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Abstract

This study examined the effects of cadence and torque on fatigue-related power output
(PO) decline in professional cyclists during the Five Monuments, comparing top-5 finishers
with cyclists ranked from 6th to 30th. Retrospective data from 64 male cyclists (top-5
n =14, top-30 n = 42) in the 2021-2023 Five Monuments were analyzed. PO, cadence, and
torque profiles were constructed for 10 s, 1 min, 5 min, and 20 min maximal mean power
efforts and after 30-60 kJ-kg ! workloads. Repeated-measures ANOVA assessed group
differences, and Pearson correlations evaluated variable relationships under fatigue. Top-5
finishers exhibited higher PO (e.g., 20 min: p = 0.003; 60 kJ-kg ~!: p < 0.001) and torque (e.g.,
20 min at 60 kJ-kg ~!: p < 0.001) compared to cyclists ranked 6th to 30th. They also displayed
lower cadence during 10 s efforts at 50-60 kJ-kg~! (p = 0.008). Top-5 cyclists maintained
stable PO and torque beyond 60 kJ-kg~!, whereas the top-30 group showed significant
declines (p < 0.001). Torque was strongly correlated with PO (r = 0.6-0.9, p < 0.001), while
cadence showed a weaker correlation (r = 0.1-0.5). Top-5 cyclists show greater durability,
sustaining higher torque and power output during prolonged efforts with minimal cadence
changes. These biomechanical traits distinguish elite performers in the Five Monuments
and underscore the value of training for torque sustainability and fatigue resistance.

Keywords: cycling performance; cadence; torque; fatigue; durability; Monuments

1. Introduction

Professional cycling demands a combination of physiological, biomechanical, and
tactical excellence, particularly in the most prestigious one-day races, the Five Monuments
of Cycling—Milan-San Remo, Tour of Flanders, Paris-Roubaix, Liege-Bastogne-Liége, and
Il Lombardia. These races are characterized by extreme distances (ranging from approxi-
mately 240 to 300 km), intense workloads, and challenging terrain—often hilly or featuring
cobblestone sections—making them a benchmark for evaluating the capabilities of elite
cyclists [1]. Success in these events requires not only peak power output (PO) but also the
ability to sustain performance under increasing fatigue [2]. This ability to maintain high PO
despite accumulating fatigue, known as durability, is a key determinant of performance in
professional cycling [3]. Previous studies have shown that World Tour cyclists outperform
their ProTeam counterparts in terms of mean maximal power (MMP) and durability, espe-
cially under workloads exceeding 7.5 k]-kg ! [4]. This superior durability is attributed to
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training adaptations, such as improved metabolic efficiency (e.g., shifting to a more efficient
and preferential substrate oxidation), and optimized recovery strategies, which enable these
athletes to sustain higher outputs over prolonged efforts [5,6]. Although much research has
focused on multi-stage events like the Grand Tours [7-11], studies examining the specific
demands of these Monuments are limited. These races present unique physiological and
biomechanical challenges, as they condense extreme workloads into a single, prolonged
day of competition—typically lasting six hours or more—with repeated high-intensity
efforts and technical demands such as cobblestone sections. Unlike Grand Tours, where
riders must manage cumulative fatigue over consecutive days, the Monuments require
cyclists to optimize performance in one decisive event [12].

While PO is well-studied, less is known about how cadence—the pedaling rate
measured in revolutions per minute—and torque—the rotational force applied to the
crank—interact with fatigue and influence success in these events [3,13]. Cadence and
torque distribution play a crucial role in cycling efficiency, as they determine the neuro-
muscular and metabolic demands placed on the rider during prolonged efforts [14,15].
Biomechanical models emphasize the role of muscles as elastic energy return systems,
which not only produce torque but also store and release energy efficiently, reducing the
torque required for pedaling, enhancing movement economy, and delaying fatigue accu-
mulation [16]. In cycling, this suggests that optimizing torque throughout the pedaling
cycle can help maintain power output while reducing fatigue-related declines in cadence
and neuromuscular efficiency. This model complements previous research indicating that
an optimal balance between cadence and torque can minimize energy expenditure while
sustaining high PO during repeated high-intensity efforts [17]. In prolonged endurance
events, fatigue-induced changes in cadence and torque application can lead to alterations in
muscle recruitment patterns, potentially affecting performance outcomes [18]. For instance,
reductions in cadence and increases in torque have been observed as fatigue progresses,
potentially increasing muscular strain and energy cost [19]. Conversely, an excessive re-
liance on high cadences may lead to greater cardiovascular stress, further challenging
the ability to sustain performance [20]. These biomechanical adjustments under fatigue
may be particularly relevant in the Monuments, where terrain variability, cobbled sections,
and steep climbs require continuous adaptations in pedaling mechanics [2]. Despite the
recognized importance of cadence and torque in cycling performance, their role in one-day
races remains underexplored. Understanding how professional cyclists regulate these
parameters in response to increasing workload and fatigue could provide new insights into
the determinants of success in professional cycling. Therefore, the aim of this study is to
determine how torque and cadence change when fatigue produces a power output decline.
We hypothesize that cadence will decrease in association with reductions in power output
under fatigued conditions.

2. Materials and Methods
2.1. Participants

This study included 64 professional male cyclists, classified by performance level into
two groups, based on a previous study [21]: those who achieved a top-5 finish (n = 14)
and those ranked between 6th and 30th positions (top-30; n = 42). Table 1 details the
characteristics of the groups. Data were collected from single-day cycling races, referred
to as the Monuments (Milan-San Remo, Tour of Flanders, Paris-Roubaix, Liege-Bastogne-
Liege, and Il Lombardia), conducted between 2021 and 2023. For comparison purposes,
we specifically included Monument races where cyclists secured a top-30 placement, as
these performances are likely to reflect maximal effort aimed at achieving victory, in
contrast to lower-ranked finishes where team strategies or individual priorities might lead
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to submaximal efforts. This study adhered to the principles outlined in the Declaration
of Helsinki, with all participants providing written informed consent. The protocol was
approved by the Institutional Review Board.

Table 1. Descriptive characteristics of the cyclists included in the study based on the final race
classification (top-5 vs. top-30 cyclists).

Characteristic (;fo=pi451) (1: Offzo) 95% CI Bottom  95% CI Top p Value (d)

Body mass (kg) 70.6 +£ 6.8 70.9 + 5.6 —4 33 0.864 (0.05)
Height (cm) 1.82 + 0.05 1.81 + 0.05 —0.020 0.050 0.382 (0.2)

BMI (kg-m~?2) 212 +£1.1 21.714 -1.3 0.4 0.276 (0.3)

Result in the race 3+2 18+7 -19 —11 <0.001 (2.3)
Average power (W) 259 + 39 254 + 28 —14 24 0.614 (0.2)
Peak Power (W) 1198 + 195 1185 + 142 -84 109 0.795 (0.1)
Normalized Power (W) 316 £ 33 308 £ 25 -9 25 0.357 (0.3)
Compound Score (W2-kg™1) 3443 4+ 523 3063 £ 518 59 701 0.021 (0.7)
Work (kJ) 5902 + 765 5587 + 552 —148 640 0.353 (0.5)

The comparisons between groups were conducted using Student’s t-test for parametric variables and the
Mann-Whitney U test for non-parametric variables. Data are presented as mean + SD. d = effect size; 95%
CI = 95% confidence interval.

2.2. Sample Estimation and Justification

The required sample size to detect differences in PO, cadence, and torque between
groups was estimated using a repeated-measures ANOVA design (within-between inter-
action), considering two groups and six repeated measurements. Based on an expected
medium effect size (Cohen’s f = 0.3) considering the results of a previous study [20], a
statistical power of 95%, and a significance level of 5%, the estimated minimum sample size
was 14 participants. The calculation was performed using G*Power 3.1 software (University
of Diisseldorf, Diisseldorf, Germany).

2.3. Study Design

The present study followed an observational, retrospective design. Race files were
collected retrospectively along with race results and descriptive characteristics (e.g., age,
body mass, and height). Each race file was then analyzed to extract power output, torque,
and cadence data, which were used to construct performance profiles from fresh to fa-
tigued states.

2.4. Dataset

Athletes provided competition data recorded through their performance tracking
devices (e.g., Garmin, Lenexa, KA, USA; Wahoo Fitness, Atlanta, GA, USA), which were
exported in “.fit” format. The tracking devices were employed only for data recording
purposes. The dataset included variables such as time, location, distance, elevation, PO,
cadence and calculated torque sampled and processed at 1 s intervals (1 Hz). No signifi-
cant effect of the cycling computer was expected under steady-load conditions or when
analyzing mean maximal values [22].

2.5. Measures

PO data were reviewed visually to identify and address potential anomalies, com-
monly referred to as “spikes”. Each PO data point was scrutinized for irregular or extreme
values using dedicated software (WKO5 Build 576; TrainingPeaks LLC, Boulder, CO, USA).
Any identified anomalies were manually corrected utilizing the software’s Data Spike ID
and FIX chart, particularly for abrupt, non-linear changes in the maximum PO values



Sports 2025, 13, 406

40f 10

recorded for each effort duration. The analysis included only PO data captured during the
races, explicitly excluding warm-ups, cool-downs, and recovery activities. All cyclists used
their team-provided bicycles, which were individually configured to their preferences.

Performance was evaluated by constructing power profiles across all races. The MMP
values for 10 s, 1 min, 5 min, and 20 min were calculated for each cyclist using all available
race data. These effort durations are commonly employed in cycling performance analysis,
as reported in a recent systematic review [23], due to their distinct physiological emphasis.
Once these best efforts were identified, the corresponding mean cadence and torque values
were extracted to create cadence and torque profiles derived from the record power profile.
These additional profiles were used to identify whether potential reductions in power
output with increasing fatigue were primarily associated with changes in torque or cadence.
Torque was calculated using the equation: Torque = PO =+ (cadence x 7 + 30), as described
by Gardner et al. [3], and cadence was directly obtained from files. In addition, MMP,
cadence, and torque values were calculated for the aforementioned durations after varying
levels of accumulated work (30, 40, 50, and 60 kJ-kg~!). The cyclist’s maximal performance
before the accumulation of substantial fatigue was defined as the “fresh” state. A compound
score (W2-kg~1) was calculated as the product of absolute power output for the 5 min mean
maximal value (W) and relative power output (W-kg 1), providing an integrated indicator
of cycling performance [24].

2.6. Statistical Analysis

All analyses were performed using R software (R Core Team, Vienna, Austria) through
RStudio (version 4.2.0). Data are reported as mean =+ standard deviation (SD). Normality of
the data was assessed using the Shapiro-Wilk test. Homogeneity of variances was assessed
using Levene’s test, and Welch's t-test was applied if variances were unequal. Separate
repeated-measures ANOVAs with Bonferroni post hoc adjustments were conducted for
each effort duration (i.e., separate analyses for 10 s, 1 min, 10 min, and 20 min). For each
duration, MMP in the fresh state was compared to MMP fatigued states after 30, 40, 50,
and 60 k]-kg~! of energy expenditure. This approach allowed independent evaluation of
changes in power, cadence, and torque across fatigue levels for each specific duration, rather
than combining all durations into a single model. Pearson correlations were computed to
explore relationships between power, cadence, and torque across different workloads and
to assess the consistency of these variables under fatigue. The strength of correlations was
interpreted based on conventional thresholds: weak (r = 0.10-0.29), moderate (r = 0.30-0.49),
and strong (r > 0.50). Statistical significance was set at o« = 0.05.

3. Results

Figure 1 and Table 2 show the MMP with corresponding cadence and torque profiles
across the “fresh” and after varying levels of energy expenditure of Five Monument races
compared between top-5 and top-30 cyclists.
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Figure 1. Mean maximal power (MMP), cadence (rpm), and torque (Nm) during the record power
profile durations (10 s, 1 min, 5 min, and 20 min) in Monument races, comparing top-5 and top-30
cyclists in the fresh (0 k]-kgfl) state and after accumulated energy expenditures of 30, 40, 50, and
60 kJ-kg 1. Differences between top-5 and top-30 cyclists: * p < 0.05, ** p < 0.01, *** p < 0.001.
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Table 2. Descriptive statistics (Mean =+ SD) for power output, torque, and cadence by group (Top 5
vs. Top 30) across effort duration and fatigue levels.

Top 5 Top 30
Accumulated

Effort Work (k] kg~1) Power Torque Cadence Power Torque Cadence
Output (W) (N'm) (rpm) Output(W) (N-m~1) (rpm)
0 1016 =+ 180 10 +2 101 +3 919 + 125 941 101+ 7
0-30 720 + 154 842 95 + 6 729 + 134 841 97 +9
30-40 726 + 146 842 97 £ 10 736 + 147 742 102 £ 10
10s 40-50 721 + 142 842 96 + 8 752 + 115 741 101 +9
5060 657 &+ 112 741 93 +7 741 + 99 841 99 + 8
>60 1004 + 192 10 +2 101 +3 883 + 143 941 99 + 8
0 589 =+ 83 6+1 91+6 565 + 58 6+1 90 + 7
0-30 437 + 78 541 88 + 6 443 4+ 74 541 90 +7
. 30-40 471 + 51 541 87 +8 462 4 70 541 87 +8
1 min 40-50 458 + 73 5+1 89 +6 477 + 80 5+1 90 + 8
50-60 488 + 57 541 89 +7 500 =+ 81 641 90 +7
>60 577 + 90 6+1 91+7 533 + 66 641 89 +7
0 450 =+ 38 540 90 + 6 429 4 29 540 89 +6
0-30 341 + 47 441 87 +6 341 + 48 441 86+ 6
. 30-40 378 & 31 440 85+ 7 362 + 35 440 85+ 5
5 min 40-50 352 -+ 48 441 85+ 6 353 + 39 440 87 +5
50-60 396 =+ 39 540 87 +4 384 + 51 4+1 88 +5
>60 444 4 40 540 89 +6 417 4 36 540 87 +6
0 374 + 30 440 88 +4 351 & 22 440 86 +5
0-30 281 = 48 340 85 + 4 276 -+ 43 340 83+6
, 30-40 303 + 55 441 81+6 287 + 42 440 81+6
20 min 40-50 298 + 49 4+1 81+7 291 + 41 440 82 +5
50-60 322 + 33 440 81+6 314 + 34 440 83+6
>60 369 =+ 30 440 87 +5 336 =+ 26 440 85+6

3.1. Power Profile

Intergroup analysis revealed that top-5 cyclists achieved significantly higher MMP
than top-30 cyclists for 10 s (p = 0.030), 5 min (p = 0.030), and 20 min efforts (p = 0.003), as
well as after 60 1<]~1<g’l for 10 s (p = 0.014), 5 min (p = 0.020), and 20 min efforts (p < 0.001).
No significant intergroup differences were observed for 1 min efforts at any accumulated
work levels (p > 0.05).

In intragroup analysis, the top-5 group showed significant PO reductions from 0 to
60 k]-kg’l across all effort durations (p < 0.001) but maintained stable PO beyond this
threshold (p > 0.05). Conversely, the top-30 group exhibited significant PO reductions
compared to their MMP at all accumulated work levels for all effort durations (p < 0.001).

3.2. Cadence Profile

Intergroup analysis revealed that during 10 s efforts, top-5 cyclists exhibited lower
cadence than top-30 cyclists at 50-60 k]-kg~! (p = 0.008), with no differences at other levels
(p > 0.05). No significant differences in cadence between top-5 and top-30 cyclists for 1 min,
5 min, or 20 min efforts at any accumulated work level (p > 0.05).

Intragroup analysis showed a cadence reduction in 10 s efforts for top-5 at 50-60 kJ-kg
(p = 0.002), while top-30 cyclists exhibited no significant changes at any accumulated work
level (p > 0.05). No significant intragroup changes were observed for 1 min efforts (p > 0.05).
In 5 min efforts, cadence decreased at 30-40 kJ-kg ™! (top-5: p = 0.020; top-30: p = 0.001),
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while in 20 min efforts, reductions occurred from 30 to 60 kJ-kg~! (top-5: p = 0.003; top-30:
p <0.001).

3.3. Torque Profile

Intergroup analysis showed that top-5 cyclists produced significantly higher torque
than top-30 cyclists for 10 s at MMP efforts (p = 0.026) and after 60 k]-kg~! (p = 0.016),
as well as in 20 min efforts after 60 k]-kg~! (p < 0.001). No intergroup differences were
observed for 1 min or 5 min efforts at any accumulated work level (p > 0.05).

In the intragroup analysis, both groups showed significant torque reductions in 10 s
efforts at all accumulated work levels up to 60 k]~l<g’l (p < 0.001) but remained stable
beyond this point (p > 0.05). For 5 min efforts, significant reductions were observed at 0-30,
30-40, 40-50, and 50-60 k]-kg ! (p < 0.001), with no changes beyond 60 kJ-kg~! (p > 0.05).
Top-5 cyclists showed significant torque reductions during 20 min efforts at 0-30 (p < 0.001),
30-40 (p < 0.001), 40-50 (p < 0.001), and 50-60 1<]-1<g’l (p = 0.018), but remained stable
beyond 60 k]-kg ™! (p > 0.05). In contrast, top-30 cyclists exhibited torque reductions at all
accumulated work levels, including beyond 60 kJ-kg ! (p = 0.005).

3.4. Correlations

Moderate and strong correlations (r = 0.5-0.9, p < 0.001, Table 3) were found between
PO and torque, whereas correlations between PO and cadence were weaker (r = 0.1-0.5,
p < 0.05). Significant correlations (p < 0.05) were found between both MMP and fatigued PO
and both MMP and fatigued torque. In contrast, correlations between power and both MMP
and fatigued cadence in the 1 min effort were not significant (r = 0.1, p > 0.05). Similarly, in
the 5 min effort, the correlation between fatigued PO and MMP cadence was not significant
(r=0.2, p =0.106). Finally, the strongest correlations with torque were observed for the
shortest effort durations (10 s and 1 min), with r values generally decreasing as effort
duration increased.

Table 3. Correlations between mean maximal power (MMP), cadence, and torque during fresh and
fatigued states in top-5 and top-30 cyclists in Monument races.

Condition Variable Compared 10s 1 min 5 min 20 min
(Moment) r (p Value) r (p Value) r (p Value) r (p Value)
Cadence (MMP) 0.3 (0.028) 0.1 (0.464) 0.3 (0.032) 0.4 (<0.001)
Power Cadence (Fatigued) 0.3 (0.015) 0.1 (0.555) 0.3 (0.020) 0.4 (0.002)
(MMP) Torque (MMP) 0.9 (<0.001) 0.8 (<0.001) 0.7 (<0.001) 0.6 (<0.001)
Torque (Fatigued) 0.9 (<0.001) 0.7 (<0.001) 0.6 (<0.001) 0.6 (<0.001)
Cadence (MMP) 0.3 (0.025) 0.1 (0.517) 0.2 (0.106) 0.3 (0.010)
Power Cadence (Fatigued) 0.4 (0.001) 0.1 (0.591) 0.4 (0.007) 0.5 (<0.001)
(Fatigued) Torque (MMP) 0.8 (<0.001) 0.6 (<0.001) 0.6 (<0.001) 0.5 (<0.001)
Torque (Fatigued) 0.9 (<0.001) 0.9 (<0.001) 0.7 (<0.001) 0.7 (<0.001)

Fatigued = After 60 k]-kg~'. MMP = Mean Maximal Power.

4. Discussion

Durability, defined as the ability to maintain or even enhance performance under
fatigue, is a key determinant of elite cycling performance [2,3]. Understanding how cyclists
sustain torque and PO under accumulated fatigue is critical for explaining success in the
most demanding one-day races, the Monuments. Therefore, the aim of this study was to
determine how torque and cadence change when fatigue, quantified as accumulated work,
produces a decline in power output. This study provides new insights into how the best
cyclists, classified as the top-5, outperform their peers by demonstrating superior PO and
torque maintenance, accompanied by distinct cadence adjustments under conditions of
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accumulated fatigue. The results reveal that the top-5 consistently reach their MMP during
the most critical phases of the race, typically after accumulating 60 kJ-kg~! of work.

The present findings show that top-5 cyclists achieved significantly higher MMP and
torque values than top-30 cyclists during short (10 s) and long (5 min and 20 min) efforts,
particularly after accumulating 60 kJ-kg ~! of work. Beyond this threshold, the top-5 group
maintained stable PO and torque, whereas the top-30 group exhibited a progressive decline
across all workloads. This pattern highlights a superior ability among the best cyclists
to preserve mechanical performance under fatigue, a key feature of durability. The lack
of significant intergroup differences in 1 min efforts suggests that this duration involves
a mixed contribution of anaerobic and aerobic energy systems, resulting in comparable
performance between groups. In contrast, 5 and 20 min efforts depend primarily on
sustained aerobic power and the capacity to maintain torque under high metabolic stress,
favoring athletes with greater fatigue resistance. Cadence behavior further supports these
observations. While the top-5 cyclists generally maintained a stable cadence, specific
reductions were observed during high-intensity efforts—particularly 20 min efforts beyond
30 kJ-kg ! and 10 s efforts between 50 and 60 k]-kg~!. These adjustments likely represent
a conscious or automatic strategy to optimize torque and mechanical efficiency when
fatigue compromises muscle contractile capacity. Together, these results indicate that elite
cyclists rely on nuanced biomechanical regulation to sustain effective power production in
fatigued conditions.

The superior ability of top-5 cyclists to sustain higher torque and power output (PO)
under fatigue can be explained by a combination of physiological, biomechanical, and
tactical factors [4,25]. From a physiological perspective, advanced metabolic efficiency
enables these athletes to utilize energy substrates more effectively during high-intensity
workloads [6]. Enhanced muscle buffering capacity further delays fatigue by mitigat-
ing the accumulation of hydrogen ions (H*), which otherwise impair muscle contractile
function [26]. These adaptations are essential for maintaining performance during the
decisive phases of Monument races, where repeated high-intensity efforts are required.
The predominance of between-group differences in longer efforts (5- and 20 min) and, to
a lesser extent, in short sprints (10 s), but not in intermediate efforts (1 min), is consistent
with previous findings on the distinct physiological determinants of endurance versus
mixed-energy efforts [7,25]. Sustained aerobic power and the ability to maintain torque
under elevated metabolic stress characterize well-trained endurance athletes, explaining
the advantage of the top-5 group in longer durations. Conversely, 1 min efforts rely on
both anaerobic and aerobic metabolism, generating a balanced physiological demand that
may mask differences between performance levels. This transitional nature of 1 min efforts
likely accounts for the absence of intergroup disparities observed in the present study. The
cadence modulation patterns identified here provide new insights into biomechanical regu-
lation during fatigue, complementing prior literature that has rarely addressed this aspect.
While the top-5 cyclists maintained relatively stable cadence across most conditions, specific
reductions emerged during 20 min efforts beyond 30 k]-kg ™! and in 10 s efforts between 50
and 60 kJ-kg~!. These targeted adjustments likely reflect a biomechanical strategy aimed at
optimizing torque production and mechanical efficiency as fatigue accumulates. Although
not all effort durations displayed significant cadence differences, these findings suggest
distinct neuromuscular adaptations that may contribute to optimized force application
under fatigue [27]. Furthermore, the stabilization of torque beyond 60 k]-kg~! observed
in top-5 cyclists contrasts with the continuous torque decline seen in the top-30 group.
This capacity to preserve torque under fatigue supports earlier evidence emphasizing the
importance of mechanical efficiency and muscular resilience in elite endurance perfor-
mance [2,4,25]. Collectively, these findings extend existing knowledge by linking durability
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References

and biomechanical optimization, highlighting their combined role in enabling sustained
high-level performance in professional cycling.

This study has several limitations. First, its observational design precludes causal
inferences, and the aggregation of data from the Five Monuments—each with distinct
physiological and tactical demands—may limit generalizability. Second, the absence of
data on nutrition or hydration status represents a potential confounding factor that could
influence performance outcomes. Finally, the reliance on calculated rather than directly
measured torque (Torque = PO = (cadence x 7 = 30)) may introduce estimation errors.

Future research should aim to validate these findings with interventional designs that
can better isolate causal mechanisms underlying fatigue resistance and torque preservation.
Incorporating direct measures of muscle activation, metabolic responses, and biomechani-
cal efficiency would allow a more precise characterization of the physiological adaptations
distinguishing top-performing cyclists. Expanding the dataset to include women'’s profes-
sional races and a broader range of competitive levels would also strengthen the ecological
validity of the conclusions.

5. Conclusions

The results of this study suggest that the top-5 cyclists in Monument races sustain
higher torque and PO compared to those ranked from 6th to 30th, particularly during
longer efforts (5 and 20 min) and after accumulating 60 kJ-kg ! of work. These cyclists also
show minimal reductions in cadence, emphasizing their superior biomechanical efficiency
under fatigue. The ability to maintain torque while minimizing cadence adjustments
likely contributes to their enhanced durability, enabling better performance in critical
race phases. These findings highlight the key role of torque and cadence modulation in
determining success in one-day cycling events, providing actionable insights for training
and performance optimization.

Author Contributions: A.J.: Conceptualization, Investigation, Software, Data curation. J.L.S.-J.:
Methodology, Formal analysis, Writing—original draft, Supervision. I.P-G.: Investigation, Data
curation, Resources. M.M.-R.: Resources, Project administration, Writing—review and editing.
M.M.-M.: Conceptualization, Investigation, Software, Writing—review and editing. All authors have
read and agreed to the published version of the manuscript.

Funding: This study received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethics Committee) of Universidad Miguel Hernandez (Ethical
approval number: DCD.AJT.240227), approval date: 17 July 2024.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author due to privacy restrictions.

Conflicts of Interest: The authors declare no conflicts of interest.

1. Coyle, E.E; Feltner, M.E.; Kautz, S.A.; Hamilton, M.T.; Montain, S.J.; Baylor, A.M.; Abraham, L.D.; Petrek, G.W. Physiological and
Biochemical Factors Associated with Elite Endurance Cycling Performance. Med. Sci. Sports Exerc. 1991, 23, 93-107. [CrossRef]

2. Fonda, B.; Sarabon, N. Biomechanics of Cycling: A Review. Sport Sci. Rev. 2010, 19, 187-210. [CrossRef]

3. Gardner, A.S.; Martin, J.C.; Martin, D.T.; Barras, M.; Jenkins, D.G. Maximal torque- and power-pedaling rate relationships for elite
sprint cyclists in laboratory and field tests. Eur. J. Appl. Physiol. 2007, 101, 287-292. [CrossRef]

4. Hawley, J.A.; Myburgh, K.H.; Noakes, T.D.; Dennis, S.C. Training Techniques to Improve Fatigue Resistance and Enhance
Endurance Performance. J. Sports Sci. 1997, 15, 325-333. [CrossRef]


https://doi.org/10.1249/00005768-199101000-00015
https://doi.org/10.2478/v10237-011-0012-0
https://doi.org/10.1007/s00421-007-0498-4
https://doi.org/10.1080/026404197367335

Sports 2025, 13, 406 10 of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Hawley, J.A.; Noakes, T.D. Peak Power Output Predicts Maximal Oxygen Uptake and Performance in Trained Cyclists. Eur. ].
Appl. Physiol. Occup. Physiol. 1992, 65, 79-83. [CrossRef] [PubMed]

Voet, ].G.; Lamberts, R.P; Viribay, A.; de Koning, J.J.; van Erp, T. Durability and Underlying Physiological Factors: How Do They
Change Throughout a Cycling Season in Semiprofessional Cyclists? Int. |. Sports Physiol. Perform. 2024, 19, 761-770. [CrossRef]
[PubMed]

Javaloyes, A.; Mateo-March, M.; Carpes, EP.; Moya-Ramoén, M.; Lopez-Grueso, R.; Zabala, M. Bilateral Asymmetries in
Professional Cyclists during a Grand Tour. Isokinet. Exerc. Sci. 2021, 29, 455-461. [CrossRef]

Jeukendrup, A.E.; Craig, N.P.; Hawley, ].A. The Bioenergetics of World Class Cycling. J. Sci. Med. Sport 2000, 3, 414-433. [CrossRef]
Leo, P.; Mateo-March, M.; Giorgi, A.; Muriel, X.; Javaloyes, A.; Barranco-Gil, D.; Valenzuela, P.L. The influence of high-intensity
work on the record power profile of under-23, pro team, and world tour cyclists. Int. ]. Sports Physiol. Perform. 2024, 19, 545-549.
[CrossRef] [PubMed]

Lucia, A.; Hoyos, J.; Chicharro, J.L. Preferred Pedaling Cadence in Professional Cycling. Med. Sci. Sports Exerc. 2001, 33, 1361-1366.
[CrossRef]

Macdermid, P.W.; Edwards, A.M. Influence of Crank Length on Cycle Ergometry Performance of Well-Trained Cyclists. Eur. J.
Appl. Physiol. 2010, 108, 805-811. [CrossRef]

Padilla, S.; Mujika, I.; Orbananos, J.; Angulo, F. Exercise intensity during competition time trials in professional road cycling.
Med. Sci. Sports Exerc. 2000, 32, 850-856. [CrossRef]

Martin, ].C.; Spirduso, W.W. Determinants of Maximal Cycling Power: Crank Length, Pedaling Rate, and Pedal Speed. Eur. J.
Appl. Physiol. 2001, 84, 413-418. [CrossRef]

Sanders, D.; van Erp, T. The physical demands and power profile of professional men'’s cycling races: An updated review. Int. J.
Sports Physiol. Perform. 2021, 16, 3-12. [CrossRef]

Neptune, R.R.; Herzog, W. The Association between Negative Muscle Work and Pedaling Rate. . Biomech. 1999, 32, 1021-1026.
[CrossRef] [PubMed]

Noakes, T.D. Physiological Models to Understand Exercise Fatigue and the Adaptations That Predict or Enhance Athletic
Performance. Scand. ]. Med. Sci. Sports 2000, 10, 123-145. [CrossRef] [PubMed]

Sanchez-Jiménez, J.L.; Lorente-Casaus, C.; Jiménez-Pérez, I.; Gandia-Soriano, A.; Carpes, F.P,; Priego-Quesada, J.I. Acute Effects
of Fatigue on Internal and External Load Variables Determining Cyclists’ Power Profile. J. Sports Sci. 2023, 41, 526-535. [CrossRef]
Sanders, D.; Van Erp, T.; Heijboer, M. Analysing a Cycling Grand Tour: Can We Monitor Fatigue with Intensity or Load Ratios?
J. Sci. Cycl. 2017, 7, 51-58. [CrossRef] [PubMed]

Takaishi, T.; Yamamoto, T.; Ono, T.; Moritani, T. Neuromuscular, Metabolic, and Kinetic Adaptations for Skilled Pedaling
Performance in Cyclists. Med. Sci. Sports Exerc. 1998, 28, 340-346. [CrossRef]

Takaishi, T.; Yasuda, Y.; Moritani, T. Neuromuscular Fatigue during Prolonged Pedalling Exercise at Different Pedalling Rates.
Eur. J. Appl. Physiol. Occup. Physiol. 1994, 69, 154-158. [CrossRef]

Mateo-March, M.; Moya-Ramoén, M.; Sdnchez-Jiménez, ].L.; Pefia-Gonzalez, I.; Javaloyes, A. Decoding Victory in Cycling’s Grand
Monuments: A Performance Analysis of Top-5 Versus Top-6-30 Finishers. Scand. ]. Med. Sci. Sports 2025, 35, €70057. [CrossRef]
[PubMed]

Salas-Montoro, J.-A.; Valdivia-Ferndndez, I.; Rozas, A.d.; Reyes-Sanchez, ].-M.; Zabala, M.; Pérez-Diaz, J.-]. Do Power Meter
Data Depend on the Device on Which They Are Collected? Comparison of Eleven Different Recordings. Sensors 2025, 25, 295.
[CrossRef] [PubMed]

Sanchez-Jiménez, J.L.; Salas-Montoro, J.A.; Mateo-March, M.; Priego-Quesada, J.I.; Zabala, M.; Pérez-Diaz, ].J. Is intensity the
most important factor in determining the amount of prior work accumulated that affects cyclists” acute durability? A systematic
review. Eur. J. Appl. Physiol. 2025, 1-17. [CrossRef]

Leo, P; Spragg, J.; Wakefield, ].; Swart, J. Predictors of Cycling Performance Success: Traditional Approaches and a Novel Method
to Assess Performance Capacity in U23 Road Cyclists. ]. Sci. Med. Sport 2023, 26, 52-57. [CrossRef]

Muriel, X.; Valenzuela, P.L.; Mateo-March, M.; Pallarés, J.G.; Lucia, A.; Barranco-Gil, D. Physical Demands and Performance
Indicators in Male Professional Cyclists During a Grand Tour: WorldTour Versus ProTeam Cate-gory. Int. . Sports Physiol. Perform.
2022, 17, 22-30. [CrossRef]

Stellingwerff, T.; Saunders, B.; Siegler, ].C. Buffering Your Way to Sub-4! An Important Consideration for Middle-Distance
Performance. . Appl. Physiol. 2025, 139, 252-253. [CrossRef]

Van Erp, T.; Sanders, D.; Lamberts, R.P. Maintaining power output with accumulating levels of work done is a key determinant
for success in professional cycling. Med. Sci. Sports Exerc. 2021, 53, 1903-1910. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1007/BF01466278
https://www.ncbi.nlm.nih.gov/pubmed/1505544
https://doi.org/10.1123/ijspp.2023-0543
https://www.ncbi.nlm.nih.gov/pubmed/38871342
https://doi.org/10.3233/IES-202234
https://doi.org/10.1016/S1440-2440(00)80008-0
https://doi.org/10.1123/ijspp.2023-0451
https://www.ncbi.nlm.nih.gov/pubmed/38531349
https://doi.org/10.1097/00005768-200108000-00018
https://doi.org/10.1007/s00421-009-1197-0
https://doi.org/10.1097/00005768-200004000-00019
https://doi.org/10.1007/s004210100400
https://doi.org/10.1123/ijspp.2020-0508
https://doi.org/10.1016/S0021-9290(99)00100-1
https://www.ncbi.nlm.nih.gov/pubmed/10476840
https://doi.org/10.1034/j.1600-0838.2000.010003123.x
https://www.ncbi.nlm.nih.gov/pubmed/10843507
https://doi.org/10.1080/02640414.2023.2227523
https://doi.org/10.1080/02640414.2017.1388669
https://www.ncbi.nlm.nih.gov/pubmed/29016241
https://doi.org/10.1097/00005768-199803000-00016
https://doi.org/10.1007/BF00609408
https://doi.org/10.1111/sms.70057
https://www.ncbi.nlm.nih.gov/pubmed/40281393
https://doi.org/10.3390/s25020295
https://www.ncbi.nlm.nih.gov/pubmed/39860665
https://doi.org/10.1007/s00421-025-05885-0
https://doi.org/10.1016/j.jsams.2022.11.005
https://doi.org/10.1123/ijspp.2021-0082
https://doi.org/10.1152/japplphysiol.00441.2025
https://doi.org/10.1249/MSS.0000000000002656
https://www.ncbi.nlm.nih.gov/pubmed/33731651

	Introduction 
	Materials and Methods 
	Participants 
	Sample Estimation and Justification 
	Study Design 
	Dataset 
	Measures 
	Statistical Analysis 

	Results 
	Power Profile 
	Cadence Profile 
	Torque Profile 
	Correlations 

	Discussion 
	Conclusions 
	References

