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ABSTRACT
Objectives We aimed to examine the effect of 
β2- agonists on anaerobic performance in healthy non- 
asthmatic subjects.
Design Systematic review and meta- analysis.
Eligibility criteria We searched four databases 
(PubMed, Embase, SPORTDiscus and Web of Science) for 
randomised controlled trials, published until December 
2019, examining the effect of β2- agonists on maximal 
physical performance lasting 1 min or shorter. Data are 
presented as standardised difference in mean (SDM) with 
95% confidence intervals (95% CI).
Results 34 studies were included in the present meta- 
analysis. The studies include 44 different randomised 
and placebo- controlled comparisons with β2- agonists 
comprising 323 participants in crossover trials, and 149 
participants in parallel trials. In the overall analyses, β2- 
agonists improved anaerobic performance by 5% (SDM 
0.29, 95% CI 0.16 to 0.42), but the effect was related to 
dose and administration route. In a stratified analysis, the 
SDM was 0.14 (95% CI 0.00 to 0.28) for approved β2- 
agonists and 0.46 (95% CI 0.24 to 0.68) for prohibited 
β2- agonists, respectively. Furthermore, SDM was 0.16 
(95% CI 0.02 to 0.30) for inhaled administration and 
0.51 (95% CI 0.25 to 0.77) for oral administration, 
respectively, and 0.20 (95% CI 0.07 to 0.33) for acute 
treatment and 0.50 (95% CI 0.20 to 0.80) for treatment 
for multiple weeks. Analyses stratified for the type 
of performance showed that strength (0.35, 95% CI 
0.15 to 0.55) and sprint (0.17, 95% CI 0.06 to 0.29) 
performance were improved by β2- agonists.
Conclusion/implication Our study shows that non- 
asthmatic subjects can improve sprint and strength 
performance by using β2- agonists. It is uncertain, 
however, whether World Anti- Doping Agency (WADA)- 
approved doses of β2- agonists improve performance. 
Our results support that the use of β2- agonists should 
be controlled and restricted to athletes with documented 
asthma.
Systematic review registration PROSPERO 
CRD42018109223.

INTRODUCTION
Asthma is one of the world’s most common 
chronic diseases and affects people of all ages.1 
Elite athletes, especially endurance athletes regu-
larly performing heavily increased ventilation, 
have an increased risk of asthma.2 Asthma is the 
most common chronic disease in athletes partici-
pating in the Olympic Games.3 The gold standard 
for asthma therapy is inhaled glucocorticoids with 
inhaled β2- agonists pre- exercise and as a reliever 

of symptoms.1 However, the use of inhaled β2- ag-
onists by athletes is surrounded by controversy. 
Inhaled β2- agonists became available just before the 
Olympic Games in 1972 where the International 
Olympic Committee’s (IOC) Medical Commis-
sion prohibited their use due to a possible perfor-
mance enhancing effect. Since 1972, the regulations 
regarding the use of inhaled β2- agonists in elite 
athletes have been revised on numerous occasions.3 
The World Anti- Doping Agency (WADA) annually 
updates the prohibited list, a list of substances and 
methods prohibited in elite sports. The prohibited 
list from 1 January 2020 prohibits all use of β2- ago-
nists except inhaled salbutamol (maximum 1600 μg 
over 24 hours in divided doses not to exceed 800 
μg over 12 hours starting from any dose), inhaled 
formoterol (maximum delivered dose of 54 μg over 
24 hours) and inhaled salmeterol (maximum 200 μg 
over 24 hours).4

It has been speculated that non- asthmatic athletes 
use β2- agonists, believing they will improve their 
performance,5 and asthmatic athletes have consis-
tently outperformed non- asthmatic athletes during 
the Olympic Games.2 Thus, the possible perfor-
mance enhancing effect of β2- agonists has been 
examined in multiple studies. In 2007, Kindermann 
reviewed the effect of β2- agonists and concluded 
that inhaled β2- agonists do not enhance endurance 
performance, anaerobic power or muscle strength, 
while oral β2- agonists seemed to improve both 
endurance and strength.5 The year after, the IOC 
consensus statement considered that inhaled β2- ag-
onists do not to enhance endurance performance, 
while oral ingestion of salbutamol was considered 
to increase strength.6 However, the joint Task 
Force of the European Respiratory Society (ERS) 
and the European Academy of Allergy and Clinical 
Immunology (EAACI) concluded that there was no 
evidence to suggest that asthma drugs improved 
physical performance in healthy athletes.7 In 2011, 
Pluim et al published the first systematic review 
and meta- analysis on the effect of β2- agonists on 
physical performance in healthy athletes, including 
studies published before August 2009.8 They did not 
detect any effect of inhaled β2- agonists on aerobic, 
anaerobic or sprint performance, but did find some 
weak evidence indicating a performance enhancing 
effect of systemic β2- agonists on anaerobic perfor-
mance. Since August 2009, multiple studies have 
investigated the effect of β2- agonists on anaerobic 
performance, and continuous controversy regarding 
the use of β2- agonists in sports exists, which has 
been highlighted in recent β2- agonist anti- doping 
investigations involving world- class athletes.9 10 
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Therefore, the aim of our systematic review and meta- analysis 
was to assess the effect of β2- agonists on anaerobic performance 
in healthy non- asthmatic subjects.

METHODS
Search strategy and selection criteria
The present study is a systematic review and a meta- analysis. 
The study protocol was registered at Prospero on 18 September 
2018, with registration number CRD42018109223, and 
complied with the guidelines.11

Literature search
We performed a systematic search of published randomised 
controlled trials (RCTs) that examined the effect of β2- agonists 
on physical performance in healthy humans on 29 October 
2018. Peer- reviewed articles published in English were identified 
from four electronic databases: PubMed (All fields), Embase (All 
fields), SPORTDiscus (Text) and Web of Science (Topic). The 
search strategy consisted of four blocks of terms: (healthy OR 
non- asthmatic OR athletes) AND (salbutamol OR formoterol 
OR salmeterol OR terbutaline OR albuterol) AND (exhaustion 
OR power OR endurance OR strength OR aerobe OR anaerobe 
OR exercise OR performance) AND (rct OR randomized 
controlled trial* OR randomized control trial* OR controlled 
trial*). The search identified 398 records (PubMed 100, Embase 
105, Web of Science 36, and SPORTDiscus 157). After elimi-
nation of duplicates, 290 records remained. On 18 December 
2019 we performed an updated search in the four databases, 
adding the term “beta2- agonist” and all β2- agonists listed in the 
WADA prohibited list4 but not included in the original search 
(beta2- agonist OR Fenoterol OR Higenamine OR Indacaterol 
OR Olodaterol OR Procaterol OR Reproterol OR Tretoquinol 
OR Tulobuterol OR Vilanterol). The updated search identi-
fied 57 records (PubMed 11, Embase 22, Web of Sience 5, and 
SPORTDiscus 19). After elimination of duplicates, 44 records 
remained (figure 1). The searches were performed by the first 
author and a librarian.

Inclusion criteria and selection process
Two authors (AR and LBA) independently assessed the studies 
for eligibility with subsequent consensus by discussion. We 
included RCTs including healthy, non- asthmatic subjects exam-
ining the effect of β2- agonists on maximal physical performance.

Studies investigating the effect of salbutamol/albuterol, salme-
terol, formoterol and terbutaline alone or in various combina-
tions, administered by inhalation, orally or by infusion, were 
included. There were no restrictions related to dose or duration 
of treatment.

We excluded studies examining physical performance with 
a duration of more than 60 s per trial and non- performance 
variables such as neuromuscular function, oxygen kinetics and 
ventilation.

Included studies
After screening of titles and abstracts from the first search, 
45 studies were selected for full text eligibility assessment. Of 
these, 44 fulfilled the inclusion criteria, while 22 other studies 
were included based on previous knowledge of the studies or 
screening of the reference lists of the studies included. From the 
updated search four studies were selected for full text eligibility 
assessment after screening of titles and abstracts. In total 71 
studies met the primary inclusion criteria. As the present study 
includes only performance outcomes of 1 min or less, 37 studies 
only presenting data from performance outcomes with a dura-
tion of more than 1 min were excluded. One study reported “no 
significant difference” and the authors could not provide data on 
request.12 Thus, 34 studies were included in the present meta- 
analysis (figure 1).

Study quality assessment
The included studies were assessed using the Cochrane Collab-
oration Risk of Bias Tool to evaluate seven bias domains13 The 
domains were scored as low risk of bias, high risk of bias or 
unknown risk of bias according to the tool. For the domain 
“blinding of participants and personnel” the studies were scored 
as high risk of bias if the subject experienced side effects of the 

Figure 1 Flow chart of included studies as per the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta- Analyses) statement.11
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β2- agonists even if the blinding procedure in the study was 
performed according to the criteria for low risk of bias. The 
domains “incomplete data” and “selective reporting” were set to 
“low risk of bias” due to the nature of the studies. The seventh 
domain (other bias) was defined as “Participants screened for 
asthma”. For a study to be classified as “Low risk for bias” on the 
seventh domain, a physical examination or an objective measure 
of bronchial hyperresponsiveness was required. Lung function 
measurement at rest, stethoscopy or a questionnaire on medical 
history or bronchial complaints were considered as a “high risk 
of bias”. The studies were classified as studies with high risk of 
bias if they scored “high risk of bias” in one domain or more 
and low risk of bias if all domains in the risk of bias assessment 
tool were scored as “low risk of bias” or “unclear risk of bias”. 
Two authors (AR and JS) independently assessed the studies not 
included in the meta- analysis by Pluim et al,8 while the studies 
already assessed by Pluim and colleagues were evaluated by one 
author (AR). Any discrepancy in the assessments were resolved 
by discussion. An 8 th domain was added to the risk of bias 
tool reporting the washout period between the treatments in 
crossover studies. Carryover effect and period effect were also 
extracted from the study as a part of the bias assessment.

Analysis
AR and TS conducted data extraction of study results separately 
and settled discrepancies by mutual agreement after reassessing 
the data in question. AR contacted the corresponding author 
of papers when an e- mail address was provided, and relevant 
outcomes were reported in figures14–16 or as “no significant 
difference”.12 Beloka et al12 was excluded as the authors could 
not provide data. When data were presented in figures only and 
no email address for the corresponding author was provided or 
the corresponding author had no access to the requested data, 
data were extracted manually14 17–19 by AR. The main outcome 
was physical performance lasting 1 min or less and defined as 
anaerobic performance. Anaerobic performance was further 
categorised into sprint performance assessed by maximal 
running,15 20–23 ergometer cycling16 17 24–39 (mean power/total 
work) or swim ergometer sprint.40 Strength performance (leg) 
was assessed by one repetition maximum (1 RM)41 or maximal 
voluntary contraction (MVC)14 16 18 19 21 27 35–37 42–45 and power 
performance was assessed by vertical jump22 and force velocity 
sprint.46 If several outcomes were presented after one interven-
tion, only one outcome was included in each meta- analysis. This 
inclusion was prioritised in the following order: Sprint outcomes 
were prioritised over strength outcomes and long sprints were 
prioritised over short sprints and power outcomes. Maximal 
voluntary contraction was prioritised over 1 RM and vertical 
jump. When results from multiple trials were reported separately, 
the results from all trials were meta- analysed into one variable 
and this variable was used in further analysis. When trials were 
performed pre- and post- exercise only the pre- exercise trial 
was included in the meta- analysis. When MVC was measured 
at different velocities, angles or muscle groups, all trials were 
meta- analysed into one variable and this variable was used in 
further analysis. The interventions were categorised in four 
different ways. (1) Type of β2- agonist: short- acting (salbutamol 
and terbutaline) and long- acting (formoterol and salmeterol). 
(2) Administration route: inhaled, oral and infusion (infusion 
was only used in one comparison and was not a category in the 
meta- regression). (3) Duration of treatment: acute treatment 
and multiple weeks of treatment. (4) Dose: approved by WADA 
and not approved by WADA.4 The different interventions were 

treated as categorical variables in the meta- regression analysis. 
Correlation between performance with active treatment and 
placebo was seldom reported in the included studies; thus, a 
correlation coefficient of 0.5 was imputed for all comparisons.

Statistics
Extracted data from individual studies were collated and 
prepared for meta- analysis (computing standard deviation (SD) 
when standard error (SE) of the mean and 95% confidence inter-
vals (95% CI) were reported) in Excel (Microsoft Corp) before 
transfer into Comprehensive Meta- Analysis version 3 (CMA.
V3) (Biostat, Inc, Englewood, NJ, USA). Further analyses were 
performed in CMA. The meta- analyses were performed with 
random effects models and effect estimates are presented as 
standardised difference in means (SDM) with 95% CI. Hetero-
geneity is presented as I2, and p value. Whether or not the effect 
size was different between type of β2- agonist, administration 
route, duration of treatment and dose were analysed by meta- 
regression (test of model). In addition, meta- regression was used 
to perform the goodness of fit to assess the presence of unex-
plained variance in the model. The proportion of total between 
study variance explained by the covariate is expressed as R2 
analogue. Potential publication bias was assessed by funnel plot, 
Begg and Mazumdar rank correlation test and classic fail- safe N. 
Standardised difference in means was back transferred to orig-
inal units by multiplying SDM with baseline SD from original 
studies and expressed as percent change from baseline value. 
Adequacy of sample size in each included study was assessed by 
calculation of the sample size required for the effect found in the 
respective study to obtain an α of 0.05 and a β of 0.2.47 47 Skew-
ness of outcomes was assessed as baseline mean/SD. Variables 
with a mean/SD ratio >2 were considered skewed.48 Significance 
level was set at p<0.05. P values <0.1 >0.05 from the meta- 
regression were discussed as tendencies.

RESULTS
Study characteristics
The present meta- analysis consists of 34 RCTs, including 27 
studies with crossover design14 15 17 20 22–35 37–40 42–46 (seven 
comparing two different interventions with placebo21 24 43–46) 
and seven studies16 18 19 21 36 41 49 with parallel design (one with 
both acute and multiple week intervention16 and one comparing 
two different β2- agonists with placebo).21 The meta- analysis 
includes 44 different randomised and placebo- controlled 
comparisons with β2- agonists comprising 323 participants in 
crossover trials, including 51 participants in three- way cross-
over trials. Eighty- three participants received β2- agonists and 66 
participants received placebo in the parallel trials. The included 
studies are summarised in table 1.

Risk of bias
Twenty- one studies (62%) had high risk of bias in one domain 
or more and the washout period varied from 1 day to 4 weeks 
between the studies (online supplementary table 1). There was 
no difference in the effect of β2- agonists between high and low 
bias studies for any performance category (table 2). One study22 
reported period effect (p=0.45) and carryover effect (p=0.91) 
in addition to treatment effect (p=0.83).

Examination of potential publication bias by assessing the 
funnel plot indicated a tendency for publishing studies that 
found an effect of β2- agonists (online supplementary figure 3). 
The Begg and Mazumdar rank correlation test confirmed publi-
cation bias with a one- tailed p value=0.003, and the fail- safe N 
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Table 1 Characteristics of the studies included in the systematic review and meta- analysis

Study, year Design
Subjects: n, sex, age 
(years±SD) Fitness level

Intervention (type, route, 
and dose of β2- agonist) Outcomes

Merlini et al 2019a21 Parallel, three arms 23/15, m/f, 26±5 Recreationally active Inhaled salmeterol 200 µg*
Inhaled formoterol 24 µg*

30 m sprint
MVC

Merlini et al 2019b15 Crossover 13, m, 18±1 Amateur football players Inhaled salbutamol 1600 µg 30 m sprint

Halabchi et al 201722 Crossover 20, m, 17±1 Junior professional football 
players

Inhaled salbutamol 200 µg* Fastest 30 m sprint
Vertical Jump

Kalsen et al 2016a34 Crossover 9, m, 24±3 Recreationally active Inhaled terbutaline 15 000 µg 10 s cycle sprint

Kalsen et al 2016b35 Crossover 13, m, 32±8 Training 1.8±1 h/w Inhaled formoterol 54 µg* 30 s cycle sprint

Hostrup et al 201616 Parallel 20, m, 26±4 National level endurance 
athletes

Oral salbutamol 8000 µg acute 
and 8 mg/day for 2 weeks

3×30 s cycle sprint
MVC

Altarawneh et al 201639 Crossover 7, m, 23±6 Recreationally active 4 d/w Inhaled salbutamol 1000 µg 3 set 5×4 s cycle sprint

Hostrup et al 201536 Parallel 18, m, 24±3 Recreationally active 4–8 h/w Oral terbutaline 5000 μg/30 
twice daily for 28±1 days

30 s cycling sprint
MVC

Dickinson et al 201523 Three- way Crossover 7/6, m/f, 23±4/21±1 Competitive soccer ≥3 d/w Inhaled salbutamol 800 µg*
Inhaled salbutamol 1600 µg

Repeated sprint ability

Kalsen et al 201440 Crossover 13/4, m/f, 18±4 Elite swimmers Inhaled 1600 μg salbutamol, 
200 µg salmeterol, and 36 µg 
formoterol

Swim ergometer sprint
MVC

Hostrup et al 2014a45 Crossover Exp 1, 10, m, 24±3
Exp 2, 20, m, 24±4

Exp 1: Highly trained
Exp 2: Trained

Exp 1: inhaled terbutaline 
20 000 µg
Exp 2: oral terbutaline 
5000 µg/15 kg

MVC

Hostrup et al 2014b37 Crossover 9, m, 24±3 Recreationally active Inhaled terbutaline 15 000 µg 30 s cycle sprint
MVC

Dickinson et al 201441 Parallel 16, m, 20±2 Amateur- level competition Inhaled salbutamol 1600 µg /
day for 6 weeks

1 RM

Sanchez et al 201320 Crossover 7, m, 29±6 Competitive athletes,
10 h/week

Oral terbutaline 8000 µg 70 m running sprint

Decorte et al 201344 Three- way Crossover 11, m, 33±6 Highly trained cyclists, 
triathletes and runners, 
12±3 h/w

Inhaled salbutamol 200 µg*
Inhaled salbutamol 800 µg*

MVC

Sanchez et al 201246 Three- way Crossover 8, m, 23±1 Recreational sports, 10 h/w Oral salbutamol 6000 µg acute
Oral salbutamol 12 000 μg/day 
for 3 weeks

Force–velocity sprint on 
cycle ergometer

Descorte et al 200843 Three- way Crossover 9, m, 23±3 Healthy non- athletes Inhaled salbutamol 200 µg*
Inhaled salbutamol 800 µg*

MVC

Le Pance et al 200732 Crossover 12, f, 22±3 Recreationally active 1–3 d/w Oral salbutamol 4000 µg 30 s cycle sprint

Le Panse et al 200633 Crossover 14, f, 22±1 Recreationally active,7 
sedentary7

Oral salbutamol
12 000 µg/day for 4 weeks

30 s cycle sprint

Le Panse et al 200531 Crossover 15, m, 30±6 Strength- trained athletes,8 
sedentary7

Oral salbutamol
12 000 µg/day for 3 weeks

30 s cycle sprint

Collomp et al 200538 Crossover 13, m, 31±6 Sedentary non- athletes and 
recreational weightlifters, 
1–3 d/w

Oral salbutamol 4000 µg 30 s cycle sprint

Caruso et al 200519 Parallel 22, m, 18–22 Healthy non- athletes (after 10 
weeks of strength training)

Oral salbutamol 4–16 000 µg/
day for 3 weeks

MVC

Stewart et al 200224 Three- way Crossover 10, m, 26 20–30 Highly trained athletes Inhaled formoterol 12 µg*
Inhaled salbutamol 400 µg*

30 s cycle sprint

van Baak et al 200014 Crossover 16, m, 23±2 Healthy non- athletes Oral salbutamol 4000 µg MVC

Mc Dowell et al 199729 Crossover 11, m, 25±4 Amateur cyclists Inhaled salmeterol 42 µg* 30 s cycle sprint

Norris et al 199626 Crossover 15, m, 25±4 Highly trained cyclists Inhaled salbutamol 400 µg* 60 s cycle sprint

Morton et al 199642 Crossover 16, m, 23±4 High performance cyclists and 
triathletes

Inhaled salmeterol 50 µg* 10 s cycle sprint
MVC

Lemmer et al 199530 Crossover 14, m, 23±1 Elite cyclists Inhaled salbutamol 360 µg* 30 s cycle sprint

Caruso et al 199549 Parallel 22, m, 21±3 Sedentary or recreationally 
active non- athletes

Oral salbutamol 16 000 µg/day 
for 6 weeks

MVC

Morton et al 199327 Crossover 17, m, 22±4 Athletes (power events) Inhaled salbutamol 200 µg* 10 s cycle sprint
MVC

Signorile et al 199225 Crossover 8/7, m/f, 18–33 Healthy non- athletes Inhaled salbutamol 180 µg* 15 s cycle sprint

Morton et al 199217 Crossover 16/1 m/f, 22±4 High performance runners Inhaled salbutamol 200 µg* 30 s cycle sprint

Meeuwisse et al 199228 Crossover 7, m, 24±4 Trained cyclists Inhaled salbutamol 200 µg* 30 s cycle sprint

Continued
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was 458 meaning that there would need to exist 458 unpub-
lished comparisons finding no effect of β2- agonists to nullify the 
effect found in the 44 comparisons in our study.

Effect of β2-agonists
β2- agonists improved anaerobic performance compared with 
placebo with an SDM of 0.287 (95% CI 0.157 to 0.417) 
(figure 2). The SDMs for the included studies were heteroge-
neous (I2=56%, p<0.001) and the difference was related to 
dose (p=0.047, R2=0.00) and administration route (p=0.025, 
R2=0.02). In stratified analysis, approved β2- agonists did not 
improve anaerobic performance (0.141, 95% CI −0.001 to 
0.282) and prohibited β2- agonists improved anaerobic perfor-
mance (0.457, 95% CI 0.239 to 0.675). Stratified by adminis-
tration route, both inhalation (0.157, 95% CI 0.022 to 0.293) 
and oral administration (0.511, 95% CI 0.251 to 0.771) of 
β2- agonists improved anaerobic performance. In stratified anal-
ysis, the SDM for acute treatment was 0.200 (95% CI 0.067 to 

0.333) and 0.501 (95% CI 0.203 to 0.798) for multiple weeks 
of treatment.

The SDM from 31 comparisons showed that β2- agonists 
improved sprint performance (0.17, 95% CI 0.06 to 0.29) (table 
2, supplementary figure 1) and the effect was not related to the 
type of β2- agonist, administration route, duration of treatment, 
or dose in the multivariate meta regression (p>0.104) (table 2). 
In stratified analysis approved doses of β2- agonists had no effect 
on sprint performance (p=0.219) and prohibited doses of β2- ag-
onists improved sprint performance (p=0.003)

The effect on strength performance was assessed in 21 compar-
isons and β2- agonists improved maximal muscular strength 
(0.35, 95% CI 0.15 to 0.55). The results were heterogeneous 
(I2=68%, p<0.001) (table 3) and the effect was related to the 
duration of treatment and administration route in the simple 
models (p<0.031) and all variants of treatment combined in 
one model (p=0.026, R2=0.31) (table 2). For strength perfor-
mance the SDM was greater (p=0.030) after multiple weeks of 

Study, year Design
Subjects: n, sex, age 
(years±SD) Fitness level

Intervention (type, route, 
and dose of β2- agonist) Outcomes

Martineau et al. 199218 Parallel 12, m, 19–38 Healthy non- athletes Oral salbutamol 16 000 µg/day 
for 3 weeks

30 s cycle sprint

*Dose approved by WADA.4

d/w, days per week; Exp, experiment; f, female; h/w, hours per week; iv, intravenous; m, male; MVC, maximal voluntary isometric contraction; RM, repetition maximum; s, 
seconds; WADA, World Anti- Doping Agency.

Table 1 Continued

Table 2 Regression of standardised difference in means against type of β2- agonist, administration route, duration of treatment, dose and risk of 
bias treated as categorical variables

Anaerobic performance Sprint performance Strength performance

Type of β2- agonist; reference, long- acting

  Test of model, p value 0.535 0.794 0.147

  Goodness of fit, p value <0.001 0.112 <0.001

  R2 analogue 0.00 0.00 0.00

Administration route; reference, inhaled

  Test of model, p value 0.025 0.376 0.008

  Goodness of fit, p value <0.001 0.138 <0.001

  R2 analogue 0.02 0.04 0.06

Duration of treatment; reference, acute

  Test of model, p value 0.077 0.303 0.030

  Goodness of fit, p value <0.001 0.126 0.008

  R2 analogue 0.15 0.06 0.38

Dose; reference, approved by WADA

  Test of model, p value 0.047 0.105 0.136

  Goodness of fit, p value <0.001 0.194 <0.001

  R2 analogue 0.00 0.26 0.00

Type, route, duration, dose

  Test of model, p value 0.253 0.348 0.026

  Goodness of fit, p value <0.001 0.148 0.015

  R2 analogue 0.00 0.06 0.31

Risk of bias; reference, high risk

  Test of model, p value 0.222 0.189 0.199

  Goodness of fit, p value <0.001 0.159 <0.001

  R2 analogue 0.00 0.12 0.00

R2 analogue: proportion of total between- study variance explained by the covariate. Anaerobic performance: maximal physical performance lasting 1 min or less. Sprint 
performance: maximal running cycling or swimming for 1 min or less. Strength performance: maximal voluntary contraction or one repetition maximum.
WADA, World Anti- Doping Agency.
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treatment (0.502, 95% CI 0.012 to 0.993) compared with acute 
treatment (0.235, 95% CI 0.046 to 0.423) (figure 3), and in 
oral ingestion (0.632, 95% CI 0.212 to 1.060) compared with 
inhalation (0.18, 95% CI −0.041 to 0.393). In stratified analysis 
approved doses of β2- agonists had no effect on sprint perfor-
mance (p=0.187) and prohibited doses of β2- agonists improved 
sprint performance (p=0.003).

Power performance was assessed in four comparisons and no 
statistically significant effect of β2- agonists was found (table 2, 
supplementary figure 2).

Sample size and skewness
One of the 34 included studies included adequate numbers 
of participants to obtain an α <0.05 and a β <0.2 (online 

supplementary table 1).22 None of the 34 comparisons reporting 
baseline mean and SD/SE was skewed.

Sensitivity analysis
We performed a sensitivity analysis excluding the six compar-
isons with the highest SDM and the combined SDM for the 
remaining 38 interventions was 0.139 (95% CI 0.058 to 0.219; 
p=0.001). We also performed a sensitivity analysis excluding 
the 12 comparisons with less than 10 data pairs with β2- agonist 
and placebo (SDM 0.224, 95% CI 0.110 to 0.338). In addition, 
we meta- analysed the effects of β2- agonists on anaerobic perfor-
mance including only comparisons with different subjects and 
the SDM of these 38 comparisons was 0.289 (95% CI 0.151 to 

Figure 2 Forest plot of the effect of β2- agonists on anaerobic performance.

Table 3 Meta- analysis for each outcome measure

Outcome
Number of 
comparisons

Meta- analysis of each outcome Test of heterogeneity

SDM 95% CI P value I2* P value

Anaerobic performance 44 0.287 0.157 to 0.417 <0.001 56% <0.001

Sprint performance 31 0.173 0.057 to 0.288 0.003 21% 0.152

Strength performance 21 0.345 0.145 to 0.545 0.001 68% <0.001

Power performance 4 1.107 −0.323 to 2.536 0.129 88% <0.001

Anaerobic performance: maximal physical performance lasting 1 min or less. Sprint performance: maximal running, cycling or swimming for 1 min or less. Strength performance: 
maximal voluntary contraction or one repetition maximum. Power performance: force velocity sprint or vertical jump.
SDM, standardised difference in mean.
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0.428; p<0.001). This means that the results are consistent also 
when stricter criteria for including studies are used.

Percent change
An SDM of 0.287 corresponds to a mean improvement of 5% 
(SD 3) in the 34 included comparisons reporting baseline mean 
and SD or SE. Specifically, 70 m sprint time and MVC improved 
by 5% in populations of competitive athletes20 and high perfor-
mance cyclists and triathletes,42 respectively. If we apply the SDM 
specific for sprint (0.173) and strength (0.345) performance, the 
estimated percent improvement from β2- agonist would be 3% 
and 6% in the respective populations.

DISCUSSION
This meta- analysis of RCTs, examining the effect of β2- agonists 
on anaerobic performance, provides the most comprehensive 
quantitative summary of the evidence to date, including 34 
RCTs with 44 placebo- controlled comparisons comprising 472 
participants. Twenty- one studies were classified as high risk of 
bias due to side effects, single blinding or inadequate screening 
for asthma. However, these studies showed the same effect on 
performance as the other included studies.

Our study extends previous reviews by including studies not 
previously meta- analysed and with an in- depth analysis of anaer-
obic performance. Our meta- analysis shows that β2- agonists 
improve anaerobic performance by 5%, an improvement that 
would change the outcome of most athletic competitions.

Oral administration had a larger effect than inhalation even if 
both administration routes improved performance, and prohib-
ited doses of β2- agonists had a different effect than approved 
doses of β2- agonists. The difference in effect between approved 
and prohibited doses may be caused by larger (prohibited) doses 
taken orally or by inhalation increasing the serum values more,45 
thus having a larger potential effect on anaerobic performance. 
This means that prohibiting terbutaline and high doses of salbu-
tamol, salmeterol and formoterol reduce risk of performance 
enhancement due to use of these drugs.

Approved doses of β2- agonists did not effect anaerobic perfor-
mance as predefined by us (p<0.05). However, there was a 
tendency (p=0.05) towards enhanced performance by approved 
doses of β2- agonists. This means that it is still uncertain whether 
approved doses improve anaerobic performance. There was also 

a tendency towards greater effect of multiple weeks of treatment 
compared with acute treatment (p=0.08).

To our knowledge, no other studies have pooled data using 
meta- analysis on the effects of β2- agonists on anaerobic perfor-
mance. Pluim et al8 presented a meta- analysis stratified by 
administration route (oral or inhaled) and analysed test- specific 
outcomes separately. Pluim et al8 did not find any effect of 
inhaled β2- agonists on any outcome while the pooled results 
from four studies revealed a positive effect of oral β2- agonists 
on peak power, but not mean power during a 30 s Wingate test.

Since the review by Pluim et al,8 16 studies meeting our inclu-
sion criteria have been published. In our study, we included 
comparisons with inhaled and oral β2- agonists in the same anal-
ysis, as we hypothesised that inhalation and oral ingestion may 
provide the same physiological stimuli, which depends on the 
dose and systemic bioavailability, because the two administration 
routes may induce similar serum concentrations of β2- agonists.45 
However, in a clinical setting inhaled β2- agonists are prescribed 
in substantially lower doses compared with the doses prescribed 
for oral ingestion. This assumption was partly supported by the 
findings in the present study, as oral administration had a greater 
effect, but both administration routes improved performance. 
Multiple weeks of treatment with β2- agonists tended to have a 
greater effect than acute treatment.

Analysis of performance categories
Sprint performance was improved using β2- agonists. The effect 
size from the 31 comparisons included was not heterogeneous. 
The finding is in contrast to Pluim et al8 who meta- analysed 
four studies with oral β2- agonists and five studies with inhaled 
β2- agonists separately and reported no statistically significant 
improvement in mean power during a 30 s Wingate test. The 
present study provides greater statistical power due to more than 
seven times as many comparisons in the meta- analysis, which 
may explain why we found an effect and Pluim et al8 did not.

β2- agonists improved strength performance. The effect was 
heterogeneous and related to duration of treatment and admin-
istration route, where treatment with β2- agonists over multiple 
weeks and oral administration provided a greater improvement 
in strength compared with interventions consisting of acute 
treatment. Differences in duration of treatment and route of 
administration explained 38% and 6% of the total between 

Figure 3 Forest plot of the effect of β2- agonists on strength performance stratified by duration of treatment.
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study variance. When all covariates were included in one model, 
the model explained 31% of the total between study variance. 
The superior effect with multiple weeks of treatment may be 
related to a hypertrophic effect demonstrated after multiple 
weeks of both inhaled50 and oral β2- agonists.36 51 β2- agonists 
prescribed for oral ingestion are prescribed in higher doses than 
inhaled β2- agonists. This may partly explain why oral β2- ago-
nists improve strength more than inhaled β2- agonists.

Only four interventions investigated the effect of β2- agonists 
on power performance and the effect was not statistically signif-
icant. However, the study investigating the effect of β2- agonists 
on force–velocity cycling after acute and multiple weeks of treat-
ment was among the comparisons with the largest effect sizes, 
while the two studies with vertical jump as outcome found no 
effect of β2- agonists (online supplementary figure 2).

Bias
The funnel plot indicated a tendency for published studies 
that found a significant effect of β2- agonists, and the Begg and 
Mazumdar rank correlation test indicated publication bias. 
However, the fail- safe N is 458, meaning that there would 
need to be 10 not published comparisons with no effect per 
published comparison to nullify the effect of the 44 compar-
isons included in the present study. We also performed sensi-
tivity analysis by removing the six studies with the largest SDM 
in favour of β2- agonists and the 12 comparisons with less than 
10 participants receiving β2- agonists. Without these studies, the 
effect of β2- agonists on anaerobic performance was still highly 
statistically significant. This strengthens the assumption that the 
effects of β2- agonists on anaerobic performance presented in the 
present study are real effects and not caused by bias.

Tachycardia and tremor are characteristic adverse side effects 
of β2- agonists37 52 and 11 studies reported side effects of the 
β2- agonists. The side effects may make the participants aware 
of whether they received β2- agonists or placebo, thus breaking 
the blinding and possibly motivating the participants to perform 
better when receiving β2- agonists. In one study,34 seven out of 
nine participants reported side effects after receiving β2- ago-
nists. However, the subjects who did not experience side effects 
had comparable performance to participants with side effects 
in the latter study, indicating that possible failure to blind the 
participants of treatment did not influence the results. Fifteen 
studies did not screen the participants for asthma with objective 
tests, possibly including subjects with airway hyperresponsive-
ness (AHR). However, AHR probably does not influence sprint 
and strength performance. Individual studies included in our 
meta- analysis found no difference in anaerobic performance 
between cyclists with and without side effects35 or swimmers 
with and without 40AHR and risk for bias did not influence the 
SDM in any analysis.

Our study included 12 comparisons between placebo and 
β2- agonists that comprised fewer than 10 pairs (fewer than 20 
subjects in parallel studies and 10 subjects in crossover studies) 
and only one of the included studies had a sample size providing 
an α <0.05 and a β <0.2 for the measured effect. This low 
sample size in the individual studies may have introduced sparse 
data bias in the SDM.53 54 However, when we performed a 
sensitivity analysis excluding these 12 comparisons the effect of 
β2- agonists on anaerobic performance was practically the same. 
Normal distribution of data is an important assumption in meta- 
analysis of continuous data and all included studies appeared to 
have normally distributed baseline data.

The meta- regression model testing the effect of dose and 
administration route on anaerobic performance indicated an 
effect and the analogue R2s were 0.0 and 0.02, which should be 
interpreted as the proportion of between study variance explained 
by administration route is 0% and 2%. This may be counter- 
intuitive as variables explaining 0% and 2% of the variation is 
normally not statistically significant. In both primary studies and 
meta- analysis, R2 is based on two estimates of variance. Unlike 
in primary studies, R2 in meta- analysis is based on separate anal-
ysis where both estimates (T2) can be over- or underestimated. 
Thus, a positive effect yet with no/low explained variation for 
any covariate is a possible outcome of the analysis if the effect is 
small.55 We should therefore interpret the findings with caution.

An SDM may be difficult to interpret. We therefore back trans-
ferred the SDM to the units presented in the respective included 
studies and computed the effect of β2- agonists as percent change 
from baseline. The mean improvement on anaerobic perfor-
mance was 5%. However, this must be interpreted with caution 
as the percent change is dependent on the population (mean and 
SD). Similarly, the SDMs in the present study are low to moderate 
according to Cohen’s rule of thumb.56 However, the difference 
between failure and success within elite sports is often marginal, 
and if β2- agonists have a small effect on anaerobic performance 
it may decide the outcome of the competition. A 5% difference 
may be small in many aspects, but when it comes to athletic 
performance, it will have a vast impact on the result in almost 
any competition. We would therefore recommend that WADA 
has criteria for the use of β2- agonists in sports where anaerobic 
performance is essential for the outcome. The criteria should 
be based on objective tests for asthma and a doctor’s diagnosis. 
β2- agonists should not be prohibited in athletic competitions, 
because they are a necessary treatment for athletes with asthma, 
but they should be regulated and controlled.

Strength and limitations
The study is strengthened by the systematic search of the litera-
ture in multiple databases and it is likely that all relevant studies 
were identified. We included RCTs only. We consider all maximal 
performance tests lasting 1 min or shorter to be a measure of 
anaerobic performance; thus we used SDM as outcome in the 
meta- analysis.57 This resulted in a large sample size and a high 
statistical power. Further, we performed subgroup analysis on 
outcome categories and meta- regression to investigate the effect 
of the different types of intervention.

A weakness in the present study is that all outcomes were 
assessed by laboratory tests, which are not identical to actual 
athletic competitions. Reliable, sensitive and valid test protocols 
are important. The sprint tests are closed- end tests which are 
recommended over open- end tests and the coefficients of varia-
tion for open- end tests are reported to decrease with increased 
intensity or decreased duration.58 However, the quality of the 
test protocols was not accounted for in the present analysis. 
The fitness level of the participants varied from untrained to 
elite athletes, but the athletes did not necessarily exercise for, 
or compete in, events where the abilities tested in the included 
studies were the most relevant factors for performance in the 
respective sport disciplines. Thus, fitness level was not included 
in the analysis even if fitness level may confound the effect of 
β2- agonists on physical performance.59 60 The meta- analysis 
assumes independence between the subjects included. In the 
present study, the same subjects were included twice in the same 
analysis if they participated in a three- way crossover study with 
placebo and two different interventions with β2- agonists, or if 
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the same subjects were assessed after acute and multiple weeks of 
β2- agonists or placebo. To investigate the effect of this potential 
bias we performed a meta- analysis including comparisons with 
different people only, and the effect size was practically the same 
as when all relevant comparisons were included. There is also a 
possibility that the same participants were included in different 
studies. Few studies reported correlation between trial results, 
thus the correlation coefficient for pre- and post- test has been 
set to 0.5 for all studies. This is lower than data made available 
from Dickinson et al41 by request and similar to what Pluim et 
al8 reported. In the analysis of anaerobic performance only, 17% 
of the variation in effect sizes from the individual comparisons 
were explained by the differences in the interventions, thus the 
reason for most of the heterogeneity was not clear.

In the meta- regression the β2- agonist interventions were clas-
sified into different subcategories and the effect of the different 
interventions are compared. By splitting up the outcome and 
the interventions into categories, the statistical power and the 
probability of detecting statistically significant differences were 
reduced. Thus, categories with few studies/participants usually 
have larger uncertainties in the effect estimates. We have there-
fore chosen to discuss p<0.1 from the meta- regression as 
tendencies. Future studies will add to the evidence and perhaps 
reveal differences in the effect of β2- agonists between more 
subcategories. The effect of treatment in crossover studies is 
possibly influenced by period effect and carryover effect, and 
these effects were only examined in one of the 27 crossover 
studies included in the meta- analysis. The carryover effect can 
be caused by a too short washout period. The duration of effect 
is probably related to the half- life of the different β2- agonists, 
deactivation of receptors and the dose administered. Thus, the 
minimum washout period is difficult to assess. The half- life of 
the β2- agonists assessed in the present study range from 3 to 
6 hours (salbutamol) to 10 hours (formoterol).61 The first search 
was limited to four types of β2- agonists. The additional search 
included the term “beta2- agonists” and all β2- agonists listed in 
WADAs prohibited list. The second search gave two additional 
relevant studies but these studies were published after the first 
search.

Based on these limitations the findings should be interpreted 
with caution, but the results demonstrate that anaerobic perfor-
mance was enhanced in healthy individuals by use of β2- agonists.

CONCLUSION
Our systematic review and meta- analysis which summarises the 
current scientific evidence from 34 studies, of which 13 are low 
risk of bias, shows that people who do not suffer from asthma 
can improve their anaerobic performance by using β2- agonists. 
β2- agonists improve both sprint and strength performance, with 
oral administration being more effective compared with inha-
lation. There is a difference in effect between prohibited and 
approved β2- agonists and it is uncertain whether approved 
doses of β2- agonists improve anaerobic performance. The 
results of the present study should be of interest to WADA and 
anyone who is interested in equal opportunities in competitive 
sports. The use of β2- agonists in athletes should be regulated 
and limited to those with an asthma diagnosis documented with 
objective tests.
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