from the torque test 
demonstrated a large effect between the torque intercepts of 
CP fresh (r = .609, p = .010) and CP after accumulated work (r  
= .591, p = .013). Furthermore, a large effect was also found in 
the torque intercepts between CP fresh and CP after accumu
lated work (r = .874, p ≤ .001).

The cadence relationships demonstrated a large negative 
correlation between Cmax and Copt from the sprint test and the 
cadence recorded during the CP after accumulated work. 
Specifically, significant large negative correlations were 
observed for the 15 s effort (Cmax r =-.541, p = .025; Copt r =- 
.551, p = .095), 3 min effort (Cmax r =-.619, p = .008; Copt r =-.620, 
p = .008), and 12 min effort (Cmax r =-.636, p = .006; Copt r =-.634, 
p = .006) see Figure 2.

Discussion

This study found that reductions in power output between 
fresh and after accumulated work are mainly explained by 
reductions in cadence rather than torque. These findings high
light the significant influence of the torque–cadence relation
ship on power output sustainability during prolonged cycling. 
These results not only align with previous research but also 
provide a deeper understanding of how the accumulation of 

work at different intensities affects power output production, 
particularly through the torque and cadence relationship.

Earlier studies have examined the impact of torque and 
cadence on the power profiles of male junior, U23, and elite 
cyclists (Bertron et al., 2024; Hovorka et al., 2022; Leo et al.,  
2023). However, this study characterized elite cyclists based on 
their torque-cadence properties using a series of standardized 
testing protocols to examine the mechanistic and energetic 
limitations of sprint and prolonged maximum work bouts.

Leo et al. (2023) concluded that differences in power output 
across heterogenous groups are primarily affected by the abil
ity of cyclists to generate higher torque. As hypothesized, this 
study found that declines in power output are primarily 
explained by reductions in cadence rather than torque within 
a homogeneous group. These findings are consistent with 
Sanchez-Jimenez et al. (2023), who also reported that, under 
fatigued conditions, power output reductions are more closely 
associated with a drop in cadence than in torque.

Influence of cadence on power output

Research on sprint cycling has shown that cyclists experience 
fatigue with each pedal stroke (Douglas et al., 2021; Gardner 
et al., 2007; Kordi et al., 2020; Wackwitz et al., 2024). This is 
evident from the negative correlations between Cmax and Copt 

from sprint tests observed in the present investigation, as well 
as the cadence reduction observed during CP after accumu
lated work. In addition, cyclists with higher Cmax and Copt tend 
to experience a more rapid decline in cadence during pro
longed efforts. This fatigue pattern can be linked to muscle 
fiber composition, as cyclists exhibiting higher Cmax and Copt 

also show a greater proportion of type IIa muscle fibers (Kordi 
et al., 2020; Wackwitz et al., 2024). It is well known that cycling 
at a frequency of 1 hz (i.e. 60rpm) induces less neuromuscular 
fatigue than cycling at 1.5 hz (90 rpm) or 2 hz (120 rpm) or 
higher (Vercruyssen et al., 2005; Wackwitz et al., 2024). One of 
the potential mechanistic limitations could be the muscle’s 
ability to ‘deactivate’ on the muscle tendon unit (Bieuzen 
et al., 2007; Klich et al., 2024). This becomes even more relevant 
in gear-restricted events such as track cycling events, where 
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cyclists need to optimize the gear ratio to fully utilize the 
energetic contribution for power production while optimizing 
the energetic cost of pedalling (Babault et al., 2018; Boillet et al.,  
2024; Mognoni & diPrampero, 2003; Pugh et al., 2022; Wackwitz 
et al., 2024). While the freely chosen cadence also known as 
preferred cadence, is mainly influenced by training status, the 
optimum cadence reflects more the strength capabilities of 
a cyclist (Bertucci et al., 2005; Bieuzen et al., 2007; Foss & 
Hallén, 2005; Lucia et al., 2001; Reed et al., 2016; Vercruyssen 
& Brisswalter, 2010).

Influence of torque on power output

Previous research on the mechanistic properties of torque 
production during severe intensity exercise reported a ‘critical 
torque’ for peripheral limitation (Pethick et al., 2020). The same 
concept was applied in this study where cyclists performed 
a torque test with three gear-restricted efforts (e.g. gear ratio 
53/14, 102.2 gear inches and 7.93 m of development) over 30, 
60 and 90 s in the extreme domain (Alexander et al., 2019). The 
rational for choosing efforts shorter than 90s was to reach 
peripheral failure, before systemic failure e.g. attaining max
imum oxygen uptake (Morton & Billat, 2000; Poole & Jones,  
2012). The torque intercept of those three efforts revealed an 
average of 71 ± 13 N.m or 1.08 ± 0.20 N.m.kg−1. The goal of this 
test was to examine the sustained torque delivery, while parti
cipants were not able to use optimal or freely chosen cadence 
(Vercruyssen & Brisswalter, 2010; Vercruyssen et al., 2005). 
Contrary to the CP testing, where participants could ride at 
optimum or freely chosen cadence (Reed et al., 2016). 
Interestingly, the sustained torque during both the fresh (40  
± 3 N.m; 0.60 ± 0.04 N.m.kg−1) and CP after accumulated work 
(40 ± 5 N.m; 0.60 ± 0.07 N.m.kg−1) was significantly lower than 
in the torque test indicating that the participants only use 57% 
of their sustained torque ability. One possible explanation 
could be that participants try to avoid peripheral failure and 
reach a ‘critical torque’ level (Pethick et al., 2020); therefore, 
they optimize cadence through gear selection and shifting 
(Bertron et al., 2024; Sanchez-Jimenez et al., 2023; Vercruyssen 
& Brisswalter, 2010). This neuromuscular pattern is associated 
with the excitation-contraction coupling of myocytes and 
reflects an imbalance in intramuscular homeostasis, marked 
by the accumulation of inorganic phosphate and hydrogen 
ions. These factors disrupt the calcium release complex, ulti
mately leading to muscle impairment (Allen et al., 2008).

The Torque - cadence relationship after accumulated work

Fatigue-induced reductions in torque and cadence, particularly 
during the 15 s sprint, align with the physiological effects of 
neuromuscular fatigue described above and are linked to per
ipheral limitations (Ducrocq & Blain, 2022). The observed 
declines in 3 and 12 min power outputs during the CP test 
after accumulated work corroborate prior findings that high
light systemic limitations by altering the CP and W′ relationship 
(Leo et al., 2020, 2022, 2023; Spragg et al., 2022).

Interestingly, cadence reductions after accumulated work 
were consistent across all effort durations, suggesting 
a combined effect of peripheral and systemic fatigue on 

pedaling dynamics. This observation is consistent with the 
findings of Dunst et al. (2024), which demonstrated that opti
mal cadence decreases in an intensity-dependent manner. 
These reductions in cadence likely reflect a shift towards 
greater reliance on torque to sustain power during prolonged 
efforts (Leo et al., 2023). Systemic failure to sustain a given 
power output may be characterized by an inability to maintain 
cadence at the athlete’s preferred torque relative to their 
energy expenditure rate (Dunst et al., 2024). Consequently, an 
intensity-dependent torque–cadence relationship emerges, 
where athletes seek an optimal pedaling dynamic to achieve 
the required power output (Ducrocq et al., 2021; Dunst et al.,  
2024; Reed et al., 2016)

Limitations

This study has several limitations that should be considered 
when interpreting the findings. First, the small sample size (N =  
17) and population were elite male cyclists from 
a homogeneous group, which limits the generalizability of the 
results to other populations, such as female cyclists, amateur 
athletes, or different age groups (juniors, U23, senior). 
Additionally, the field-based testing environment, while ecolo
gically valid, introduces potential variability in environmental 
conditions (e.g. road surface, and pacing) that could have 
influenced performance outcomes. RPE information was 
assessed where possible; however, due to the lack of 
a continuous record, this variable was excluded from further 
data analysis. The sampling rate of 1 hz used for power output 
data collection may also pose a limitation, as higher-frequency 
sampling rate (e.g. 20 hz) could provide a more detailed insight 
into instantaneous fluctuations in torque and cadence readings 
at power outputs above 650 W (Rodríguez-Rielves et al., 2021). 
Furthermore, the reliability and validity of the power meters 
used in this study must be acknowledged, as any inaccuracies 
in these devices could introduce measurement errors that 
affect the interpretation of torque and power output data 
(Maier et al., 2017; Salas-Montoro et al., 2025).

Conclusion

The findings of this study have important implications for both 
training and competition strategies in elite cycling. The 
observed reductions in power output after accumulated work, 
driven primarily by declines in cadence rather than torque, 
suggest that optimizing cadence is critical for sustaining per
formance during prolonged efforts. Coaches and athletes 
should consider incorporating cadence-specific high-intensity 
training to enhance the ability to maintain higher cadences 
after accumulated work (Whitty et al., 2016). Additionally, the 
significant relationships between torque-cadence properties 
and critical power parameters indicate that tailored training 
protocols targeting both maximum torque and optimal 
cadence could improve overall cycling performance in the field.

Future directions

Building on the findings of this study, future research should 
aim to explore the torque–cadence relationship across more 
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diverse populations, including different competitive levels, age 
groups, and genders. Longitudinal studies could investigate 
how these relationships evolve over time with targeted training 
interventions. Furthermore, incorporating biomechanical and 
physiological assessments, such as muscle fiber composition, 
could provide a more comprehensive understanding of the 
mechanisms underlying cadence and torque adaptations. 
Finally, advancements in wearable technology and real-time 
data analysis could enable more precise monitoring and opti
mization of cadence-torque dynamics during training and com
petition, offering new avenues for performance improvements.

Acknowledgments

We would like to thank all participants for dedicating their time and effort 
towards this study. We also would like to thank Alexander Bird, Toby 
Edwards, Jim Martin and Scott Gardner for their expert opinions. 
Additionally, we appreciate the valuable input of Dieter Simon, Alex 
Camier and Josh Hunt during the writing and review process.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

This article was supported by the Open Access funding from University of 
Innsbruck.

ORCID

Peter Leo http://orcid.org/0000-0002-4501-7688

Author contributions

All authors equally contributed to the production of the manuscript. PL, AB 
and IM provided the theoretical framework. PL and AB developed the 
methodological approach. AG and BGM completed the data assessment. 
PL analyzed the results and completed the writing of the manuscript. AB, JH 
and IM revised the manuscript and provided feedback.

References

Abbiss, C. R., & Laursen, P. B. (2005). Models to explain fatigue during 
prolonged endurance cycling. Sports Medicine, 35(10), 865–898. https:// 
doi.org/10.2165/00007256-200535100-00004  

Alexander, A. M., Barstow, T. J., Ade, C. J., Didier, K. D., Hammer, S. M., 
Dzewaltowski, A. C., Kriss, K. N., Lovoy, G. M., Hammer, J. L., Smith, J. R., 
Ade, C. J., Broxterman, R. M., Barstow, T. J., & Alexander, A. M. (2019). 
Exercise tolerance through severe and extreme intensity domains fund
ing information. Physiological Reports, 7(5). https://doi.org/10.14814/ 
phy2.14014  

Allen, D. G., Lamb, G. D., & Westerblad, H. (2008). Skeletal muscle fatigue: 
Cellular mechanisms. Physiological Reviews, 88(1), 287–332. https://doi. 
org/10.1152/physrev.00015.2007  

Babault, N., Poisson, M., Cimadoro, G., Cometti, C., & Païzis, C. (2018). 
Performance determinants of fixed gear cycling during criteriums. 
European Journal of Sport Science, 18(9), 1199–1207. https://doi.org/10. 
1080/17461391.2018.1484177  

Bertron, Y., Bowen, M., Samozino, P., Leo, P., Pacot, A., Quiclet, J.-B., 
Hintzy, F., & Morel, B. (2024). In situ power–cadence relationship for 2-, 
5-, and 20-minute duration: A proof of concept in under-19 cyclists. 

Int J Sport Physiol Perform, 19(8), 738–746. https://doi.org/10.1123/ 
ijspp.2023-0207  

Bertucci, W., Grappe, F., Girard, A., Betik, A., & Rouillon, J. D. (2005). Effects 
on the crank torque profile when changing pedalling cadence in level 
ground and uphill road cycling. Journal of Biomechanics, 38(5), 
1003–1010. https://doi.org/10.1016/j.jbiomech.2004.05.037  

Bieuzen, F., Lepers, R., Vercruyssen, F., Hausswirth, C., & Brisswalter, J. (2007). 
Muscle activation during cycling at different cadences: Effect of maximal 
strength capacity. Journal of Electromyography and Kinesiology, 17(6), 
731–738. https://doi.org/10.1016/J.JELEKIN.2006.07.007  

Boillet, A., Noble, M., Sachet, I., Messonnier, L. A., & Cohen, C. (2024). 
Individualized optimal strategy in team pursuit for track cycling. 
Scientific Reports, 14(1), 1–15. https://doi.org/10.1038/s41598-024- 
75963-4  

Douglas, J., Ross, A., & Martin, J. C. (2021). Maximal muscular power: Lessons 
from sprint cycling. Sports Medicine - Open, 7(1), 48–63. https://doi.org/ 
10.1186/s40798-021-00341-7  

Ducrocq, G. P., & Blain, G. M. (2022). Relationship between neuromuscular 
fatigue, muscle activation and the work done above the critical power 
during severe-intensity exercise. Experimental Physiology, 107(4), 
312–325. https://doi.org/10.1113/EP090043  

Ducrocq, G. P., Hureau, T. J., Bøgseth, T., Meste, O., & Blain, G. M. (2021). 
Recovery from fatigue after cycling time trials in elite endurance 
athletes. Medicine and Science in Sports and Exercise, 53(5), 904–917.  
https://doi.org/10.1249/MSS.0000000000002557  

Dunst, A. K., Hesse, C., Ueberschär, O., Cè, E., Faelli, E., & Faulkner, S. H. 
(2024). Understanding optimal cadence dynamics: A systematic analysis 
of the power-velocity relationship in track cyclists with increasing exer
cise intensity. Frontiers in Physiology, 15(1). https://doi.org/10.3389/ 
fphys.2024.1343601  

Faria, E. W., Parker, D. L., & Faria, I. E. (2009). The science of 
cycling-physiology and training-part 1. Sports Medicine, 35(4), 285.  
https://doi.org/10.2165/00007256-200535040-00002  

Foss, Ø., & Hallén, J. (2005). Cadence and performance in elite cyclists. 
European Journal of Applied Physiology, 93(4), 453–462. https://doi.org/ 
10.1007/s00421-004-1226-y  

Gardner, A. S., Martin, J. C., Martin, D. T., Barras, M., & Jenkins, D. G. (2007). 
Maximal torque-and power-pedaling rate relationships for elite sprint 
cyclists in laboratory and field tests. European Journal of Applied 
Physiology, 101(3), 287–292. https://doi.org/10.1007/s00421-007-0498-4  

Hopkins, W. G. (2002). A scale of magnitudes for effect statistics. A New View 
of Statistics, 502, 411. https://www.sportsci.org/resource/stats/effect 
mag.html .

Hovorka, M., Leo, P., Simon, D., Prinz, B., & Nimmerichter, A. (2022). Effects of 
flat and uphill cycling on the power-duration relationship. International 
Journal of Sports Medicine, 1(aop), 1–9.

Klich, S., Michalik, K., Pietraszewski, B., Hansen, E. A., Madeleine, P., & 
Kawczyński, A. (2024). Effect of applied cadence in repeated sprint 
cycling on muscle characteristics. European Journal of Applied 
Physiology, 124(5), 1609–1620. https://doi.org/10.1007/s00421-023- 
05393-z  

Kordi, M., Folland, J., Goodall, S., Haralabidis, N., Maden Wilkinson, T., Sarika 
Patel, T., Leeder, J., Barratt, P., & Howatson, G. (2020). Mechanical and 
morphological determinants of peak power output in elite cyclists. 
Scandinavian Journal of Medicine & Science in Sports, 30(2), 227–237.  
https://doi.org/10.1111/sms.13570  

Leo, P., Giorgi, A., Spragg, J., Martinez-Gonzalez, B., & Mujika, I. (2022). Die 
Auswirkung vorangegangener akkumulierter Belastung und Intensität 
auf die Kraftleistung bei Elite/Internationalen Straßenradrennfahrern – 
eine Pilotstudie. German Journal of Exercise and Sport Research, 52(4), 
673–677. https://doi.org/10.1007/s12662-022-00818-x  

Leo, P., Mateo-March, M., Valenzuela, P. L., Muriel, X., Gandía-Soriano, A., 
Giorgi, A., Zabala, M., Barranco-Gil, D., Mujika, I., Pallarés, J. G., & Lucia, A. 
(2023). Influence of torque and cadence on power output production in 
cyclists. International Journal of Sports Physiology & Performance, 18(1), 
27–36. https://doi.org/10.1123/ijspp.2022-0233  

Leo, P., Spragg, J., Menz, V., Lawley, D., Mujika, I., & Simon, J. S. (2020). Power 
profiling and workload characteristics in U23 and professional cyclists 
during the multistage race “Tour of the Alps”. International Journal of 

JOURNAL OF SPORTS SCIENCES 7

https://doi.org/10.2165/00007256-200535100-00004
https://doi.org/10.2165/00007256-200535100-00004
https://doi.org/10.14814/phy2.14014
https://doi.org/10.14814/phy2.14014
https://doi.org/10.1152/physrev.00015.2007
https://doi.org/10.1152/physrev.00015.2007
https://doi.org/10.1080/17461391.2018.1484177
https://doi.org/10.1080/17461391.2018.1484177
https://doi.org/10.1123/ijspp.2023-0207
https://doi.org/10.1123/ijspp.2023-0207
https://doi.org/10.1016/j.jbiomech.2004.05.037
https://doi.org/10.1016/J.JELEKIN.2006.07.007
https://doi.org/10.1038/s41598-024-75963-4
https://doi.org/10.1038/s41598-024-75963-4
https://doi.org/10.1186/s40798-021-00341-7
https://doi.org/10.1186/s40798-021-00341-7
https://doi.org/10.1113/EP090043
https://doi.org/10.1249/MSS.0000000000002557
https://doi.org/10.1249/MSS.0000000000002557
https://doi.org/10.3389/fphys.2024.1343601
https://doi.org/10.3389/fphys.2024.1343601
https://doi.org/10.2165/00007256-200535040-00002
https://doi.org/10.2165/00007256-200535040-00002
https://doi.org/10.1007/s00421-004-1226-y
https://doi.org/10.1007/s00421-004-1226-y
https://doi.org/10.1007/s00421-007-0498-4
https://www.sportsci.org/resource/stats/effectmag.html
https://www.sportsci.org/resource/stats/effectmag.html
https://doi.org/10.1007/s00421-023-05393-z
https://doi.org/10.1007/s00421-023-05393-z
https://doi.org/10.1111/sms.13570
https://doi.org/10.1111/sms.13570
https://doi.org/10.1007/s12662-022-00818-x
https://doi.org/10.1123/ijspp.2022-0233


Sports Physiology & Performance, 16(8), 1089–1095. https://doi.org/10. 
1123/ijspp.2020-0381  

Leo, P., Spragg, J., Podlogar, T., Lawley, J. S., & Mujika, I. (2021). Power 
profiling and the power-duration relationship in cycling: A narrative 
review. European Journal of Applied Physiology, 122(2), 301–316.  
https://doi.org/10.1007/s00421-021-04833-y  

Lucia, A., Hoyos, J., & Chicharro, J. (2001). Preferred pedalling cadence in 
professional cycling. Medicine and Science in Sports and Exercise, 33(8), 
1361–1366. https://doi.org/10.1097/00005768-200108000-00018  

Maier, T., Schmid, L., Müller, B., Steiner, T., & Wehrlin, J. P. (2017). Accuracy of 
cycling power meters against a mathematical model of treadmill cycling. 
International Journal of Sports Medicine, 38(6), 456–461. https://doi.org/ 
10.1055/s-0043-102945  

Mognoni, P., & diPrampero, P. E. (2003). Gear, inertial work and road slopes as 
determinants of biomechanics in cycling. European Journal of Applied 
Physiology, 90(3–4), 372–376. https://doi.org/10.1007/s00421-003-0948-6  

Moritani, T., Ata, A. N., Devries, H. A., & Muro, M. (1981). Critical power as 
a measure of physical work capacity and anaerobic threshold. 
Ergonomics, 24(5), 339–350. https://doi.org/10.1080/001401381 
08924856  

Morton, R. H., & Billat, V. (2000). Maximal endurance time at VO2max. 
Medicine and Science in Sports and Exercise, 32(8), 1496–1504. https:// 
doi.org/10.1097/00005768-200008000-00020  

Peeters, W. M., Barrett, M., & Podlogar, T. (2025). What is a cycling race 
simulation anyway: A review on protocols to assess durability in cycling. 
European Journal of Applied Physiology, 1–22. https://doi.org/10.1007/ 
s00421-025-05725-1  

Pethick, J., Winter, S. L., & Burnley, M. (2020). Physiological evidence that the 
critical torque is a phase transition, not a threshold. Medicine and Science 
in Sports and Exercise, 52(11), 2390–2401. https://doi.org/10.1249/MSS. 
0000000000002389  

Poole, D. C., Burnley, M., Vanhatalo, A., Rossiter, H. B., & Jones, A. M. (2016). 
Critical power: An important fatigue threshold in exercise physiology. 
Medicine and Science in Sports and Exercise, 48(11), 2320–2334. https:// 
doi.org/10.1249/MSS.0000000000000939  

Poole, D. C., & Jones, A. M. (2012). Oxygen uptake kinetics. Compreh Physiol, 
2(2), 933–996. https://doi.org/10.1002/cphy.c100072  

Pugh, C. F., Beaven, C. M., Ferguson, R. A., Driller, M. W., Palmer, C. D., & 
Paton, C. D. (2022). Critical power, work capacity, and recovery charac
teristics of team-pursuit cyclists. International Journal of Sports 
Physiology & Performance, 17(11), 1606–1613. https://doi.org/10.1123/ 
ijspp.2021-0478  

Reed, R., Scarf, P., Jobson, S. A., & Passfield, L. (2016). Determining optimal 
cadence for an individual road cyclist from field data. European Journal 
of Sport Science, 16(8), 903–911. https://doi.org/10.1080/17461391.2016. 
1146336  

Rodríguez-Rielves, V., Lillo-Beviá, J. R., Buendía-Romero, Á., Martínez-Cava, 
A., Hernández-Belmonte, A., Courel-Ibáñez, J., & Pallarés, J. G. (2021). Are 

the assioma Favero power meter pedals a reliable tool for monitoring 
cycling power output? Sensors (Switzerland), 21(8), 2789. https://doi.org/ 
10.3390/S21082789  

Salas-Montoro, J.-A., Valdivia-Fernández, I., Rozas, A. D., Reyes-Sánchez, J.- 
M., Zabala, M., & Pérez-Díaz, J.-J. (2025). Do power meter data depend on 
the device on which they are collected? Comparison of eleven different 
recordings. Sensors (Switzerland), 25(2), 295. https://doi.org/10.3390/ 
s25020295  

Sanchez-Jimenez, J. L., Lorente-Casaus, C., Jimenez-Perez, I., 
Gandía-Soriano, A., Carpes, F. P., & Priego-Quesada, J. I. (2023). Acute 
effects of fatigue on internal and external load variables determining 
cyclists’ power profile. Journal of Sports Sciences, 41(6), 526–535. https:// 
doi.org/10.1080/02640414.2023.2227523  

Spragg, J., Leo, P., Giorgi, A., Gonzalez, B. M., & Swart, J. (2024). The intensity 
rather than the quantity of prior work determines the subsequent down
ward shift in the power duration relationship in professional cyclists. 
European Journal of Sport Science, 24(4), 449–457. https://doi.org/10. 
1002/ejsc.12077  

Spragg, J., Leo, P., & Swart, J. (2022). The relationship between physiological 
characteristics and durability in male professional cyclists. Medicine and 
Science in Sports and Exercise, 55(1), 133–140. https://doi.org/10.1249/ 
MSS.0000000000003024  

Taylor, K., Deckert, S., & Sanders, D. (2022). Field-testing to determine 
power – cadence and torque – cadence profiles in professional road 
cyclists. European Journal of Sport Science, 23(7), 1085–1093. https://doi. 
org/10.1080/17461391.2022.2095307  

Vercruyssen, F., & Brisswalter, J. (2010). Which factors determine the freely 
chosen cadence during submaximal cycling? Journal of Science & 
Medicine in Sport, 13(2), 225–231. https://doi.org/10.1016/J.JSAMS.2008. 
12.631  

Vercruyssen, F., Suriano, R., Bishop, D., Hausswirth, C., & Brisswalter, J. 
(2005). Cadence selection affects metabolic responses during cycling 
and subsequent running time to fatigue. British Journal of Sports 
Medicine, 39(5), 267–272. https://doi.org/10.1136/bjsm.2004.011668  

Vogt, S., Roecker, K., Schumacher, Y. O., Pottgiesser, T., Dickhuth, H. H., 
Schmid, A., & Heinrich, L. (2008). Cadence-power-relationship during 
decisive mountain ascents at the Tour de France. International Journal 
of Sports Medicine, 29(3), 244–250. https://doi.org/10.1055/s-2007- 
965353  

Wackwitz, T., Minahan, C., Menaspà, P., Crampton, M., & Bellinger, P. (2024). 
The influence of cadence on fatigue during maximal sprint cycling in 
world-class and elite sprint cyclists. Journal of Sports Sciences, 41(24), 
2229–2235. https://doi.org/10.1080/02640414.2024.2319407  

Whitty, A. G., Murphy, A. J., Coutts, A. J., & Watsford, M. L. (2016). The effect 
of low- vs high-cadence interval training on the freely chosen cadence 
and performance in endurance-trained cyclists. Applied Physiology, 
Nutrition, and Metabolism, 41(6), 666–673. https://doi.org/10.1139/ 
apnm-2015-0562

8 P. LEO ET AL.

https://doi.org/10.1123/ijspp.2020-0381
https://doi.org/10.1123/ijspp.2020-0381
https://doi.org/10.1007/s00421-021-04833-y
https://doi.org/10.1007/s00421-021-04833-y
https://doi.org/10.1097/00005768-200108000-00018
https://doi.org/10.1055/s-0043-102945
https://doi.org/10.1055/s-0043-102945
https://doi.org/10.1007/s00421-003-0948-6
https://doi.org/10.1080/00140138108924856
https://doi.org/10.1080/00140138108924856
https://doi.org/10.1097/00005768-200008000-00020
https://doi.org/10.1097/00005768-200008000-00020
https://doi.org/10.1007/s00421-025-05725-1
https://doi.org/10.1007/s00421-025-05725-1
https://doi.org/10.1249/MSS.0000000000002389
https://doi.org/10.1249/MSS.0000000000002389
https://doi.org/10.1249/MSS.0000000000000939
https://doi.org/10.1249/MSS.0000000000000939
https://doi.org/10.1002/cphy.c100072
https://doi.org/10.1123/ijspp.2021-0478
https://doi.org/10.1123/ijspp.2021-0478
https://doi.org/10.1080/17461391.2016.1146336
https://doi.org/10.1080/17461391.2016.1146336
https://doi.org/10.3390/S21082789
https://doi.org/10.3390/S21082789
https://doi.org/10.3390/s25020295
https://doi.org/10.3390/s25020295
https://doi.org/10.1080/02640414.2023.2227523
https://doi.org/10.1080/02640414.2023.2227523
https://doi.org/10.1002/ejsc.12077
https://doi.org/10.1002/ejsc.12077
https://doi.org/10.1249/MSS.0000000000003024
https://doi.org/10.1249/MSS.0000000000003024
https://doi.org/10.1080/17461391.2022.2095307
https://doi.org/10.1080/17461391.2022.2095307
https://doi.org/10.1016/J.JSAMS.2008.12.631
https://doi.org/10.1016/J.JSAMS.2008.12.631
https://doi.org/10.1136/bjsm.2004.011668
https://doi.org/10.1055/s-2007-965353
https://doi.org/10.1055/s-2007-965353
https://doi.org/10.1080/02640414.2024.2319407
https://doi.org/10.1139/apnm-2015-0562
https://doi.org/10.1139/apnm-2015-0562

	Abstract
	Abstract
	Introduction
	Materials & methods
	Participants
	Design
	Testing protocols
	Sprint test
	Critical power test fresh and after accumulated work
	Torque test

	Data analysis
	Statistical analysis

	Results
	Sprint test
	Torque test
	Critical power fresh and after accumulated work
	The torque – cadence relationship between tests

	Discussion
	Influence of cadence on power output
	Influence of torque on power output
	The Torque - cadence relationship after accumulated work
	Limitations

	Conclusion
	Future directions

	Acknowledgments
	Disclosure statement
	Funding
	ORCID
	Author contributions
	References

