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Abstract 30 

Some have questioned the evidence for performance-enhancing effects of several substances included on the World Anti-31 

Doping Agency’s Prohibited List due to the divergent or inconclusive findings in randomized controlled trials (RCTs). 32 

However, inductive statistical inference based on RCTs only may result in biased conclusions because of the scarcity of 33 

studies, inter-study heterogeneity, too few outcome events, or insufficient power. An abductive inference approach, where 34 

the body of evidence is evaluated beyond considerations of statistical significance, may serve as a tool to assess the 35 

plausibility of performance-enhancing effects of substances by also considering observations and facts not solely obtained 36 

from RCTs. Herein, we explored the applicability of an abductive inference approach as a tool to assess the performance-37 

enhancing effects of substances included on the Prohibited List. We applied an abductive inference approach to make 38 

inferences on debated issues pertaining to the ergogenic effects of recombinant human erythropoietin (rHuEPO), beta2-39 

agonists and anabolic androgenic steroids (AAS), and extended the approach to more controversial drug classes where 40 

RCTs are limited. We report that an abductive inference approach is a useful tool to assess the ergogenic effect of 41 

substances included on the Prohibited List – particularly for substances where inductive inference is inconclusive. 42 

Specifically, a systematic abductive inference approach can aid researchers in assessing the effects of doping substances, 43 

either by leading to suggestions of causal relationships or identifying the need for additional research.  44 
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Key points 45 

• Randomized controlled trials are often considered the gold standard in testing a clinical effect for a given drug. 46 

However, inductive reasoning relying solely on randomized controlled trials may result in biased conclusions, similar 47 

to those associated with meta-analyses due to few outcome events, inter-study heterogeneity, methodological 48 

limitations, insufficient power, and pooling of outcome measures. 49 

• With respect to anti-doping, there can be other evidence or arguments for a substance to be prohibited in sports, 50 

including observations from cross-sectional studies, case reports, pharmacovigilance, surveys, and qualitative data. 51 

• An abductive inference approach, where the body of evidence is evaluated beyond considerations of statistical 52 

significance, could be used to justify whether substances should be included on the Prohibited List particularly when 53 

controlled trials are lacking or equivocal due to feasibility or ethical issues. 54 

• Employing a systematic abductive inference approach supports restrictions imposed on recombinant human 55 

erythropoietin, beta2-agonists, and androgenic anabolic steroids, as well as several drug classes for which randomized 56 

controlled trials are lacking, and should be incorporated as a standard process when reviewing the Prohibited List.  57 
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1. Introduction 78 

Sports have a renowned history of doping, which can be traced back to ancient Greece and Roman gladiator fighting [1]. 79 

However, despite the many infamous doping events and number of athletes admitting to doping, purporting it as “a 80 

prerequisite to compete” during their active careers [2-5], the evidence for performance-enhancing effects of substances 81 

included on the Prohibited List, issued by the World Anti-Doping Agency (WADA), was recently questioned by 82 

Heuberger & Cohen [6]. Based on a literature review of substances included on the Prohibited List considering only 83 

double-blind, randomized controlled trials (RCTs) as evidence for (or against) ergogenic effects, the authors concluded 84 

that only 5 of 23 substance classes showed evidence of having the ability to enhance actual sports performance (such as 85 

time-trial performance) [6]. However, while such a finding is noticeable, this does not necessarily mean that the evidence 86 

for performance-enhancing effects of substances included on the Prohibited List is weak. Indeed, inductive statistical 87 

inference based on RCTs only is but one aspect of evidence and there can be other types of evidence or arguments for a 88 

substance to be prohibited, including observations from cross-sectional studies, case reports, pharmacovigilance, surveys, 89 

and qualitative data. As discussed by Simon & Dettweiler, relying solely on statistical inductive inference as a basis of 90 

the Prohibited List may result in biased conclusions [7], similar to those associated with meta-analyses due to few outcome 91 

events, inter-study heterogeneity, methodological limitations, and pooling of outcome measures [8-10]. The external 92 

validity of classical pharmacological studies (i.e. RCTs) will be largely insignificant in doping contexts as they may not 93 

accurately reflect real-life doping practices by athletes, being subjected to a variety of confounding factors such as 94 

training, diet, supplements, and potential use of several substances [7], not to mention the inherent challenges associated 95 

with statistically detecting effect sizes less than one percent, which may often decide sporting events. Instead, Simon & 96 

Dettweiler emphasized it would be more appropriate to apply an abductive inference approach, where the body of 97 

evidence is evaluated beyond considerations of statistical significance to justify whether certain substances should be 98 

included on the Prohibited List [7]. Abductive reasoning aims at establishing a plausible theory by considering the 99 

simplest and most likely explanation for observations based on studying the facts and information available. Thus, with 100 

respect to anti-doping, abductive reasoning may serve as a tool to assess the plausibility of performance-enhancing effects 101 

of substances on the Prohibited List by also considering observations and facts not obtained by statistical inductive 102 

inference. 103 

 104 

Herein, we further the notion by Simon & Dettweiler by exploring the applicability of an abductive inference approach 105 

when assessing the performance-enhancing effects of substances included on the Prohibited List. First, we discuss the 106 
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limitations of reasoning based on inductive inference-only in the context of anti-doping and describe how an abductive 107 

inference approach within a framework described by Bradford Hill could be applied to address questions of ergogenic 108 

effects of substances. We then apply this approach to make inferences on debated issues pertaining to the ergogenic effects 109 

of recombinant human erythropoietin (rHuEPO), beta2-agonists, and anabolic androgenic steroids (AAS). Finally, we 110 

extend the approach to more controversial drug classes where RCTs are currently limited.  111 
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2. Causality and sports doping research 112 

Well-designed RCTs are placed at the pinnacle of evidence hierarchies as they generally control more confounders than 113 

other study types and usually provide greater certainty of causality [11]. Yet, in medical science, adequately conducted 114 

and powered RCTs are rare [12] and double-blind, placebo-controlled, crossover RCTs, i.e. the most strict design possible, 115 

can be expensive, cumbersome, and logistically heavy. Therefore, many studies are conducted using a less strict design. 116 

In the context of sports science, inductive statistical inferences from RCTs are ill-suited to detect the small differences of 117 

only a few percent (often <1%) that separate finishing positions and medals during competition [13]. For example, during 118 

a 100 m race, a difference of ≈0.3% in performance could result in a change in finishing position [13]. Hence, the risk of 119 

type II errors can be substantial, and unfeasibly large sample sizes would be needed with the conventional cut-off of 0.05 120 

for type I errors [14]. This becomes even more evident when considering the multitude of factors to be controlled for in 121 

athletes [15], where the outcome should be tested only in elite cohorts subjected to confounding factors, such as training 122 

and diet. In addition, conducting RCTs in elite cohorts and mimicking a real-life doping regimen with more than one 123 

substance may be unethical, as the possible ‘cocktail-effects’ arising from multiple substances may induce severe adverse 124 

effects, and in a worst-case scenario, fatal consequences as indicated from case reports [16, 17]. Even for some drugs, it 125 

would be questionable to randomize otherwise healthy individuals into an AAS arm if the hypothesis is that treatment 126 

causes hypogonadism and cardiovascular disease, just as it would be questionable to randomize people into a smoking 127 

arm if the hypothesis is that smoking causes cancer [18-21]. Thus, other types of evidence, in addition to RCTs, should 128 

be considered when inferring whether a substance or method is performance-enhancing.  129 

 130 

To address questions of causality within anti-doping, researchers have suggested a concept and framework approach for 131 

abductive reasoning, such as that used in law systems [7]. As discussed by Rothman and Greenland [22], causality is 132 

defined as an event before a consequence, without which the event would not have happened. There are many examples 133 

of rudimentary correlations that do not infer causality despite statistical significance and vice versa. For instance, although 134 

there exists a highly significant correlation between a nation's per capita chocolate consumption and the rate at which its 135 

citizens win Nobel Prizes, this does not translate into a greater chance of winning the Nobel Prize just because you like 136 

chocolate [23]. A recent satirical paper by Yeh et al. highlights flawed inductive statistical inference whereby parachute 137 

use was found not to reduce death or major traumatic injury when jumping from a (grounded) aircraft [24]. In practice, 138 

causality is much more complex, with the strength of the cause and the interactions between causes to consider [22] as 139 

well as even being able to detect an effect. This seems particularly evident in anti-doping research. 140 
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In 1965, Sir Austin Bradford Hill published nine “aspects of association” as a framework for causal inference [25], 141 

commonly known as the “Bradford Hill criteria” [26]. As discussed by Hill, the nine aspects: strength of association, 142 

consistency, specificity, temporality, biological gradient, plausibility, coherence, experiment, and analogy should be 143 

considered when assessing causation (Table 1), though he emphasized that his viewpoints were not necessary nor 144 

sufficient for causation [26]. Hill’s viewpoints came after the Surgeon General’s Report on smoking in the 1960s as a 145 

basis for moving from an observed association to a verdict of causation within epidemiology [27-30] but more recently 146 

also in other disciplines [29]. As discussed by Phillips & Goodman, Hill advised against over-emphasizing statistical 147 

significance testing, as systematic error is often larger than random error [26]. Rather, decision-making should be based 148 

on the information available.  149 

 150 

While Hill’s viewpoints were initially addressed within epidemiology, his arguments are relevant for anti-doping where 151 

incorporation of data or knowledge across disciplines generates a better level of understanding [27, 31, 32]. For example, 152 

case-reports or cross-sectional studies may provide supporting evidence that RCTs are not capable of. Hill indicated that 153 

when strong evidence of a causal relationship exists between an agent and a specific disease, then the standards of 154 

evidence should be lowered for a second causal agent working via the same mechanisms [29]. With respect to anti-doping, 155 

an example of this argument could be when assessing the ergogenic effects of substances or methods that have a 156 

mechanistic similarity, as exemplified with blood transfusion and rHuEPO, both of which increase oxygen-carrying 157 

capacity [33-37]. Although abductive inference may increase the risk of bias, combining results from multiple types of 158 

studies and disciplines increases the possibility of showing consistency and illuminating various mechanistic points along 159 

the exposure-to-effects paradigm [29]. Thus, when determining potential causation for a drug or method to be 160 

performance-enhancing, an abductive inference approach within a given framework [7], such as that described by Hill, 161 

may serve as a tool for anti-doping authorities when too few RCTs are available to make a comprehensive assessment or 162 

when inductive inference from RCTs is inconclusive.  163 

 164 

Below, we present an abductive inference approach employing the framework proposed by Hill as a means to assess 165 

debated issues pertaining to the performance-enhancing effects of rHuEPO, beta2-agonists, and AAS as example drug 166 

classes. A thorough comparison between the Bradford Hill criteria and the analytical capabilities possible in RCTs today 167 

has been reviewed by Fedak et al. [29].  168 
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3. Sources and study selection 169 

For this review, we predominantly considered English-language literature published within sports medicine or exercise 170 

physiology on the effect of rHuEPO, beta2-agonists, and AAS on performance-related outcomes (sprint, power, time-trial, 171 

V̇O2max, etc.). The electronic search was performed utilizing PubMed, Web of Science, and Google Scholar from February 172 

2019 to January 2021 using terms for each of the drug classes also including common generic drug or trade names (e.g. 173 

salbutamol and Eprex). Additional papers were identified by reviewing all references from retrieved articles and by 174 

consulting books and monographs on the topic. When applicable, English-language literature from other scientific fields 175 

(e.g. biology and pharmacology) was retrieved to underpin biological plausibility, analogy, or other data deemed relevant. 176 

Given the comprehensive nature of such analysis, including supplementary experimental data from other sciences, this 177 

review will not set out in detail all the papers identified and reviewed. 178 

 179 

The nine Bradford Hill criteria were applied to each of the drug classes using the retrieved literature as described in Table 180 

1. Given that Hill’s viewpoints have mainly been applied in epidemiology, odds ratio or relative risk have often been used 181 

as the main criteria for determining “strength of the association” [38]. In contrast, in anti-doping studies where researchers 182 

assess the effect of a given substance or method, outcome statistics are often reported as effect size with 95% confidence 183 

interval and probability (p-value). This is why we mainly assessed “strength of association” and “specificity” in this 184 

respect. The most important limitation when using an abductive inference approach is that it is applied subjectively. In a 185 

worst-case scenario, researchers can interpret whichever criterion fits the available data. To minimize such bias, at least 186 

three authors were involved in the interpretation and analysis. Furthermore, it should be noted that the nine viewpoints of 187 

Bradford Hill only serve as a guideline to draw inferences about causality. Thus, the inferences derived in this paper are 188 

based on our interpretation of the retrieved literature utilizing this framework.  189 
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4. Erythropoietin and sport-specific performance 190 

One drug of particular interest when discussing anti-doping challenges is rHuEPO. In the wake of Amgen’s approval of 191 

rHuEPO in 1989 for patients with end-stage renal anemia [39], rHuEPO was quickly abused by athletes seeking the 192 

benefits of improved oxygen-carrying capacity, predominantly in aerobic-dominated sports [3-5, 40, 41]. Despite its 193 

infamous history of abuse, perhaps the most noticeable example being the Festina affair of the 1998 Tour de France [42], 194 

some have questioned the ergogenic potential of rHuEPO on ‘real-life’ performance [6, 43-45]; most recently in light of 195 

a heavily debated RCT that reported no effect of rHuEPO (mean dose: 6000 IU/wk for 8 weeks) on road-race cycling 196 

performance or during a laboratory time trial compared to a placebo group [46]. Though criticized for utilizing a post-197 

only design without pre-intervention road race measurement and standardization among other concerns [47-52], the study 198 

is among the few RCTs that have assessed the effect of rHuEPO on ‘real-life’ sport-specific performance. Hence, if 199 

looking only at a narrow sub-set of RCTs, being restricted to sport-specific performance tests only, skeptics could 200 

inductively infer that the evidence for rHuEPO to be ergogenic is inconclusive. rHuEPO has even been called “placEPO” 201 

(a word-play on placebo), arguing that athletes are close to their physiological limits and will achieve either no effect or 202 

a detrimental effect from any further increase in hematocrit due to the increase in blood viscosity [43, 44]. However, such 203 

reasoning not only ignores a considerable amount of evidence pointing to rHuEPO being a potent ergogenic substance 204 

but also conflicts with the understanding of the physiological determinants of aerobic-dominated performances [53-55]. 205 

In addition, it contrasts with athletes stating rHuEPO as being ‘a prerequisite to compete’ in the 1990s and 2000s [2-5, 206 

56] and is inconsistent with the fact that an athlete with autosomal dominant erythrocytosis, having a hematocrit of 60-207 

70%, became Olympic champion [57]. 208 

 209 

Within an abductive-inference framework, there are strong arguments for rHuEPO to enhance aerobic-dominated 210 

performances (Table 2). Foremost, there is a clear biological plausibility due to rHuEPO’s ability to increase total 211 

hemoglobin mass (tHb) and hematocrit [36, 58-61], thereby augmenting convective oxygen delivery and V̇O2max [36, 62, 212 

60, 63]. Accordingly, at least 19 studies consistently demonstrate that rHuEPO increases V̇O2max by 4-10% at doses 213 

ranging from 20-150 IU/kg, (Table 3) [35-37, 46, 58, 59, 61-73]. An important question, however, is whether the effect 214 

of V̇O2max translates into an enhanced competition performance, as V̇O2max only partly predicts performance in a 215 

homogenous group of high-level endurance athletes [74-77] and the relative enhancement of V̇O2max is likely larger than 216 

that achieved for competition performance [35]. Notwithstanding, rHuEPO has consistently been shown to enhance 217 

performance during open-end tests to exhaustion in the range of 9-70% [35, 58, 63, 67, 72] (Table 3). And although open-218 
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end tests often have lower sports-specificity than closed-end tests [78], there is a close correlation between the open-end 219 

test protocols used in several rHuEPO studies with closed-end tests [53, 79, 80]. An enhancing effect of rHuEPO for 220 

competition performance is also supported by observations from non-placebo controlled studies showing a 5-6% better 221 

3000 m run performance with 50 IU/kg rHuEPO every second day for 4 weeks in highly-trained runners [37, 62]. 222 

 223 

Another strong argument is based on observations from blood transfusion studies that provide evidence from analogy, as 224 

this procedure works via the same physiological mechanism as rHuEPO, i.e. increased tHb and oxygen-carrying capacity. 225 

At least seven studies reported an enhancing effect of blood transfusion in the range of 3-5% for sport-specific 226 

performances, including 3, 5, and 10 km run [34, 81, 82], 30 min cycling time trial [83], and 15 km skiing [33], of which 227 

three studies employed a double-blind placebo-controlled crossover design in well-trained subjects [81, 84, 85]. Even as 228 

little as 135 mL of packed red blood cells translated into an enhanced time-trial performance of ≈5% in trained cyclists 229 

[84]. And while the latter study was criticized for lack of full recovery of tHb after blood donation [86, 87], studies are 230 

consistent concerning the enhancing effects of blood transfusion on performance during tests with a high sport-specificity 231 

[88]. These observations, along with the observation that tHb predicts sport-specific performance in highly trained cyclists 232 

[53], biathlon athletes [54], runners, and rowers [55], suggest that an increase in tHb induced by rHuEPO translates into 233 

an enhancement of performance in aerobic-dominated sports.  234 

 235 

Collectively, these observations suggest that rHuEPO is a performance-enhancing substance with considerable effects on 236 

performance in aerobic-dominated sports (Table 2). There is a strong physiological rationale (biological plausibility and 237 

coherence), consistent data for ergogenic effects on aerobic-dominated performances in several experimental trials 238 

(specificity, consistency, and temporality), other observational data that provide evidence for tHb being an important 239 

determinant of aerobic performance, and analogy with other causal associations, such as the enhancing effect of blood 240 

transfusion on sport-specific performance. Such abductive inference also concurs with the perception of an entire 241 

generation of athletes admitting to rHuEPO misuse in the 1990s and 2000s [56, 89] of which Lance Armstrong hailed it 242 

as “rocket-fuel” and being on “a whole other level” [56].    243 
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5. Inhaled beta2-adrenoceptor agonists – a performance-enhancing agent? 244 

Inhaled beta2-agonists are commonly used by athletes due to the high prevalence of asthma and exercise-induced 245 

bronchoconstriction (EIB) – particularly in endurance sports [90, 91]. Widespread use, along with the observation that 246 

Olympic athletes prescribed with inhaled beta2-agonists have outperformed their peers in competition [92], has led to 247 

discussions as to whether inhaled beta2-agonists are performance-enhancing and should be restricted in sport. Despite the 248 

general perception of orally ingested beta2-agonists being performance-enhancing [93-95], inhaled beta2-agonists have 249 

repeatedly been claimed not to enhance performance when used by non-asthmatic athletes [92, 95-97]. In 2008, a ‘Joint 250 

Task Force’ of the European Respiratory Society and European Academy of Allergy and Clinical Immunology concluded 251 

that “the evidence is convincing that inhaled beta2-agonists do not improve athletic performance in healthy athletes” [97]. 252 

These claims were based on a heterogeneous sample of RCTs published before 2010 for which most showed no 253 

statistically significant effects of therapeutic low-dose inhalation (predominantly 1-2 puffs) [94, 97, 95]. However, 254 

precluding ergogenic effects of inhaled beta2-agonists [92, 95-97], even at supratherapeutic doses [92], based only on 255 

studies of low-dose inhalation, while at the same time acknowledging effects via the oral route [95, 92], conflicts with 256 

our pharmacological understanding of beta2-agonists and thus highlights a caveat of inductive reasoning-only. 257 

 258 

If considered within an abductive inference framework, there are compelling arguments for beta2-agonists to exert 259 

performance-enhancing effects when inhaled acutely before exercise – just as seen with oral ingestion (Table 4). Given 260 

that the inhaled route is a more efficient way to achieve a high systemic concentration than oral delivery [98-101], 261 

particularly of the more pharmacologically-active R-enantiomer [100], any performance-enhancing effect observed for a 262 

given oral dose is achievable with a much lower inhaled dose. Hence, abductive reasoning suggests that if the oral route 263 

offers a performance-enhancing effect, then the inhaled route will too – it just becomes a matter of dose. Indeed, the lack 264 

of performance-enhancing effect via the inhaled route in several RCTs seems, for most parts, ascribed to the 10-40-fold 265 

lower doses administered as compared to the oral dosages shown to enhance performance in other studies [93]. For 266 

obvious reasons, low-dose inhalation cannot be used to draw inferences on whether performance-enhancing effects are 267 

evident at higher inhaled doses. In addition, the well-described ergogenic effects of oral beta2-agonists are mainly evident 268 

for anaerobic-dominated performances, such as muscle strength and sprint performance [102-109], but studies undertaken 269 

with inhaled beta2-agonists have mostly examined their effects on aerobic-dominated performances for which most 270 

studies show no apparent effect regardless of administration route as recently reviewed by Riiser et al. [110]. Accordingly, 271 

dose equivalency and exercise modality (i.e. aerobic or anaerobic-dominated performance) appears to be the main sources 272 
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of discrepancies between the many RCTs showing ergogenic effects via oral delivery compared to the studies that 273 

administered inhaled doses.  274 

 275 

An abductive inference framework reveals a compelling consistency between beta2-agonist studies that utilized high-dose 276 

inhalation (exceeding those recommended in asthma) with studies that administered oral doses with respect to its 277 

enhancing effects on anaerobic performance. A series of RCTs since 2012 have consistently demonstrated enhancing 278 

effects of high-dose inhalation on muscle strength by 3-10% and sprint power output by 2-8% [102, 106, 111-113]; effects 279 

that are on par with those observed for the oral route [102, 104, 105, 107-109]. These effects are coherent with the well-280 

described beta2-adrenergic effects on myocellular processes with importance for muscle force production and energy 281 

turnover [102, 112-115], and coincides with observations of beta-adrenoceptor antagonists causing opposite effects [116-282 

118]. Thus, within an abductive inference framework, data are coherent and support biological plausibility of an 283 

enhancing effect of beta2-agonists on anaerobic-based performances irrespective of whether inhaled or orally ingested 284 

(Table 4).  285 

 286 

The question then becomes at which inhaled dosages performance-enhancing effects occur and whether this can occur 287 

within the dosing limits imposed by the Prohibited List. While the 2021 Prohibited List restricts the use of any selective 288 

or non-selective beta2-agonist both in and out-of-competition, inhaled salbutamol, formoterol, salmeterol, and vilanterol 289 

are allowed up to a daily dosing threshold as shown in Table 5. Dose-response studies pertaining to the effect of inhaled 290 

beta2-agonists on performance have only been investigated for salbutamol on time-trial performance [119] and isolated 291 

quadriceps contractions [120, 121]. But given that enhancing effects are mainly present with high doses, this supports a 292 

biological gradient. A recently published meta-analysis of RCTs cautiously stated that the effect of inhaled doses currently 293 

being permitted on anaerobic-dominated performances was uncertain, partly due to inter-study heterogeneity, though a 294 

strong trend for significance was observed [122]. Such a finding is all the more noticeable when considering that the 295 

meta-analysis pooled studies that administered low inhaled doses (e.g.1-2 puffs) well-below the maximum permitted 296 

dosing thresholds with studies that utilized higher inhaled doses up to the thresholds. In fact, both salbutamol and 297 

formoterol have been shown to enhance anaerobic performance outcomes at inhaled doses currently being permitted [123, 298 

124]. Furthermore, athletes often use a combination of short- and long-acting inhaled beta2-agonists but their additive 299 

effect on performance is sparsely investigated – though combined supratherapeutic inhalation of formoterol, salmeterol, 300 

and salbutamol has been shown to increase muscle strength by ≈5-6% and intense arm ergometer performance by ≈2% 301 
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in elite swimmers [125]. Hence, while the question of dose-effects at the upper limits should be investigated further, 302 

abductive inference indicates that inhaled beta2-agonists can enhance anaerobic-dominated performance – at least when 303 

used at supratherapeutic doses. 304 

  305 

Another challenging issue is the temporal nature of the effect. When used at high doses for weeks, beta2-agonists enhance 306 

muscle strength and sprint performance [105, 107, 126-136]; effects that likely are mediated by hypertrophy and a slow-307 

to-fast phenotype transition in skeletal muscle [129, 136-140] (Table 6). The muscle hypertrophic effects, however, are 308 

not widely recognized; much less the fact that this can also occur via inhalation [137, 139, 140]. Indeed, discrepancies 309 

between RCTs [126-128, 130, 140], possibly due to methodological differences related to sample population, 310 

measurement variability, and lack of drug compliance monitoring [140], would inductively lead to an inconclusive 311 

outcome. Within an abductive-inference framework, on the other hand, there appears to be solid evidence for beta2-312 

agonists to induce muscle hypertrophy. Thus, aside from a handful of RCTs in humans [129, 136, 137, 139, 140], muscle 313 

hypertrophy has been consistently documented to occur dose-dependently and class-specifically in mammals [141-143]; 314 

observations that have been confirmed by beta2-adrenoceptor knock-out and consistent with the opposing effects of beta-315 

adrenoceptor antagonists [143-146]. Their effectiveness for muscle hypertrophy is also illustrated by the utilization of 316 

beta2-agonists in meat production, the abuse by athletes for leanness and ‘cutting’ [147, 148], and their ability to increase 317 

protein turnover rates in human skeletal muscle [149, 150]. And while studies on the muscle hypertrophic effects of 318 

inhaled beta2-agonists are scant, inhalation of terbutaline, at close-to-therapeutic doses (4 mg/day) for 4 weeks, has been 319 

shown to increase lean mass of trained young men by ≈1 kg [139]. Just as for their acute ergogenic effects, the question 320 

is which inhaled doses are needed to achieve muscle hypertrophy. 321 

 322 

The above underlines how the use of inductive reasoning only has led to premature conclusions that precluded enhancing 323 

effects of inhaled beta2-agonists regardless of dose and exercise modality – even though at the same time inferring 324 

enhancing effects at the oral route. Instead, an abductive inference approach reveals that inhaled beta2-agonists can be 325 

performance-enhancing for muscle strength and sprint performance when administered acutely before exercise (Table 4), 326 

and may induce muscle hypertrophy when used chronically (Table 6).   327 
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6. Anabolic androgenic steroids  328 

Anabolic androgenic steroids (AAS) are synthetic derivatives of the male reproductive hormone, testosterone, and are 329 

considered beneficial for athletic performance because of their potent muscle anabolic effects [151-153] and impact on 330 

competitive behavior [151, 154]. AAS have been abused in sports since the 1950s and account for around 40-50% of all 331 

Adverse Analytical Findings reported yearly by WADA-accredited laboratories [155], underpinning a wide misuse. While 332 

it is clear that AAS not only potently induce muscle hypertrophy but also enhance strength- or power-related variables 333 

[156, 157], such as maximal isometric force and force development, loaded vertical jumps, 1-RM strength, and 10 s all-334 

out cycling sprinting [152, 158-171] in a dose-dependent manner [172, 173], these RCTs have been conducted almost 335 

exclusively in males. Only one recently published RCT has been performed with females, in which 10 weeks of treatment 336 

with 10 mg testosterone cream enhanced performance during treadmill running and during 30-s all-out cycling [174]. 337 

Hence, due to the scarcity of RCTs, inductive inference on the performance effects of AAS in females is not possible and 338 

for questions pertaining to the potential performance-enhancing effects of AAS, anti-doping authorities are therefore 339 

relying on abductive reasoning. 340 

 341 

Within an abductive inference framework, a considerable amount of experimental data and analogy suggest that AAS 342 

exert substantial, and possibly larger, performance-enhancing effects in females than in males. In healthy adults, the ≈15-343 

fold higher testosterone levels in males than females account for the sex differences in muscle mass and strength as well 344 

as in circulating hemoglobin levels, which largely explain the 8-12% superior athletic performance of men compared to 345 

women [154]. Accordingly, there are no sex differences in circulating testosterone concentrations or athletic performance 346 

before puberty [154], and suppressing endogenous testosterone production in adult men by administration of 347 

gonadotropin-releasing hormone has been found to decrease muscle strength [175] as well as to blunt strength training 348 

outcomes [176]. In addition, a clear relationship exists between testosterone levels and muscle mass and strength as well 349 

as circulating hemoglobin in both men and women [152, 154, 172]. Thus, abductive reasoning points to AAS being a 350 

potent ergogenic aid for females.  351 

 352 

While the muscle hypertrophic actions, and the concomitant enhancement of muscle power, are well-described for AAS, 353 

a heavily debated anti-doping challenge is the potential ability of AAS to evoke long-lasting effects on the myonuclei 354 

pool or epigenetic modifications for months, and perhaps years, after abuse – a mechanism termed ‘muscle memory’. 355 

This topic attracted interest in 2013 when observations from mice demonstrated that two weeks of testosterone treatment 356 
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not only increased the myonuclei pool by 66% but that the increase of myonuclei was retained for at least 3 months (>10% 357 

of mice lifespan) after cessation of treatment [177]. When exposed to subsequent overload-exercise (resistance training) 358 

for 6 days, only the mice pre-treated with testosterone experienced an increase of muscle fibre cross-sectional area (by 359 

31%) [177]. Based on these observations, the authors suggested that the retained increase of the myonuclei pool induced 360 

by prior testosterone treatment constituted a cellular memory facilitating subsequent muscle overload hypertrophy. 361 

Extending these findings to athletes raises concerns that a period of AAS abuse might lead to beneficial effects long after 362 

a potential competition ban of typically 2-4 years [177, 178]. Indeed, some data suggest that human skeletal muscle 363 

displays an epigentic memory function, which could contribute to a rapid return to "competitive" form [179-181]. 364 

Considering the number of years, or decades, it would take to examine the long-term effects of prior AAS treatment in 365 

prospective RCTs with respect to trainability and sports performance, an inductive inference approach appears ill-suited. 366 

 367 

Another aspect of inconclusive inductive inference on the ergogenic effects of AAS relates to aerobic-dominated 368 

performance. AAS has been speculated to lower V̇O2max and the lactate threshold [182, 183]. But while such effects would 369 

seem detrimental for aerobic-dominated performances, testosterone treatment has been shown to stimulate erythropoiesis 370 

[173, 184], and it may therefore be a question of whether the enhancing effects of AAS on hematological parameters, in 371 

addition to muscle power, compensate for a potential reduction of V̇O2max in terms of endurance performance. For this 372 

reason, future studies should investigate possible ergogenic effects of AAS also on other outcomes than power, such as 373 

endurance performance as highlighted by others [185]. Our criterion-based approach for AAS is summarized in table 7. 374 

  375 
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7. Perspectives  376 

We applied an abductive-inference framework, utilizing the viewpoints of Bradford Hill, to assess issues pertaining to 377 

the performance-enhancing effects of rHuEPO, beta2-agonists, and AAS. While the application of an abductive inference 378 

approach has some inherent limitations, it appears applicable to address anti-doping questions – particularly when 379 

inductive inference is inconclusive. There are several examples of the limitations of solely applying inductive inference 380 

to conclude on the ergogenic effects of substances, which is why it is relevant to consider all information available. 381 

Foremost, RCTs are often limited by the fact that measurement variability exceeds the relevant effect size of <1% for 382 

competition performance. For example, the time difference between the winner and runner-up in the 100-m butterfly of 383 

the 2008 Olympics was 0.01 s. As discussed by Hopkins [13], the smallest worthwhile change (or performance 384 

enhancement) is the infinitesimally small 0.3% of the variation in an athlete's performance. Dependent on whether 385 

investigating if a certain intervention is merely performance-enhancing or if a certain intervention ultimately benefits the 386 

chance of winning an Olympic medal, Hopkins and coworkers estimated that a sample size of around 34-140 and 140-387 

550 athletes would be needed in a crossover and parallel study design, respectively [13]. Such sample sizes are unfeasibly 388 

large and may even exceed the number of national athletes available in some sports.  389 

 390 

Another aspect is the fact that RCTs often necessitate a reductionistic design, controlling as many confounders as possible, 391 

to reduce random error. For practical reasons, there are several scenarios where this does not apply to athletes – 392 

particularly for long-term studies (usually parallel-group trials). For example, it would require an unfeasibly high number 393 

of parallel groups to thoroughly investigate the most efficient resistance training regimen to achieve the highest possible 394 

muscle mass for a body-builder. While RCTs can demonstrate that the overall training volume is a determinant of the 395 

hypertrophic response, there is weak support of “hypertrophy-zones” [186]. Such a conclusion, however, neglects decades 396 

of practical experience within the body-building community [187]. Similar examples can also be found within emergency 397 

medicine and surgery, where many procedures are based on decades of practical experience rather than RCTs [188, 189]. 398 

 399 

If relying on inductive statistical inference based on RCTs only, almost no substances could be considered performance-400 

enhancing. For example, using inductive reasoning-only, one could argue for the liberation of AAS use by female athletes, 401 

citing the lack of RCT-based evidence on performance-related outcomes. However, this ignores the biological plausibility 402 

of comparable performance-enhancing effects in females to those seen in males. And while one could call for more RCTs 403 

investigating the long-term ergogenic effects of AAS in females, one may ask whether this is even necessary considering 404 
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the amount of circumstantial evidence; let alone whether conducting such RCTs is ethical considering the potential 405 

adverse effects. A similar argument can be made based on the fact that almost no ‘doping-studies’ have been performed 406 

with top-tier athletes. But although one could call for RCTs with such cohorts, this would not only violate the current 407 

anti-doping code but also leave the sport in a peculiar situation, where a group of athletes would be subjected to doping. 408 

Accordingly, abductive reasoning already seems applied to the Prohibited List to some degree with the extrapolation of 409 

performance-related data from studies conducted in men to apply to women as well as the extrapolation of studies 410 

performed with non-athletes to top-tier athletes. 411 

  412 

It is worth noting that conclusive inductive inference on a performance-enhancing effect of a given substance is not 413 

necessarily needed nor a prerequisite for the substance to be prohibited with the current WADA approach [190]. Thus, a 414 

substance only needs to have the potential to be performance-enhancing. By default, substances in experimental phases 415 

(i.e. no market authorization), are prohibited. As are newly marketed substances within already prohibited or otherwise 416 

restricted drug classes. For example, the use of any compound with a similar chemical structure or similar biological 417 

effect(s) as rHuEPO is prohibited [190]. This approach seems logical, as it could take years before sufficient performance-418 

related data from well-designed studies are available to draw robust inductive inferences on the potential performance-419 

enhancing effects of newly marketed compounds. Indeed, anti-doping authorities cannot solely rely on every possible 420 

scenario being investigated in RCTs as this would leave anti-doping agencies lagging behind dishonest athletes.  421 
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7.1. Application of an abductive inference framework for substances with no or few RCTs 422 

An abductive inference framework appears particularly helpful in cases for which RCTs are scarce and could therefore 423 

aid in the discussion of controversial substances used by athletes. While currently not included on the Prohibited List, the 424 

opioid-analgesic, tramadol, was recently banned by the International Cycling Federation as a result of an increasing 425 

prevalence of opioid-use in cycling [191, 192]. Although this decision was mainly due to health concerns regarding its 426 

adverse and addictive effects, tramadol has been claimed to offer a performance-enhancing benefit [193, 194]. However, 427 

only three RCTs have, to our knowledge, investigated the effect of tramadol on exercise performance with conflicting 428 

results. In moderately-trained individuals, ingestion of 100 mg tramadol enhanced mean power output by ≈5% during a 429 

20 min cycling time trial [195], whereas an identical dose did not affect cycling performance during a 15 km or 20-min 430 

time trial with 40-min pre-load [196, 197]. Hence, the scarcity of studies precludes inductive inference. Within an 431 

abductive inference framework, however, there is a physiological rationale and analogy for tramadol to be ergogenic due 432 

to its analgesic effects [198]. The opioid system is involved in the perception of pain, fatigue and effort during exercise 433 

via the group III/IV muscle afferents  [199, 200] and possibly also in the central nervous systems [201, 202]; being 434 

responsible for the ‘runners high’ sensation [202]. In support of a potential ergogenic effect of opioids during certain 435 

types of performances, antagonizing the opioid system with naloxone (0.8 mg i.v.) has been shown to compromise run 436 

performance during a Cooper test (12 min) of trained runners, which was associated with a greater perception of muscle 437 

pain [203]. The compromising effect of opioid antagonism is even greater when exercising in hot environmental 438 

conditions. Compared to placebo, naloxone (4 mg i.v.) was shown to shorten time to exhaustion by 11% during cycling 439 

at 70% VO2max undertaken at 33°C [204]. Thus, in conditions where central fatigue or sensory tolerance is a determining 440 

factor for performance, tramadol may offer a competitive advantage by attenuating the sensation of pain or fatigue, hence 441 

allowing the exercise to progress beyond a certain threshold as observed with other analgesics or stimulants [205-209]. 442 

This coincides with the perception described by athletes, claiming that “...tramadol can feel as good as getting a blood 443 

transfusion...” [210]. For these reasons, national anti-doping organizations, including USADA, have requested that 444 

WADA include tramadol on the Prohibited List. Collectively, the above highlights by abductive inference that tramadol 445 

may offer an ergogenic effect on endurance performance – particularly in hot environmental conditions. 446 

 447 

 448 

 449 
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Thyroid hormones and derivatives thereof are frequently declared by athletes on doping control forms, either via 450 

supplements or prescription medicine. A survey of the WADA-accredited laboratory in Rome reported that the prevalence 451 

of thyroid hormone-use by athletes was 10 times higher than the prevalence of hypothyroidism in the general population 452 

[211]. Hence, there is a disproportionately high use of thyroid medication among athletes. Thyroid hormone derivatives 453 

illustrate the anti-doping challenges associated with relying on RCTs-only because it is ethically questionable, if not 454 

unacceptable, to randomize healthy individuals to a treatment regimen with thyroid medication due to the risk of 455 

irreversible loss of thyroid function among other adverse effects. But while a lack of performance-related RCTs on thyroid 456 

hormone derivatives precludes inductive inference on its ergogenic potential, some data are available allowing for 457 

abductive inference. Thyroid hormones induce several actions of potential relevance for athletic performance; foremost 458 

an increase of basal metabolic rate, in addition to an increased sensitivity to catecholamines, and act synergistically with 459 

growth hormone [212]. Because of its actions on basal metabolic rate, thyroid medication is abused for weight-loss 460 

purposes. Indeed, surveys suggest that athletes ingest levothyroxine (T4 derivative), alone or in combination with 461 

liothyronine (T3 derivative) – allegedly to counter hypothyroidism mediated by overtraining [213] or as a means to lose 462 

weight (i.e. ‘cutting’) [214, 215], while medical professionals have inferred that athletes using thyroxine feel ‘zippier’ 463 

[216].  464 

 465 

Analogy from hyperthyroid conditions provides some indication that thyroxine may affect the cardiovascular system and 466 

muscle metabolism [217, 218]. Furthermore, hyperthyroidism has been associated with faster depletion of muscle 467 

glycogen and higher circulating levels of lactate during 15-30 min submaximal cycling [217, 219], which could be 468 

considered detrimental for aerobic-dominated performance [217]. But while such observation suggests that thyroid 469 

medication has no ergogenic effect or even a detrimental effect on performance, its potential application as a means to 470 

lose weight could be beneficial for performance in sports where body mass is a determinant of performance, such as 471 

running or up-hill cycling. For example, if two cyclists compete uphill on a 10% incline riding 20 km/h with identical 472 

conditions (tire pressure, surface area, ambient temperature, etc.) but weighing 70 and 71 kg, then the estimated extra 473 

power output required per extra kg body weight would be around 6 W [220]. While currently not being prohibited, some 474 

national anti-doping agencies are pushing for thyroid hormone medication to be included on the Prohibited List [221, 475 

222]. The high incidence observed by the Rome anti-doping laboratory has led to further investigations of whether thyroid 476 

medication is a potential doping practice and should be included in the athlete's biological passport endocrinological 477 

module.  478 
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Another interesting application of abductive reasoning is insulin where RCTs concerning chronic effects on performance-479 

related outcomes are scarce. From a biochemical perspective, insulin is considered an anabolic agent in the resting or 480 

post-exercise state due to its ability to (i) increase muscle glucose uptake and storage as glycogen and (ii) increase amino 481 

acid uptake for protein synthesis [223]; (iii) increase adipose tissue free fatty acid and glucose uptake and storage as 482 

triglycerides [224]; (iv) inhibit liver glucose release and promote the storage of glucose as glycogen [224]. Body-builders, 483 

in particular, reportedly use insulin in combination with carbohydrate intake to build glycogen stores before competition 484 

[225] and a combination of insulin and AAS for muscle hypertrophy [226, 227]. Indeed, Rich et al. estimated that as 485 

many as 25% of AAS abusers in the US also concurrently abused insulin [225]. In addition, endurance athletes may 486 

misuse insulin to augment glucose and amino acid uptake in post-exercise muscle anabolic processes [228] during 487 

competitive events of longer duration or for several consecutive days or weeks. Exogenous insulin demonstrates a clear 488 

biological gradient involving glucose uptake into muscle cells [229]. Furthermore, glucagon, the major human hormone 489 

that produces insulin resistance, promotes muscle wasting through the supply of amino acids for gluconeogenesis [230]. 490 

Though this provides a physiological rationale for a potential performance-enhancing benefit of exogenous insulin 491 

doping, a lack of RCTs precludes inductive inference at this stage. Nonetheless, considering that muscle glycogen stores 492 

are the primary source for carbohydrate metabolism during strenuous exercise [231], and muscle glycogen depletion is 493 

generally considered to be detrimental to endurance performance [232], abductive inference provides strong biological 494 

plausibility that the use of insulin may be performance-enhancing.  495 

 496 

Hence, there are several substances for which inductive inference is inconclusive but where an abductive inference 497 

approach appears helpful to assess potential ergogenic properties and to identify areas for future research. It should be 498 

noted that the potential of a substance or method to exert a performance-enhancing effect is only one of three criteria 499 

considered in the decision-making of which substances to be included on the Prohibited List – the other two being the 500 

risk that it may impose on the athlete’s health or whether it violates the spirit of the sport [233]. Based on the latter two 501 

criteria alone, it could be argued that tramadol and thyroid medication should be included on the Prohibited List as 502 

discussed in detail elsewhere [195, 216]. Furthermore, the Prohibited List is not only based on “scientific evidence” but 503 

also on practical and ethical considerations [7]. For instance, although there is considerable evidence for caffeine to exert 504 

performance-enhancing effects [234-236], it was removed from the Prohibited List in 2003 and has been included in the 505 

Monitoring Program since 2009.   506 

 507 
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7.2. Future anti-doping applications of abductive reasoning 508 

Given the use of abductive inference in a systematic manner such as the Bradford Hill criteria appears useful in the field 509 

of sports doping, a process based on these criteria could be adopted more formally. Equally, the same approach could be 510 

used for establishing causation not only from the perspective of performance enhancement but also for drug safety in the 511 

athlete. The steps of such an abductive process should firstly involve defining the intervention (dose, route, etc); as noted 512 

with beta2-agonists, dose, and route of administration are determinants of its ergogenic effect. Secondly, the performance 513 

outcome to be assessed needs to be clearly determined for the substance or method in question, based on the underlying 514 

pharmacology and physiology (there may be more than one unrelated performance effect). For example, with beta2-515 

agonists and rHuEPO, a distinction between anaerobic or aerobic performance is important. Scientific literature and other 516 

relevant information, such as testimonies, should then be used to qualitatively assess each of the criteria (strength of 517 

association, consistency of observations in different populations, specificity, temporality, biological gradient, biological 518 

plausibility, coherence with biological understanding, experimental evidence, and analogy with other causal associations).  519 

During this process, attention should also be drawn to multi-causality (i.e. an effect is caused by more than one 520 

mechanism) in anti-doping research, of which a good example is insulin, which is commonly combined with AAS and 521 

human growth hormone [31]. Use of a structured abductive reasoning approach with set criteria would also be beneficial 522 

in identifying gaps in knowledge in the particular criterion that could be used for a more targeted call for research projects.  523 

  524 
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8. Conclusion 525 

Given the very small differences in performance that often decide the winners of sports events, along with the multitude 526 

of factors athletes are exposed to, relying solely on statistical inductive-inference based on RCTs appears ill-suited as the 527 

only approach to address questions of the potential performance-enhancing effects of substances included on the 528 

Prohibited List. Instead, an abductive-inference approach seems useful in addressing questions pertaining to the 529 

performance-enhancing effects of major drug-classes included on the Prohibited List as well as for substances where 530 

RCTs are scarce. Despite RCTs being inconclusive with regards to the effect of rHuEPO on sport-specific performance, 531 

our abductive inference approach shows there is a considerable amount of other evidence inferring that rHuEPO enhances 532 

performance in aerobic-dominated sports. Inductive reasoning has also incorrectly led to premature conclusions ruling 533 

out enhancing effects of inhaled beta2-agonists, which otherwise could have been avoided with an abductive-inference 534 

approach. Abductive reasoning suggests that inhaled beta2-agonists can be performance-enhancing for muscle strength 535 

and sprint performance when administered acutely before exercise, and may induce muscle hypertrophy when used 536 

chronically. Lastly, AAS illustrate the limitations of relying solely on RCTs for substances where it is unfeasible or 537 

unethical to perform studies in athletes – especially in females. Thus, an abductive inference approach is a useful tool in 538 

assessing the ergogenic effect of substances included on the Prohibited List – particularly for substances where inductive 539 

inference is inconclusive. Specifically, a systematic abductive inference approach can aid researchers in assessing the 540 

effects of doping substances, either by leading to suggestions of causal relationships or identifying the need for additional 541 

research.  542 
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Tables 1100 

Table 1. The Bradford Hill framework applied in this review 

Point Definition Application in this review 

Strength of 

association 

The strength of an association between an 

intervention and outcome is often determined 

via appropriate statistics (e.g. p-value or 

relative risk). Strong associations are more 

likely to be causal, but weak associations do 

not rule out causal associations 

A statistically significant change (p<0.05) in 

performance-related outcomes or key 

biomarkers (e.g. hemoglobin concentration) 

Consistency of 

observations 

Repeated observations in different populations 

occurring under different circumstances, 

although lack of consistency does not preclude 

causation 

Whether similar findings are reported 

independent of research group, sample 

location and population, and time of 

research 

Specificity Cause leads to a single effect. Can be used to 

distinguish causal hypotheses from non-causal 

hypotheses 

Whether effects following treatment are 

reserved, i.e. specific, for changes observed 

in the investigated performance outcome. If 

only the active treatment improved 

performance-related outcomes or induced 

other physiologically-relevant adaptations, 

this supports the argument for causality of 

the given treatment. However, if similar 

changes were reported for the control 

treatment, then this speaks against 

specificity   

Temporality Cause precedes the event The administration of the drug in question 

must have preceded the potential augmented 

performance-related outcome 

Biological gradient Unidirectional dose-response curve – more 

exposure results in a greater effect  

Whether studies reporting greater 

performance effects administered larger or 

more frequent doses than studies reporting 

lower or no effects. In addition, biological 

gradient was also assessed for key 

hematological parameters indicative of 

performance, e.g. hemoglobin concentration 

Biological 

plausibility 

The hypothesis is biologically plausible, i.e. 

the existence of a reasonable mechanism for 

If a reported enhanced performance-related 

outcome was accompanied by other 
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instance by having a performance-enhancing 

effect 

expected changes, such as an increase in 

hematocrit after rHuEPO treatment  

Coherence with 

biological 

understanding 

Cause and effect interpretation does not 

conflict with biological understanding 

Describes whether studies conducted in 

different settings or disciplines had 

complementary findings. This is assessed 

using the evidence base as a whole, rather 

than single studies 

Experimental 

evidence 

Laboratory evidence or results from human 

experiments 

Assessment of laboratory studies and RCTs. 

Secondarily, surveys and testimonies from 

athletes were considered giving insight into 

a ‘real-world’ setting 

Analogy with other 

causal associations 

Are there similarities between the proposed 

causal association and any other causal 

associations? 

 

Other areas of relevance, e.g. including how 

augmented tHb after blood transfusion 

increases aerobic performance whereas 

blood loss decreases aerobic performance, or 

how beta-antagonists cause opposite 

performance-related effects than beta2-

agonists  

 1101 

tHb = total hemoglobin mass, RCT = Randomized clinical trials, rHuEPO = recombinant human erythropoietin 1102 
 1103 
 1104 
  1105 
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Table 2. Assessment of performance-related effects of rHuEPO using the framework proposed by Bradford 

Hill 

 

 

Selected physiological outcomes 

(tHb, haematocrit, etc.) 

Aerobic-based performance 

(VO2max, time to exhaustion 

open-end tests, time-trials etc.) 

Anaerobic-based 

performance (sprinting, 

strength etc.) 

Strength Treatment is associated with 

increased hemoglobin 

concentration and hematocrit as 

well as tHb. 

 

Treatment associated with 

significant changes in VO2max and 

endurance performance during 

open-end exercise tests. 

Treatment can be associated with 

enhanced time-trial performance. 

 

Treatment not associated 

with enhanced sprint 

performance. 

Consistency Consistency between studies for 

effects on hematological variables, 

e.g. hematocrit, reticulocytes, and 

tHb. 

Coherent across numerous 

studies. Clear consistency for 

effects on VO2max and time to 

exhaustion tests but currently 

inconclusive for time-trial 

performance 

Sprint performance has 

only been investigated in 

one study. 

Specificity Class-specific effects on above-

mentioned variables. 

Aerobic-based performance is 

specifically affected after 

treatment.  

No apparent effects on 

sprint ability 

Temporality Temporality demonstrated in controlled trials with measurable effects following treatment. 

Biological 

gradient 
A dose-response effect on key 

hematological parameters (e.g. 

hematocrit and hemoglobin 

concentration).  

No clear dose-response effects on 

performance outcomes seem 

evident. This may be due to large 

between-study heterogeneity in 

for instance the subjects' physical 

condition and when performance 

after treatment was assessed etc. 

Insufficient data. 

Plausibility Well-described physiological 

mechanisms. 

Strong mechanistic basis for 

rHuEPO affecting key variables 

relevant for aerobic performance 

(e.g. tHb).  

Hypothetical basis for 

rHuEPO to enhance 

repeated sprint ability 

due to effects on 

phosphocreatine 

resynthesis rate. 

Coherence Coherence with the well-described 

rHuEPO mechanisms related to 

red blood cell production and 

oxygen-carrying capacity. 

Coherent with exercise 

physiological understanding.  

Insufficient data.  

Experimental 

evidence 
Numerous studies have 

underpinned the efficacy of 

rHuEPO in altering hematological 

parameters.  

Several RCTs have demonstrated 

an effect of rHuEPO on aerobic-

based performances 

Few data on the effect of rHuEPO 

on time-trial performance 

Few data on the effect of 

rHuEPO on sprint 

ability. 
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Analogy Similar effects are observed 

following blood transfusions used 

to increase red blood cell volume. 

Similar effects are observed on 

aerobic-based performance 

following blood transfusions.  

Sprint ability seems 

unaffected by blood 

transfusion. 

 1106 
RCT = Randomized clinical trials, rHuEPO = recombinant human erythropoietin, VO2max = maximal oxygen uptake 1107 
 1108 
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Table 3. Identified studies investigating ergogenic effects after rHuEPO administration 

Study Subjects Study design 
Administered dose 

of rHuEPO 
Duration Results 

Ekblom and 

Berglund [63]  

M: n=15, 

MT  

Non-placebo 

controlled 

20-40 IU/kg × 3 pr. 

wk. 
4-6 wks. 

VO2 = ↑ 7.9% TTE @ 

maximal treadmill 

running  = ↑ 17.0% 

Audran et al. [68] 
M: n=7; F: 

n=2, WT 
Uncontrolled 50 IU/kg × 7 pr. wk. ~4 wks-. VO2max = ↑ 9.0% 

Birkeland et al. 

[35] 

M: n= 20, 

WT  

Double-blind 

placebo-

controlled 

5000 IU × 3 pr. wk. 4 wks. 
VO2max = ↑ 7.0%  

TTE = ↑ 9.0% 

Parisotto et al. 

[61] 

M: n= 27, 

WT 

Double-blind 

placebo-

controlled 

50 IU/kg × 3 pr. wk. 3.5 wks. VO2max = ↑ 6.3-6.9% 

Russel et al. [71] 
M: n=12; F: 

n=9, MT 

Placebo-

controlled 

50 IU/kg × 3 pr. wk.  

+  

20 IU/kg × 3 pr. wk. 

3+5 wks. VO2max  = ↑ 6-10% 

Connes et al. [65] 
M: n=16, 

WT 

Double-blind 

placebo-

controlled 

50 IU/kg × 3 pr. wk. 4 wks. VO2max  = ↑ 7.0% 

Wilkerson et al. 

[72] 
M: n=15. UT 

Double-blind 

placebo-

controlled 

150 IU/kg × 1 pr. 

wk. 
4 wks. 

VO2max  = ↑ 7.0% 

 TTE @ 105% of 

VO2max = ↑ 22.0 % 

Ninot et al. [66] 
M: n=17, 

WT 

Double-blind, 

randomized, 

placebo-

controlled 

50 IU/kg × 3 pr. wk. 

+ 

 20 IU/kg × 3 pr. wk. 

4+2 wks. VO2max  = ↑ 8.8% 

Thomsen et al. 

[67] 
M: n=15, UT Control group 

60 IU/kg × 3 pr. wk.  

+ 

 60 IU/kg × 1 pr. wk. 

2+11 wks. 

VO2max  = ↑ 11.6%  

 TTE @ 80% of initial 

VO2max = ↑ 54.0% 

Lundby et al. 

[36] 
M: n=8, UT Uncontrolled 

5000 IU every 2nd 

day + 5000 IU pr. 

wk. 

2+2 wks. VO2max  = ↑ 6.6% 

Robach et al. [70] M: n=8, UT Uncontrolled 

60 IU/kg × 3 pr. wk.  

+ 

 60 IU/kg × 1 pr. wk. 

3+12 wks. VO2max  = ↑ 5.8- 7.2% 

Plenge et al. [69] M: n=6, MT Uncontrolled 

5000 IU/day pr. wk  

+  

0-5000 IU × 1 pr. wk 

1+7 wks VO2max  = ↑8.3% 

Durussel et al. 

[62] 

M: n=19, 

MT 
Uncontrolled 

50 IU/kg every 2nd 

day. 
4 wks. 

VO2max  = ↑ ~8%  

3.000 m. =↑ ~6% 

Caillaud et al. 

[64] 

M: n=12, 

MT 

Randomzied, 

control group 
50 IU/kg × 3 pr. wk. 4 wks. VO2 = ↑6.3% 

Annaheim et al. 

[58] 

M: n=40, 

MT 

Double-blind 

placebo-

controlled 

Group 1: 

 ~133 IU/kg × 3 pr. 

wk.  

Group 2: 

 ~66 IU/kg × 3 pr. 

wk.  

4 wks. 

VO2max = ↑6.0% 

TTE @ 85% of Pmax = 

↑10-70%  
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 1109 
M = male, F = female, WT = well-trained (VO2max of >55 mL O2/kg/min), MT= moderately trained (VO2max between 45-1110 
55 mL O2/kg/min ), UT = untrained (VO2max <45 mL O2/kg/min), IU/kg = International units per kilogram bodyweight, 1111 
wks. = weeks, VO2max = maximal oxygen uptake, maximum power = Pmax, TT = Time-Trial, TTE = Time-to-Exhaustion, 1112 
3.000 m. = 3.000 m. running test, RSA = Repeated sprint ability, ↑  = positive change,  ↔ = unchanged. 1113 

  1114 

Group 3:  

~35 IU/kg × 3 pr. 

wk. 

Clark et al. [59] 
M: n=19; F: 

n=5, MT 

Randomized, 

double-blind 

placebo-

controlled 

Group 1: 

250 IU/kg × 3 pr. 

wk.  

Group 2:  

250 IU/kg × 3 pr. wk  

+ 

10 IU/kg × 3 pr. wk. 

2-5 wks. 

VO2max  = ↑6.0% 

 TTE @ treadmill with 

increasing slope = ↔ 

Heuberger et al. 

[46] 

M: n=48, 

WT 

Randomized, 

double-blind 

placebo-

controlled 

6000 IU pr. wk. 8 wks. 
VO2max  = ↑10.0% 

TT = ↔ 

Haile et al. [37] 
M: n=20, 

WT 
Control group 

50 IU/kg every 2nd 

day. 
4 wks. 

VO2max  = ↑ 5.8% 3.000 

m. =↑4.6% 

Sutehall et al. 

[73] 

M: n=14, 

MT 
Control group 

20-40 IU/kg every 

2nd day. 
7 wks. 

VO2max  = ↑ 3.9%,  

RSA = ↔ 
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Table 4. Assessment of performance-related effects of acute use of beta2-agonists using the framework 

proposed by Bradford Hill 

 

 

Selected physiological outcomes 

(lung function, etc.) 

Aerobic-based performance 

(VO2max, time to exhaustion 

open-end tests, time-trials 

etc.) 

Anaerobic-based 

performance (sprinting, 

strength etc.) 

Strength 

Treatment associated with 

significant changes in several 

expected physiological variables, 

including lung function, heart rate, 

several blood variables (e.g. 

glucose, lactate, potassium), blood 

flow etc. 

Treatment not associated with 

significant changes in VO2max 

or performance during open-

end exercise tests and time 

trials 

Treatment can be 

associated with significant 

enhancements of peak 

power during sprint 

exercise and muscle 

strength 

Consistency 

Consistency for effects on lung 

function, heart rate, several blood 

variables (e.g. glucose, lactate, 

potassium), blood flow etc. 

Moderate consistency for no 

performance effects during 

open-end tests and time trials 

Consistency for no effect on 

VO2max 

Consistent effects on 

sprinting peak power for 

prohibited doses but 

divergent findings for 

therapeutic inhaled doses 

Divergent findings on 

muscle strength for 

prohibited doses and 

therapeutic inhaled doses  

Specificity 
Class-specific effects on above-

mentioned variables 

No apparent effect on 

aerobic-based performance 

No apparent effect on time-

trial performance 

Class-specific ergogenic 

effects on sprint power and 

muscle strength 

 

Temporality Controlled trials have demonstrated measurable effects following treatment 

Biological 

gradient 

Dose-response effects on several 

expected physiological variables 

(lung function, heart rate, blood 

potassium, etc.)  

No apparent dose-response 

effects regardless of route of 

administration  

No apparent effect on time-

trial performance 

Ergogenic effects evident 

for sprinting and muscle 

strength mainly at 

supratherapeutic inhaled or 

oral doses but not at low 

inhaled doses 

 

Plausibility 
Well-described pharmacodynamics 

and physiological mechanisms  

Weak mechanistic basis for 

beta2-agonists affecting 

processes of major 

importance for aerobic-based 

exercise 

 

Mechanistic basis for beta2-

agonists to affect muscle 

processes of importance for 

sprint ability and strength 

Coherence 
Coherent with our biological 

understanding across disciplines 

Insufficient data from other 

disciplines 

Coherent with animal 

models (muscle contractile 

performance effects of 

beta2-agonists) and 

exercise physiological 

understanding 

Experimental 

evidence 
Considerable amount of 

experimental evidence describing 

Several RCTs have investigated the effect of beta2-agonists 

on aerobic- and anaerobic-based performances 
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physiological effects of beta2-

agonists across disciplines 

Analogy 
Opposite or attenuating effects are 

observed with beta-adrenoceptor 

antagonists 

Beta-adrenoceptor antagonists 

either exert no effect or 

compromises aerobic-based 

performance 

Beta-adrenoceptor 

antagonists can 

compromise peak power 

 1115 
RCT = Randomized clinical trials, VO2max = maximal oxygen uptake 1116 
  1117 

 1118 

  1119 
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Table 5. The 2021 WADA regulations for inhaled beta2-agonists 

 Type Dosing limit Urine threshold Decision limit 

Formoterol LABA 54 µg in 24 h 40 ng/mL 50 ng/mL 

Salbutamol SABA 1600 µg not to exceed 800 µg in 

any 12-h period 

1000 ng/mL 1200 ng/mL 

Salmeterol LABA 200 µg in 24 h n/a* n/a* 

Vilanterol U-LABA 25 µg in 24 h n/a n/a 

Other types 

(terbutaline, 

procaterol etc.) 

Requires a therapeutic use exemption (TUE) for 

inhaled use 

n/a n/a 

SABA: short-acting beta2-agonist, LABA: long-acting beta2-agonist, U-LABA: Ultra-long-acting beta2-agonist. n/a: not 1120 

applicable. *Reporting limit at 10 ng/mL (50% of the Minimum Required Reporting Limit; MRPL). For more 1121 

information: www.wada-ama.org. 1122 

 1123 

  1124 

http://www.wada-ama.org/
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Table 6. Assessment of performance-related effects of chronic use of beta2-agonists using the framework 

proposed by Bradford Hill 

 

 

Selected physiological outcomes 

(muscle hypertrophy, fiber-type etc.) 

Aerobic-based 

performance (VO2max, 

time to exhaustion 

open-end tests, time-

trials etc.) 

Anaerobic-based 

performance (sprinting, 

strength etc.) 

Strength 

Treatment can be associated with 

significant changes in muscle phenotypic 

shift from slow- to fast-twitch and 

hypertrophy as well as changes in 

expression of various muscle proteins 

Treatment may be 

associated with 

significant negative 

effects on VO2max and 

aerobic-based 

performance 

Treatment associated with 

significant enhancements 

of peak power during sprint 

exercise and muscle 

strength with prohibited 

doses 

Consistency 
Moderate consistency for muscle 

adaptations in humans but studies are few 

Inconsistency for VO2max 

and aerobic-based 

performance but studies 

are few 

Consistency for peak 

power and muscle strength 

with prohibited doses  

Specificity 
Class-specificity on physiological and performance outcomes has been demonstrated in clinical 

trials with clenbuterol, terbutaline and salbutamol 

Temporality Controlled trials have demonstrated measurable effects following treatment 

Biological 

gradient 

Chronic dose-response studies for above-mentioned outcomes are lacking in humans though 

between-study comparisons indicate effects are predominantly apparent at supratherapeutic inhaled 

or oral doses but not at therapeutic inhaled doses 

Apparent dose-response effects for muscle hypertrophy in rodents 

Plausibility 
Well-described pharmacodynamics and 

physiological mechanisms  

Mechanistic basis for 

beta2-agonists to exert 

negative effects on 

cardiac function and 

muscle oxidative 

capacity 

 

Mechanistic basis for beta2-

agonists to affect muscle 

determinants of importance 

for sprint ability and 

strength (hypertrophy, 

slow-to-fast twitch shift 

etc.) 

Coherence 
Coherent with our biological 

understanding across disciplines 

Coherent with data from other species 

Experimental 

evidence 

Several studies have investigated effects 

on muscle mass 

Reports of abuse among bodybuilders 

seeking leanness  

Compelling experimental data from other 

species 

Used for muscle growth in livestock 

production to improve feed efficiency 

and meat quality 

Few RCTs have 

investigated effects on 

aerobic-based 

performance 

Some data in rodents 

Several RCTs have 

investigated effects on 

anaerobic-based 

performance 

Some data in rodents 
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Analogy Opposite or attenuating effects are observed with beta-antagonists 

 1125 

RCT = Randomized clinical trials, VO2max = maximal oxygen uptake 1126 
 1127 

  1128 
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Table 7. Assessment of performance-related effects of AAS using the framework proposed by Bradford Hill 

 

 

Selected physiological outcomes 

(muscle hypertrophy, etc.) 

Aerobic-based performance 

(VO2max, time to exhaustion 

open-end tests, time-trials 

etc.) 

Anaerobic-based 

performance (sprinting, 

strength etc.) 

Strength 

Treatment associated with 

significant changes in several 

expected physiological variables, 

including muscle and fat mass 

Treatment can be associated 

with significant changes in 

VO2max or performance during 

open-end exercise tests and 

time trials 

Treatment can be 

associated with significant 

enhancements of muscle 

strength and peak power 

during sprint exercise 

Consistency 
Consistency for effects on body 

composition 

Inconsistent effects for 

aerobic-based performance 

 

Consistent effects on 

muscle strength and power  

Specificity 
Class-specific effects on above-

mentioned variables 

Mixed findings on aerobic-

based performance 

Class-specific effects 

effects on muscle strength 

and power 

Temporality Controlled trials have demonstrated measurable effects following treatment 

Biological 

gradient 
Biological gradient evident from dose-ranging studies for above-mentioned variables 

Plausibility 
Well-described pharmacodynamics 

and physiological mechanisms  

Mechanistic basis for AAS to 

induce adaptations of 

importance for aerobic-based 

exercise (e.g. heart function) 

 

Mechanistic basis for AAS 

to induce muscle 

adaptations of importance 

for power and strength 

Coherence Coherent with our biological understanding across disciplines 

Experimental 

evidence 

Considerable amount of 

experimental evidence describing 

physiological effects of AAS across 

disciplines 

Several RCTs have investigated the effect of AAS on 

aerobic- and anaerobic-based performances 

Analogy 
Opposite or attenuating effects are observed with testosterone suppression 

Supportive evidence from endocrine diseases and sex-differences 

 1129 

AAS = anabolic androgenic steroids, RCT = Randomized clinical trials, VO2max = maximal oxygen uptake 1130 


