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ABSTRACT
This study tested whether a single 100 μg inhalation of salmeterol enhances 12-s sprint performance in both fresh and fatigued 
states in elite road cyclists. In a randomized crossover design, 16 well-trained, non-asthmatic male cyclists completed 2 trials 1 
week apart. Participants inhaled either 100 μg salmeterol or placebo 1h before testing. Each trial involved: an initial 12-s sprint 
(fresh), a 1h race simulation (40%–95% peak power output) with heart rate, blood lactate concentration, and rating of perceived 
exertion (RPE) monitored, and a final 12-s sprint (fatigued). Peak and mean power, and vastus lateralis myoelectric activity were 
recorded during the sprints. Power declined from pre- to post-simulation in both conditions (p < 0.016), but the decrement was 
attenuated with salmeterol (peak: −7.5% vs. −18.2%; mean: −13.0% vs. −19.8%). Fatigued-sprint peak power was higher with 
salmeterol (915 ± 135 W) than placebo (831 ± 112 W; p = 0.030), as was mean power (692 ± 76 vs. 643 ± 92 W; p = 0.037). No effect 
of salmeterol was observed on fresh sprint performance and myoelectric activity. Blood lactate concentration and RPE rose 
similarly in both conditions (p < 0.001), while heart rate was higher with salmeterol during the first 20 min (p = 0.004). Acute in-
halation of salmeterol attenuates muscle fatigue and enhances sprint performance at the end of a simulated race. These findings 
challenge the presumption of no enhancing effect of inhaled salmeterol at therapeutic doses in competitive road cycling, where 
final sprints often determine outcomes.

1   |   Introduction

Approximately 22% of athletes experience lower airway dysfunc-
tion such as asthma or exercise-induced bronchoconstriction 
(EIB) [1]. Athletes in sports that have high ventilatory demands 
and take place in challenging environments (cold, dry, polluted) 
have the highest prevalence. Most athletes with asthma and/
or EIB will use a form of inhaled β2-agonists as part of disease 

management to reverse or protect against airway smooth muscle 
bronchoconstriction. Athletes who compete in sports that sign 
up to the World Anti-Doping Agency (WADA) code are only 
permitted to use four types of inhaled β2-agonists: salbutamol 
(≤ 1600 μg in a 24 h period, ≤ 600 μg in an 8 h period), salmeterol 
(≤ 200 μg in a 24 h period), formoterol (≤ 54 μg in a 24 h period), 
and vilanterol (≤ 25 μg in a 24 h period). It is assumed that if 
athletes use permitted doses of inhaled β2-agonists no ergogenic 
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action will be elicited [2]. This assumption is corroborated by 
the results of the most recent meta-analysis showing that β2-
agonists do not affect aerobic performance in non-asthmatic 
subjects regardless of type, dose, administration route, duration 
of treatment or performance level of participants [3]. With re-
gard to anaerobic performance, oral and supratherapeutic in-
haled doses of β2-agonists have been shown to improve muscle 
strength and sprint performance [4–6]. For instance, high-dose 
inhaled terbutaline has been demonstrated to improve both 
muscle strength and repeated sprint performance in athletes [7]. 
However, inhaled formoterol at therapeutic doses has been re-
ported to improve anaerobic performance, suggesting that even 
within approved dosing limits, some β2-agonists may exert er-
gogenic effects [8]. For most β2-agonists, when administered via 
inhalation at the low doses typically prescribed for asthma or 
EIB, systemic bioavailability remains limited, and the resultant 
impact on anaerobic performance is negligible [5].

Most studies investigating the acute effects of β2-agonists on 
muscle strength and sprint performance have assessed these 
variables in a fresh, non-fatigued state. A few exceptions include 
two studies [9, 10] that examined the acute effects of 800 or 
1600 μg salbutamol inhalation on single and repeated sprint per-
formance in football players, both in the fresh state and after fa-
tigue induced by intermittent running protocols. These studies 
found no effect of this short-acting β2-agonist (SABA) on sprint 
performance under either condition. In contrast, Kalsen et  al. 
[11] reported that administration of a 54-μg dose of formoterol 
(a long-acting β2-agonist [LABA]) significantly increased knee 
extensor muscle strength measured before and after an all-out 
30-s cycle ergometer test (Wingate Test). Moreover, the relative 
decline in muscle strength after the Wingate Test tended to be 
smaller with formoterol compared to placebo, suggesting miti-
gation of muscle fatigue. Analysis of the power output decline 
during the Wingate Test also indicated a positive effect of this 
LABA on fatigue resistance.

The importance of testing the effects of ergogenic aids not only 
in fresh states but also in fatigued ones is now becoming more 
appreciated in sports science, where the concept of fatigue resis-
tance, now renamed as “physiological resilience” or “durability”, 
has been proposed as the fourth dimension of endurance perfor-
mance [12, 13]. Of particular interest to us are road cycling races 
that involve multiple high-power efforts, such as steep climbing, 
early breakaways, and final sprints, where managing fatigue ac-
cumulation across stages is critical to maintaining performance 
[14–16]. A study by Bedi et al. [17] found that an acute total dose 
of 360 μg of albuterol enhances severe-intensity cycling perfor-
mance by 23% compared to placebo (time to exhaustion 196 vs. 
159 s) after 1 h of continuous heavy cycling exercise to mimic 
the physical demands of a road race in a group of competitive 
cyclists. To the best of our knowledge, there are no studies on 
the effects of β2-agonists on sprint performance (power pro-
duced during sprints lasting between 9 and 17 s) [14] in a fa-
tigued state in cyclists. Given the importance of sprint finishes 
in winning many cycling road races [14], further investigations 
are warranted.

To fill this gap, we investigated whether a single 100 μg dose of 
inhaled salmeterol enhances sprint performance in both fresh 
and fatigued conditions in elite male road cyclists. Fatigue was 

induced by cycling for 1h at increasing submaximal power out-
puts to simulate end-stage demands. The secondary aims of this 
study were to investigate the acute effects of this LABA on myo-
electric activity of the vastus lateralis during the sprints and on 
the cardiometabolic and perceptual responses during the race 
simulation.

2   |   Materials and Methods

2.1   |   Participants

A convenience sample of 16 elite male road cyclists [mean ± SD: 
age 25 ± 1.7 years; height 180 ± 6 cm; body mass 75.7 ± 8.4 kg; 
V̇O2max 64.6 ± 6.9 mL·kg−1·min−1; peak power output (PPO) 
during the incremental V̇O2max test 419 ± 38 W; > 5 ses-
sions·week.−1; > 400 km·week.−1; ≥ 5 y competitive experience] 
was recruited and classified as Level 4 athletes [18]. All were 
healthy, free of medications and demonstrated no EIB, con-
firmed by a negative eucapnic voluntary hyperventilation (EVH) 
challenge [9]. A sensitivity power analysis using GPower3.1.9.7 
(Heinrich-Heine-Universität, Düsseldorf) revealed that a sam-
ple size of 16 for a 2 × 2 repeated measure ANOVA (α = 0.05; 
power = 0.80; number of groups = 1; number of measure-
ments = 4; correlation among repeated measures = 0.8; non-
sphericity correction ε = 1) is sufficient to detect an effect size 
f = 0.19 that corresponds to η2p = 0.03 (small to moderate effect). 
The protocol was approved by the University of Valencia ethics 
committees (Approval No. 1057/1071521) and conformed to the 
declaration of Helsinki. Participants provided informed consent, 
received standardized procedural instructions, but remained 
naïve to study hypotheses.

2.2   |   Equity, Diversity, Inclusion

The main eligibility criteria were being a competitive cyclist be-
tween 18 and 45 years of age, with no current diseases or disabil-
ities. No participants were excluded according to ethnicity, race, 
color, religion, sex, sexual orientation, gender identity, national 
origin, or other individual status.

2.3   |   Design and Procedures

A double-blind, crossover, counterbalanced, randomized exper-
imental design was used. Participants visited the laboratory on 
four separate occasions. On visit 1, participants were screened 
for bronchoconstriction. In short, after baseline spirometric as-
sessment and a 5 km time trial, forced expiratory volume in 1-s 
(FEV1) was measured in duplicate at 3, 5, 10, 15, 20, and 30 min 
post exercise, recording the higher value; a ≥ 10% fall in FEV1 
post exercise was defined EIB [19]. During Visit 2, participants 
performed an incremental test (50 W increments every 2 min 
to voluntary exhaustion) on an Excalibur Sport cycle ergome-
ter (Lode, NL) to determine V̇O2max (MetaLyzer 3B, Cortex 
Biophysik, DE) and PPO. Five minutes later, with the cycle 
ergometer in isokinetic mode at 110 RPM [20], participants 
were familiarized with the 12-s all-out sprint test. Power data 
were corrected for flywheel acceleration and averaged over 1-s 
intervals.
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Visits 3 and 4 implemented the experimental trials. Before 
each trial, athletes rated motivation for the upcoming task on 
a 5-point Likert scale [21], then inhaled either 100 μg salmeterol 
(2 × 50 μg Serevent Accuhaler, GSK, UK) (SAL) or a matched 
placebo (PLA). One hour post inhalation, they performed a 
standardized warm-up (5 min at 100 W, free cadence), followed 
by three 12-s submaximal “ramp” sprints at 25%, 50%, and 75% 
of max effort, each separated by 0.5–5 min active recovery [22]. 
Next, a true 12-s all-out sprint (“Pre”) was executed; capillary 
blood was sampled immediately thereafter and analyzed for lac-
tate concentration (Lactate Pro LT-1710, Arkray, JP). Athletes 
then commenced a 1-h race simulation scaled to the individual 
PPO measured during the V̇O₂max test: 20 min at 40%, 15 min at 
45%, 15 min at 55%, 5 min at 65%, 4 min at 75%, and a final 1 min 
at 95% PPO. This protocol was designed to simulate the physical 
demands of sprinting at the end of a stage during professional 
road cycling races [14]. Lactate was measured again at minutes 
35 and 59. Heart rate (HR) (Polar S610i, Polar, FI), rating of per-
ceived exertion (RPE) using the Borg 6–20 scale [23], and the 
cadence freely chosen between 80 and 100 RPM, were recorded 
at minutes 1, 5, 10, 15…59, 60.

Immediately following the race simulation, the cycle ergom-
eter was returned to isokinetic mode, and participants pro-
duced a second 12 s all-out sprint (“Post”), replicating the 
sprint finish of a road race [12]. Lactate was measured for 
the fourth and final time immediately after Post. Verbal en-
couragement was provided during all sprints by the same re-
searcher blind to treatment order allocation. Peak and mean 
power, and fatigue index [FI = (peak power − minimum 
power)/peak power] were computed for each sprint. During 
the sprints, surface EMG (10 mm Ag/AgCl electrodes, 20-mm 
inter-electrode spacing) recorded vastus lateralis activity [24]. 
EMG signals were amplified and sampled at 2 kHz with 16-
bit resolution. During post-processing analysis, EMG signals 
were filtered with a Butterworth band-pass filter (10–500 Hz) 
and processed via root mean square (RMS) with a 100-ms in-
terval window [22, 25]. Three consecutive crank revolutions 
(the second, third and the fourth) during isokinetic mode were 
identified and averaged. The peak and mean RMS were used 

as indices of myoelectric activity during the 12-s sprint at Pre 
and Post in both conditions.

2.4   |   Statistical Analysis

All data are reported as mean ± SD unless noted. Normality 
and sphericity assumptions were assessed via Shapiro–Wilk 
and Mauchly's tests, with Greenhouse–Geisser correction ap-
plied as needed. Fully repeated-measures 2 × 2 ANOVAs (time: 
pre vs. post; condition: SAL vs. PLA) evaluated sprint perfor-
mance (peak and mean power, and FI) and EMG metrics (peak 
and mean RMS). Separate 2 × 14 ANOVAs assessed the effect 
of condition on HR, RPE and cadence during the race simula-
tion, while 2 × 4 ANOVAs examined blood lactate concentration 
across sampling points. Paired t-tests were used to compare 
motivation scores between conditions. Significant interactions 
prompted Bonferroni-adjusted post hoc tests. In the absence of 
significant interactions, only the main effects of time and con-
dition were reported. Alpha was set at 0.05 (two-tailed) for all 
analyses. Effect sizes for ANOVAs are partial η2 (small = 0.02, 
moderate = 0.13, large = 0.26). Ninety five percentage confi-
dence intervals of the differences between SAL and PLA were 
calculated for the sprint peak and mean power at pre and post. 
Analyses were performed in SPSS 27.

3   |   Results

There was no significant difference in motivation scores be-
tween SAL (3.41 ± 0.32 AU) and PLA (3.27 ± 0.25 AU) (p = 0.42).

With regards to sprint performance, there was a significant time 
× condition interaction for peak power (p = 0.016, η2p = 0.424) 
(Figure  1A). Post hoc tests revealed no significant difference 
in peak power at pre between SAL (995 ± 105 W) and PLA 
(1016 ± 114 W) (p = 0.088); 95% CI = −21.1 (−51.1 to 9.12). In 
both SAL (p = 0.016) and PLA (p < 0.001), there was a signifi-
cant decline in peak power between pre and post. However, 
such a decline was smaller in SAL so that peak power at post 

FIGURE 1    |    Effect of treatment on PPO (A) and mean power output (B) before (pre) and after (post) the 1-h race simulation. (*) significant main 
effect of time. ($) significant condition × time interaction. (#) simple main effect of condition according to Holm–Bonferroni method. Data are pre-
sented as means ± SD.
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(915 ± 135 W) was significantly higher than in PLA (831 ± 112 W) 
(p = 0.030); 95% CI = 84.3 (7.40 to 163). There was also a signif-
icant time × condition interaction for mean power (p = 0.01, 
η2p = 0.470) (Figure  1B). Post hoc tests revealed no significant 
difference in mean power at pre between SAL (795 ± 95) and 
PLA (801 ± 72) (p = 0.646); 95% CI = −6.33 (−35.8 to 23.1). In 
both SAL (p < 0.001) and PLA (p < 0.001) there was a signif-
icant decline in mean power between pre and post. However, 
such a decline was smaller in SAL so that mean power at post 
(692 ± 76 W) was significantly higher than PLA (643 ± 92 W) 
(p = 0.037); 95% CI = 48.3 (−0.771 to 95.9). No condition × time 
interaction (p = 0.948, η2p = 0.000) and no main effect of con-
dition (p = 0.556, η2p = 0.021) were found for the FI. The FI in-
creased significantly between pre (31.5 ± 6) and post (37.2 ± 8) 
(main effect of time p = 0.023, η2p = 0.300).

Analysis of surface EMG of the vastus lateralis found no time 
× condition interactions for peak RMS (p = 0.566, η2p = 0.021) 
and mean RMS (p = 0.601, η2p = 0.028). While neither myoelec-
tric activity indices differed by condition (peak RMS p = 0.090, 
η2p = 0.019; mean RMS p = 0.364, η2p = 0.021), both decreased 
significantly between Pre and Post (main effect of time peak 
RMS p = 0.015, η2p = 0.319; main effect of time mean RMS 
p = 0.035, η2p = 0.372).

Pedal cadence during the race simulation remained stable 
(grand mean: 89 ± 4) across both condition and time with 
no interaction (all ps > 0.05, η2p < 0.030). With regard to the 
responses during the race simulation, HR exhibited a sig-
nificant time × condition interaction (p = 0.004, η2p = 0.211) 
(Figure  2A). Post hoc tests revealed that HR rose progres-
sively and significantly in both conditions (all ps < 0.037 
against 1 min). However, HR was higher in SAL compared 
to PLA at minutes 1 (p = 0.041), 5 (p = 0.049), 10 (p = 0.043), 
15 (p = 0.038), and 20 (p = 0.026). RPE increased over time 
similarly in both conditions (main effect of time p < 0.001, 
η2p = 0.933) with no main effect of condition (p = 0.802, 
η2p = 0.004) nor interaction (p = 0.323, η2p = 0.069) (Figure 3). 
Blood lactate concentration rose markedly across sprints and 
the race simulation (main effect of time p < 0.001, η2p = 0.724) 
but did not differ by condition (p = 0.540, η2p = 0.028) and no 
interaction was present (p = 0.480, η2p = 0.049) (Figure 2B).

4   |   Discussion

In the fresh state, a single inhalation of 100 μg salmeterol did not 
produce a statistically significant effect on sprint performance 
in elite male road cyclists. However, under fatigued conditions, 
inhaled salmeterol appeared to reduce fatigue-related declines 
in sprint performance.

These findings in the fresh state align with some previous 
studies [4, 5], that found no clear evidence of an ergogenic 
effect on sprint performance when using WADA-approved 
doses of β2-agonists. With specific reference to salmeterol, 
McDowell et  al. [26] also observed no improvement in 30-s 
sprint performance in elite non-asthmatic track cyclists three 
hours after inhalation of 42 μg salmeterol. Similarly, Morton 
et al. [27] found no effect of 50 μg of salmeterol on power out-
put during 10 and 30-s cycling sprints in non-asthmatic cy-
clists and triathletes. However, our findings are in contrast 
with Jeppesen et al. [8] which showed an ergogenic effect of 
WADA-permitted doses of formoterol on sprinting perfor-
mance in fresh states in male cyclists.

FIGURE 2    |    Effect of condition on physiological responses during the 1-h race simulation. Heart rate (A) and blood lactate concentration (B). (*) 
significant main effect of time. ($) significant condition × time interaction. (#) simple main effect of condition according to Holm-Bonferroni method. 
Data are presented as means ± SD.

FIGURE 3    |    Effect of condition on rating of perceived exertion (RPE) 
during the 1-h race simulation. (*) significant main effect of time. Data 
are presented as means ± SD.
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Importantly, in our study, salmeterol significantly reduced the 
fatigue-related decline in sprint performance observed after a 1-h 
cycling protocol designed to mimic the demands of a sprint finish 
in professional road racing. Compared with placebo, salmeterol 
resulted in a smaller reduction in peak power (7.5% vs. 18.2%) and 
mean power (13.0% vs. 19.8%) during the final 12-s sprint (post) 
relative to baseline (pre), indicating that salmeterol mitigates end-
stage fatigue. Because of this effect of salmeterol, peak and mean 
power during the final 12-s sprint were 84 W and 49 W higher, 
respectively, than in the placebo condition. These differences are 
highly relevant to real racing conditions because they correspond 
to the 6%–10% differences in peak and mean power considered 
sufficient to influence the outcome of a sprint finish [28]. Indeed, 
during sprint finishes, peak power in the first ~2–3 s determines 
acceleration and initial positioning, whereas mean power sus-
tained over 10–20 s determines the ability to maintain velocity and 
resist being overtaken before the finish line [28].

These ecologically valid findings in cyclists align with those of 
a laboratory study by Kalsen et al. [11], who reported that the 
administration of a 54-μg dose of formoterol significantly mit-
igated the muscle fatigue (measured as the decline in maximal 
knee extensor strength) induced by a Wingate Test in a group of 
recreationally active male subjects. However, in another study 
from the same laboratory, high-dose terbutaline exacerbated the 
muscle fatigue induced by two 45-s bouts of cycling exercise at 
560 ± 11 W with 4 min of recovery in between bouts [29]. In this 
study, maximal knee extensor strength in fatigued conditions 
did not differ between high-dose terbutaline and placebo [29]. In 
two earlier studies [9, 10] we investigated the acute effects of 800 
or 1600 μg salbutamol inhalation on single and repeated sprint 
performance in football players fatigued by intermittent run-
ning protocols. In these studies, we found no beneficial effect of 
salbutamol on sprint performance in a fatigued state. Variations 
in the type, dose, and administration route of the β2-agonists 
used in these studies, as well as differences in testing and fatigu-
ing protocols, and participant characteristics, may explain these 
discrepant findings.

With regard to the potential mechanisms underlying the reduc-
tion in muscle fatigue observed in the present study, salmeterol 
did not significantly affect task-related motivation and myoelec-
tric activity of the vastus lateralis. These results suggest that 
salmeterol did not reduce central fatigue. Therefore, the most 
likely explanation for the ergogenic effects of salmeterol on peak 
and mean power produced during the final 12-s sprint (fatigued 
condition) is peripheral. These speculations are corroborated 
by previous reports of unchanged neural and neuromuscular 
responses following acute β2-agonist administration [30–32]. 
On the contrary, at the peripheral level, there is evidence that 
acute β2-agonist administration may mitigate muscle fatigue 
by increasing the rates of glycogenolysis and glycolysis during 
sprinting in humans [7]. Furthermore, β2-agonists can improve 
K+ handling, enhance Ca2+ release and speed up Ca2+ re-uptake 
[33]. Together, these peripheral effects may explain why β2-
agonists can temporarily enhance sprint power in conditions 
of depleted muscle glycogen [34] and altered ionic homeostasis 
induced by fatiguing cycling exercise [33].

In the present study, a single 100 μg inhaled dose of salmet-
erol had limited effects on the cardiometabolic and perceptual 

responses during the 1 h cycling protocol simulating the final 
part of a road race. Heart rate was modestly elevated under sal-
meterol in the initial stages (1–20 min) but converged with pla-
cebo responses at higher workloads (≥ 40% PPO). Similar effects 
have been found in previous studies. For example, Fleck et al. 
[35] found that the acute inhalation of 360 μg albuterol increases 
HR at 200, 225, and 250 W of incremental cycling exercise to ex-
haustion (∼400 W) in a group of competitive male road cyclists. 
More recently, Koch et al. [36] observed, in a similar group of 
trained male cyclists, a higher HR during a 10 km time trial per-
formed after inhalation of 1600 μg salbutamol, despite similar 
power output during the time trial compared to placebo. These 
findings most likely reflect the well-known chronotropic effect 
of β2-agonists [37]. However, this effect is not universal. In elite 
cyclists, Helge et al. [38] found no acute effect of 800 μg salbu-
tamol inhalation on HR measured during a long cycling proto-
col consisting of 150 min of cycling at 60% of PPO interspersed, 
at min 30 and 110, by a 15 min increment (5 min at 65%, then 
5 min at 70% and again 5 min at 65% of PPO) before returning to 
cycling at 60% of PPO.

Blood lactate concentration immediately after the two sprints 
(in both fresh and fatigued states) and during the race simula-
tion did not differ significantly between conditions in the pres-
ent study. Our results are in agreement with previous findings 
during submaximal cycling exercise [35, 38] and after short, all-
out cycling exercise when lactate is measured immediately after 
the sprint [11, 39]. In these studies, no consistent effect of β2-
agonists on lactate responses was found. However, β2-agonists 
seem to increase blood lactate concentration when samples are 
taken several minutes after the sprint [5, 8, 11]. This effect of β2-
agonists may reflect higher rates of glycogenolysis and glycolysis 
during sprinting [7].

Despite the mitigation of locomotor muscle fatigue, we failed to 
find a significant effect of salmeterol on perceived fatigue de-
fined as the progressive increase in perceived effort that occurs 
during endurance exercise [40]. Indeed, RPE during the race 
simulation did not differ from placebo. This finding is consistent 
with the study of Fleck et al. [35] who found no effect of acute 
inhalation of 360 μg albuterol on RPE during an incremental 
cycling test to exhaustion in a group of competitive male road 
cyclists. No acute effect of β2-agonists on perceived fatigue in 
elite cyclists was also found by Helge and colleagues [38] who 
measured RPE during a long cycling protocol after inhalation of 
800 μg salbutamol. Given the importance of perceived effort in 
limiting and predicting endurance performance [40], our find-
ings are consistent with most of the literature that shows no sig-
nificant effects of β2-agonists on endurance performance [3, 5].

This study has several limitations that temper the interpretation 
of its findings. First, the sample size was small (16 male cyclists), 
which limits statistical power for detecting modest performance 
effects and reduces generalizability to broader athlete popula-
tions. Second, no female athletes were included, so sex-specific 
pharmacokinetic or pharmacodynamic differences remain 
unaddressed. Third, dosing was not adjusted for body mass; 
all participants received a fixed 100 μg salmeterol dose, which 
could introduce variability in systemic absorption and effect (a 
lighter athlete may experience a higher relative dose and drug 
concentration than a heavier athlete). Finally, this acute trial did 
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not examine long-term salmeterol use, so the potential for β2-
agonists adrenoceptor desensitization or downregulation with 
chronic administration, and any resultant attenuation of drug 
efficacy, remain unknown.

5   |   Perspective

While β₂-agonists at WADA-approved dosages appear to fail to 
boost endurance performance in non-asthmatic athletes [3, 5], 
our study provides a significant advance: A single 100 μg dose 
of inhaled salmeterol reduces locomotor muscle fatigue and 
improves peak and mean power during a 12-s sprint performed 
by elite cyclists after a one-hour cycling protocol simulating the 
demands of a sprint finish in professional road racing. The ob-
served effects are practically relevant because they correspond 
to the 6%–10% differences in peak and mean power considered 
sufficient to influence the outcome of a sprint finish [18]. These 
findings suggest that permitted salmeterol doses under current 
WADA guidelines may mitigate end-stage fatigue and provide 
a significant advantage during a sprint finish. These results 
carry important implications: they challenge assumptions un-
derlying therapeutic use exemptions and doping thresholds, and 
they prompt further research into the acute and chronic effects 
of salmeterol and more generally of LABAs and SABAs on per-
formance in fatigued conditions. If replicated, our findings may 
influence future revisions of anti-doping policies regarding in-
haled salmeterol.

Author Contributions

Michele Merlini: methodology, software, validation, formal analysis, 
writing – original draft, visualization, supervision. Walter Staiano: 
software, validation, formal analysis, resources, data curation, Writing 
– original draft, writing – review editing, visualization, supervision. 
Luca Angius: software, validation, investigation, data curation, writ-
ing – review editing, visualization. Marco Romagnoli: software, data 
curation, writing – review editing, supervision, project administration. 
Federico Schena: methodology, software, formal analysis, writing – 
review editing, visualization, supervision, project administration. John 
Dickinson: methodology, validation, investigation, resources, writing 
– review editing, visualization. Samuele Marcora: conseptualization, 
methodology, validation, resources, writing – review editing, supervi-
sion, project administration.

Acknowledgments

We would like to thank all the participants for their time and dedication 
in taking part in the study.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available on request 
from the corresponding author. The data are not publicly available due 
to privacy or ethical restrictions.

References

1. O. J. Price, N. Sewry, M. Schwellnus, et al., “Prevalence of Lower Air-
way Dysfunction in Athletes: A Systematic Review and Meta-Analysis 

by a Subgroup of the IOC Consensus Group on ‘Acute Respiratory Ill-
ness in the Athlete’,” British Journal of Sports Medicine 56, no. 4 (2022): 
213–222, https://​doi.​org/​10.​1136/​bjspo​rts-​2021-​104601.

2. K. H. Carlsen, S. D. Anderson, L. Bjermer, et  al., “Treatment of 
Exercise-Induced Asthma, Respiratory and Allergic Disorders in Sports 
and the Relationship to Doping: Part II of the Report From the Joint 
Task Force of European Respiratory Society (ERS) and European Acad-
emy of Allergy and Clinical Immunology (EAACI) in Cooperation With 
GA(2) LEN,” Allergy 63, no. 5 (2008): 492–505, https://​doi.​org/​10.​1111/j.​
1398-​9995.​2008.​01663.​x.

3. A. Riiser, T. Stensrud, J. Stang, and L. B. Andersen, “Aerobic Per-
formance Among Healthy (Non-Asthmatic) Adults Using β2-Agonists: 
A Systematic Review and Meta-Analysis of Randomized Controlled 
Trials,” British Journal of Sports Medicine 55, no. 17 (2021): 975–983, 
https://​doi.​org/​10.​1136/​bjspo​rts-​2019-​100984.

4. A. Riiser, T. Stensrud, J. Stang, and L. B. Andersen, “Can β2-Agonists 
Have an Ergogenic Effect on Strength, Sprint or Power Performance? 
Systematic Review and Meta-Analysis of RCTs,” British Journal of 
Sports Medicine 54, no. 22 (2020): 1351–1359, https://​doi.​org/​10.​1136/​
bjspo​rts-​2019-​100708.

5. M. Hostrup and S. Jessen, “Beyond Bronchodilation: Illuminating the 
Performance Benefits of Inhaled β2-Agonists in Sports,” Scandinavian 
Journal of Medicine andScience in Sports 34, no. 1 (2024): e14567, https://​
doi.​org/​10.​1111/​sms.​14567​.

6. A. A. Breenfeldt, G. A. Jacobson, J. Bejder, et al., “An Abductive Infer-
ence Approach to Assess the Performance-Enhancing Effects of Drugs 
Included on the World Anti-Doping Agency Prohibited List,” Sports 
Medicine 51, no. 7 (2021): 1353–1376, https://​doi.​org/​10.​1007/​s4027​9-​
021-​01450​-​9.

7. A. Kalsen, M. Hostrup, K. Söderlund, S. Karlsson, V. Backer, and J. 
Bangsbo, “Inhaled β2-Agonist Increases Power Output and Glycolysis 
During Sprinting in Men,” Medicine and Science in Sports and Exercise 
48, no. 1 (2016): 39–48.

8. J. S. Jeppesen, S. Jessen, M. Thomassen, V. Backer, J. Bangsbo, and M. 
Hostrup, “Inhaled β2-Agonist, Formoterol, Enhances Intense Exercise 
Performance, and Sprint Ability in Elite Cyclists,” Scandinavian Jour-
nal of Medicine and Science in Sports 34, no. 1 (2024): e14500, https://​doi.​
org/​10.​1111/​sms.​14500​.

9. J. Dickinson, J. Hu, N. Chester, M. Loosemore, and G. Whyte, “The 
Impact of Inhaled Salbutamol on Repeated Sprint Ability in Pre-
Fatigued Soccer Players,” Journal of Sports Medicine and Doping Studies 
5 (2015): 1–8, https://​doi.​org/​10.​4172/​2161-​0673.​1000164.

10. M. Merlini, M. Beato, S. Marcora, and J. Dickinson, “The Effect 
of 1600 μg Inhaled Salbutamol Administration on 30 m Sprint Perfor-
mance Pre and Post a Yo-Yo Intermittent Running Test in Football Play-
ers,” Journal of Sports Science and Medicine 18, no. 4 (2019): 716–721.

11. A. Kalsen, M. Hostrup, V. Backer, and J. Bangsbo, “Effect of Formo-
terol, a Long-Acting β2-Adrenergic Agonist, on Muscle Strength, Power 
Output, Metabolism, and Fatigue During Maximal Sprinting in Men,” 
American Journal of Physiology. Regulatory, Integrative and Compara-
tive Physiology 310, no. 11 (2016): R1312–R1321, https://​doi.​org/​10.​1152/​
ajpre​gu.​00293.​2015.

12. E. Maunder, S. Seiler, M. J. Mildenhall, A. E. Kilding, and D. J. 
Plews, “The Importance of ‘Durability’ in the Physiological Profiling 
of Endurance Athletes,” Sports Medicine 51, no. 8 (2021): 1619–1628, 
https://​doi.​org/​10.​1007/​s4027​9-​021-​01459​-​0.

13. A. M. Jones, “The Fourth Dimension: Physiological Resilience as an 
Independent Determinant of Endurance Exercise Performance,” Jour-
nal of Physiology 602, no. 17 (2024): 4113–4128, https://​doi.​org/​10.​1113/​
JP284205.

14. P. Menaspà, M. Quod, D. T. Martin, J. J. Peiffer, and C. R. Abbiss, 
“Physical Demands of Sprinting in Professional Road Cycling,” Interna-
tional Journal of Sports Medicine 36, no. 13 (2015): 1058–1062.

 16000838, 2025, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sm

s.70159 by N
IC

E
, N

ational Institute for H
ealth and C

are E
xcellence, W

iley O
nline L

ibrary on [06/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1136/bjsports-2021-104601
https://doi.org/10.1111/j.1398-9995.2008.01663.x
https://doi.org/10.1111/j.1398-9995.2008.01663.x
https://doi.org/10.1136/bjsports-2019-100984
https://doi.org/10.1136/bjsports-2019-100708
https://doi.org/10.1136/bjsports-2019-100708
https://doi.org/10.1111/sms.14567
https://doi.org/10.1111/sms.14567
https://doi.org/10.1007/s40279-021-01450-9
https://doi.org/10.1007/s40279-021-01450-9
https://doi.org/10.1111/sms.14500
https://doi.org/10.1111/sms.14500
https://doi.org/10.4172/2161-0673.1000164
https://doi.org/10.1152/ajpregu.00293.2015
https://doi.org/10.1152/ajpregu.00293.2015
https://doi.org/10.1007/s40279-021-01459-0
https://doi.org/10.1113/JP284205
https://doi.org/10.1113/JP284205


7 of 7Scandinavian Journal of Medicine & Science in Sports, 2025

15. D. Sanders and T. van Erp, “The Physical Demands and Power Pro-
file of Professional Men's Cycling Races: An Updated Review,” Inter-
national Journal of Sports Physiology and Performance 16, no. 1 (2021): 
3–12, https://​doi.​org/​10.​1123/​ijspp.​2020-​0508.

16. T. van Erp, D. Sanders, and R. P. Lamberts, “Maintaining Power 
Output With Accumulating Levels of Work Done Is a Key Determinant 
for Success in Professional Cycling,” Medicine & Science in Sports & Ex-
ercise 53, no. 9 (2021): 1903–1910, https://​doi.​org/​10.​1249/​MSS.​00000​
00000​002656.

17. J. F. Bedi, H. Gong, Jr., and S. M. Horvath, “Enhancement of Exercise 
Performance With Inhaled Albuterol,” Canadian Journal of Sport Sci-
ences = Journal Canadien Des Sciences du Sport 13, no. 2 (1988): 144–148.

18. K. De Pauw, B. Roelands, S. S. Cheung, B. de Geus, G. Rietjens, and 
R. Meeusen, “Guidelines to Classify Subject Groups in Sport-Science 
Research,” International Journal of Sports Physiology and Performance 
8, no. 2 (2013): 111–122.

19. S. D. Anderson and P. Kippelen, “Assessment and Prevention of 
Exercise-Induced Bronchoconstriction,” British Journal of Sports 
Medicine 46, no. 6 (2012): 391–396, https://​doi.​org/​10.​1136/​bjspo​
rts-​2011-​090316.

20. A. S. Gardner, D. T. Martin, D. G. Jenkins, et al., “Velocity-Specific 
Fatigue: Quantifying Fatigue During Variable Velocity Cycling,” Medi-
cine & Science in Sports & Exercise 41, no. 4 (2009): 904–911, https://​doi.​
org/​10.​1249/​MSS.​0b013​e3181​90da76.

21. G. Matthews, S. E. Campbell, and S. Falconer, “Assessment of Mo-
tivational States in Performance Environments,” Proceedings of the 
Human Factors and Ergonomics Society Annual Meeting 45, no. 13 
(2001): 906–910.

22. A. C. Coelho, D. Cannon, R. Cao, et al., “Instantaneous Quantifi-
cation of Skeletal Muscle Activation, Power Production, and Fatigue 
During Cycle Ergometry,” Journal of Applied Physiology 118 (2015): 
403–412, https://​doi.​org/​10.​1152/​jappl​physi​ol.​00617.​2014.

23. G. A. Borg, “Psychophysical Bases of Perceived Exertion,” Medicine 
and Science in Sports and Exercise 14, no. 5 (1982): 377–381, https://​doi.​
org/​10.​1249/​00005​768-​19821​0000-​00012​.

24. M. Lenti, G. De Vito, P. Sbriccoli, A. Scotto di Palumbo, and M. 
Sacchetti, “Muscle Fibre Conduction Velocity and Cardiorespiratory 
Response During Incremental Cycling Exercise in Young and Older In-
dividuals With Different Training Status,” Journal of Electrophysiologi-
cal Kinesiology 20, no. 4 (2010): 566–571.

25. W.-L. Hsu, V. Krishnamoorthy, and J. P. Scholz, “An Alternative Test 
of Electromyographic Normalization in Patients,” Muscle and Nerve 33, 
no. 2 (2006): 232–241, https://​doi.​org/​10.​1002/​mus.​20462​.

26. S. L. McDowell, S. J. Fleck, and W. W. Storms, “The Effects of Salme-
terol on Power Output in Non-Asthmatic Athletes,” Journal of Allergy 
and Clinical Immunology 99, no. 4 (1997): 443–449, https://​doi.​org/​10.​
1016/​S0091​-​6749(97)​70222​-​2.

27. A. R. Morton, K. Joyce, S. M. Papalia, N. G. Carroll, and K. D. Fitch, 
“Is Salmeterol Ergogenic?,” Clinical Journal of Sport Medicine 6, no. 4 
(1996): 220–225.

28. P. Merkes, P. Mensapà, and C. Abbiss, “Sprinting in Road Cycling–
Literature Review,” Journal of Science and Cycling 9, no. 3 (2020): 1–24, 
https://​doi.​org/​10.​28985/​​1220.​jsc.​03.

29. M. Hostrup, A. Kalsen, N. Ortenblad, et  al., “β2-Adrenergic Stim-
ulation Enhances Ca2+ Release and Contractile Properties of Skeletal 
Muscles, and Counteracts Exercise-Induced Reductions in Na+-K+-
ATPase Vmax in Trained Men,” Journal of Physiology 592, no. 24 (2014): 
5445–5459, https://​doi.​org/​10.​1113/​jphys​iol.​2014.​277095.

30. N. Decorte, S. Verges, P. Flore, M. Guinot, and B. Wuyam, “Effects 
of Acute Salbutamol Inhalation on Quadriceps Force and Fatigabil-
ity,” Medicine and Science in Sports and Exercise 40 (2008): 1220–1227, 
https://​doi.​org/​10.​1249/​MSS.​0b013​e3181​6c05e7.

31. N. Decorte, D. Bachasson, M. Guinot, et al., “Effect of Salbutamol 
on Neuromuscular Function in Endurance Athletes,” Medicine and 
Science in Sports and Exercise 45 (2013): 1925–1932, https://​doi.​org/​10.​
1249/​MSS.​0b013​e3182​924afc.

32. J. Laurent, M. Guinot, T. Le Roux Mallouf, M. Marillier, J. Larrib-
aut, and S. Verges, “Effects of Acute Salbutamol Intake on Peripheral 
and Central Fatigue in Trained Men,” Medicine and Science in Sports 
and Exercise 50 (2018): 1267–1276, https://​doi.​org/​10.​1249/​MSS.​00000​
00000​001555.

33. M. Hostrup, S. P. Cairns, and J. Bangsbo, “Muscle Ionic Shifts 
During Exercise: Implications for Fatigue and Exercise Performance,” 
Comprehensive Physiology 11, no. 3 (2021): 1895–1959, https://​doi.​org/​
10.​1002/​cphy.​c190024.

34. M. Hargreaves and L. L. Spriet, “Skeletal Muscle Energy Metabolism 
During Exercise,” Nature Metabolism 2, no. 9 (2020): 817–828, https://​
doi.​org/​10.​1038/​s4225​5-​020-​0251-​4.

35. S. J. Fleck, A. Lucia, W. W. Storms, J. M. Wallach, P. F. Vint, and 
S. D. Zimmerman, “Effects of Acute Inhalation of Albuterol on Sub-
maximal and Maximal VO2 and Blood Lactate,” International Journal 
of Sports Medicine 14, no. 5 (1993): 239–243, https://​doi.​org/​10.​1055/​
s-​2007-​1021170.

36. S. Koch, J. R. Ahn, and M. S. Koehle, “High-Dose Inhaled Salbu-
tamol Does Not Improve 10-km Cycling Time-Trial Performance,” Med-
icine and Science in Sports and Exercise 47, no. 11 (2015): 2373–2379, 
https://​doi.​org/​10.​1249/​MSS.​00000​00000​000679.

37. E. Brodde, “Beta 1- and Beta 2-Adrenoceptors in the Human Heart: 
Properties, Function, and Alterations in Chronic Heart Failure,” Phar-
macological Reviews 43, no. 2 (1991): 203–242.

38. T. Helge, M. Godhe, B. Berglund, and B. Ekblom, “Inhaling Salbu-
tamol May Decrease Time to Exhaustion in Some Contexts of Heavy 
Endurance Performances,” European Journal of Sport Science 23, no. 5 
(2023): 766–773, https://​doi.​org/​10.​1080/​17461​391.​2022.​2063071.

39. K. Collomp, B. Le Panse, H. Portier, et  al., “Effects of Acute Sal-
butamol Intake During a Wingate Test,” International Journal of 
Sports Medicine 26, no. 7 (2005): 513–517, https://​doi.​org/​10.​1055/​
s-​2005-​837488.

40. S. Marcora, “Psychobiology of Fatigue During Endurance Exercise,” 
in Endurance Performance in Sport (Routledge, 2019), 15–34.

 16000838, 2025, 11, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/sm

s.70159 by N
IC

E
, N

ational Institute for H
ealth and C

are E
xcellence, W

iley O
nline L

ibrary on [06/11/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1123/ijspp.2020-0508
https://doi.org/10.1249/MSS.0000000000002656
https://doi.org/10.1249/MSS.0000000000002656
https://doi.org/10.1136/bjsports-2011-090316
https://doi.org/10.1136/bjsports-2011-090316
https://doi.org/10.1249/MSS.0b013e318190da76
https://doi.org/10.1249/MSS.0b013e318190da76
https://doi.org/10.1152/japplphysiol.00617.2014
https://doi.org/10.1249/00005768-198210000-00012
https://doi.org/10.1249/00005768-198210000-00012
https://doi.org/10.1002/mus.20462
https://doi.org/10.1016/S0091-6749(97)70222-2
https://doi.org/10.1016/S0091-6749(97)70222-2
https://doi.org/10.28985/1220.jsc.03
https://doi.org/10.1113/jphysiol.2014.277095
https://doi.org/10.1249/MSS.0b013e31816c05e7
https://doi.org/10.1249/MSS.0b013e3182924afc
https://doi.org/10.1249/MSS.0b013e3182924afc
https://doi.org/10.1249/MSS.0000000000001555
https://doi.org/10.1249/MSS.0000000000001555
https://doi.org/10.1002/cphy.c190024
https://doi.org/10.1002/cphy.c190024
https://doi.org/10.1038/s42255-020-0251-4
https://doi.org/10.1038/s42255-020-0251-4
https://doi.org/10.1055/s-2007-1021170
https://doi.org/10.1055/s-2007-1021170
https://doi.org/10.1249/MSS.0000000000000679
https://doi.org/10.1080/17461391.2022.2063071
https://doi.org/10.1055/s-2005-837488
https://doi.org/10.1055/s-2005-837488

