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Abstract 

Cumulative fatigue influences performance in professional road cyclists 

during stage races. This study examined the interaction between internal and 

external factors on performance parameters using race data from seven male 

professional cyclists collected over three seasons. Maximal rolling means for 

power output (PO) and heart rate (HR) were calculated across durations from 

1 to 3600 s, and PO– and HR–duration curves were generated for grouped 

race days (Days 1–3 to 19–21). Mean PO and HR for 5-, 10-, and 20-min efforts 

were also analysed. For each effort duration, average PO, relative 

performance (% best), mean HR, PO/HR ratio, cumulative energy 

expenditure, and consecutive race days were computed. Data was analysed 

with mixed-effects linear models (REML). Both HR (p<0.0001) and PO 

(p<0.01) were altered between the first and later race days group, confirming 

performance declines across stages. Maintaining a higher PO/HR ratio was 

associated with superior 5-min (Z-score=0.5915), 10-min (Z-score=0.6524), and 

20-min (Z-score=0.7299) efforts (all p<0.0001). Accordingly, cyclists with 

higher PO/HR ratios maintained better 10- and 20-min performance 

considering prior mechanical work and successive race days accumulated. 

Despite overall reductions in PO and HR across stages, riders able to preserve 

a higher PO/HR ratio under accumulated fatigue produced superior short- to 

mid-duration efforts, highlighting cardiovascular efficiency as a key 

determinant of performance during multi-stage competitions. 

Keywords 

cycling, durability, power output, heart rate 

http://creativecommons.org/licenses/by/4.0/
mailto:andreagiorgi4@gmail.com


 

Journal of Science and Cycling, 2026, Volume 15, Issue 2, Article 38 Page 2 
 

1 Introduction 

Performance in professional road cycling 

competitions emerges from the complex 

interaction between physiological capacity, race 

demands, tactical decisions, and the cumulative 

load imposed across multi-day events (Barranco 

et al, 2025). In particular, stage races require 

athletes to repeatedly produce high-intensity 

efforts under conditions of progressive fatigue, 

which may negatively affect the primary 

determinants of cycling performance (Leo et al 

2021). 

Previous research has examined isolated 

determinants of cycling performance under 

fatigued conditions, such as the power–duration 

relationship and heart rate (HR) dynamics. 

However, fewer studies have investigated how 

these factors interact within the ecological 

context of stage races, where internal and 

external loads accumulate over consecutive days 

of competition (Sanders et al, 2018). 

The present investigation aims to address this 

gap by conducting a quantitative analysis of key 

performance parameters, specifically 5-, 10-, and 

20-min power output (PO), and examining how 

they are influenced by internal factors, 

represented by HR responses, and external 

factors, represented by energy expenditure. This 

approach seeks to provide a more integrated 

understanding of performance modulation in 

cumulative fatigue conditions in professional 

cyclists participating in stage races. 

2 Material and Methods 

2.1 Participants 

Seven male professional cyclists (age: 28 ± 3 

yr; body mass: 67.9 ± 4.1 kg; stature: 1.78 ± 0.05 

m) classified at Tier 4 (McKay et al., 2022) took 

part in the observational study over 3 seasons 

from January to May. During this period, the 

riders participated in multi - day stage races 

and the Giro d’Italia. 

2.2 Methodology 

Racing data from multi -day stage races and 

Giro d’Italia (including Giro d’Italia rest days) 

were collected across 3 seasons, from January to 

May. HR (Bryton heart rate monitor, Bryton Inc, 

Taipei City, Taiwan) and PO (Favero Assioma 

Duo, Favero Electronics srl., Arcade, TV, Italy) 

were recorded using the same cycle computer 

(Bryton S800, Bryton Inc, Taipei City, Taiwan) 

and were resampled at 1Hz. 

Rolling means for maximal PO and HR were 

computed across durations ranging from 1 s to 

3600 s to plot PO and HR as function of time 

across grouped race days (Days 1–3, 4–6, …, 19–

21). All individual stage races were analysed and 

grouped together with shorter races typically 

contributing to 1-3, 4-6 and/or 7-9 portions and 

Giro d’Italia contributing to later groups. 

Additionally, mean PO and HR were calculated 

for 5-, 10-, and 20-min durations. For each effort 

duration, the following were computed: a) 

average power (W); b) relative percentage 

compared to the best performance recorded 

during the season; c) mean HR (bpm), d) PO to 

HR ratio (W·bpm⁻¹); e) cumulative energy 

expenditure at the start of the effort (kJ); f) 

number of consecutive race days before the start 

of the effort.  

During the stage races, the riders adhered to a 

team recovery protocol updated according to the 

most recent scientific evidence. Nutritional 

strategies and recovery interventions (including 

massage and sleep management) were tailored 

to the riders’ energy expenditure across the 

different stages.  

2.3 Statistical Analysis 

Repeated measures mixed-effects linear 

models (REML) were used to compare grouped 

race days using duration (s) and energy 

expenditure (kJ) as fixed effects and subject as a 

random intercept. 5-, 10-, and 20-min predictors 

(a to f) were standardized (z-scored) within each 
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duration subset prior to model fitting and results 

presented as coefficient of SD (Z-score), meaning 

that, for an increase of 1 SD, Z-score represent the 

corresponding increase in the effort’s relative 

percentage compared to the best performance 

recorded during the season. 

3 Results 

Progressive fatigue accumulation in 

successive race day groups (1-3, 4-6, …, 19-21) 

impacted both HR (p<0.0001) and PO (p<0.01), 

with an average of 4.5% and 1.1% decrease, 

respectively, across all durations between days 1-

3 and 19-21 (see Table 1).  

Across athletes, higher PO/HR values were 

associated with better 5min (coef=0.5915), 10min 

(coef=0.6524) and 20min (coef=0.7299) 

performance (all p< 0.0001). Athletes 

maintaining higher PO/HR throughout 10- and 

20min efforts produced higher power as 

mechanical work prior to effort (coef=0.3325; 

p<0.05; coef=0.5625; p<0.05; respectively) or 

successive race days (coef=0.1956; p<0.05; 

coef=0.3543; p<0.01; respectively) increase. 5-, 10-

, and 20-min efforts’ parameters are presented in 

Table 2. 

Table 1. PO- and HR-duration curves. *: different from group 1-3; †: different from group 4-6; °: different from group 10-

12. 1 symbol p<0.05; 2 symbols p<0.01; 3 symbols p<0.001. 

 

Table 2. Mean ± SD for 5-, 10- and 20 min efforts. 

 

 

4 Discussion 

The present findings suggest that the 

combined assessment of internal and external 

performance metrics provides additional 

insight into performance capacity under 

conditions of cumulative fatigue in cyclists 

competing in stage races. 

It is well established that athletes with 

greater cardiovascular efficiency are able to 

sustain higher PO at a given submaximal HR, 

thereby preserving cardiac reserve for decisive 

race moments and attenuating the 

accumulation of cardiovascular strain across 

successive stages (Van Erp et al, 2020).  

In this context, the PO/HR ratio emerges as 

a robust predictor of best-effort performance, 

indicating that cyclists with higher PO/HR 

ratios can generate greater PO during efforts 

lasting 5 to 20 minutes. This trend aligns with 

the progressively greater reliance on aerobic 

metabolism during longer efforts. 
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Under fatigue conditions, cyclists with 

higher PO/HR ratios maintained superior 10- 

and 20-min PO, likely reflecting a better 

aerobic efficacy that support sustained aerobic 

power (Jeukendrup et al., 2000). In contrast, the 

absence of significant interaction effects for 5-

min PO under fatigue suggests that shorter 

efforts rely more heavily on anaerobic 

pathways and neuromuscular power and are 

therefore less dependent on cardiovascular 

efficiency (Jeukendrup et al., 2000). In this 

context, prior mechanical work performed at 

low intensities was positively associated with 

subsequent 5-min PO, likely reflecting a 

priming or warm-up phenomenon. Low -

intensity prior activity is known to increase 

muscle temperature, accelerate oxygen uptake 

kinetics, enhance glycolytic enzyme activity, 

and improve neuromuscular recruitment, all of 

which can augment short-duration maximal 

performance (Spragg et al, 2024). Conversely, 

sustained high-intensity prior work impaired 

both anaerobic and aerobic cycling 

performance (Spragg et al, 2024).  Specifically, 

10- and 20-min PO were negatively influenced 

by accumulated prior mechanical work, and 

high-intensity efforts performed earlier in the 

race were particularly detrimental to 

subsequent 5-min PO. 

Finally, the negative effects of successive 

race days on HR and PO confirm the 

progressive accumulation of fatigue during 

multi-day competitions. This pattern is 

consistent with reduced cardiovascular 

efficiency, potentially linked to diminished 

catecholamine sensitivity and glycogen 

depletion (Lucia et al., 2001). Periodic 

fluctuations further suggest that fatigue 

develops non-linearly, influenced by race 

tactics and course profile, modulating PO and 

HR responses throughout stage races (Sanders 

et al., 2017). 

As potential limitations, the alteration of the 

PO/HR ratio may be influenced by race 

dynamics and environmental factors. 

However, this influence was minimized by 

analysing the PO/HR ratio only during selected 

segments of the race rather than across the 

entire event.  

HR was monitored using a commercially 

available device that was not specifically 

validated while technically replicating a 

widely accepted and robust telemetry protocol 

for such HR belts. 

Stage patterns and route may finally also  

have influenced riders’ performance 

parameters. However, our investigation 

included only riders who completed the same 

multi - day stage races and the Giro d’Italia 

across three consecutive seasons, thereby 

reducing the impact of route‑profile variability 

on the performance parameters analysed. 

5 Practical Applications 

This study identifies the PO/HR ratio as a 

key determinant of performance in 

professional cyclists during stage races. Higher 

values were associated with superior 5-, 10-, 

and 20-min PO, with stronger protective effects 

under accumulated fatigue, particularly for 

longer efforts. Monitoring the PO/HR ratio 

may offer coaches a practical tool to assess 

cardiovascular efficiency, track fatigue, and 

optimize pacing and recovery strategies in 

multi-stage competitions. 
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