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1
INTRODUCTION




Since the discovery of pharmacologically active plants and other products, these
have beenapplied totreat disease.! But apart from therapeutic use, man hasapplied
such substances for other purposes as well. Opium and coca for example were
used in ancient times by priests in religious ceremonies for their euphoric effects,
mushrooms and cacti were taken for spiritual reasons, and substances like alcohol,
caffeineand nicotine have long been used recreationally (see for example?=*). One
other distinct deployment of pharmacologically active agents has been in sports,
a practice that also dates back to ancient times. In the old Greek Olympic Games,
alcohol, mushrooms and sesame seeds were consumed to enhance performance,
and stimulants were used by gladiatorsin Roman times against fatigue and injury.®
Since those firstapplications of pharmacological products, our understanding of the
involved mechanisms and the related science has evolved tremendously, and with
thisincreasein pharmacological knowledge the possibility and need to determine
whether substances are actually beneficial grew. This led to the conception of
evidence-based medicine, of which the fundamental aim is to prevent patients
from being treated with ineffective agents or getting exposed to unnecessary harm.
Pioneers such as Archie Cochrane and lain Chalmers postulated the importance
of thoroughly evaluating the available evidence before implementing a certain
treatment in medicine.® Such ideas led to the formation of systems to rate the
quality of evidence for a treatment, such as the Grading of Recommendations
Assessment, Development and Evaluation (GRADE) system” and a similar system
from the Oxford Centre for Evidence-Based Medicine (OCEBM), partly depicted in
Table1.®

According to this latter method, systematic reviews of randomised trials and
randomised trials are considered the two strongest levels of evidence for the benefit
of a treatment (level 1 and 2 evidence). These carry more weight than for example
non-randomised controlled cohort studies, case-control studies, or mechanism-
based reasoning. This shows the study design is very important in classifying the
strength of the evidence, but an additional contributing factor is the knowledge
aboutthe link between the measured pharmacodynamic marker(s) in a study and
the actual outcome that is being studied.® More specifically, evaluating the effect
of a drug on a surrogate marker, for example levels of Tau protein for effects on
Alzheimer's Disease, only gives a high level of evidence of a beneficial effectif there
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isaclearand proven link between the surrogate markerand the intended endpoint.
In turn, to understand this link a thorough knowledge about the link between the
biological mechanism of thedrugand theclinical effectis needed. These two factors
areschematically plotted in Figure1, depicting that the basis for obtaining evidence
on the beneficial effect of a drug is to increase the knowledge about the relation
between mechanism of action, marker and clinical effect.’

This overall concept termed evidence-based medicine has been accepted as an
essential part of medicine, crucial to ensuring good quality healthcare by making
therapeutic decisions based on weighed and evaluated science. These principles
are therefore indeed strictly applied for drugs intended for therapeutic use,
and products will not be approved for medical use unless there is a high level of
evidence for benefit in patients. Moreover, prescribing drugs without such a level
of evidence is considered bad medical practice. However, when pharmacological
agents are used in different contexts, these same standards are not applied as
strictly. Both in recreational drug use and drug use in sports, there seems to be a
discrepancy between the extent of use and the available evidence on the intended
and harmful effects. In this thesis we focus on the use of pharmacological agents
in sports (termed doping) and apply standards of evidence-based medicine and
clinical pharmacology to doping research. That pharmacological agents are being
used in sports is clear from the (many) confessions by athletes and the World
Anti-Doping Agency (WADA) testing figures,'® despite regulation aimed to ban or
at least restrict doping use.” And so if these substances are being used in sports,
it is important to acquire knowledge about the related effects and harms. The
biological, methodological and pharmacological fundaments are the same as in
therapeutics, so why should these basic principles not apply in doping research?

We believe they should, the problem is that these principles are not yet embedded
in doping research, as can be seen from some examples of reactions to our research:
A referee (vigorously) defending the wADA Prohibited List in response to our
review on the evidence for effects of testosterone: ‘Various testimonies during
[legal] trialsindicate that athletes use testosterone to recover faster. This is particularly
valid for multiday events. The number of volunteers in many intervention studies is
often too limited to demonstrate a marginal but still existing effect on performance.
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Most studies are underpowered when dealing with elite athletes due to the difficulty to
dccess this population for obvious ethical and availability reasons. You cannot administer
doping substance to elite and competing athletes, this would seriously contravene the
rulesin force.’

Dr. Olivier Rabin, wADA's science director, in The Times in response to our
model-based publication describing the fundamental flaws in the salbutamol
anti-doping procedures and the applied threshold level for triggering a
violation:'2".. the organisation would vigorously defend its position and had already
vead the Leiden paper. “| read the article you refer to, and no, no concern at all. Nothing
new as their model is based on three well-known studies,” Rabin said. He added:
“WADA has conducted several studies on salbutamol and continues to conduct studies
on beta-2 agonists. We believe the current threshold is solid considering the scientific
literature published on salbutamol over the past 20 years. Based upon the published and
unpublished information in our possession, we see no reason to change the salbutamol
threshold.

Inalettertotheeditor regarding our publication of the effects of erythropoietin
in cyclists:"‘Insummary, the interpretation of their findings with vo,peak testing and
real-life competition is not convincing [...] In subjects with a similar training background
and tested under carefully controlled laboratory conditions with a double-blind study
design, erythropoietin clearly improves both VO, peak and performance [in a time-to-
exhaustion test] (7).’

These examplesindicate that several of the principles are being violated by experts
inthe field: classification of levels of evidence are not consistently applied, evidence
thatis available is not always recognised, and clinical relevancy is not determined
based onvalidated (surrogate) markers. These issues should be overcome in order
to provide a rational and evidence-based framework for doping research, and we
feel that for a major part this is feasible. There are evident differences between
therapeutics and doping (e.g. in terms of populations and existing regulation),
and some of the described principles or methods might be more difficult or need
more attention in the doping setting. But the fact that studies are underpowered
to see small effects does not make evidence from n=1 trials (individual experience)
stronger, nor can we accept an observed effect on surrogate markers to equal an
effect on clinical outcome when this link is not sufficiently proven. In this thesis
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we therefore describe the initial setup foran updated doping research framework,
and offer suggestions to reduce the gap that exists between this discipline and
therapeutics. Inthe first chapters the foundation under dopingis evaluated, where
we investigate which evidence is available for pharmacological performance
enhancement in sports and we describe a study investigating such effects for
recombinant human erythropoietin in an evidence-based manner. A separate
chapter describes that in the same study, we investigated the harmful effects of
this treatment in athletes, showing that such studies could form the evidence-
base for the benefit-risk assessment of a doping agent. Furthermore, we document
the analysis of a commonly used surrogate marker and its relation to the clinical
outcome of endurance performance to provide knowledge about the link between
this marker and clinical effect. Finally, we discuss the detection of substances, a
problemthatis perhaps even more relevant to doping research than to therapeutics.
Reliable and validated assays and related procedures here are paramount, and in
the last two chapters we provide suggestions forimprovement of several currently
applied procedures and add to the available knowledge. In all chapters, state-of-
the-art clinical pharmacological methodology is applied to address a particular
doping problem, such as for example population pharmacokinetic modelling in
the chapteronsalbutamol detection. The combination of chapters shows that there
is an overall lack of evidence in doping research, but also shows the feasibility of
applying accepted standards from therapeutics to provide this necessary evidence.
With that, this thesis aims to contribute to further evolution of this research field,
just as the field of therapeutics has recently evolved towards evidence-based
medicine.
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FIGURE1 DIAGRAM OF TWO IMPORTANT FACTORS IN DRUG DEVELOPMENT  Provingaclinical
effectis done mostrationally and efficiently by moving drugs to the upper right corner: obtaining a
strong link between the molecular mechanism and the clinical effect, as well as measuring markers
that relate to the clinical effect. With permission from Adam F. Cohen in Nature Reviews®
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TABLE1 OXFORDCENTRE FOREVIDENCE-BASED MEDICINE 2011 LEVELS OF EVIDENCE

Question Step1 Step2 Step3 Stepa Steps

(Level1*) (Level 2*¥) (Level 3¥) (Level 4%) (Levels)
Does this Systematicreview Randomizedtrial  Non-randomized  Case-series,case-  Mechanism-based
intervention help?  of randomized orobservational controlled cohort/  control studies,or  reasoning
(Treatment trialsor study withdra- follow-up study** historically con-
Benefits) n-of-1trials maticeffect trolled studies™

*Level may be graded down on the basis of study quality, imprecision, indirectness (study P1Co does not match questions P1C0), because of
inconsistency between studies, or because the absolute effect sizeis very small; Level may be graded up ifthereis a large or very largeeffect size.
** As always, a systematic review is generally better than an individual study.
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ABSTRACT

The World Anti-Doping Agency is responsible for maintaining a
Prohibited List that describes the use of substances and methods that are
prohibited for athletes. The list currently contains 23 substance classes,
and an important reason for the existence of this list is to prevent unfair
competition due to pharmacologically enhanced performance. The

aim of this review was to give an overview of the available evidence for
performance enhancement of these substance classes. We searched the
scientific literature through PubMed for studies and reviews evaluating
the effects of substance classes on performance. Findings from double-
blind, randomised controlled trials were considered as evidence for (the
absence of) effects if they were performed in trained subjects measuring
relevant performance outcomes. Only 5 of 23 substance classes show
evidence of having the ability to enhance actual sports performance,
i.e.anabolicagents, beta-2-agonists, stimulants, glucocorticoids and
beta-blockers. One additional class, growth hormone, has similar
evidence but only in untrained subjects. The observed effects all relate
to strength or sprint performance (and accuracy for beta-blockers); there
are no studies showing positive effects on reliable markers of endurance
performance. For 11 classes, no well-designed studies are available, and,
for the remaining six classes, there is evidence of an absence of a positive
effect. In conclusion, for the majority of substance classes, no convincing
evidence for performance enhancementis available, while, for the
remaining classes, the evidence is based on a total of only 266 subjects
from11 studies.

INTRODUCTION

The mission of the World Anti-Doping Agency (WADA) is to lead a collaborative
worldwide movement for doping-free sport, and its activities focus on the
responsibilities given by the World Anti-Doping Code." One of these responsibilities
isto publishanannual Prohibited List, which identifies the substances and methods
prohibited in-and out-of-competition,and in particular sports.2 This listis compiled
by the List Expert Group and Health, Medical and Research Committee of the

WADA, in consultation with scientific, medical and anti-doping experts, using

criteria described in the World Anti-Doping Code. This describes that a substance

or method shall be considered to be placed on the Prohibited List if the substance
or method meets any two of the following three criteria:’

1 Medical orotherscientificevidence, pharmacological effect or experience that
the substance or method, alone or in combination with other substances or
methods, has the potential to enhance, or enhances, sport performance
Medical or other scientificevidence, pharmacological effect or experience that
the use of the substance or method represents an actual or potential health risk
totheathlete
WADA's determination that the use of the substance or method violates the
spiritof sport, described in the introduction to the World Anti-Doping Code.

The third criterion is clearly most subjective and is more a fundamental and
philosophical question than a scientific one.® However, the remaining two criteria
do mention the availability of scientific evidence, indicating that the decision for
placing substances and methods on the Prohibited List could be evidence-based. So
how strong is this evidence for the listed substances? In this review, we specifically
focus on the evidence for performance enhancement, although there could be other
reasons athletes use prohibited substances, including masking or diminishing the
side effects of other prohibited substances. Several reviews are available focusing
on performance effects of different categories on the Prohibited List*7; however,
the current review aims to provide a comprehensive and up-to-date overview of
the evidence for performance enhancement of all categories of substances in-and
out-of-competition on the 2018 Prohibited List, applying standards considered
appropriateinclinical therapeutics.
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METHODOLOGICAL CONSIDERATILINS

The 2018 Prohibited List was used as framework for this review.? We searched the
scientific literature for studies and reviews evaluating the clinical effects of the
differentsubstances and categories of substances on performance using PubMed as
thesearch engine. Scientificarticles with no date restriction and with combinations
of the following keywords were evaluated for their relevance by title and abstract:
‘athletes’, ‘performance’, ‘sport’,‘doping’and ‘trained’,in combination with a specific
prohibited compound or category (e.g. ‘terbutalin€ or ‘beta-2 agonist’). Reference
lists of identified publications were searched for additional relevant publications.
Performance was interpreted according to the broadest sports-related definition,
including strength (power) and endurance. Although the criterion in The wADA
Code states that evidence for the potential to enhance performance is sufficient to
place a substance on the Prohibited List, in this review clinical pharmacological
evidence for actual performance enhancement was considered essential to
determine that a substance or category of substances has a positive effect on
performance. In other words, similar to any other therapeutic review, to make
an evidence-based conclusion that there are performance enhancing effects the
level of evidence should preferably be high (level 1), meaning thatevidence should
come from double-blind randomised controlled trials (or meta-analysis based on
randomised controlled trials).® This was also taken into account when evaluating
thesearch results, although there will inevitably be cases where information has to
be inferred from other, less reliable evidence.

Inaddition, ideally these trials should measure relevant performance outcomes
and so we defined which outcomes should be considered most relevant. Here
we apply the same standard as for clinical trials, where proven effects on clinical
outcome are accepted as most reliable, and effects on surrogate markers that have
a proven link to that clinical outcome are accepted, as for example described by
the us Food and Drug Administration.® When translated to sport performance,
the most relevant outcome measure is the ‘actual’ performance of the sport itself,
such as forexample muscle strength for weight lifting or running time for distance
running. However, surrogate markers that describe an important aspect of the
performance might be acceptable, but conclusions based on such markers can
only be reliable if there is a proven high correlation with the actual performance.
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Forendurance performance for example, although maximal oxygen consumption
(VO2max) is often used and has been shown to be a prerequisite for performance,'®™
its predictive value for endurance performance within a group of athletes is very
limited.'>" Moreover, it seems that successful endurance athletes reach a plateau
in VO,max despite continuing to improve performance,-¢ thereby questioning
whether increasing vO,max by any means would have an impact on performance,
at least in highly trained subjects. And finally, there has been critique on the use
of the maximal exercise test that generates the vo,max marker to accurately
evaluate athletic potential in general, as it does not resemble normal exercise.” It
istherefore unclear whethera pharmacological effect on vo,max (or other maximal
exercise test markers) translates into an effect on performance per se, makingita
marker with insufficient predictive value. Another test that is not very reliable in
measuring effects on actual performance is the time to exhaustion test. Such a test
hasbeen shown to have low reproducibility, especially compared to time trials that
continue for a predetermined amount of time or work."®'® Moreover, there is no
clearevidence of their correlation with actual performance, except for absence of a
correlation with [ronman performance in one study.2° Possibly this is because sports
disciplines do not rely on time to exhaustion principles, but rather on pacing to a
finish line ortime. In summary, there currently are no widely recognised laboratory
markers for (aerobic) endurance performance, leaving tests for actual endurance
performance (e.g. a time trial) as the most reliable available measure. Markers for
sprint performance onthe other hand, forexample as measured by a Wingate test,
do resemble actual performance such as sprinting in cycling and this surrogate
marker has been shown to correlate with other performance types as well,2",22
which is why we considered it to be a relevant marker.

Finally, the training status of the study participants is a relevant factor when
interpreting the outcome. The aim of preventing performance advantages through
doping, as described in the waDA Code, is most (although admittedly not solely)
relevant in high level (and in particular professional) sports, due to the attention,
fame and commercial considerations involved in that level of sports. Clinical
studies should reflect the ‘target population’, which in this case would be elite
and professional athletes. However, because of doping/wADA regulations, it was/
is very challenging or even impossible to conduct intervention studies of banned
substances in such a population. For this reason, we considered studies in (highly)
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trained athletes most relevant, so that observed effects apply to this level of athletes,
and thatextrapolation of observed effects in this population to the performance of
professional athletes was mostvalid. However, data in less well trained subjects may
also be of value, and was also reviewed. Determining the training level of subjects
was based on commonly used markers for performance where possible. For the level
of training in endurance performance, VO;max and maximal power output (Pmax)
were used. Three categories were defined somewhatarbitrarily (without taking the
type of maximal exercise testing protocol into consideration): untrained (VOzmax
<55 mL/min/kg and / or Pmax <3.5 W/kg); trained (VOzmax > 55 and < 65 mL/min/
kg and / or Pmax 3.5 and <5.0 W/kg); and highly trained (vOzmax = 65 mL/min/kg
and / or Pmax 5.0 W/kg). For strength training it was more difficult to objectively
categorize study populations as available measurements varied widely between
included studies. Therefore, subjects were categorised as trained or untrained based
on the description in the article of whether subjects had been actively engaged in
resistance training.

FINDINGS
Prohibited atall times

So Non-approved substances

Any pharmacological substance that has no currentapproval by any governmental
regulatory health authority for human therapeutic use belongs in this category,
making the category very broad. Substances in this category could be drugs
under pre-clinical or clinical development, discontinued drugs, designer drugs, or
substances approved for veterinary use only. In any case, they will be substances
that (currently) lack solid evidence for (beneficial) effectsin humansin general, and
therefore, in practically all cases, lack evidence for enhancement of performancein
particular.

S1 Anabolicagents

Anabolic agents, or anabolic-androgenic steroids (AAs), are synthetic derivatives
of testosterone which have attracted attention as doping substances due to their
potential to increase protein synthesis and decrease protein breakdown (anabolic
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effects) and increase muscle growth (androgenic effects) by activating the androgen
receptor. A very thorough review evaluated the evidence for effects of AAs on per-
formancein 2004.22 Upon inspection of the studies covered in the review, there are
various studies with a randomised, double-blind, controlled design that investi-
gated effects on strength. The most recent of these studies show clear effects of AAs
ondifferent strength outcomes in strength trained men, alone and combined with
strength training.2*~2¢ One of these studies showed with an elegant design that
high dose testosterone (600 mg/week) both with and without strength training
significantly increased bench-press and squatting power with on average 10-20%
compared to the respective placebo condition.?* Well-designed studies investi-
gating effects on endurance performance, or related measures such as vOo;max,
covered in the review are olderand more sparse. These show no treatment-induced
improvements, although they did not show an effect on strength either, indicating
the sample size or dose might be too small to detect effects.?”-28 However, since the
review one additional randomised, placebo controlled trial has become available
which also showed a lack of effect on endurance performance markers of a month of
AAsindosessimilarto those that showed strength effects.2’ Additionally, this study
showed evidence that there is no effect of AAS treatment on recovery. In summary,
high dose AAs appears to increase strength, but not endurance performance. The
evidence on strength effects is based upon 3 studies with in total 91 volunteers.

S2 Peptide hormones, growth factors, related substances and
mimetics
ERYTHROPOIETINS AND AGENTS AFFECTING ERYTHROPOIESIS

These agents are aimed at increasing red blood cell volume through inducing
erythropoiesis and thereby potentially enhancing performance. Interestingly, for
“natural”increasesin red blood cell volume through altitude training, the evidence
for performance enhancing effects is not fully convincing to begin with.3°

Erythropoietin-Receptor Agonists

Erythropoietin-receptor agonists, such as recombinant human erythropoietins
(rHuePO), stimulate erythropoiesis and thereby increase haemoglobin levels, which
potentially increases oxygen carrying capacity and thereby improves endurance
performance. A systematic review of the literature by Heuberger et al concluded
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however that there was a lack of evidence for efficacy on endurance performance.
Of the then 13 available reviewed studies, only five had a placebo-controlled and
double-blind design,??73¢ all showing similar effects of rHuEPO in both trained and
untrained subjects: in all studies VO,max increased by approximately 7%, while
maximal power output was evaluated in two of the studies and increased by 7%
as well.333¢ Finally, time to exhaustion improved by 22% in untrained®? and 9.4%
in trained subjects.?? Two subsequent randomised, placebo-controlled trials also
showed increases in VO,max, maximal power output and time to exhaustion of 5%,
6% and 58%, respectively, in trained subjects,?” and an increase in VOzmax of 6%,
butnoincreaseintimetoexhaustion, in untrained subjects.?® None of these studies
showed however, whether these effects on surrogate biomarkers impacted actual
performance. Because of this lack of information, a double-blind, randomised,
placebo-controlled study in trained cyclists followed and showed that clinically
more relevant tests such as a time trial and uphill road race were not affected by
rHUEPO treatment.?® Although there was again an effect of rHuEPO on maximal
exercise test variables including vo,max and maximal power output (increase of 5
and 3% respectively), thereis no evidence that these erythropoietin-induced effects
improve actual cycling performancein trained cyclists. The absence of an effect on
these measures most related to competitive (cycling) performance in athletes is
insightful, but one should be cautious about extrapolating these findings to all
performancetypesin elite athletes; notall performance aspects of endurance have
been studied, and the target population has not been included. In any case, there
is no evidence available that rHuEPO enhances time trial, climbing or other race
performancein athletes.

Hypoxia-inducible factor activating agents

Hypoxia-inducible factor (HIF) activating agents have a direct effect on erythropoie-
tin production by stimulating erythropoietin gene expression and thereby the same
rationale for potential performance enhancing effects applies as for direct rHuEPO
administration. As shown for rHUEPO in the section above, increases in erythro-
poietin and the accompanying increases in haemoglobin have not been shown to
improve endurance performance in trained subjects. Moreover, evidence for the
effects of HIF activating agents is even more sparse. Cobalt has been observed to
increase erythropoiesis in anaemic patients.*®* No trials have been performed
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evaluating these effects on erythropoiesis or performance in healthy volunteers, let
aloneathletes,as can be seenin the review by Ebertand Jelkmann.*? More recently,
a study claimed to show effects of xenon on erythropoietin production in healthy
volunteers,*® but the statistics of the study have been criticised.** Small molecule
HIFsareinclinical development, but have notyet been approved for clinical use. The
published clinical studies show that these compounds produce modestincreasesin
erythropoietinin both anaemic patients and healthy volunteers,*>*¢ however, cur-
rently there are no studies evaluating effects on performance of healthy or trained
subjects.

GATA inhibitors

By inhibiting GATA, an erythropoietin gene expression inhibitor, a similar effect as
for the HIF activating agents could be expected. There are, however, no published
clinical studies of the effects of these compounds, the mechanism has only been
proven pre-clinically.4”48

Transforming growth factor beta inhibitors

Erythropoietininduction by transforming growth factor beta (TGF)-betainhibition
isavery recentdevelopmentinthe possible treatment of anaemia,andin particular
for myelodysplastic syndromes. Luspatercept and sotatercept have been shown to
increase haemoglobin levels in such patients,**>° but there is no evidence of any
related effects on performance in healthy or trained individuals.

Innate repair receptor agonists

Innate repair receptor agonists are non-erythropoietic derivatives of rHuEPO that
have been developed for their potential tissue-protective properties and to date
have been evaluated in only a few clinical trials. One published placebo controlled
trial indicated carbamylated erythropoietin was safe and well-tolerated,*' but no
evidence of performance effects is available.

PEPTIDE HORMONES AND HORMONE MODULATORS
Chorionic Gonadotrophin and Luteinizing Hormone and their releasing factors

Chorionic gonadotrophin (cG) and luteinizing hormone (LH) are hormones that
bind to the same receptor (LHcG-receptor), which has several functions in the
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reproductive system. In females, follicular maturation, ovulation and luteal func-
tion are influenced through stimulation of the receptor in the ovary, in males the
receptor is located in the testis and stimulates testosterone production. There is
no indication that the effects in females can positively influence performance,*?
but the increase in testosterone in males may give similar effects as described for
the anabolicagents: asingle intramuscularinjection of 6000 1U of cG forexample,
increased testosterone levels approximately by 40 nmol/L in healthy men.*3 This
is half the increase observed after a 10-week treatment with 600 mg testosterone
enanthate (an anabolicsteroid), which has been shown toincrease bench pressand
squat muscle strength.2* There are no studies however that have investigated the
effects of cG or LH on any sports performance measures.

Corticotrophins and their releasing factors

Adrenocorticotropic hormone (ACTH) is involved in the hypothalamic-pituitary-
adrenal axis and is released in response to stress, leading to increases in cortisol.
Through this cortisol response, free fatty acids are released, potentially sparing
glycogen, which is then assumed to benefit endurance performance. In addition,
ACTH stimulates glucocorticoid secretion (see section S9 Glucocorticoids). Adouble-
blind, placebo controlled cross-over study in 16 trained cyclists showed however,
that although a1 mg AcTH depot dose decreased the feeling of fatigue during a
submaximal effort, it did notimprove maximal performance in a maximal exercise
test, nor did it affect recovery between two consecutive tests.>* Similarly, 20 km
time trial performance was not affected by 0.25 mg ACTH intramuscular injections
in a double-blind, placebo-controlled cross-over study in 8 (highly) trained male
cyclists.*® Perceived fatigue was not decreased by ACTH in this study. As these are
the only studies performed, we conclude there is no evidence of beneficial effects
of ACTH orits releasing factors on actual performance.

Growth Hormone, its fragments and releasing factors

Growth hormone (GH) use in adults with cH deficiency results in reduced body fat,
increased lean body mass and increased fitness and strength¢ and has therefore
attracted attention as a potential performance enhancing drug. This mechanism
is mainly mediated by insulin-like growth factor-1 (IGF-1). A systematic review
evaluated effects on strength or endurance performance.®’ For strength, two
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double-blind studies were identified that showed no effects of GH on muscle
strength of different muscles compared to placebo when combined with strength
trainingin untrained®® and trained strength athletes.*® Endurance performance was
evaluated intwo double-blind studies: multiple dosing of GH did not have an effect
0N VOzmax and maximal power output compared to placebo in trained subjects.¢°
Asingledose of GH increased plasma lactate levels during submaximal cycling exer-
cise compared to placebo in seven highly trained cyclists in a cross-over design.®
Suchsingleadministrations of GH therefore rather seem to decrease endurance per-
formance, underlined by the fact that 3 out of 7 cyclists in this study had difficulties
completing the cycling trial when treated with GH, compared to none on placebo
treatment. Following the review, one randomised, placebo-controlled, blinded
trial with 8 weeks of daily GH treatment confirmed these findings and showed no
effects on strength or vozmax. In this study, there was however an increase in sprint
performance in a 30 second maximal sprint test (Wingate test) of approximately
1k] (ora3.9% relativeincrease in the combined male and female groupanda5.5%
relative increase for the male group only), which was slightly larger when GH was
co-administered with weekly testosterone doses.®? It should be noted that GH
also increased the incidence of swelling, joint pain and paraesthesia in this study,
indicating these gains are not without downsides and possible risks. Additionally,
subjects were untrained for endurance, therefore it is difficult to know how this
effect on sprint performance extrapolates to elite athletes.

GROWTH FACTORS AND GROWTH FACTOR MODULATORS

Blood platelets can release growth factors for example when triggered by signs of
injury. These could potentially be used for treating sportsinjuries,®® but are thought
toalso give benefitin healthy athletes. For most of these factors however, including
fibroblast, hepatocyte, mechano, platelet-derived and vascular-endothelial growth
factors and thymosin-beta 4, there are no studies of the effects on performance.
The only studies available have evaluated the safety or efficacy of these products
in healthy volunteers and patients.®4~¢¢ There is one exception that has been
investigated as an ergogenicaid, which is insulin-like growth factor-1 (IGF-1). IGF-1
isthoughtto possess ergogenic effects mainly through the anabolic pathway thatis
shared with GH. Arandomised, double-blind, placebo-controlled study investigated
the effects of a recombinant human insulin growth factor (1GF)-1/i1GF binding
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protein 3 complex (rh1GF-1/rhiGFBP-3) in untrained persons on body composition
and aerobic performance.®” No effects on body composition were observed, butan
increase in VOmax was reported for both a low (30 mg/d) and high (6o mg/d) dose.
The conclusion thatiGF-1therefore improves aerobic fitness should be interpreted
with care however: firstly, changes in outcome parameters were only analysed
within each group, and not compared to the placebo group, which would have
been the appropriate analysisin such a study design. Secondly, even if the observed
effecton vo,maxis truly caused by 1GF-1, it is unclear if this has an impact on actual
performance. Unfortunately, no performance parametersuch as running speed on
the treadmill test was reported, nor was a test performed mimicking actual sports
performance. This, in addition to the fact that participants were untrained, makes it
impossible to interpret what these findings mean for performance of elite athletes.

S3 Beta-2 agonists

Beta-2 agonists are used in the treatment of asthma as they act as bronchodilators
through their relaxing effect on the smooth muscles of the lung via the beta-2
adrenergic receptor. In addition, they have an effect on muscle tissue through this
pathway, and both actions have been implied to possess performance enhancing
effects. Several extensive reviews have evaluated the evidence for this. Pluim et al ¢
concluded in 2011 in a systematic review based on a meta-analysis of randomised
controlled trials that there are no positive effects of inhaled beta-2 agonists on
endurance, strength orsprint performance, and that there was insufficient evidence
to draw conclusion about systemic beta-2 agonist use. In 2015, Cairns et al®® had
more systemic dosing studies at their disposal, and concluded in their review
that only high-dose systemic beta-2 agonists (at a serum concentration of ~0.1
umol/L) have a positive effect on muscle strength and peak sprint power. This is
based on the observation that after oral administration of 20-25 mg terbutaline,
sarcoplasmic reticulum rates of Ca?* release and uptake were increased, together
with maximal voluntary isometric contraction (+6%) and peak twitch force (+11%),
in a placebo-controlled randomised crossover designin highly trained and trained
men.”® No effects on time to exhaustion were observed. High dose (15mg) inhaled
terbutaline reached similar serum concentrations (~0.1 pmol/L) in another double-
blinded randomised crossover trial and increased quadriceps muscle strength by
8.4%. In addition, Wingate peak and mean power were increased by 2.2% and
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3.3% respectively and Wingate total work by 3% compared to placebo in trained
males, but time trial performance was not affected.”" A double-blind, randomised,
and placebo-controlled study in highly trained athletes published after the
review by Cairns et al%® showed that single and 2-week dosing of 8 mg salbutamol
had no effect on body mass, vo,max, incremental peak power output, time to
exhaustion, maximal voluntary isometric contraction or isometric endurance.
There was however a significant increase in Wingate peak power of 4% and 6%
for single and multiple dosing, respectively, similar to the inhaled terbutaline
study.”? The statistical analysis in this study did not include a comparison to the
placebo treatment, but because there was no significant effect in the placebo
group observed, the increase in the salbutamol group seemed to be a true effect.
In all three studies, subjects experienced mild side effects, namely tremor and
tachycardia. Only one additional study showed effects of inhaled administered
beta-2 agonists. In this case the effect was only seen on one very specific task of
which the clinical relevance is questionable, namely quadriceps endurance in
highly trained endurance athletes,” and so the vast majority of evidence shows no
ergogenic effects of inhaled beta-2 agonists. Overall, these findings indicate that
only high beta-2 agonist concentrations, which are mainly achieved by systemic
administration, can improve performance, but only in strength and very short
disciplines requiring high power development, as represented by the Wingate test,
and atthe cost of tremorand tachycardia. This evidence is based upon 3 studies with
atotal of 39 volunteers.

S4 Hormone and metabolic modulators
AROMATASE INHIBITORS

Aromatase inhibitors lead to reduced enzyme activity for the conversion of
androgensto oestrogens. Thisin turn leads to lowered oestrogen levels, and thereby
via inhibition of negative feedback on the hypothalamus to higher testosterone
levels. This increase has been shown to be approximately 15 nmol/Lin healthy males
for exemestane.” As for cG and LH, there are no trials investigating the effects of
these aromatase inhibitors on performance, and the only indication of potential
effectsisanincreasein testosterone, which is roughly 25% that observed after AAs
treatment leading to increased muscle strength.?* Evidence is therefore similarly
weak as forcc and LH.
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SELECTIVE ESTROGEN RECEPTOR MODULATORS

Theevidence basis for selective estrogen receptor modulators (SERMs) is similar to
that foraromatase inhibitors. SERMs, such as tamoxifen and raloxifen, are clinically
used for their estrogenicand antiestrogenic effects in different tissues. This induces
increases in pituitary gonadotrophin secretion and consequently increases in
testosterone levels in men, seemingly somewhat smaller than for aromatase
inhibitors.” There are no studies investigating the effects of SERMs on performance.

OTHER ANTI-ESTROGENIC SUBSTANCES

The examples mentioned in the 2018 Prohibited List in this category, clomiphene
and cyclofenil, are older SERMs (although perhaps less selective than, for example,
tamoxifen). As effects are similar to compounds described in the previous section
and there are nostudies into performance enhancement,”®”” the conclusion about
the evidence for performance effects is the same: there is no evidence available.
Another substance in this category, fulvestrant, is a selective estrogen receptor
degrader with no effects that could clearly enhance performance and no evidence
thatitdoesso.

AGENTS MODIFYING MYOSTATIN FUNCTION(S)

Myostatin is a negative regulator of muscle growth and therefore lowering its
levels orinhibition of its action could potentially increase muscle size and improve
performance. Although muscle growth is observed in some pre-clinical studies, itis
questionable if this also results in increased strength, as reviewed by Fedoruk and
Rupert.”® In addition, there are currently no approved drugs (developed for diseases
with muscle weakness or wasting) in this class yet,”® and so there is currently no
evidence of effects on performance in athletes.

METABOLIC MODULATORS

Thereareseveral substance types in the metabolic modulators category. Peroxisome
proliferator-activated receptor-delta (PPAR-delta) agonists and Amp-activated
protein kinase (AMPK) activators might enhance performance through their effects
on energy expenditure and substrate utilization. In mice, a PPAR-delta agonist as
well as an AMPK agonist (i.e. 5- aminoimidazole -4-carboxamide ribonucleotide
(AICAR)) increased running endurance.®® There are however currently no approved
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PPAR-delta agonists,?! neither is there evidence for performance enhancement
in humans. Similarly, specific AMPK activators are not approved (such as AICAR),
although there are approved drugs that have an AMPK activating effect, e.g.
metformin. Clinical studies evaluating effects on performance in healthy subjects
are however sparse, as reviewed by Niederberger et al.8% This review cites two
studies evaluating metformin effects in healthy volunteers; one is a multiple
dose double-blind, placebo controlled cross-over trial in healthy subjects.?
The blinding of this study was described as not being optimal (due to taste and
gastrointestinal side effects), randomisation is not described and there was no
baseline measurement for each treatment, making the conclusions less robust.
Nevertheless, there was no positive effect observed on performance markers.
Moreover,asmall butsignificant decrease in vo,max and time to exhaustionin the
maximal test was found in the metformin treatment group. The second study is a
randomised, double-blind, placebo-controlled single dose cross-over study which
showed no difference between treatments, although this study alsodid notinclude
a baseline measurement.®* In both studies, participants were untrained.

With regards to insulin Kuipers and van Dugteren indicated that based on
several observations, this drugis not expected to have a physiologically significant
effect on muscle growth, even in combination with glucose and/or amino acids.®
There are however, no studies published assessing the effects of insulin on
performance.

Finally, inhibitors of fatty acid oxidation belong to this category. Meldonium
is classified as a partial inhibitor of fatty acid oxidation, but in a recent editorial,
Greenblatt and Creenblatt concluded that there are no studies available that
have evaluated the performance enhancing properties of meldonium in trained
subjects.®¢ Another inhibitor of free fatty acid oxidation, trimetazidine, was
reported to improve maximal walking distance in patients with peripheral arterial
disease,®” but there is no evidence of such an effect on exercise performance in
healthy or trained individuals.

S5 Diureticsand masking agents

The category of diuretics and masking agents is not necessarily on the Prohibited
List for its potential to enhance performance. Masking agents are supposed to
interfere with analytical testing of markers or other substances on the Prohibited
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List. Diuretics increase urine production and by this effect are thought to dilute, and
therefore interfere with detection of, banned substances in urine. This increased
water excretion caused by diuretics might also improve performance, as it can
quickly reduce weight which might give a competitive advantage. In sports with
weight classes for example, this effect could place athletes in a lighter category,
and in speed or endurance sports lighter athletes might have an advantage.
Cadwallander et al®® reviewed the effects of diuretics, but it should be noted that
some of the studies were not placebo-controlled, and only used a control condition.
Although it could be argued that the diuretic effect would have de-blinding effects
anyway, the results should be interpreted with caution. Caldwell et al®° showed
that two doses of approximately 60 mg furosemide decreased work load during a
maximal exercise test,and decreased VO, max compared to baseline measurements
but notcompared with controls, in untrained subjects. Armstrong et al°° found that
trained runners had an impaired running time in 1500, 5000 and 10000 meter races
after 40 mg of furosemide, a difference versus control that was significant at the
two longest distances. A third study did not find an effect of a1000 mg infusion of
acetazolamide on30second peak oraverage cycling power, althoughitdid seemto
decrease peak vo, uptake during this test.” Another study evaluated the effects of a
single dose of 500 mgacetazolamide ina quasi-randomised, double-blind, placebo-
controlled cross-over study and found that there was no effect on vo,max but
time to exhaustion was reduced by 29% in a continuous exercise to exhaustion.®?
Finally, a double-blind, placebo-controlled cross-over study in untrained subjects
investigated the effects of four doses of 250 mg acetazolamide every 8 hours and
found adecrease in vO,max and maximal power output.®® An additional study that
was not covered in the review by Cadwallanderet al® showed thatin a randomised,
double-blind, placebo-controlled, cross-over study 250 mg acetazolamide three
times a day for two days did not significantly affect knee extension maximum
voluntary contraction at the beginning of the test or at exhaustion in untrained
subjects.?* It did however decrease endurance performance. Overall, not all study
designs were sufficiently robust and mostincluded untrained subjects, so definite
conclusions cannot be made about the performance enhancing properties of
diuretics. But given the available studies, if anything, the evidence indicates that
athletic performance is negatively affected by diuretics.
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M1-3 Prohibited methods

There are several non-pharmacological interventions that are prohibited at all
times, termed prohibited methods. These are manipulation of blood and blood
components (e.g. blood transfusion), chemical and physical manipulation (e.g.
tampering with a sample or intravenous infusions of fluid) and gene doping. As
this review focuses on pharmacological interventions, evidence for effects on
performance of these categories is notdiscussed here.

Prohibited in-competition

S6 Stimulants

Stimulants are thought to potentially improve performance via the effects on
neurotransmitter levelsin the brain, predominantly dopamine and norepinephrine.
Research into effects of stimulants on performance has mainly focused on a few
drug classes. Amphetamines such as amphetamine sulphate® showed positive
effects on muscle strength (knee extension strength +23%), acceleration (+4%)
and time to exhaustion (+5%) in untrained subjects. Similarly, methylphenidate®®
improved time to exhaustion (+29%) in highly trained subjects. vO;max was not
affected in either study and endurance performance (such as a time trial) was not
investigated in these studies. Of note, the former study used no baseline correction
(i.e.amphetamine performance was directly compared to placebo performancein
the randomised cross-over design) and for the latter study it is unclear whether
it was (double-)blinded, which may both make the results less robust. Another
study with a higher dose of methylphenidate showed no effect on time trial
performance in normal temperature, but there was animprovement of 15% average
power output compared to placebo in the heat (30 degrees) in trained subjects.®’
Levomethamphetamine was investigated forits effect on time trial performancein
young participants and showed no change.®®

Ephedrine, pseudoephedrine and phenylpropanolamine have a similar
mechanism of action to amphetamines. Two studies investigating the effects of
ephedrine showed positive effects. One study found an effect on peak Wingate
sprint power (+0.6%) but not on time to exhaustion®® in untrained subjects
and another study found an improvement in a type of time to exhaustion test
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in trained strength athletes, namely leg and bench press repetitions (+30% and
+8%, respectively).’®® One positive study for pseudoephedrine used a dose of
180 mg which increased knee extension strength by 9% and peak Wingate sprint
performance by 3%, but not bench press power in strength trained subjects.’ Later
publications also showed that low doses of pseudoephedrine used clinically did
notaffect 500om run timein highly trained runners'® or peak power or total work
duringaWingate testin trained subjects'; only high doses improved performance,
with1500m runtime decreasing by 2% in highly trained runners.’®* The authors of
this latter study therefore concluded that high pseudoephedrine doses are needed
for performance effects.

For another well-known stimulant that is on the Prohibited List, cocaine, there
are no well-designed studies evaluating effects on performance.

Overall, studies of the effects of these stimulants show varying results, making it
unclearwhether they improve performance, as was concluded in a review published
by Clarkson and Thompson in 1997.6 In certain conditions and performance tests,
they may modestly improve performance ifadministered in sufficiently high doses,
but there is not sufficient conclusive evidence to determine how they affect most
actual sports performance types. The available evidence consists of the results of
2studies involving a total of 29 volunteers.

S7 Narcotics

The narcotics category consists of strong analgesics, all belonging to the opioids.
Although surprisingly notall opioids are currently banned (e.g. tramadol is allowed),
substances like morphine and its analogues and fentanyl and its derivatives are.
Although analgesic effects might enhance performance, common side effects of
opioids, including nausea, sedation and respiratory depression, would equally
argue against any beneficial effects. One study showed that intrathecal injection
of fentanyl did not impact average power output during a 5-km cycling time trial
in trained cyclists.’®> However, power output during the first half of the time trial
was increased, and then decreased during the second half compared to placebo.
The authors attributed this to attenuated afferent feedback from exercising
muscles, which is then followed by excessive development of fatigue, and overall
deterioration of the ability to “dose” their effort. Besides this report there are no
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convincing clinical studies of the effects of narcotics on sports performance, leaving
evidence for either positive or negative effects on performance lacking, aswas also
concluded by the authors of a recent review.'°¢

S8 Cannabinoids

Cannabinoids are known to affect perceptual function, and Huestis' concluded
in a review of (non-sport) performance that this leads to decreased ability to
concentrate and maintain attention. In addition, this review concluded that
cannabinoidsimpairinformation processing and reaction time, all of which would
probably negatively affect sports performance, as concluded in a more recent
review.'°® Around the same time Huestis et al'°° argued in a review that although
there are indications that in some settings cannabis has a detrimental effect on
performance, in other settings known effects of cannabis might be beneficial.
Examples include sports where vision or muscle relaxation are important, or
when anxiety or fear impair the potential of the athlete. There are, however, very
few scientificdata available on the effects of cannabinoids on sports performance
itself, a conclusion that was also reached in two recent reviews.""%" One double-
blind, randomised, placebo-controlled cross-over study is available which showed
tetrahydrocannabinol (THC) had no effect on hand grip strength and decreased
performance in a specific type of submaximal bicycle test compared to placebo
in healthy untrained males.” This shows there is no evidence for performance
enhancement of cannabinoids.

S9 Glucocorticoids

Glucocorticoids act on metabolism and the immune system, and through that
mechanism potentially affect performance. For this reason systemic doses are
prohibited in competition. A recent review showed there are varying results of
glucocorticoid treatment in performance tests.® The two available controlled
studies evaluating maximal exercise test variables failed to show effects on vo,max
and ventilatory threshold of five days of dexamethasone in untrained subjects™*
and on maximal power output of four weeks of budesonide treatment in trained
subjects.” Effects on short intense exercise were evaluated in three studies. In
untrained men, one-legged knee-extensor exercise time to exhaustion was not
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affected by five days of dexamethasone.™é In contrast, using a similar dosing scheme
another study did find an increase in one-legged knee-extensor exercise time to
exhaustion of 29% and running distance in a certain type of maximal exercise test,
namely 20-m shuttle-run test 0f19%."” Sprint performance over 30 metres was not
affected in this study. The authors of the latter study postulated a lack of statistical
power in the former study was the cause of this apparent discrepancy in outcomes
between the two studies. A third study evaluated the effects of a single prednisone
administration on one-legged hopping, and found an11% improvementin maximal
force of the first bout, but not on subsequent bouts or time to exhaustion in any of
the bouts.™® It should be noted however that there was no baseline measurement
done on the study day and so effects of inter-occasion variability cannot be
excluded. Similar to these short intense exercise studies, results from studies
investigating types of cycling performance are equivocal. A single dose of 20 mg
prednisolone did not affect cycling time to exhaustion in trained males, alone or
in combination with 4 mg salbutamol,™® a finding that was confirmed in a very
similar study.’?° However, a multiple dose of 60 mg prednisolone daily for seven
days did increase cycling time to exhaustion in trained males by 28 minutes (62%),
although this performance was not controlled with a baseline measurement.'' An
almostidentical study thatdid include a baseline measurementshowed anincrease
0f91% (50.9 minutes) in cycling time to exhaustion with the same dosing regimen,
combined with intense training in untrained subjects.’?? Although the statistical
comparison was made between baseline measurement and post-treatment, and
not additionally to the placebo measurements, it seems likely that this is a true
effect as there was no change in the placebo treatment. Another study confirmed
these findingsin untrained females treated with 50 mg prednisone daily fora week,
which showed a 39% increase (18.5 minutes) in cycling time to exhaustion.? It
should be noted however thatitis unclear how time to exhaustion relates to real life
endurance performance, which is usually not until exhaustion but until a finish line.
In summary, there is conflicting evidence on the effectiveness of glucocorticoids
for improving different performance types. However, there seems to be an effect
on specific strength tests and shuttle run time, and multiple, but not single doses,
seem to improve time to exhaustion in moderately trained subjects. At the same
time, only one study with 10 subjects showed an effect on a relevant performance
surrogate marker, namely one-legged hopping maximal force.
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P1. Prohibited in particular sports

This category covers substances prohibited in particular sports (i.e. archery,
automobile, billiards, darts, golf, shooting, skiing/snowboarding and underwater
sports) and contains only the group of beta-blockers. This group of substances
inhibits beta-adrenergic receptors, thereby reducing heart rate, anxiety and
tremulousness, which could potentially enhance performance in sports where
precision and accuracy are vital. There is one double-blind, randomised, placebo-
controlled cross-over study available evaluating the effect of metoprolol on
shooting performance in amateur marksmen.'?* The study showed thaton average,
participants improved their shooting on metoprolol compared to placebo, which
was especially the case in the more skilled marksmen. It seems, therefore, that
beta-blockers doimprove shooting performance, and possibly other precision and
accuracy sportsincluded in this category as well, based on one study of 33 subjects.

CONCLUSIGN

Of all 23 specific substance classes defined in the 2018 Prohibited List, only five
classes show evidence of having the ability to enhance actual sports performance
(see Table 1). Anabolic agents can increase muscle strength at supratherapeutic
doses, beta-2 agonists can increase muscle strength and peak sprint power at
high concentrations, some stimulants increase muscle strength, peak sprint
power and decrease in 1500 m run time, glucocorticoids can improve muscle
strength and beta-blockers can improve accuracy. In addition, for one more class
there is evidence of performance enhancement, but only in untrained subjects:
growth hormone can improve sprint performance. Importantly, there is no robust
evidence for any of the substance classes on the Prohibited List for the ability to
improve endurance performance. Glucocorticoids improve time to exhaustion, but
itisunclearwhether this relates to actual endurance performance. Erythropoietin-
receptor agonists improve VO,max and maximal power output, but the available
evidence shows no effect on actual endurance performance. What also becomes
clear from this overview is that for most substance classes (11 out of 23) there
are no well-designed studies available that evaluate effects on performance (in
trained subjects), meaning there is absence of level 1 evidence. Physicians involved
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in administering such substances in particular are performing practices similar
to off-license prescribing, and prescribing without evidence is considered bad
medical practice. In contrast, for another six substance classes, well-designed
studies are available which show some evidence of absence of (relevant) effects
on performance. Overall, this review therefore shows that for the majority of
substance classes (17 out of 23) there is no convincing evidence that they enhance
performance of athletes. Moreover, in regard to the other five classes that are
prohibitedin all sports that do have evidence-based effects, itis unproven whether
such effects are relevant or useful in many types of sport (e.g. endurance sports) as
they only improve specific performance tasks (mainly strength and sprint power).
Although these aspects of course do play some role in many sport disciplines
(such as for example athletics or soccer), it is not very clear whether these effects
would also impact actual performance in those disciplines. In any case there are
no studies investigating this as we have shown. These findings together seem
discordant with the general perception that substances on the Prohibited List
by definition improve performance (to a great extent). This is especially evident
when it is considered that a total of only 266 subjects (from 11 studies) form the
clinical pharmacological level 1 evidence base for performance enhancement,
the main reason for anti-doping efforts. Although the wADA Code only requires
evidence for the potential to enhance performance, and there are two other criteria
that can be applied to make a substance prohibited, we conclude there is a lack of
high level evidence for improvement of actual performance based on this review.
Undertaking more high quality clinical research to provide the level 1 evidence base
for the current Prohibited List could fill some of these gaps. Some of this research
could be impossible due to practical or ethical objections, but the current level of
randomised evidenceis low and there appear to be many areas where such research
is possible. Furthermore if there is clear evidence that there are no performance
enhancing effects of a certain class, athletes should be informed of this. This could
potentially lead to fewer athletes being tempted to use these substances. Finally,
such steps would lead to a more transparent and high level evidence-based fight
against doping, and possibly reduce the efforts and resources needed to test for
abuse.
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factor modulators

TABLE1 OVERVIEW OF ALLSUBSTANCE CLASSES AND EVIDENCE FOR PERFORMANCE
ENHANCEMENT
Substance class Well- Studies Relevant performance parameters Number of trained
designed withtrained showingimprovement athletesin studies
studies? athletes? with relevant perfor-
mance parameters
So.Non-approved substances
No NA NA NA
S1.Anabolicagents
Yes Yes Muscle strength when Total: 91
combined with strength training . 40%
+ +10-20% bench-press -
and squatting power > .- 30%
« +12% bench press power *
+ +23% and +12% elbow flexion
and knee extension ¢
S2. Peptide hormones, growth factors, related substances and mimetics
Erythropoietin-receptor Yes Yes No evidence for effects on Total:161
agonists relevantendurance parameters, . 20%
only on vo,max, maximal power 1134
outputand time to exhaustion . 27%
. 16%
. 407
- 47%
Hypoxia-inducible factor No NA NA NA
activatingagents
GATA inhibitors No NA NA NA
TGF-betainhibitors No NA NA NA
Innate repair receptor No NA NA NA
agonists
Chorionicgonadotrophin ~ No NA NA NA
and luteinizing hormone
and their releasing factors
Corticotrophins and their Yes Yes No Total: 24
releasing factors . 1654
.85
Crowth hormone, itsfrag-  Yes No Sprint performance Total:123
mentsand releasing factors . +3.9% Wingatesprint capacity® - 225
in untrained subjects . 30%°
61
-7
. 64 untrained ®
Crowth factorsand growth  Yes No NA NA

(continuation on next page)
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TABLE1  (continuation of previous page)

S3.Beta-2 agonists

Yes Yes Peak sprint power, muscle strength ~ Total: 39
« +6% maximalvoluntary isometric - 107°
contraction, +11% peak twitch .97
force ”° . 207
- +8.4% quadriceps muscle 3
strength, +2.2%and +3.3%

Wingate peak and mean power,

+3% Wingate total work " ERYTH Ro po‘ ETI N
+ +4% (single dose) and +6%
(multiple dose) Wingate peak
DOPINGIN CYCLING:
S4.Hormone and metabolic modulators
Aromatase inhibitors No NA NA NA LACK OF EVI DENCE

power”?

Selective estrogen receptor  No NA NA NA

modulators FOR EFFICACY
Otheranti-estrogenic No NA NA NA

substances

Agents modifying myo- No NA NA NA AN D A N EGATIVE

statin function(s)

Metabolic modulators No NA NA NA R I s K- B E N E FI T

Ss. Diuretics and masking agents

Yes Yes No Total: 70
. 62%
. g%
S6. Stimulants
Yes Yes Muscle strength, sprint Total: 58
performance, 1500 meterruntime ~ + 9%’
- +9% knee extension strength, . 22"
+3% peak Wingate sprint . 9?2
performance ' '
- 2% decrease1500 meter run . 7o
time %4
S7.Narcotics
Yes Yes No Total: 8
. g1
$8.Cannabinoids
Yes No NA NA
S9.Glucocorticoids
Yes Yes One-legged hopping force Total:10
+ +11% one-legged hopping .10

maximal force

P1.Beta-blockers (prohibited in particular sports)

Yes Yes Shooting performance Total: 33
. +13.4%shooting performance'* 33"
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NA, notapplicable; TGF, transforming growth factor; vo,max, maximal oxygen consumption
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ABSTRACT

Imagine a medicine thatis expected to have very limited effects based
upon knowledge of its pharmacology and (patho)physiology and that
is studied in the wrong population, with low-quality studies that use
asurrogate end-point that relates to the clinical end-pointin a partial
manner at most. Such a medicine would surely not be recommended.
The use of recombinant human erythropoietin (rHUEPO) to enhance
performance in cycling is very common. A qualitative systematic review
of the available literature was performed to examine the evidence for
the ergogenic properties of this drug, which is normally used to treat
anaemiain chronicrenal failure patients. The results of this literature
search show that there is no scientific basis from which to conclude that
rHUEPO has performance-enhancing properties in elite cyclists. The
reported studies have many shortcomings regarding translation of the
results to professional cycling endurance performance. Additionally,
the possibly harmful side-effects have not been adequately researched
for this population but appear to be worrying, at least. The use of
rHUEPO in cycling is rife but scientifically unsupported by evidence,
and its use in sports is medical malpractice. What its use would have
been, if the involved team physicians had been trained in clinical
pharmacology and had investigated this properly, remains a matter

of speculation. A single well-controlled trial in athletes in real-life
circumstances would give a better indication of the real advantages
and risk factors of rHUEPO use, but it would be an oversimplification

to suggest that this would eradicate its use.

INTRODUCTILN
Sportis big business

The summer of 2012 was an intensive summer of sports. From all these events, it is
clearthatsports play averyimportantrolein oursociety as it brings people together,
gives pleasure, keeps people healthy and can bring professional athletes fame and
honour.

Sport has grown to be so important that large amounts of money are now
involved and the will and pressure to win have steadily increased. Cheating has
therefore become athreattoall sports, with somesports being more susceptible to
itthanothers.Cheating by use of medicines has understandably taken place outside
therealmofclinical pharmacology and evidence based medicine. We question if this
iscorrect,as uncontrolled use of a substance induces risks for the users, irrespective
of suchasubstance being used legally orillegally. In this review we will focus on the
use of recombinanthuman erythropoietin (tHUEPO) in cycling, a sportthat has had
many reports of cheating, culminating in the last decennia, with many suspicions
andsuspensions. Wewill address the questionifthe currentavailable evidence even
warrants the widespread use of this substance. Many of the bigchampionsin cycling
have been associated with, or suspended for use of (blood) doping. In the Tour de
France of 1998 the entire Festina team, as well as the Tvm team, were taken out of
the race on suspicion of rHUEPO use. This Tour was later given the name ‘Tour du
Dopage’and many confessions of systematic doping (i.e. rHuEPO) use throughout
the peloton were given. In spite of this, later champions in the Tour de France, Giro
d'ltalia and Vuelta a Espana have also been suspended because of proof of blood
doping, but the Code of Silence also called ‘omerta’, was never broken. Seven years
after the last of seven consecutive Tour de France wins, one of the most successful
road cyclists ever,Lance Armstrong, has been suspended for life by the United States
Anti-Doping Agency (USADA) on charges of doping (e.g. rHueEPO) use and trafficking
in the biggest doping case ever, backed by confessions of many of his teammates.”

Knowledge of both the effects and side effects of rHuEPO in this population
is essential, especially with so many misconceptions among the people involved.
Firstly, if the effects are not pronounced, the motives for misuse will be less
strong. Secondly, even if the effects are pronounced, knowledge of the potentially
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dangerous side effects needs to be communicated to the cyclists, who are likely to
be under severe pressure to use performance enhancing agents, together with the
coaches and physicians supervising them."

Physiology of erythropoietin

Erythropoietin (EPO)isa (glyco)proteinthatis mainlyinvolvedinerythropoiesis, the
(re-)generation of erythrocytes, or red blood cells. Red blood cells are cells without
anucleusand transport oxygen through the blood. Due toa lack of ability to repair
themselveswithouta nucleusandothercellularmachinery, erythrocytes havealife
spanofapproximately12zodaysinthecirculationandafterthatneedto bereplaced.?
The spleen removes the old erythrocytes (2-3 million every second) and to keep
oxygen carrying capacity of the blood at a steady level, constant erythropoiesis is
necessary.2Erythropoiesisstartsinthe bone marrow,wherered blood cellsoriginate
from pluripotentstem cells.® These stem cells continuously make identical copies of
themselves and in that way create progenitor cells for, among others, erythrocytic
cells.® These cells go through different stages, one of which is the burst-forming
unit-erythroid (BFu-e). This cell type matures into a colony-forming unit-erythroid
(cFu-e), which in turn forms the proerythroblast, which divides four times into 16
reticulocytes, laterdevelopinginto maturered blood cells. 3 Thefirstreportofafactor
influencingthisred blood cell production was by Carnotand Deflandre,* who called
it“hemopoietine”. This factor, now called erythropoietin,isahormone of165amino
acidswith four glycosylation sitesand a molecularweight of 30,400 and a carbohy-
dratecontentof40%.5¢Undernormal (non-hypoxic) conditions the concentration
in blood is relatively constant at 5 pmol/L, essential to stimulate cells in the bone
marrow to produce new erythrocytes,compensating forthe physiological demise of
erythrocytes.3Thislevelisequalto~20 mU/mLwhen erythropoietinisquantified as
‘international units’ (1u),assumingaspecificactivity of130,000 1u/mg.Thecells that
arethemaintargetforthehormonearethe cru-e'sand proerythroblasts, containing
the highestdensity of erythropoietin receptors (EpoR).” The main effect of EPOison
CFU-€’s, as it promotes survival of these cells.® One of the pathways involved in this
process,activated by EPo, isthecell proliferation pathway of Ras/mAP kinase.>'° After
binding of EPO to its receptor dimerization of two EpoR molecules occurs, starting
theintracellularsignalling leading to proliferation of cFu-e’s.™1?
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Production and metabolism

The main EPo producing organ in humans is the kidney,'* where peritubular
interstitial cells are the cells governing this production.’™ Production of EPO
is highly regulated, and it has been shown that baseline Epo levels can increase
up to a 1,000-fold in low blood oxygen content, for example in severe anaemia.?
Epo production is therefore highly dependent on blood oxygen levels, with
hypoxia increasing EPo production, irrespective of the cause of reduced tissue
oxygen supply.® This process takes approximately 1.5-2 hours before EpPO levels
start increasing linearly, reflecting the time of signal transduction and hormone
synthesis and secretion. Peak EPO concentrations after hypoxia are reached within
48 hours, with concentration being dependent on the severity of hypoxia.® However,
only moderately elevated serum concentrations of EPO seem to be sufficient
to maintain an increased erythropoiesis rate.'”” The proposed oxygen-sensing
mechanism regulating erythropoietin production involves the hypoxia-inducible
factor (HIF), a transcription factor.”® HIF expression is seen in hypoxia exposed cells
within 30 minutes,' after which the heterodimeric protein travels to the nucleus to
activate the EPo enhancer,2% inducing EPO transcription. In the presence of oxygen
this factor is hydroxylated, suppressing the activity and promoting degradation.?’
Another pathway involved in EPo production is the kinase C pathway, activated
through adenosine. This non-HIF transcriptional factor also increases EPOMRNA
expression.?2 GATA-2 inhibits the EPo promoter,and is a third regulational pathway
of EPO. GATA inhibitors can therefore also enhance EPo production.?® After hypoxia-
induced erythropoietin production arise in red blood cells and haematocrit (Hct) is
seen after 60-70 hours,?* corresponding to the time course of cFu-e differentiation
into mature erythrocytes.?> Thisalsoisin line with the observation thatendogenous
erythropoietin has an estimated half-life much shorter than that, of approximately
5.2 hours.?¢ So the clearance of EPO is, like many other glycoproteins, rather slow.
Thisis mainly due to the terminal sialicacid residues, preventing galactose receptor
binding, internalizationand degradationintheliver.Indeed, it has been shown that
desialated EPo results in rapid hepaticclearance,? butthis process almost does not
occur in vivo and therefore plays only a minor role in endogenous EPoO clearance.?®
Also renal clearance plays a minorrole, as the disappearance rate does not change
markedly in the anephric state.?? The major elimination route for erythropoietin
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seems to be EpoR mediated uptake and degradation.3° As Widness et a3 showed,
bone marrow ablation after myoablative conditioning led to a decrease in EPO
elimination. Similar observations were made in irradiated dogs after hypoxia-
plasma,3? and the opposite was seen in patients with hyperactive marrow due to
haemolyticanaemia.? This mechanism in turn would indicate that elimination of
EPO is related to its affinity to and residence time at the receptor.

Recombinanterythropoietinin disease

AsEpo playsanimportantrolein regulating erythropoiesis,a major stepin medicine
was taken when recombinant Ero was first produced by Lin et al** and Jacobs et al**
in Chinese hamsterovary cells, later optimised for clinical use in patients with renal
anaemia. Trials with the first recombinant human Epo (rHuEPO) showed a correction
of anaemia in end-stage renal disease*¢ and rHuEPO was approved by the FDA for
human use in patients with chronicrenal failurein1989.22 These first recombinant
forms of EPO (called epoietin alfa, e.g. Eprex®) are identical to endogenous human
EPo with regards to theamino acid backbone and four glycosylationssites, although
some differences in molecular composition of the N-glycans have been found.?”
Half-lives are quite similar to endogenous EPO (4-9 hours),28 which is also the case
for second generation rHUEPO, epoietin beta (e.g. Neorecormon®).3® The same
holds true for a later generation of recombinant Epo produced in human cells,
epoietin delta (Dynepo), recently taken off the market in 2009.4° Other forms of
EPO, darbepoietin-alfa (NEsP/Aranesp) and Mircera (CERA) have a longer half-life
due to differences in amino-acid sequence, hyperglycosylation (NESP; ti/, = 24-26
hours*) and incorporation of a large polymer chain (CERA; ti/, =6 days*?). All these
forms of recombinant human erythropoietin can help patients with chronic renal
failure (CrF) to overcome the insufficient production of EPo due to the damaged
kidneys and maintain steady-state erythropoiesis.

..andinsport. But does it work?

The treatmentimmediately also got the attention of athletes. As rHUEPO increases
red blood cell mass and exercise capacity in anaemic patients, it might have the
same effect in the athlete's body, thereby enhancing performance. With this
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rationale athletes started using rHUEPO, and the use of rHuEPO was put on the
International Olympic Committee's (10C) list of prohibited substances already in
1990. Now the list has been expanded to all “Erythropoiesis-Stimulating Agents
(EsAs) [e.g. erythropoietin (EPO), darbepoetin (dEPO), hypoxia-inducible factor
(HIF) stabilisers, methoxy polyethylene glycol-epoietin beta (CERA), peginesatide
(Hematide)]”.** The World Anti-Doping Agency (WADA) defines blood dopingas®...
the misuse of certain techniques and/or substances to increase one's red blood cell
mass, which allows the body to transport more oxygen to muscles and therefore
increase stamina and performance.”® But do rHuEPO and other EsAs actually
increase red blood cell massin world-class cyclists and does this resultin increased
stamina and performance? First we look into the factors that determine stamina
and endurance performance, especially in elite cycling and then the effects of
rHUEPO on these parameters are reviewed.

Whatis endurance performance?

Main determining factors

The main determinants of aerobicendurance performance according toa model by
Pate and Kriska*# are maximal oxygen uptake (VvO,max), work economy (C) and the
lactate threshold (LT). These three factors are now generally accepted as key factors
in endurance performance*~*” and are supported by findings in different studies
0N VOzmax,*84° C475051 and LT.47:48:50:51 A fourth factor, the lactate turn point (LTP),
hasalso gotten some attention.*2

VO2max is a prerequisite but not a sole determining factor

VO,max, the maximal oxygen uptake, has traditionally been regarded as the
most important measure in endurance performance. According to Fick's Law it is
dependent on cardiac output and the arterio-venous oxygen difference. These in
turn, are mainly dependent on total blood volume (Bv), the main limiting factor of
strokevolume, and total body haemoglobin. However, lung diffusing capacity, heart
rate, distribution of the blood volume to working skeletal muscles and arterial O,
extraction contribute to VOo,max as well, as reviewed by Joyner et al> and Bassett
et al>® and reported by other researchers.>**> Heinicke et al** demonstrated the
relationship between vo,max and Bv and total body haemoglobin in endurance
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disciplines. Training can improve many of the mentioned factors to increase
VOzmax, such asincreasing blood volume,*¢ and indeed, vO,max values of champion
endurance athletes are 50-100% greater than those observed in normally active
healthy young subjects.** That an increase in VO,max has a great potential to
increase endurance performance was already shown by Buick et a/” and Brien
et al.>® After autologous red blood cell reinfusion elevating haemoglobin and
haematocrit levelsin well-trained runners, running performance was significantly
increased. Ekblom et al®° cites another article by Celsing et al¢° to show that a
haemoglobin increase irrespective of baseline haemoglobin levels will increase
maximal aerobic power and therefore performance. However, the last statement
in this paper by Ekblom et al is at least as important, where the authors warn to
extrapolate this finding to the physically fitathlete, asin these subjects other factors
than haemoglobin and maximal aerobic powerseemto play a role in performance.
Later research emphasised this warning, as vo,max was found not to be the only
determinant of endurance performance and more emphasis has recently come to
the othertwo factors described by Pate and Kriska. vo,max, although a prerequisite
to perform at a high level,*® has a very limited predictive value for endurance
performance withina group of high-performance athletes forexample.'~¢7 Also, it
hasbeen shown thatalthough successful endurance athletes reached a high vo,max
after initial years of training, later on they stayed at a plateau in their vomax but
despite that keptimproving performance®-¢8:5° (note that one of these reports®® is
about Armstrong). Research into training for endurance performance shows the
same trend: moderately trained athletes are able to improve VO max (as well as LT
and C) by interval and/orintensive training,”®”” whereas these training regimens do
notimprove VO,max in well-trained athletes, but mainly improve the economy and
lactate threshold,>®72 possibly caused by improving buffering capacity.”

Itis more thanthe voamax

Correspondingly, it is not VO,max, but power output at submaximal intensities
such as the first (vT1) and second (vT2) ventilation threshold, or respiratory
compensation point (RcP) that significantly differ between elite (i.e.amateur) and
professional cyclists.5*7* All these findings indicate that other factors than vo,max
play animportantrolein professional and world-class cyclists. Forexample,when a
published model” predicting endurance performance is used to predict the 1-hour
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cycling world record as described by Padilla et al,”® predictions are far from the
observed results. Based on the vo,max and body mass of the studied subject, Miguel
Indurain, thedistance covered in1hourwould have been 43.645 km predicted by the
model, whereas the actual world record was set at 53.040 km/h. Calculating back
from this record, the model would predictanimpossible vo,max 0f10.3 L/min, where
ranges forworld-class athletes are 5-6 L/min.6”7778 This and another model”® both
identify vo,max as the most important determinant for endurance performance
and describe therelationship as being proportionally curvilinear, meaning that the
better the athlete is trained, a similar increase in VO,max leads to a proportionally
smaller increase in performance. This also demonstrates that in world-class
athletes, an increase in vo,max will have only limited effect on performance. As the
model by Nevill et al is not accurate to predict 1-hour performance in world-class
cyclists, this suggests other factors than vo,max play importantroles in endurance
performance at this level of performance.

Lactate Threshold

Therefore we now first take a look at the importance of lactate threshold in
endurance athletes. Lactate threshold (LT), similar to the first ventilatory threshold
(vT1orvT),istheintensity of work or vo, at which the blood lactate concentration
gradually starts to increase.®° Aerobic enzyme activity is a major determinant of
this LT, reflected by a decline in activity during a period of detraining accompanying
areduction in LT.8" Because LT reflects an onset of anaerobic metabolism and the
coinciding metabolic alterations (see a review by Joyner et al** and Bassett et
al®® for more detail on the mechanisms), this in turn determines the fraction of
maximal aerobic power that can be sustained for an extended period. Several
studies show thatthe vo, at this lactate threshold is highly related to performance,
more so than VO, max.**47:6376>:67:68.:82 Ejte cyclist are reported to be able to reach
lactate thresholds between 300 and 400 W,%*77:83 or 70-85% VOzmax (3.5-4.7 L/
min).6>¢7 Lactate threshold therefore reflects a balance between the rate of lactate
production in the muscles and the rate of lactate efflux to the blood and clearance
from the blood. In this balance another independent factor appears to play a role
in endurance performance; difference in performance (time to fatigue) in cyclists
with similar vo,max can be explained by %Vv0;max at LT, butan additional increase
in performance in some athletes seems to be related to a high muscle capillary
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density.*>%> A similar correlation between endurance performance and capillary
density was found in another study by Coyle et al,*” and Anderson et al®* found that
capillary density increases with training. This might indicate these athletes have
a higher capacity to remove and recycle muscle fatiguing metabolites allowing
muscles to better tolerate lactic acid production and anaerobic metabolism,® or
maintain/elongate mean transit time of the blood to increase oxygen extraction.2¢

Lactate Turn Point

Furthermore, another factor related to lactate, although less frequently used
to measure endurance performance, is the lactate turn point (LTP),>2 or similar
measures called respiratory compensation point (Rcp),®” second ventilatory
threshold (vT2) orthe onset of blood lactate accumulation (0BLA).28 These factors
represent a level of high work intensity at which lactate levels show a sudden and
sustained rise and hypocapnic hyperventilation occurs.®*¢® This value is notably
high in professional cyclists and an important factor during extreme endurance
events.®+8 A relationship between rcp and endurance performance has been
reported,®*8° with world-class cyclists having values up to 430-505 W,376:83,90 or
90% of VO max.

Economy

The lastimportant factor contributing to endurance performance is assumed to be
completely independent of the previously mentioned factors, and is called work
economy or efficiency (C). Itis referred to as the ratio between work output (speed,
power) and oxygen cost. Running economy is commonly defined as the steady-rate
vo, in millilitres per minute per kilogram at a standard velocity, cycling economy
as the caloric expenditure at a given work rate. A number of physiological and
biomechanical factors seem to influence Cin trained or elite athletes. These include
metabolic adaptations within the muscle such as increased mitochondria and
oxidative enzymes, the ability of the muscles to store and release elastic energy by
increasing the stiffness of the muscles, and more efficient mechanics leading to less
energy wasted on braking forces and excessive vertical oscillation.** Work economy
has been shown to be a discriminator of endurance performance independently
of VOzmax in runners*®:6891-93 and cyclists,5%%%78 becoming more important than
VOzmax once a certain level of fitness is reached.®® A possible explanation for
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differences in economy is the composition of the working muscles, where higher
economyimplies animproved efficiency of ATP turnover within muscle fibres during
contraction.* Different muscle fibre types have different efficiencies; type | fibres
(slow twitch) are most efficient, then type 11a fibres are recruited and lastly type
11b fibres (fast twitch). Several observations indicate work economy and endurance
performance are related to the percentage type | fibres.67:94% Training can induce
changes from type 11b to 11a, and type 11a to type | in animals,®® and possibly in
humans,®”*7 supporting the finding that training can improve work economy, C.

Other factors

Besides these main determinants several other factors were also reported to be
influencing endurance performance. Heart rate for example, although values
correspondingto physiological markers suchas LT and vT2 remain stable,8# shows
a rightward shift in its relationship with running speed®® with chronic endurance
training. This could be related to enlargement of the heart volume due to endurance
training,”®°? increasing stroke volume and allowing a reduced heart rate for the
same cardiac output. Breathing pattern is another factor influencing cycling
performance, as professional cyclists have been reported to lack a tachypnoeicshift
at high workloads, indicating a more efficient use of their respiratory muscles.’®®
Also the quantity of muscle mass recruited for sustained power production can
influence performance, as elite cyclists can use 20-25% more muscle mass in
endurance tests, therefore reducing the stress and power production per fibre.6%1°
Additionally, peak power output has been shown to be a predictor of performance
in a time trial™? and power to weight ratios contribute to climbing performance
in cycling.'®® Lastly, two world-class endurance performance athletes showed to
have an extremely low peak blood lactate concentration, which might indicate a
mechanism for their outstanding performances®®¢° (note that one of these reports
isabout Armstrong®®).

In summary, endurance performance mainly depends on an athlete's VOzmax,
LT, LTP and C; VOzmax and LT/LTP interact to determine how long a rate of aerobic
and anaerobic metabolism can be sustained and economy then determines how
much speed or power can be achieved at a given amount of energy consumption.
However, the contribution of each of these factors differs between different levels
of training. Moderately trained athletes can easily improve all factors, whereas
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increasing performance in elite athletes mainly seems to be governed by changes
inLT, LTP and C. Additional factors, including capillary density, heart rate and heart
volume, muscle mass and breathing pattern caninfluence endurance performance.

METHLDS
Studying the effects of rHuEPO on endurance performance

Search strategy

Several studies have addressed the effects of rHuEPO with regard to endurance
performance in subjects other than patients. A literature search was conducted
in PubMed to identify these papers, using combinations of the key words
‘erythropoietin’, ‘athletic performance’, ‘physical endurance, ‘doping in sports’ and
‘athletes’ for the primary search. Literature references in key papers were examined
manually to identify additional papers. We did not attempt to derive quantitative
systematic conclusions from a meta-analysis; therefore, this could be termed a
qualitative systematic review.

RESULTS

Study population mismatch with professional cyclists

There are quite some studies looking at the effects of rHuePO with regards to
endurance performance in subjects other than patients. Some studies included
“(endurance trained) recreational athletes” or “well trained individuals”, others
“healthy normal subjects”. This brings already the first problem when interpreting
the observations and results in these studies. As no standard has been used to
classify the cycling abilities of the subjects, such as proposed by Jeukendrup etal,””
subjects vary in baseline endurance performance and fitness level within a study
and between studies. The level of training of the used subjects is poorly reported,
but when trying to use the methods for cycling classification from Jeukendrup
et al”” on the scarce information reported, based on maximal power output and
VOzmax (absolute and per kg body weight) subjects would be placed either in
untrained cyclists (or healthy recreationally active subjects)’™®"° or trained
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cyclists."""15 Based on the reported information subjects in one study could not be
classified.”® Although these maximal parameters are not optimal to distinguish
between top-level cyclists (as discussed above), it is clear that the studied subjects
are not at all at a competing level of cycling performance. Moreover, this points
out a very problematic aspect, which is that the studies do not use well-trained
cyclists, let alone (for obvious reasons) elite or world-class cyclists, who, according
to Jeukendrup et al would have vo,max values above 70 mL/min/kg (5 L/min) and
power outputs above 5 W/kg (See also Figure 1 to compare the studied subjects
with these reference values). The only study using subjects with power outputs
above this threshold with ~5.7 W/kgis by Connesetal,” but on the other hand their
VO2zmaxisonly ~64 mL/min/kg. As has been described forendurance athletes earlier
in this review, it could well be that the studied subjects did not reach a plateau in
VOzmax Yet, which will prove animportant flaw for the interpretation of the results
of the studies. Itis also well known that cyclists classified as well-trained or higher
have different physiological characteristics in the factors comprising endurance
performance than trained or untrained cyclists.*>?”"7 Lucia et al%* showed for
example, thatthe vo, kinetics are very different even between well-trained cyclists
and world-class cyclists. Additionally, this classification shows there are major
discrepancies between the groups in training status, which makes comparison
difficult. As is the case for all research, including research on performance
enhancement, Hopkins et al"® stated that “the results of a research study apply
with reasonable certainty only to populations that have similar characteristics to
the sample under study. Elite athletes almost certainly have genetic endowment,
training history, and training programs that differ from those of sub-elite athletes.
A treatment may therefore produce different effects on performance in these
two groups. It follows that the subjects in a study have to be elite athletes for the
results to apply convincingly to elite athletes.” Therefore it cannot be assumed that
effects found in these rHuEPO studies on healthy untrained or trained individuals
automatically apply to well-trained, elite and world-class cyclists.

Recombinant human erythropoietin dosing

The doses of rHuEPO in all studies vary, but all are subcutaneous injections, most
in a similar range of 150 1U/kg per week, see Table 1. Almost all studies used forms
of rHuepo with half-lives similar to endogenous EPo, namely Eprex®,109-111,113,114,116
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Neorecormon®,°471%7 Recormon®"* or it was not reported.”? Only one study used
rHuerpo with alonger half-life, NEsP.°8 Another problem with evaluating the results
of these studies is that only 8 studies'0>106,109-11,113,115,116 5t of 13 were placebo
controlled. As endurance performance can change significantly due to forexample
training, it is crucial to control for these effects with a placebo treated group.
Moreover, unfortunately only 5706109111315 of these studies were reported to be
double-blinded, controlling forany bias due to treatment which is of possible major
influence on the exercise tests performed in the studies. As the study using NESP as
rHUEPO treatmentis not placebo controlled and does not measure any performance
parameters during normoxia, it is difficult to draw conclusions about the effects
of this form of rHuEPO on endurance performance. Moreover, the newest form of
FHUEPO, CERA, to our knowledge has not been studied for effects on endurance
performanceinathletesyetatall.

Haematological effects of rHUEPO

Although doses differ somewhat across the studies, most studies report
similar magnitude of effects in haematological parameters with these doses.
There are reports that during rHuEPO administration reticulocyte numbers are
increased twofold in the lower doses'?"° to threefold in the higher doses,*11¢
and drop below baseline approximately 7-14 days after rHuepPO treatment is
ceased.'0%110,114116 Epg concentrations also drop below baseline after rHUEPO
treatment is stopped.’®®16 Another effect thatis seen in most studies is the rise in
[Hb] and Hct. Increases between 4.6% and 17.4%, and 8.3% and 19% are reported
for [Hb] and Hct respectively (Table 1), with no obvious differences between training
statuses of the athletes. These levels are reported to return to baseline within one
month after cessation of treatment.’®® An increase in haematocrit could lead toan
increase in oxygen carrying capacity, however, does this enhance performance? Hct
is nota good marker of performance, as endurance athletes usually have lower Hct
values than untrained subjects due to plasma volume expansion.”® Additionally,
itis a very variable measure and affected by different circumstances.’° On top of
that, increases of Hct cause an increase in viscosity of the blood,'?"122 which might
hamper performance due to reductions in blood flow and increased heart muscle
work. Considering that during exercise a decrease in plasma volume increases Hct
even more,'?° and dehydration, hyperthermia and altitude possibly exaggerate
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this effect in 3-week races, it is not obvious what the effects of this rise in Het will
have in professional cyclists. Even more so because the rHUEPO treatment not only
increases haemoglobin concentration and Hct, but at the same time decreases
plasma volume, thereby resulting in almost no effect on, or a slight decrease in,
BV.”22 The use of rHuePO therefore interestingly possibly counteracts the plasma
volume expansion of endurance training.>¢ Despite all these observations however,
the combination of effects seems to increase the performance parameter vO;max,
atleastin the studied subjects under laboratory conditions.

Effects on VOzmax

The most important question in this review is then whether these effects on
haematological parameters translate into an effect on performance. The different
parameters that determine endurance performance were discussed previously, but
unfortunately most studies only examine one of these parameters, being vo,max.
Inthe reported studies this parameteris increased in the rHUEPO treated subjects,
with arelatively constantvalue forall studies, independent of training status of the
subjects, between 7% and 9.7% (Table1). Absolute values of vO,max and treatment
effects can be seen in Figure 1. This increase in VO,max has been reported to be
accompanied by an increase in power output.19%106:.110.11114 Thig in turn, resulted
in an increase in performance a time-to-exhaustion test of 22%'°¢ and 54.3%'°%
in untrained subjects and a smaller increase of 9.4% (and 1.5% in placebo)" and
16.6%,""%in trained subjects. Importantly this surrogate parameter is measured in
atestlastingabout 2o minutes and leading to exhaustion, quite different from the
required ~5 hour performanceinacyclingrace.

Doesittranslate to cycling performance?

As mentioned earlier, vO,max is poorly related to cycle performance®*’* and Lucia
et al'?* even questions whether vo,max is the limiting factor for maximal endur-
ance performance in some 50% of professional cyclists due to a lack of plateau in
VOzmax during an exercise to exhaustion test. Additionally, time to exhaustion pro-
tocols like the ones used here are subject to high variability and therefore poorly
reproducible,'?>12¢ whereas time trial protocols would give a better performance
evaluation,'?® also eliminating the influence of wrongly extrapolating laboratory
test setting results to race-events."® The use of rHUEPO in these subjects clearly has
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an effect on vomax, which might improve performance at peak intensity during
severe exercise, although evidence for this is rather “soft”. Apart from the uncer-
tainty whether these same effects can be observed in well-trained or elite cyclists,
surprisingly little is known from these studies about effects on submaximal inten-
sities. This might be of major importance when looking at the nature of cycling.
Long exercise times during consecutive days with the finish line as a known end-
point (contrary to the “open end” of time to exhaustion tests) makes it crucial for
cyclists to dose their power during a race. This combined with (team) tactics, the
terrain and the effects of drag force make it that cyclists only work a small amount
of time at their peakintensities, or even above intensities where lactate accumula-
tion occurs (i.e.vT2/0BLA/RCP/LTP). Investigations in world-class cyclists show that
during 3-week races the subjects’ HR is above such an intensity (HRobla) only 3.6%
(119 sec) of the time climbing a “Hors Categorie” climb (hardest climb), even less so
during firstand second category climbs, 2.6% (45 sec) and 2.5% (22 sec) respective-
ly.?° Similar low percentages were reported by Lucia et al'?” for total race time with
HR above the RCP (at 90% VO,max) during the Tour de France or Vuelta a Espafa,
2.7% (149 min) and 3.3% (166 min) respectively. For time trials a difference in time
spent with a HR above 0BLA was found between different type of time trials, with
prologue, short, long and uphill time trials recording 59, 38, 3.5 and 0% for cyclists
goingall-out.”?® HR values corresponding to physiological markers of performance
(e.g. LT, vT2) have been shown to be stable during the course of a training year of
professional cyclists.®3

Otherendurance performance parameters unstudied

Forthe major partofarace, cyclists therefore exercise well below their vo,max levels,
but this parameter surprisingly still has gotten the most attention when looking
at rHuepo effects. Some of the studies that did look at other parameters observed
no changeinthe vo,-kinetics'9>106.119.129 ory 0, at submaximal exercise,"2 despite
the increased oxygen carrying capacity due to the increase in [Hb] and Hct. This
would mean that the oxygen carrying capacity of the blood does not determine vo,
kinetics, but thatthisis regulated and limited by factors in the muscles rather than
oxygen supply. This would also indicate that there is no change in LT in these sub-
jects resulting from rHUEPO treatment as shown by Wilkerson et al,'°¢ who found
no effecton gasexchangethreshold (GET),a measure closely related to LT, due to the
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rHUEPO treatment. However, other researchers did find anincrease in vt of14.3%,™
although this trial was not placebo controlled, so training and placebo effects can-
not be accounted for. Another group™ using a placebo controlled blinded study
alsofound anincreasein vt of12.6%. No conclusive evidence for effects of rHuEPO
onLT/vTistherefore available, with evidence on anotherimportant lactate param-
eter, LTP/OBLA/VT2/RCP, completely absent. It is important to elucidate the effects
of rHUEPO on these parameters, as performance in cycling is much better related
to these factors.¢4* Time trial world record performance (1-hour world record)
for example, seems to be best correlated to and predicted by the speed or power
output at oBLA.” Other groups also report that performance in longer time trials
is highly correlated to power output at oBLA™® or power outputat LT,*" or with vo,
atvT12orLT.5” In >50km time trials during the Tour the France, performance was
correlated with power output at v11.2*3 In these time trials vO,max is not related to
performance, which was only demonstrated in shorter time trials (20 min).™ Lastly,
also uphill cycling has been correlated best to power outputs at LT or 0BLA."™° This
means that the most determining disciplines for the general classification in stage-
races in professional cycling are correlated to submaximal exercise parameters.

In the reviewed rHuEPO studies the last important endurance performance
factor, economy, was only measured by one group'® and did not change after
rHUEPO treatment. This would be expected from the non-haematological, bio-
mechanical factors that determine economy as discussed previously. On the other
hand, thereis some evidence that prolonged exposure to rHuEPO in healthy subjects
may induce changes in the human skeletal tissue shown by an increase in the
relativeamount of the slow myosin light chain (MLc) (Type | fibres) while decreasing
the amount of fast mLc (Type 11 fibres), possibly leading to improved economy.’*
However, more evidence is needed here as well to draw conclusions about effects
of rHuUEPO on economy. Especially because Lance Armstrong, accused of having the
biggestdoping (e.g. rHuEPO) network in the history of sports, was reported to have,
althoughinaquestionable study, a high muscular efficiency partly contributing to
his world-class performance.®®

Some other parameters, such as blood lactate, end-exercise HR and HR kinetics
were investigated and reported as not altered by rHuUEPO treatment,'°¢ although
other studies indicate a non-significant drop in blood lactate™® and HR"®™ or
significant in heart rate,* although only at submaximal exercise."? A significant
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dropinblood lactate atrestand 10 mininto a time to exhaustion (TTE) test, but not
at exhaustion> was seen. Blood volume was also not affected.”?'2® One blinded
study looked at the effect of rHuEPO on perception on physical self and reported a
positive effect on perceived physical condition and strength.™ Although animals
overexpressing EPO had 14% higher muscle volume and a 25% increase in muscle
vascularisation, this did not translate to increased muscle force or stamina.’
Moreover, in healthy males no effects of prolonged rHuEPO treatment on
capillarization or muscle fibre hypertrophy were reported in a publication™é from
the same study performed by Thomsen et al 1%

Alternative mechanisms by which Epo works?

It may be argued that focusing on direct endurance measures does not take into
accountpossible mechanisms by which rHUEPO causes better recovery after exercise.
rHUEPO may haveanti-inflammatory effectsand may mitigate ischemia-reperfusion
relateddamage,®""°which could potentiallyimproverecovery.Ithasbeensuggested
that Epo and its receptor function as a paracrine/autocrine system to mediate the
protection of tissues subjected to (metabolic) stress.™ However, these effects have
not been confirmed in properly designed clinical trials. In fact, most clinical trials
focusing onthetissue protective effects of rHuePO have shown adverse ratherthan
beneficial effects. Serious untoward effects have also been showninrHuepo-treated
patients with stroke, myocardial infarction, or acute kidney injury, and in surgical
patients (as reviewed by Patel et al*?). These findings appearto be compatible with
a pro-coagulantstate induced by rHueEPO and possibly also with an augmentation
of acute inflammatory reactions by the drug.’*® The data therefore do not suggest
substantial effects on recovery of muscle injury during exercise.

Thus, exceptonVvo,max, ho coherentorreproducible findings have been reported
for both erythropoietic and non-erythropoietic effects of rHuEPO, rendering the
evidence too weak to support any conclusion about effects on performance in
professional cyclists.

Lack of scientificevidence

Given that (1) most of the research with rHuePo on endurance performance has
focused on a parameter for maximal exercise, VOzmax, (11) the factors that make
professional and world-class cyclists unique are not vo,max, but LT, RCP and C,
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(111) endurance performance in professional cycling such as in time trials is best
correlated with submaximal exercise factors (e.g. LT, vT1, OBLA, RCP), (1V) only
small parts of professional cycling races are cycled at severe or maximal intensities
(above oBLA/RCP) and (v) the characteristics of the study populations have been
significantly different from that of the population thatis suspected of using rHuUEPO,
itcannotbe concluded that rHuEPO use in professional cyclists (or even elite cyclists)
will enhance cycling performance.

A morescientificapproach needed

Summarizing, the available literature lacks the appropriate information, validity
and robustness to conclude that rHuEPO enhances world-class cycling performance.
To beable to make such statements, more thorough research needs to be conducted
looking at the effects of rHUEPO on submaximal performance parameters and the
cycling economy, preferably in a population with cycling performance abilities
as close as possible to those of professional cyclists and under conditions closely
resembling racing conditions and the required performance duration. As long as
theeffectonendurance performancein professional cyclingis notclear, putting the
treatment on the prohibited list falsely implies a proven ergogenic effect, possibly
stimulating its abuse,™* although it should also be recognised that there is no
convincing evidence thatany drug works in this context.

Adverse effects of rHUEPO in athletes

Apart from creating a level playground for all athletes by banning and trying to
prevent doping use, doping is also forbidden to protect the athletes from using
possibly harmful substances. The presented rHuePO studies in healthy or trained
subjects do not focus on negative side-effects of the treatment however. What
some of these studies did observe is a significant rise in systolic blood pressure
(sBP) at submaximal exercise.""? A second publication'® from the study described
by Thomsen et al'® reported a rise in systolic, diastolic and mean blood pressure
at rest or maximal exercise, as well as a rise in systolic and mean blood pressure
at submaximal exercise. Although others do not observe a blood pressure rise at
rest,196114116 3 rise in blood pressure (either at rest or (sub-)maximal exercise) could
be a possible threatening side-effect of rHuEPO use in healthy athletes. However,
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the numbers of subjects and treatment times in the presented studies are too
small to detectany (rare) adverse events. To getinformation on this, larger studies,
namely patient studies, must be consulted, although it must be keptin mind that
results of these studies do not per se translate to well-trained athletes. One of
such patient studies was prematurely discontinued due to increased incidence of
thrombotic events in rHUEPO treated metastatic breast cancer patients.* Other
trials and meta-analyses showed a similar trend in different groups of patients
treated with rHuEPO compared to placebo.’¢"8 |t should be noted however that
these studies used ~4 times higher doses of rHuepo (usually in the range of 40.000
U or 600 1U/kg per week) compared to the endurance performance studies in
healthy subjects. The increased blood viscosity in treated anaemic patients,'2214°
the earlier described rise in blood pressure and enhanced coagulation,’™®
endothelial activation and platelet reactivity’™ and inflammation'?2 after rHuEPO
treatment have been mentioned to be involved in these thrombotic events. On top
of these rHuUEPO effects, acute exercise also enhances coagulation,*® although less
pronounced in trained than in untrained subjects. And because stroke volume and
blood volume are reduced in acute exercise, haematocrit is increased,'® which is
even more pronounced in dehydrated and hyperthermic exercise conditions.>41%>
This combination of factors might increase the risk of thrombotic events in
endurance performance athletes using rHuepPo. One of such adverse events could
manifest for example after enhanced Hct levels lower cerebral blood flow and
therefore oxygen supply to the brain, which in turn might predispose to cerebral
infarction.™® These thrombotic risks are underlined by a case report by Lage et al™’
where a professional cyclist presented with cerebral sinus thrombosis, thereafter
confessing to 3 months of 2000 1U rHUEPO use every two days, in combination
with 15 days of growth hormone and continuous high doses of vitamin A and E.
Additionally, high haematocrit values could cause heart failure, myocardial
infarction, seizures and pulmonary embolism.*®1%® Another association that
has been reported for this treatment, caused by the induced hypertension, is
hypertensive posterior encephalopathy.’®® A complication of rHuEPO use in
patients that is life-threatening, is the onset of red cell aplasia, a very rare side-
effect mainly linked to anti-erythropoietin antibody formation due to Eprex®
use.’ The improper handling and storage iniillicit use in sport might enhance the
risks of thisand otherimmunogenic complications.’6%1¢3
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And lastly, rHuUEPO use has also been connected to promoting tumour growth and
angiogenesis in tumours, however Fandrey et al'®* report that there is no evidence
forsuch aninvolvementyet.

Summarizing, as only case reports have been presented on negative effects of
rHUEPO use in cyclists, most information available is from patient-studies. These
studies indicate that rHuEPO has several cardio-vascular effects, raising the risk of
thromboticevents, encephalopathy and possibly some other complications. These
risks might be even higher in cycling taking into account the circumstances in this
sport which could compound these risks. Also, the needed secrecy in sports might
lead to bad handling and storage of the rHUEPO, possibly elevating the risks of side-
effects such as red cell aplasia.

CONCLUSILON

Cyclistsand rHUEPO: a risky choice to whatadvantage?

Asthe case of the United States Anti-Doping Agency versus Armstrong proves again,
recombinant Human epo has been used by many professional (including cham-
pion) cyclists. Given that it increases Hct, it is thought to enhance performance in
professional cycling and therefore has been put on the list of prohibited substances
of the International Olympic Committee. As rHUEPO is on this list, cyclists caught
were breaking the rules and should be punished for doing so. However, this review
shows thatonly very weak scientificevidence exists about the effects of rHuEPO on
cycling performance. Sport physicians and cyclists should be informed about the
dangers of the use of such a substance, as already proposed by Kuipers about doping
in general.™** Neither scientific basis for performance-enhancing properties, nor
possible harmful side-effects have been provided for athletes or trainees.

Thesituation forrHuerPo use in athletesis analogous to the many forms of non-
evidence-based treatments that exist in medical practice and which, by common
opinion, should be refuted or confirmed by good clinical trials with real-life end-
points. Asingle well-controlled trial in athletes during real-life circumstances would
give a better indication of the real advantages and risk factors of rHuEPO use, but it
would be an oversimplification to suppose that this would eradicate its use, even if
no benefit were to be seen with increased biomarkers of risk.
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High-quality scientific evidence is always preferable to the current situation, in
which athletes risk their career and health with irrational use of a substance. If the
size of the athletic benefit could be shown to be large (which, on the basis of the
evidence presented in this review, is unlikely), it would support the enormous and
apparently largely ineffective efforts currently made to detect and prevent the use
of rHuepo. If the effect were to be small, these efforts could be directed elsewhere.
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FIGURET MAXIMALOXYGEN UPTAKE BEFOREAND AFTER TREATMENT WITH FHUEPO IN THE

DIFFERENT STUDIES PER TREATED GROUP

and after (black triangles) treatment with rHUEPO in the different studies per treated group (bars
representing sb). N is the number of subjects in each group, with an asterisk indicating that the

article reported vo,max values only in litres per minute, which has been converted to millilitres per

kilogram per minute by dividing this value by mean weight of the group for comparison purposes

(nospis given for these studies because of this conversion). Studies above the horizontal dotted line
were performed using subjects classified as untrained, while below the horizontal line the subjects

were classified as trained cyclists. Vertical dashed lines represent minimal values of vo,max for

different classifications of cyclists as suggested by Jeukendrup etal.”” (dashed line, trained; dotted

line, well trained; dotdashed line, elite; and longdashed line, world class).
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TABLE1 OVERVIEW OF CHARACTERISTICS AND OUTCOMES OF THE STUDIES INVESTIGATING

THE EFFECTS OF RECOMBINANT HUMAN ERYTHROPOIETIN ON ENDURANCE PERFORMANCE IN
SUBJECTS OTHER THAN PATIENTS  All effects are calculated based on the greatest difference found
in the parameter when multiple measuring time points were reported. Abbreviations are as follows:
Hb, haemoglobin; Hct, haematocrit; NA, notapplicable; NESP, novel erythropoiesis stimulating
protein (darbepoietin-alfa); vo,max, maximal oxygen uptake.
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Study Typeof Study Product Dosing Max. Max. Max.
subjects set-up Hb Hct VO2max
increase increase increase
(%) (%) (%)

Lundby Untrained Uncon- Neorecor- 5000 IU (~65 1U/kg) on 10.2 11.2 7.9
etal2008'* trolled mon® alternating days for14

days followed by once a

week for 2 weeks
Thomsen Untrained Placebo Neorecor- 5000 IU (~60 1U/kg) on 11.1 10.7 9.1
etal2007'% mon® alternating days for

2weeks,adoseon3

consecutive days forone

weekand onedosea

week for12 weeks
Wilkersonet Untrained Placebo+ Neorecor- 1501u/kgonceaweekfor 7 12 7
al2005"°® Blinded mon® 4 weeks
Rasmussen  Untrained Uncon- Neorecor- 5000 U (~60 1u/kg) on - 12 -
etal2010'”’ trolled mon® alternating days for

2weeks,adoseon3

consecutive days forone

week and onedose a

week for12 weeks
Lundby Untrained Uncon- NESP 1441u/kg (0.72 pg/kg) 17.4 16.4 -
etal2006'% trolled once aweek for 4 weeks
Parisotto Untrained Placebo+ Eprex® solu/kgthreetimesa 7.4[12 - 6.3/6.9
etal2000'%° Blinded week over 25 days (in

combination with ~100

mgiron either 1M / OR)
Russell Untrained Placebo Eprex® so1u/kgthreetimesa - 15 9.7
etal2002™° week for3 weeks and 20

1u/kg for 5 weeks
Connes Trained Placebo+ Eprex® 501u/kgthreetimesa 9.6 8.3 7
etal2003™ Blinded week for 4 weeks
Ekblom Trained Uncon- NA 201U/kgthreetimesa - 11.7 8
etal1991™ trolled week for 6 weeks (or 4

weeks,and 40 1u/kg for

the remaining 2 weeks)
Ninot Trained Placebo+ Eprex® so1u/kgthreetimesa 9.5 10.2 7
etal2006™ Blinded week for 4 weeks, fol-

lowed by 201u/kg three

times a week for 2 weeks
Audran Trained Uncon- Eprex® solu/kgdaily for26days 9.3 11.5 9.3
etal1999" trolled
Birkelandet Trained Placebo+ Recormon® 5000 IU (181-232 1U/kg/ 11.2 19 7
al2000™ Blinded week) three times a week
Souillardet  Unknown Placebo Eprex® 200 1U/kg 5 timesin11 4.6 8.9 -
al1996™° days
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ABSTRACT

Substances that potentially enhance performance (e.g., recombinant
human erythropoietin [rHUEPQ]) are considered doping and are
therefore forbidden in sports; however, the scientific evidence behind
doping s frequently weak. We aimed to determine the effects of

rHUEPO treatment in well trained cyclists on maximal, submaximal, and
race performance and on safety, and to presenta model clinical study

for doping research on other substances. We did this double-blind,
randomised, placebo-controlled trial at the Centre for Human Drug
Researchin Leiden (Netherlands). We enrolled healthy, well trained but
non-professional male cyclists aged 18-50 years and randomly allocated
(1:1) them to receive abdominal subcutaneous injections of rHUEPO
(epoetin-beta; mean dose 6000 1U per week) or placebo (0.9% NaCl) for
8 weeks. Randomisation was stratified by age groups (18-34 years and
35-50 years), with a code generated by a statistician who was not masked
to the study. The primary outcome was exercise performance, measured
as maximal power output (Pmax), maximal oxygen consumption VO,max,
and gross efficiency in maximal exercise tests with 25 W increments per 5
min, as lactate threshold and ventilatory threshold 1 (vT1) and 2 (vT2) at
submaximal levels during the maximal exercise test,and as mean power,
VO,, and heart rate in the submaximal exercise tests at the highest

mean power output for 45 minin a laboratory settingand in a race to

the Mont Ventoux (France) summit, using intention-to-treat analyses.
The trial is registered with the Dutch Trial Registry (Nederlands Trial
Register), number NTR5643. Between March 7,2016, and April 13, 2016,

we randomly assigned 48 participants to the rHUEPO group (n=24) or the
placebo group (n=24). Mean haemoglobin concentration (9.6 mmol/L
versus 9.0 mmol/L [estimated difference 0.6,95% c1 0.4 to 0.8]) and
maximal power output (351.55 W versus 341.23 W [10.32,3.47 t0 17.17]),
and VO,max (60.121 mL/min per kg versus 57.415 mL/min per kg [2.707,
0.911to 4.503]) in a maximal exercise test were higher in the rHUEPO
group compared with the placebo group. Submaximal exercise test
parameters mean power output (283.18 W versus 277.28 W [5.90, -0.87
to12.67]) and vo, (50.288 mL/min per kg versus 49.642 mL/min per kg
[0.646,-1.307t0 2.600]) at day 46, and Mont Ventoux race times (1 h 40
min32sversus1h4o0miniss[0.3%,-8.3t09.6]) did not differ between
groups. All adverse events were grade 1-2 and were similar between
both groups. No events of grade 3 or worse were observed. Although
rHUEPO treatmentimproved a laboratory test of maximal exercise, the
more clinically relevant submaximal exercise test performance and
road race performance were not affected. This study shows that clinical
studies with doping substances can be done adequately and safely and
are relevantin determining effects of alleged performance-enhancing
drugs.



INTRGDUCTION

Use of drugs that potentially enhance performance (also called doping) is a major
problem in many competitive sports, partly shown by the thousands of annual
adverse analytical findings." The 2017 prohibited list of drugs is substantial (>300
substances) and open-ended because all compounds that potentially enhance
performance could be forbidden.? The list is not necessarily based on solid
evidence, as shown by the criteria for including substances and methods section
onthe Prohibited List of the World Anti-Doping Agency (WADA) Code, which states
as one of the criteria that there only needs to be “experience” that a substance
“has the potential to enhance performance”? This criterium is probably driven
by the assumption that scientific evidence cannot be obtained in many cases or
generation of such evidence is too time-consuming and expensive. Moreover, in
the time required to collect the evidence, the substance could be used, leading
to unfair situations. Therefore, it is not surprising that the scientific evidence
supporting the ban on substances to be used by athletesis scarce. A publicly known
example of such a banned drug is recombinant human erythropoietin (rHUEPO),
which has been under constant scrutiny by anti-doping authorities since its first
alleged useinthe late 1980s. Although relatively few athletes have been caught for
rHUEPO abuse during their active careers, the attention for this banned substance
has spiked recently because many professional cyclists competinginthe199osand
2000s admitted to having used rHUEPO to improve their cycling performance.
rHUEPO induces erythropoiesis and thereby enhances blood haemoglobin
concentrations, and it was assumed that this induction would result in increased
muscle delivery of oxygen and hence improved exercise performance. However,
the evidence for the performance-enhancing effects of rHuePo in high-level
competitive sports is rather scarce. The evidence constitutes of small, often
uncontrolled studies,* in arguably unrepresentative populations and is often
inappropriately expressed only in exercise parameters that mainly evaluate
maximal exercise performance. These tests are often of incremental intensity or
at a very high intensity, and therefore lead to exhaustion, usually within 20 min.
By contrast, submaximal tests are at intensity levels that can be maintained for a
long period of time (>20 min), which is the level at which cyclists perform most
of the time. Therefore, both types of tests evaluate different types of performance
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parameters. Well powered studies on the effects of rHuEPO on submaximal exercise
parametersintrained athletes are lacking. Additionally, studies® have reported that
anincrease in haematocritand asubsequentincreased blood viscosity is associated
with a marked reduction in muscle oxygen delivery. Furthermore, elite athletes
improve their work economy or submaximal performance, not their maximal
oxygen consumption, when improving their performance over time, indicating
that maximal oxygen consumption might not be a rate-limiting factor.® Finally,
whether increasing haemoglobin beyond normal values is beneficial is unclear;
datain patients withanaemiasuggestthatthe goal of rHuEPO treatmentshould not
be normalising haemoglobin concentrations because this results in an increased
incidence ofischaemicstroke.” Furthermore, possible sudden deaths of professional
cyclists related to rHuEPO were suggested in the late 1980s and early 1990s.

We decided to study rHuePo as a model doping drug. The aim of this study was
to evaluate the effect of rHuePo in well trained cyclists on maximal and submaximal
performance parameters in a laboratory setting and in a real-life road cycle race.
Additionally, we evaluated if this trial design would be a practical approach to
investigate other doping substances.

METHLQDS
Study design and participants

We designed a double-blind, randomised, placebo- controlled study of healthy
male cyclists between ages 18 years and 50 years. We undertook the study at the
Centre for Human Drug Research (CHDR) in Leiden (the Netherlands). Participants
were recruited via advertisements, social media, newsletters of cycling clubs, and
through the help of national sports associations. Main inclusion criteria were being
fluentin Dutch and having a maximum power-to-weight ratio during the maximal
exercise testatscreening that exceeded 4 W/kg, normal exercise electrocardiogram
(Ecc), screening haemoglobin between 8.0 mmol/Land 9.8 mmol/L (equivalent to
12.8-15.7 g/dL), screening haematocrit below 48% and not being subject to anti-
doping regulation or using medication that could potentially interact with the
study drugs or study assessments. After passing a preliminary screening over the
telephone, participants underwent a medical screening, followed by a maximal
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exercise test to determine peak exercise performance. From the first dose to 3
months after the final dose, participants were not allowed to take part in sports
events that were subject to anti-doping regulations. All participants gave written
informed consent before any study-related activity.

The study was approved by the Independent Ethics Committee of the
Foundation Evaluation of Ethics in Biomedical Research (Stichting Beoordeling
Ethiek Biomedisch Onderzoek, Assen, Netherlands). The study is registered in
the Dutch Trial Registry (Nederlands Trial Register), number NTR5643. Our study
protocolisavailable online.

Randomisation and masking

Participants were randomly assigned (1:1) to either the rHuEPO group or the placebo
group. To reduce potential variability between the groups due to age differences,
a stratified randomisation was used with one block of participants aged 18-34
(inclusive) and another of participants aged 35-50 (inclusive). The randomisation
code was generated by a statistician who was not masked to the study and was not
involved inthe execution of the study. Until study closure the treatment codes were
only available to this statistician and the Leiden University Medical Centre (LuMC)
pharmacy, thatdistributed the study agents. Participantenrollmentwas done by a
physician who was masked to the study.

Procedures

Participants received weekly abdominal subcutaneous injections of epoetin-beta
(NeoRecormon, Roche, Basel, Switzerland) or saline (0.9% NacCl) for 8 weeks.
Target haemoglobin in the rHUEPO group was a 10-15% increase compared with
the baseline haemoglobin concentration. Haemoglobin was measured with the
HemoCue Hb 201+ analyser (Radiometer Benelux Bv, Zoetermeer, Netherlands)
and haematocrit with the Haematokrit 200 centrifuge (Hettich Benelux Bv,
Celdermalsen, Netherlands) before each dose administration and measurements
wereonlyavailable to personnel who were not masked to the study. All haematology
samples were collected after participants were seated with their feet on the floor for
atleast1o min. All participantsin the rHUEPO group received 5000 IU per injection
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forthefirst fourrHuePo injections. If the haemoglobin concentration was below the
targetrange, a physician who was not masked or related to the study modulated the
doseto 60001U,80001U,0r10000 IU inthe subsequent 4 weeks to reach the target
range. When haemoglobin was in the target range during the treatment period,
rHUEPO dose was adjusted to 2000 IU. For safety reasons, a placebo injection was
administered if the haemoglobin concentration exceeded the upper limit of the
haemoglobin range or if the haematocrit concentration was equal to or exceeded
52% (dose decision tree, Figure 1). Doses were given in maximum 1 mL injections
and distributed over two syringes if this volume was exceeded.

The different doses were prepared by a technician not masked to the study
from multidose vials containing a lyophilisate of 50 000 U epoetin-beta and
10 mL solvent for solution for injection. rHuEPO and placebo were visually
indistinguishable (both colourless solutions) and dose changes (changes in injected
volume) were also randomly assigned to placebo participants by the statistician and
pharmacy before the start of the study.

Duringthetreatment period, all participantsalso received open-label daily oral
doses of 200 mg ferrous fumarate (Pharmachemie Bv, Haarlem, Netherlands) and
50 mgascorbicacid (Pharmachemie Bv), and received standard instructions about
concomitant food intake. Intake of these supplements was recorded daily by the
participantinadiary.

Participants were instructed to maintain their usual training programme
throughout the study. The racing bikes of participants were equipped with a
Single Leg Power Meter scy-pPm910H2 (Pioneer Europe, Antwerpen, Belgium)
with Shimano Ultegra 6800 crank (Shimano, Osaka, Japan) to log training data on
the bicycle during the entire study. Data of bicycle trainings were uploaded to the
dedicated database Cyclo-Sphere. Additionally, participants recorded all exercise
activity inadiary, including other sports or cycling done without the power meter.

Exercise tests were done on a Monark Lc4r ergometer (COSMED, Rome, Italy).
Gas exchange was measured by Quark CPET system (COSMED), with breath-by-
breath sampling technology and integrated heart rate measurement, with one of
two wireless heart rate straps (CosMED and Polar, Kempele, Finland). Data were
collected on a dedicated computer with the Omnia Metabolic Modules software
(cosMED). Before each test, the gas analysers and flow meter were calibrated.
Maximal exercise tests were done during screening, at baseline (up to 14 days before
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first dose), and during the treatment period at days 11, 25, 39, and 53 (participants
could deviate by 1 day) after the first dose administration. Submaximal exercise
tests were done at baseline (up to 14 days before first dose and at least three days
afterthe baseline maximal test) and at 46 days (participants could deviate by 1day)
afterthe first dose administration.

For both the maximal and submaximal exercise tests, the start of the protocol
dictated 1 min rest without pedalling, followed by a 2 min warm up at a pedalling
workload of 75 W. In the maximal exercise protocol, a ramp test was done where the
pedalling workload was increased after the warm up to 175 W, and increased by an
additional 25 W every 5 min. Cadence had to be maintained between 70 rpm and
90 rpm. Exhaustion was reached when cadence could not be maintained above 70
rpmorwhen a participant terminated the test. Subsequently, a 3-min recovery with
a pedalling workload of 50 W was initiated. Between 4 min15sand 4 min 45sinto
each stepandimmediately after termination of the exercise test (at peak pedalling
workload), blood was collected from an intravenous cannula in the right forearm
to measure blood lactate concentrations with a Lactate Pro 2 meter (Arkray, Kyoto,
Japan). The screening maximal exercise test was similar, except that lactate was
not measured (blood was not collected) and an exercise ECc was monitored and
recorded with a12-lead ECG system (COSMED or Labtech Ltd, Debrecen, Hungary).

Inthe submaximal exercise protocol, pedalling workload was set at 80% of the
maximal power reached during the baseline maximal exercise test. Participants
were instructed to produce the highest mean poweroutput during a 45-min period,
attempting to mimic competitive cycling time trials. Participants could adjust the
poweron the bike by indicating with hand gestures to increase or decrease in power
by steps of 10 W. Cadence had to be maintained between 70 rpm and 90 rpm and
the test was stopped after 45 min, followed by 3 min recovery at 50 W. Blood was
collected from an intravenous cannula at 10 min, 30 min, and 45 min to measure
blood lactate concentrations.

Approximately 12 days (range 10-16) after the last dose participants competi-
tively climbed Mont Ventoux (Vaucluse département, France) inan open course via
Bédoin (France), bridgingan altitude of 1610 m over 21.5 km, resulting in an average
gradient of 7.5%. The race was preceded by a stage of 110 km in Provence (France;
total elevation gain 1524 m) that was completed collectively (i.e., all participants
finished the course to the foot of the Mont Ventouxin a closed pack). Before the110
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km stage and at the top of Mont Ventoux, blood was collected and all participants,
including their bicycles, were weighed. After the race, participants were asked by
personnel (masked to the study) whether they thought they had been treated with
rHUEPO or placebo during the treatment period.

Vital signs were measured regularly and adverse events documented during
every visit. Additionally, before and regularly during the treatment period blood
samples were taken in which haematology, coagulation, and endothelial function
markers were measured. A broad range of markers was measured to evaluate
potential risk of rHuEPO treatmentin well trained cyclists.

All data were stored in a clinical trial database (Promasys, Omnicomm Inc,
Fort Lauderdale, FL, usa) and checked for accuracy and completeness. A masked
data review was done before code-breaking and analysis, according to a standard
procedure atour unit.

Qutcomes

The primary outcome was exercise performance, under both maximal and sub-
maximal conditions, as assessed with multiple measures. For the maximal exercise
test, the primary outcome was measured as maximal power output (Pmax), maximal
oxygen consumption VO,max, and gross efficiency. Pmax was calculated with the
following formula:

P...x = [power of the last completed step] +

[time (s) in the subsequent step x 25WJ
3005

The breath-by-breath dataset was averaged in epochs of 30 s and the vO;max was
determined. Gross efficiency was calculated by the following formulas:

power

Cross efficiency = - X100
energy expenditure

where energy expenditure was calculated at the last level when the respiratory
quotient was less than 1.0 and the power step had lasted longer than 180 s using
the formula:
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186
4196

Energy expenditure =[((3.869 x VO,) + (1.195 X VCO, )) X 20

Forthe submaximal levels during the maximal exercise test, the primary outcomes
were measured as the lactate threshold, determined with the modified Dmax
method, and ventilatory threshold 1 (vT1) and 2 (v12),8 for which assessments were
done by two masked staff members (JH and PG), in consensus.

We obtained secondary outcomes from the maximal exercise test (e.g., heart
rate, respiratory min volume [VE], volume of co, expired [vco,]) from the last
completed 30 s average before the recovery phase. We calculated the mean power,
VO,,and heartrate primary outcomes during the 45-min submaximal exercise test
on the basis of the breath-by-breath dataset. We calculated cycling economy, a
primary outcome, as described previously using the following formula:

mean power

Cycling economy = mean vo,(L/min)

Secondary outcomes were lactate concentrations measured at10 min, 30 min,and
45 min. In the Mont Ventoux race, secondary outcomes were race time, average
efficiency, and average power. Secondary safety outcomes were blood pressure,
heart rate, adverse events, and coagulation and endothelial function markers.
Additional measurements of skin blood flow and diagnostic aspects of detection
of rHuEPO use were done and these will be published separately.

Statistical analysis

No studies have been published that allowed a formal power calculation based on
enhancementof submaximal performance by rHuEPO in trained cyclists. Therefore,
we based the power calculation on the increase in vo,max observed in a previous
study® with moderately trained participants (3.8 mL/min per kg). We assumed the
effectin well trained participants would be smaller; therefore, the power calculation
was done on a VO may increase of 1.7 mL/min per kg. To detect a difference of 1.7
mL/min per kg with a power of 80%, a sample size of 22 was needed, assuming that
the common sD is 1.95, using a two-tailed t test with a 0.05 two-sided significance
level. When taking into account a10% attrition rate, 24 participants were required
in both groups.
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The mean power output per kg of 11 male professional cyclists during a 20 min
constant-load test at 80% VO,max, Which was determined in a maximal exercise
testwith a 25 W/min ramp protocol, was 5.2 W/kg (sp 0.2).° With a sample size of
22 pertreatment group, a difference of 0.172 W/kg could be detected in this popula-
tion with a power of 80%. This difference would mean that a professional cyclist
weighing 75 kg would go from an average of 390 W at 80% VO ,max to 402.9 W. With
available calculators this power difference, for an athlete on a 9 kg racing bike, in
racing position (drops’) at 25°C on a wind-still, flat terrain of 40 km, would pro-
duce aspeedincrease of approximately 0.5 km/h (from 43.80 km/h to 44.32 km/h),
which is a relevant difference in cycling. On a mountain climb, that same increase
in power would lead to an even larger relative increase in speed, expanding the
effect on uphill race time - e.g., a decrease of approximately 2 min on a climb like
Mont Ventoux.

To evaluate effects on performance for each variable we selected a suitable
statistical model and undertook intention-to-treat analysis. Participants were
included inall analyses of outcomes for which they had atleast one measurement.
Repeatedly measured data were analysed with a mixed model analysis of variance
with treatment, time, and treatment by time as fixed factors, participants as a
random factorand, ifavailable, the (average) prevalue as covariate. These included
parameters of maximal exercise test, haematology, coagulation, endothelial
function, and vital signs measurements. Different timepoints for each variable are
indicated in the tables.

We compared single measured data with an analysis of variance with factor
treatment, and, if available, prevalue as covariate. We analysed parameters of the
submaximal exercise testin this way.

We analysed the racing times with a parametric model for failure time
(accelerated failure time regression model) with right censored values, to account
for participants who did not reach the top of Mont Ventoux. The model for the
response variable consists of a linear effect composed of the covariates and a
random disturbance term. The covariates are treatment and prevalue. We log-
transformed the time to arrival before analysis and the chosen distribution was
normal. We chose the Pmax/kg pretreatment as the prevalue to correct for possible
differencesin baseline performance.
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The contrast that we calculated within the models was placebo versus rHuero. We
report results of statistical models as estimated means at the different timepoints
per group and estimates of the difference over the whole time period, including
95% 1 (% for log-transformed parameters) and the p value of the contrasts.

We used a regression model to evaluate the association between haema-
tological parameters and performance. We analysed the association between
haemoglobin and haematocrit concentrations and several maximal and submaxi-
mal exercise variables with a mixed model regression, with treatment as covariate,
arandom participantinterceptandslope,and an unstructured variance and covari-
ancestructureif feasible; a variance components variance and covariance structure
otherwise. For the submaximal exercise test variables, there was only one after
baseline measurement. We calculated the regression of time in race and haemo-
globin and haematocrit concentrations at the time of the race with a regression
model without random factors.

To evaluate the association between maximal, submaximal exercise tests
and race performance, we calculated Spearman correlations for the maximal and
submaximal exercise variables per kg as measured in the test closest to the race and
power per kgand timein therace.

When 95% cis are presented they reflect the estimated difference between the
two treatment groups. Significance level was set at p<0.050. We did all calculations
with SAS version 9.4.

RESULTS

Between March 7, 2016, and April 13, 2016, we enrolled 48 participants and had
one reserve participant. The study took place for all participants simultaneously
between April and June, 2016, with a follow-up before the end of August, 2016.
One participant withdrew after the first dose administration and was replaced by
the reserve participant, and another participant withdrew after the fourth dose
administration. Both withdrawals were due to personal reasons and not related to
the study treatment or medical concerns. In total, 48 participants were included in
the analyses, with 24 in the rHuEPO group and 24 in the placebo group (Figure 2).
Baseline characteristics were similar between treatment groups (Table 1). Table 2

has a more detailed breakdown of excluded participants before the screening
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visit. As no effect of the stratification variable age was observed on the results, all
analyses were done disregarding this factor. All participants were living at sea level
and did not spend any substantial amount of time at (simulated) high altitude.
Furthermore, average cumulative cycle training duration per week recorded with
the Pioneer equipment (4.9 h for rHuEPO versus 5.9 h for placebo, [estimated
difference -16.5%,95% cli of estimated difference -36.3t0 9.5]) and average training
distance and power per week (186.2 km versus 202.0 km [-15.8, -63.5 t0 31.8] and
202.1W versus 205.3 W [-3.2,-25.5t019.2]) did not differamong treatment groups,
nordid othertrainingactivities recorded in the diary (average1.2 h [sD 0.9] per week
forrHuepo and 1.5 h[1.2] per week for placebo).

Participants in the rHuEPO group received eight doses during the study. Mean
rHUEPO dose was 5000 IU per participant per week during the first 4 weeks of
the study and 7000 1U in the subsequent 4 weeks. On five occasions a placebo
injection was administered to participants exceeding 15% of haemoglobinincrease
compared with baseline or that had a haematocrit concentration that exceeded
52% (Table 3). The average administered rHuEPO dose was 48 000 1U (6000 1U/
week), resulting in an average 12% increase in haemoglobin concentration up
to @ mean of 10.2 mmol/L and a 16% increase in haematocrit to 50%, whereas
haemoglobin and haematocrit concentrations in the placebo group remained
relatively stable during the study (Table 4). Diaries showed that participants had
taken their supplements as instructed throughout the study period.

Haemoglobin concentrationsand haematocrit were higherin therHuePo group
compared with the placebo group over the treatment period (9.6 mmol/Lversus 9.0
mmol/L [estimated difference 0.6, 95% cl 0.4-0.8] and 47.6% versus 44.3% [3.3,
2.5-4.1], respectively; Figure 3, Table 4). In the rHuEPO group, median haemoglobin
concentration at baseline was 9.0 mmol/L (range 8.1-10.2) and median peak
haemoglobin concentration was 10.1 mmol/L (range 9.0-11.5). The mean increase
in haemoglobin concentration at the prerace measurement was 12%; in total, 14
(61%) of 23 participants completing treatment with rHuEPO achieved an increase of
more than10%. Participants who did notachieve the target haemoglobin range all
received 5000 1U of rHUEPO in the first four doses of the study and a mean of 8000
IUin the latter four doses of the study.

Analysis of the effects on maximal exercise test variables showed that at
baseline the mean maximal power output per kg was 4.37 W/kg (sD 0.365) in the
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rHUEPO group compared with 4.36 W/kg (0.223) in the placebo group and mean
absolute maximal power output was similar in both groups (335.14 W [34.46] in
the rHUEPO group and 335.00 W [33.04] for the placebo group; Table 5). During the
course of the study, maximal power output per kg did not differ between the rHuEPO
group compared with the placebo group (4.61 W/kg versus 4.50 W/kg [estimated
difference 0.11,95% c1 -0.00 to 0.22]; Table 5). However, absolute maximal power
output did show a significant increase in the rHUEPO group compared with the
placebo group over the entire treatment period (351.55 W versus 341.23 W [10.32,
3.47 to 17.17]; Table 5), which reached significance at the exercise test at 25 days
(p=0.0073; data notshown). Asimilarsignificantincrease in the rHUEPO group was
Seeninvozmax, VOzatvTiand vT2,and poweratvT1 (Figure 4). rHUEPO treatment
increased VO,max by 10% compared with baseline, and the placebo group also
improved by 4%. This results in a net improvement of about 5% over placebo.
Similar effects were found on maximal power output, with an increase of about
4% for rHUEPO treatment compared with placebo. There was no indication that
rHUEPO treatment had a stronger effect on maximal power output in the highest
performing participants (Figure 5). Gross efficiency, lactate threshold, maximal
heartrate, orany of the other respiratory parameters did not differ between groups
(Tables).

Analysis of the effects on the submaximal exercise test showed that mean
power output during the study did not differ between groups either in absolute
terms (283.18 W for rHUEPO versus 277.28 W for placebo [estimated difference
5.90, 95% CI —0.87 t0 12.67]) or per kg (3.72 W/kg for rHUEPO versus 3.66 W/kg for
placebo [0.06,-0.04 to 0.16]; Table 6). Mean vo, per kg (50.288 mL/min per kg for
FHUEPO versus 49.642 mL/min per kg for placebo [0.646, -1.307 to 2.600]), cycling
economy, mean heart rate, and lactate levels at 10 min, 30 min, and 45 min were
similar between treatment groups (Table 6).

Atotal of 44 participants took partin the Mont Ventoux race, with 21 (48%) in the
rHUEPO group. Two participants were unable to attend due to other engagements,
and one participant was experiencing gastrointestinal complaints. Weather
conditions on Mont Ventoux (afternoon of June 19, 2016) in Bedoin were around
20°C and 40 km/h northern wind, and at the top were around 5°C and 85 km/h
northern wind, without precipitation. Out of the 44 participants, four (9%) did not
complete the race due to exhaustion (n=2 placebo and n=2 rHuEP0). The mean time
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of the Mont Ventoux race did not differamong treatment groups (1h 40 min 32 s for
therHuePO group versus1h 40 min1ssfor the placebo group [estimated difference
0.3%,95% C1-8.3t09.6]), nor did mean pedalling power during the race (3.03 W/kg
forrHuePO versus 3.09 W/kg for placebo [-1.7%, -11.0 t0 8.6]; Table 7).

To evaluate whether participants could notice the effects of rHuEPO, all 47
participants that completed the study were asked whether they thought they
had received rHuEPO or placebo during the study period. Overall, 27 (57%) of 47
participants correctly indicated their treatment. Out of the participants treated with
rHUEPO, only nine (39%) of 23 thought they had received rHuePO. Six (25%) of 24
participants treated with placebo thought this as well.

Evaluation of the association between haematological parameters and
performance revealed a relation between haemoglobin and all maximal and
submaximal exercise parameters, including maximal power output per kg, which
showed a significant estimated slope in the rHuEPO group (slope 0.27 [95% cI
0.16—0.37]), but not the placebo group (Figure 6). Haemoglobin or haematocrit
concentrations were not associated with Mont Ventoux race time.

The correlation between exercise test parameters and race performance was
highest for mean power output per kg during the submaximal exercise test, but
only partly predicted race time (correlation of —-0.63), while power output per kg
measured during the race appeared to be more predictive of race time (-0.79). The
strongest correlation between a maximal exercise test parameter and average
power output during the submaximal exercise test was with maximal power output
(0.76). However, parameters from the maximal exercise test a week before the Mont
Ventoux race and the uphill race times only showed a moderate correlation at best
(spearman correlations range —0.36 t0 —0.58).

Safety evaluation of the rHuEPO treatment in the well trained cyclists revealed
that weight and vital signs, such as heart rate and blood pressure, were similar
between treatment groups (Table 8, Table 9). All observed adverse events were
mild to moderate (grade 1-2), and the nature and incidence were similar in both
groups (Table10). No events of grade 3 or worse were observed. Of all coagulation
and endothelial function markers measured, when compared with the placebo
group, rHUEPO increased only E-selectin by 8.6% (95% cI 2.0-15.7) and P-selectin
by 7.8% (1.5-14.5; Table 11).
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DISCUSSIGN

The presentstudy of rHuEPO treatmentin well trained cyclists compared with those
treated with a placebo showed that rHuEPO improved exercise performance during
amaximal exercise test. By contrast, no improvementin exercise performance was
observed in the submaximal test, nor in a real-life road cycle race. These outcomes
indicate thatthe amount of performance incrementin a maximal test might not be
immediately translated to a real-life situation. Although no difference in adverse
events was observed, the endothelial function markers E-selectin and P-selectin
significantly increased in the rHuePo group compared with the placebo group,
potentially increasing the risk of thrombosis. The question remains whether these
results can be generalised to the actual population of athletes doping with rHuEPO.

Average weekly training duration in this study was substantially less compared
with professional cyclists (who train >20 h and >700 km per week), which was
inevitable because participants were not allowed to be subject to anti-doping
regulation and were therefore essentially amateur cyclists. Baseline values of
maximal power output for our maximal exercise test were on average 335.07 W (sD
33.40) and of vO,max Were 55.63 mL/min per kg (sD 4.80) for both treatment groups.
Elite cyclists have reported values of about 429 W and 73 mL/min per kg measured
with a short exercise protocol, which would indicate that our participants were not
comparabletothis level of cyclist either.¢ However, because it takes 3—4 min for the
body to acclimatise to a given workload and for lactate to be measured accurately,
and because longer protocols can be more sensitive to performance changes,’? we
selected a long exercise protocol with 5 min per power step rather than the1-2 min
protocols often used in exercise physiology. Shorter protocols overestimate maximal
exercise parameters, including maximal power output up to 20% and VO;max up
to 7% compared with longer protocols.®™ Although our participants were not
professional cyclists, based on the maximal exercise test they have similarity with
the elite cyclists tested in a 3-min exercise protocol (similar values for maximal
power output of 349 W and VO,max of 60 mL/min per kg)'* and elite triathletesin a
3-min protocol.™ This result shows that our participants were well trained cyclists,
and at least closely approached the level of elite cyclists. Based on vO,max they are
comparable to participants in previous studies®'>'¢ investigating the effects of
rHUEPO on cycling performance with the highest exercise values (63-65 mL/min per
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kg) determined with short exercise protocols. Moreover, based on maximal power
output our participants are better trained cyclists than participants reported in
previous studies®'7~2 with short protocols (from 311 W to 402 W).

The average administered rHuEPO dose (6000 1U/week) in our study is difficult
to compare with previous studies®15-18:20-23 gn the effects of rHuEPO in cyclists,
which range from 4500 1u/week to 26 000 1U/week over a period of 4-12 weeks.
Despite widely varying dose regimens these studies reported similar increases
in haemoglobin concentration and haematocrit, without a clear dose-response
association. This absence of a clear dose-response is likely to be due to a ceiling
effect at the higher doses. The dose in our study is also consistent with known
practices in professional cycling.?*

The net improvement of about 5% for vo,max when rHUEPO treatment was
compared with the placebo was in line with previous studies.?'523:25-28 Similar
effects were found on maximal power output, with an increase compared with
placebo of about 4%, which is also in line with the few previously reported
effects,”'7~2 although the effect there was seemingly slightly larger (6-13%).

Submaximal exercise parameters mimic the physical exertion of real-life cycling
races more closely. Extracted from the maximal exercise test, vT1 and vT2 show
an increase compared with placebo. However, these parameters do not directly
reflect submaximal exercise as exerted during endurance performance. Ina 45-min
submaximal exercise test, the increases in mean power and vo, for the rHUEPO
group were small and did not differ compared with placebo in this adequately
powered study.

Results of other studies' ™" found remarkableincreases in reported submaximal
tests, namely constant-load time-to-exhaustion tests, of 22-70%. These trials used
short (between 3 min and 20 min) tests that, similar to the maximal exercise test,
lead to exhaustion and therefore are less representative of real-life cycling. Our
submaximal test was designed to closely mimic a road time trial of 45 minand in
line with that was not intended to lead to exhaustion. Additionally, participants
in the rHUEPO group in two of these trials were aware that they were treated with
rHUeEP0.'®' The third trial, a double- blind, placebo-controlled trial by Annaheim
and colleagues," did not find any effects of rHuEPO on vo, during this test similar
to our finding. Our results could reflect a previous finding?® that the best predictor
of time trial performance in highly trained athletes is muscle oxidative capacity, in
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contrast to the best predictor of maximal power output, which is oxygen delivery.
The absence of a clear effect on average power in the submaximal test does not
supportan effect of rHuEPO on oxidative capacity.

The goal of using rHUEPO in professional sports is to improve performance
during road races, not in maximal exercise tests. Participants therefore took part
in a race designed to mimic a professional road race at Mont Ventoux about 12
days after the last dose of the treatment period, which also tested the validity
of our laboratory exercise tests as biomarkers of real cycling performance. The
two treatment groups did not differ in race time or mean power output, thereby
raising doubt about the predictive value of the increase in maximal exercise test
parameters by rHuepo for performance in a road race. This outcome is further
supported by the fact that rHuEPO treatment did not show an appreciable effect
on a submaximal exercise test in the laboratory. Previous investigators3°:3! have
suggested a strong predictive power of parameters obtained during laboratory
maximal exercise tests such as maximal power output or poweratvT forendurance
capacity in a laboratory time trial (correlations of 0.80-0.91), which is similar to
our findings (0.76). However, parameters from the maximal exercise test a week
before the Mont Ventoux race and the uphill race times only showed a moderate
correlation at best. This correlation could explain the discrepancy between the
effect of rHUEPO treatment on maximal exercise test parameters and the absence
of an effect on race time; many extra variables affect performanceinreal life. Inline
with this result, participants poorly predicted whether they had received rHuEPO or
placebo during the study. Although the participants were not professional cyclists
and mightbeslightly less sensitive to changes in performance, this result does seem
toinvalidate the claim of many professional cyclist that they could feel the effect of
the rHUEPO treatment.

Atthe time of the first maximal exercise test, which was 11 days after the start of
the treatment, the effects in the maximal exercise tests were already clearly visible.
Only one other study' has investigated such early effects on exercise parameters,
and their findings appear to confirm our findings. The magnitude of the increase
at11days in the rHUEPO group was similar to the increase achieved in the placebo
group during the entire study period. This early effect was unexpected because
at this time the increase in haemoglobin concentration in the rHUEPO group was
small, which followed the described time course of the effects on haemoglobin.3?
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Although our data show a correlation between haemoglobin concentration and
performance in the maximal and submaximal exercise tests, this association
is only true for the rHUEPO group; an association is absent in the placebo group,
despiteasimilarrange of haemoglobin concentrations. These findings indicate that
there could be other mechanisms for the effect of rHUEPO on exercise tests, like via
2,3-bisphosphoglycerate or the monocarboxylate transporter.3334

We did not observe a difference in incidence or severity of adverse events
between the rHuePo and placebo groups, nor did we detect any clinical signs
of thrombosis, effects on blood pressure, coagulation factors, or most of the
endothelial function markers. However, we did find a significant rise in E-selectin
and P-selectin compared with the placebo group, which are cell adhesion molecules
that play a crucial part in thrombogenesis and inflammation.3>3¢ This rise might
explain the observed increased thrombogenicity and increased risk of stroke after
rHUEPO treatmentin patients.” As the incidence of events such as stroke is relatively
low in patients (2.6%) and will be even lower in healthy athletes,” our study did
not have the power to detect such an increased risk. However, given the increase
in endothelial function markers observed in this study, and with widespread and
uncontrolled use of rHuEPO amongathletes, itis not unlikely thatin this population
the risk of cardiovascular events also increased. Our study design has several
inevitable limitations. Because of WADA regulations, itis currently impossible to do
intervention studies with banned substances in professional cyclists. The question
remains whether our data can be applied to professional cyclists. However, in our
participants there was no indication that rHuEPO treatment had a stronger effect
on maximal power outputin the highest performing participants.

The size of our study might have generated insufficient statistical power to
detecta difference on the road race. However, for an effect of doping to be relevant
for cyclists, it should have a clear effect on time trial or race performance. The
absence of an effect of rHUEPO treatment on both a 45-min submaximal exercise
testand aroad raceindicates that the effectis at best very small, and disappearsin
all othervariability thatis present during such an event.

Finally, there have been suggestions in the literature that the effect of rHuEPO
treatment is not, or only partly, mediated by the increase in red blood cell mass.
Suggestions for such pleiotropic effects range from effects on the speed of recovery
after exercise, direct effects on skeletal muscle, improved lipolysis, psychological
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effects on fatigue or motivation, and effects on the immune system. In this case,
the design of the tests or timing related to the administration of rHuEPO might
have been suboptimal. For example, our race was not a multi-day event, such as
the Tour de France, and therefore could not show potential effects of rHuEPO that
only occurin such a setting. However, to be of clinical relevance, many of the other
effects would have to show an effect on time trial or road race performance, which
was notobserved in our study.

In the clinical practice of nephrology and oncology in which rHuEPO is used
therapeutically, a well recognised optimal dose exists, which results in lower
than normal haemoglobin concentrations. When haemoglobin is restored to
normal concentrations, mortality increases.” In these studies and studies with
blood transfusion, such effects only become clear after a medicine is tested in
circumstances that resemble the clinical situation. Our study shows that testing in
aclinical situationis not different for drugs intended to enhance sport performance.
Although we did not find clinical signs of adverse effects of rHuEPO treatment,
the observed rise in endothelial function markers might indicate an increased
thrombogenicity. Moreover, effects on relevant performance measures were small,
largely disappeared in the submaximal test, and were undetectable in a real-life
cycling race.

In summary, we showed that it is possible to test potential doping substances
in well controlled clinical trials and that results are much less pronounced than
claimed in popular literature and accounts. More clinical research like this study
will provide the evidence base for the prohibited listand mightlead to more focused
attention and adequate information to athletes and their medical staff. Overall, the
results of our study showed that rHuePo treatment enhanced performance in well
trained cyclists in a laboratory-based maximal exercise test leading to exhaustion,
butdid notimprove submaximal exercise test or road race performance.
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FIGURE 1 DECISION TREEFORDOSING Decision tree for dosing schedule that was applied before

every administration of NeoRecormon/placebo during the 8 week treatment period.

X = Initial Hb (< 9.5mmol/L), Y = target Hb
Target range: 1.10X < Y <1.15X
N
NO
y
YES
NO
e oo
A
*MAXIMAL DOSAGE = 10.000 IU/WEEK

Ht: haematocrit, Hb: haemoglobin, 1U: International Units.

FIGURE 2 TRIALPROFILE rHUEPO,recombinanthuman erythropoietin.

572 ASSESSED FORELIGIBILITY

523 EXCLUDED
— 295 DID NOTMEETINCLUSION CRITERIA
228 DECLINED TO PARTICIPATE

| 49 RANDOMLY ASSIGNED |

|
| |

25 ASSIGNED TO rHUEPO GROUP | | 24 ASSIGNEDTO PLACEBO GROUP
—-I 2 DISCONTINUED INTERVENTION
| 23 COMPLETED FOLLOW-UP | | 24 COMPLETED FOLLOW-UP |
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FIGURE3 MEAN HAEMOGLOBIN CONCENTRATIONS DURINGSTUDY p<0.0001.rHUEPO,

recombinant human erythropoietin
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FIGURE4 MAXIMALPOWEROUTPUT AND POWER AT VT1DURING THESTUDY Mean maximal
power output (p=0.055) and mean power output at V11 (p=0.0100). Pmax, maximal power output;
rHUEPO, recombinant human erythropoietin; vT1, ventilatory threshold 1.
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FIGURE5 CORRELATION BASELINE AND DELTA MAXIMAL POWER AT WEEK8  This figure displays
the correlation between baseline maximal power output and the delta in maximal power output
between baseline and week 8 for both treatment groups. Correlation rHUEPO: -0.21; Correlation
Placebo:-0.12. rHUEPO: recombinant human erythropoietin; Regr: regression line.
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FIGURE6 REGRESSION HAEMOGLOBIN LEVELAND MAXIMAL POWER OUTPUT PER KG
This figure displays the regression line in a scatter graph between haemoglobin level and maximal
power output per kg for both treatment groups.
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TABLE1 BASELINECHARACTERISTICS Dataare median (range) or mean (SD).rHUEPO,

recombinanthuman erythropoietin; vo,max, maximal oxygen consumption.

Placebo rHUEPO
n 24 24
Age (years) 33.8(20.0-50.0) 33.5(22.0-48.0)
Weight (kg) 76.9(8.9) 77.0(8.9)
Height (cm) 186 (6.7) 186(7.9)
Hb (mmol/L) 8.9(0.46) 9.0(0.52)
Ht (L/L) 0.431(0.0221) 0.433(0.0222)

Maximal Power output per kg (W/kg)

4.36(4.03-4.94)

4.37(4.03-5.18)

TABLE3 [FHUEPODOSAGES DURINGTHE STUDY COURSE

corresponding dose. *1 participant dropped out after week 4. 1u: international units.

Number of participants receiving the

Dosage week 1 2 3 4 5" 6" 7 8*
Dosage

o - 1 2 2 -
20001V - 1 1 4 5 2 2
50001U 24 24 23 23 - - - -
60001U - 5 7 3 1
80001U - 9 3 11 3
100001V - 4 6 5 17

VO2max (mL/min/kg) 56.0(4.111)

55.4(5.132)

TABLE2 EXCLUDED PARTICIPANTS Reasons forexcluding participants from participation

TABLE4 HAEMATOCRITAND HAEMOGLOBIN LEVELS

Raw baseline (and sp) and EmM (Estimated

Mean) values of haematological parameters at the different time points for both treatment groups,
including the estimated differences between the treatment groups. Data analysed with a mixed

model analysis of variance with fixed factors treatment, time and treatment by time, random factor
participantand the pre-value as covariate.

Parameter Treatment  Raw EM EM EM EM Difference
baseline Week2 Week 4 Week 6 PreRace between groups
Haemoglobin  Placebo 8.9(0.5) 8.8 8.7 8.9 9.4 0.60(0.44,0.77)
lab(mmol/l) 1, epo 9.0(0.5) 9.2 9.4 9.6 10.1 p=<0.0001
Haematocrit ~ Placebo 0.431(0.022) 0.437 0.436 0.438 0.460 0.0330(0.0250,
lab (L/L) rHUEPO 0.433(0.022) 0.458 0.470 0.474 0.499 0.0409) p=<0.0001

Participant could not be contacted despite multiple attempts 27
Participant was unwilling to discontinue membership with anti-doping regulation 32
Study planning made itimpossible for participant to participate 76
Participant considered travel to study site (Leiden, the Netherlands) too far 8
Participant was notinterested in study participation anymore 52
Participantdid notagree with remuneration 3
Withdrew before screeningvisit 198
Participant was nota cyclist 13
Body mass index was too high 5
Speed onsolo cycle tour<3o km/h 76
Weekly training effort <3 hours 34
Participant could notcommunicate in Dutch language 82
Participants’age exceeded 50 20
Blood- or plasma donation within 3 months of study participation 4
Medical history or prohibited medication use 10
Preliminaryscreening by telephone 244
Withdrew consent before baseline visit 30
Insufficient exercise performance (Pmax < 4W/kg) 45
Hemoglobin>9.8 mmol/L 5
Medical history 1
Failed in-and exclusion criteria 81
Total 523
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TABLES5 DIFFERENCEIN EXERCISE PERFORMANCE PARAMETERS AT MAXIMAL EXERCISETEST

BETWEEN EACH TREATMENT GROUP

Data are raw baseline (sp) or estimated mean (Em) values.

For log-transformed parameters, a back-transformed estimate of the difference in percentage is

reported and geometric means for estimated mean. Data were analysed with a mixed model analysis

of variance with three fixed factors (treatment, time, and treatment by time), one random factor
(participant), and one covariate (pre-value). rHUEPO, recombinant human erythropoietin.

TABLES  (continuation of previous page)

Gross Efficiency Placebo 21.5(0.792) 21.7 21.8 21.4 21.4 0.4% (-1.6%, 2.5%)

(%) FHUEPO 21.9(1.096) 218 220 214 217  P=0-69

Heart Rate Placebo 182(8.78) 182 182 184 181 0.7(-1.7,3.1) p=0.56

(8Pm) rHUEPO 184(8.17) 183 182 184 182

Tidal Volume Placebo 3.029(0.458) 3115 3139 3162  3.173  0.0288(-0.1060,

Q) FHUEPO 3160(0.340) 3168 3177 3214 3146 ©0-1637)p=0.67

Respiratory Frequency Placebo 54.3(8.566) 53.2 52.2 53.8 51.6 0.54 (-2.00, 3.08)

(1/min) THUEPO  515(5.887) 524 527 545 534  P=067

Respiratory minuteventi-  Placebo 161.8(18.383) 163.2 1615 1674 161.7  2.84(-4.01,9.69)

lation (L/min) FHUEPO 161.3(21.627) 1631 1640 1729 1652 P=0-41

Respiratory Quotient Placebo 1.07(0.044) 1.07 1.06 1.06 1.06 -0.003 (-0.022,0.016)
rHUEPO 1.08 (0.050) 1.07 1.05 1.06 1.06 p=0.77

Parameter Treatment Raw EM EM EM EM Difference
baseline Day Day Day Day between
1 25 39 53 groups

Maximal oxygen Placebo 4.298(0.486) 4.298  4.296  4.450 4373  0.2237(0.0824,
consumption (L/min) FHUEPO 4.237(0.466) 4475 4536 4688  4.612 0.3650) p=0.0026
Max. oxygen consumption Placebo 55.946(4.136) 56.392 56.528 58.616 58.122 2.7066(0.9105,
perkg (mL/min/kg) rHUEPO 55.322(5.453) 58564 59.472 61.611 60.838 45027)p=0.0041
Maximal Power output Placebo 335.00(33.039) 339.59 339.97 34572 339.65 10.315(3.465,
W) THUEPO  335.14(34.464) 34619 351.60 354.95 353.46 17-166)p=0.0040
Maximal Power output Placebo 4.36(0.223) 4.46 4.48 4.56 4.51 0.109 (-0.002,0.220)
perkg (W/kg) HUEPO 4.37(0.365) 453 460 466 465  P=0:055
Lactate threshold Power Placebo 299.51(7.671)  298.00 296.23 306.09 298.54 8.493(-0.609,
W) FHUEPO 290.87(6.451)  305.65 310.66 311.05 30547 17:595)P=0.067
Lactate threshold Placebo 3.90(0.215) 3.92 3.91 4.04 3.97 0.106 (-0.025,0.238)
Power per kg (W/ke) rHUEPO 3.84(0.304) 401 409 472 405  P=OM
Lactate threshold vo, Placebo 4.005 (0.461) 3.948 3.934 4.079 3.963 0.1160(-0.0165,
(L/min) FHUEPO 3.855 (0.459) 4002 4160 4209 4017 ©0:2485)p=0.084
Lactate threshold vo, Placebo 52.159(3.239) 51.918 51.921 53.885 52.749 1.4375(-0.4529,
perkg (mL/min/kg) FHUEPO 50.864 (4.476) 52.502 54.863 55.674 53185 3:3279)p=0.13
Ventilatory Threshold 1 Placebo 3.863(0.431) 3.862 3.857 3.916 3.953  0.1781(0.0481,
Vo2 (L/min) THUEPO  3747(0434) 3989 4057 4756 4099 ©:3081)p=0.0083
Ventilatory Threshold 1 Placebo 50.291(4.056) 50.671 50.772 51.538 52.657 2.0875(0.3802,
vozperkg(mL/min/kg)  yuepo 48.912(4.974) 52.092 53.261 54.560 54.076 3-7949)p=0.018
Ventilatory Threshold 1 Placebo 288.69(32.883) 290.92 292.28 294.66 294.68 9.701(2.437,16.964)
Power (W) FHUEPO 287.08(30.562) 299.60 1301.72 303.73 306.30 P=0.010
Ventilatory Threshold 1 Placebo 3.76 (0.274) 3.81 3.84 3.87 3.92 0.119(0.018, 0.219)
Power per kg (W/kg) HUEPO 3.75(0.337) 3.91 3.96 4.00 4.04 p=0.022
Ventilatory Threshold 2 Placebo 4.077(0.452) 4.089 4.058 4145 4125  0.1621(0.0021,
VO3 (L/min) FHUEPO 3.985(0.462) 4190 4212 4343 4319  ©0:3221)p=0.047
Ventilatory Threshold 2 Placebo 53.097(4.295)  53.658 53.422 54.577 54.873 1.9471(-0.1110,
voz perkg(mL/min/kg)  yuepo 52.005(5.114) 54.816 55279 57149 57.074 40053)p=0.063
Ventilatory Threshold 2 Placebo 306.77(32.450) 311.34 310.80 312.35 311.43 8.423(-0.855,
Power (W) FHUEPO 306.15(35.301) 31676 316.96 320.88 325.01 17-700)p=0.074
Ventilatory Threshold 2 Placebo 3.99 (0.285) 4.08 4.09 411 414 0.100(-0.031,0.230)
Power per kg (W/kg) THUEPO  3.09(0354) 475 415 423 429  P=013

(continuation on next page)
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TABLE6 DIFFERENCE IN EXERCISE PERFORMANCE PARAMETERS AT SUBMAXIMAL EXERCISE

TESTBETWEEN EACH TREATMENT GROUP

Data are raw baseline (sD) or estimated mean (Em)

values. For log-transformed parameters, a back-transformed estimate of the difference in percentage
isreported, and geometric means for estimated mean. Data were analysed with an analysis of
variance with factor treatment, and, ifavailable, pre-value as covariate. rHUEPO, recombinant human

erythropoietin.

Parameter Treatment Rawbaseline EM Day46 EMChange Difference be-
frombaseline tween groups
Power output submaximal Placebo 268.00(27.751) 277.28 7.656 5.898(-0.872,
W) rHUEPO 270.83(30.503)  283.18 13.554 12.668) p=0.086
Power output submaximal per kg Placebo 3.50(0.199) 3.66 0.135 0.062 (-0.035,
(Wike) rHUEPO 3.53(0.298) 3.72 0.197 0.159) p=0.20
Average VO, submaximal Placebo 3.631(0.345) 3.758 0.0866 0.0624 (-0.0862,
(L/min) rHUEPO 3.701(0.510) 3.821 0.1490 0.2110) p=0.40
Average vo, submaximal per kg Placebo 47.594 (3.930) 49.642 1.6189 0.6463 (-1.3074,
(mL/min/kg) rHUEPO 48180 (4.657)  50.288 2.2652 2.6000) p=0.51
Average Heart Rate submaximal Placebo 160 (9.47) 160 -1.0 -0.9(-4.5,2.7)
(BPM) rHUEPO 162 (11.53) 159 -1.9 p=0.62
Submaximal Lactate 10 min Placebo 2.51(1.090) 2.45 -0.148 -0.301 (-0.864,
(mmol/L) rHUEPO 2.68(1.456) 2.15 -0.449 0.262) p=0.29
Submaximal Lactate 30 min Placebo 2.78 (1.232) 3.23 0.477 -0.050 (-0.698,
(mmol/L) rHUEPO 2.67(1.200) 3.18 0.427 0.598) p=0.88
Submaximal Lactate 45 min Placebo 3.33(1.458) 5.09 1.448 -0.065 (-1.401,
(mmol/L) rHUEPO 3.80(1.882) 5.03 1.383 1.271) p=0.92
Cyclingeconomy Placebo 73.87 (4.117) 73.86 0.5% 0.2% (-3.0%,
(W/L/min) rHUEPO 73.52 (4.429) 74.03 0.7% 3.5%) p=0.89
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TABLE7 RESULTS RACEON MONTVENTOUX EM (Estimated Mean) values of Mont Ventoux

race results for both treatment groups, including the estimated differences between the treatment
groups. For log transformed parameters a back transformed estimate of the difference in percentage
is reported, and geometric means for M. The racing times are analysed with a parametric model for
failure time (accelerated failure time regression model) with right censored values. The model for the
response variable consists of a linear effect composed of the covariates and a random disturbance
term. The covariates are treatment and pre-value. The time to arrival is log-transformed before
analysis and the chosen distribution is normal. The Prax/kg pre-treatmentvalue is chosen as pre-
value to correct for possible differences in baseline performance.

TABLE9 VITALSIGNS Raw baseline (and sb)and em (Estimated Mean) values of vital signs at
the different time points for both treatment groups, including the estimated differences between
the treatment groups. Data analysed with a mixed model analysis of variance with fixed factors
treatment, time and treatment by time, random factor participant and the pre-value as covariate.

Parameter Treatment EM Difference between groups

Average timein race (hr:m:s) Placebo 1:40:15 0.3% (-8.3%,9.6%) p=0.95
rHUEPO 1:40:32

Average Efficiency (%) Placebo 49.8 0.40 (-3.95, 4.76) p=0.85
rHUEPO 50.2

Average Power (W) Placebo 266.37 -3.5% (-13.0%, 7.0%) p=0.48
rHUEPO 256.93

Average Power per kg (W/kg) Placebo 3.09 -1.7% (-11.0%, 8.6%) p=0.73
rHUEPO 3.03

TABLE8 WEIGHT Raw baseline (and sp) and em (Estimated Mean) values of weight at the
different time points for both treatment groups, including the estimated differences between
the treatment groups. Data analysed with a mixed model analysis of variance with fixed factors
treatment, time and treatment by time, random factor participant and the pre-value as covariate.

Parameter Treatment Raw EM EM EM EM EM EM EM Difference between
baseline Week Week Week Week Week Pre Post  groups
2 4 6 7 8 race race

Weight Placebo 76.94(8.94) 76.57 76.25 76.12 75.83 7580 77.43 75.80 0.303(-0.507,1.112)

(kg) rHUEPO 77.03(8.99) 76.65 76.61 76.50 76.41 76.27 77.50 75.98 P=0.46
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Parameter Treatment Raw EM EM EM EM EM EM EM Difference
baseline Week1 Week2 Week3 Week4 Weeks Weeké Week7 between
groups
Systolic Placebo 119(10) 119 116 117 117 118 115 116 2.3
blood rHUEPO 120(11) 122 121 119 118 118 119 118 (-1.1,5.7)
pressure p=0.18
(mmHg)
Diastolic Placebo 71(7) 73 74 72 71 72 72 71 0.4
blood fHUEPO  74(0) 73 72 74 73 72 71 73 (2.0,2.8)
pressure p=0.73
(mmHg)
Heartrate  Placebo 53(6) 54 53 52 52 51 53 52 -13
supine rHUEPO  55(11) 52 50 53 50 50 52 51 (3.9,1.4)
(BPM) p=0.34

TABLE10 GRADE1-2 TREATMENT-EMERGENT ADVERSE EVENTS IN DIFFERENT SYSTEM ORGAN
cLAsSEs Dataare number of participants with TEAE (and total number of TEAES) by System
Organ Class and Preferred Term, grouped by intensity and treatment group. TEAEs of grade 1-2
were only reported if they occurred in more than10% of the subjects. rHUEPO, recombinant human
erythropoietin; TEAE, treatment-emergent adverse event.

Systemorganclass Adverse events NsubjectsrHUEPO NsubjectsPlacebo
group grade1-2 group grade1-2

General disorders and administration site conditions  Fatigue 4(4) 3(3)

Immune system disorders Seasonal allergy 3(3) 1(1)

Infections and infestations Nasopharyngitis 3(3) 1(1)
Musculoskeletal and connective tissue disorders Arthralgia 4(5) 3(3)
Musculoskeletal and connective tissue disorders Myalgia 2(2) 3(3)
Musculoskeletal and connective tissue disorders Painin extremity 0(0) 4(4)

Nervous system disorders Headache 6(8) 3(3)

Skin and subcutaneous tissue disorders Rash 0(0) 3(3)
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TABLE11 COAGULATION AND ENDOTHELIAL FUNCTION MARKERS Raw baseline (and sp) and

EM (Estimated Mean) values of coagulation and endothelial function markers at the different time
points for both treatment groups, including the estimated differences between the treatment
groups. Data analysed with a mixed model analysis of variance with fixed factors treatment, time and
treatment by time, random factor participantand the pre-value as covariate.

Parameter Treat- Raw EM EM EM EM EM EM EM EM Difference
ment baseline Day Day Day Day Day Day Day Pre between s
1 14 25 28 39 42 53 race groups

Activated Placebo 30.7(1.4) 301 301  29.8 30,0 304 296 304 300 1.5% (-0.3%, R E P EATA B I L I Tv

partial Thrombo- rHUEPO  29.9(1.9) 298 304 304 304 310 304 311 306 3.4%) p=0.097
plastintime (s)

Prothrombin Placebo 14.5(0.6) 145 143 145 145 146 143 143 142 -0.0%(-1.6%, AND PREDICTIVE

time (s) rHUEPO  14.4(0.9) 145 144 147 143 144 144 144 140 16%)p=1.00

Fibrinogen (g/L) Placebo 2.6(0.3) 2.4 2.5 2.5 2.5 2.4 2.4 25 2.5 1.3%(-3.9%, VA L u E o F L Ac TAT E
rHUEPO 2.7(0.4) 2.5 2.5 2.4 2.6 2.4 2.5 25 2.5 6.8%) p=0.62

D-dimer Placebo 231.6(145.1)  253.4 2223 2131 217.6 1868 2171 2055 2518 -1.3%(-17.0%, T H R E s H o L D co N c E P Ts

(ng/mL) rHUEPO 258.5(157.3) 2171 216.4 242.8 2049 190.8 218.6 221.4 2289 17.4%)p=0.88

Creatinine phos- Placebo 142(84) 123 140 126 142 127 137 152 173 -9.4% (-26.9%, I N E N D u RA N c E

phokinase (U/L) rHUEPO  213(179) 135137 19 129 111 139 132 17 122%)p=036

Beta Thrombo- Placebo 16113(8283) 26836 11777 22008 14520 15088 16944 15554 23881 11.2%(-10.0%, s Po RTs

globulin (pg/mL) FHUEPO  31194(85294) 26350 13585 27421 14135 19539 16419 19785 25535 37.6%)p=0.32

E-selectin Placebo 5100(1978) 4986 4964 5097 5166 4731 4740 4942 4953  8.6%(2.0%,

(pg/mb) rHUEPO 5543(1912) 5446 5117 5475 5270 5568 5251 5477 5387  15.7%)p=0.011

Prothrombinfrag-  Placebo 118.6(53.4)  169.4 1029 1672 108.1 1164 1345 1226 1371 -0.5%(-15.9%,

ment1+2 (pmol/l) 1 Epo  368.2(1262.8) 1605 1061 1608 109.9 127.5 1255 1265 1311  17.8%)p=0.95

Factor viii (%) Placebo 129(37) 119 120 129 129 125 119 117 130 3.7%(-3.1%,
rHUEPO 137(43) 129 123 136 132 120 125 128 131 10.9%) p=0.29
P-selectin Placebo 8789(2112) 9037 8714 8524 8930 8810 8721 8261 8599  7.8%(1.5%,
(pg/mL) fHUEPO  9710(2285) 9010 9120 9248 9590 9846 9267 9173 9789  14.5%)p=0.016
PF4 (pg/mL) Placebo  43019(46073) 68339 23340 51235 28821 33209 35929 33026 63845 13.1%(-9.3%,

FHUEPO  43988(85138) 60195 23125 60555 31296 52786 36164 43549 72593 41.1%)p=0.27

Thrombine: Anti- Placebo 2.850(3.457) 4.304 1.495 3.663 1.575 1.860 2029 1.795 1.869  4.1%(-20.0%,
thrombine (ng/mL)

rHUEPO 14.737(63.963) 3.063 1.495 4.358 1.604 2126 1.932 2.175 2.261 35.5%) p=0.76

Thrombo- Placebo 1383(1358) 1323 1347 1320 1368 1322 1328 1364 1385  -2.8%(-10.2%,

modulin (pg/mL) FHUEPO 1936(2756) 1252 1283 1218 1317 1319 1315 1387 1377  5.2%)p=0.48

Von Willebrand Placebo  88.434(27.669) 81.953 86.168 85.932 91.320 86.046 88.634 83.627 90.113 -0.9%(-8.0%,
Factor (%)

rHUEPO  100.096(25.426) 87.897 86.114 82.513 94.138 80.810 86.512 81.131 89.014 6.8%)p=0.81
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ABSTRACT

Blood lactate concentration rises exponentially during graded exercise
when muscles produce more lactate than the body can remove, and

the blood lactate-related thresholds are parameters based on this

curve used to evaluate performance level and help athletes optimise
training. Many different concepts of describing such a threshold

have been published. This study aims to compare concepts for their
repeatability and predictive properties of endurance performance.
Forty-eight well-trained male cyclists aged 18-50 performed 5 maximal
graded exercise tests each separated by two weeks. Blood lactate-
related thresholds were calculated using eight different representative
concepts. Repeatability of each concept was assessed using Cronbach's
alpha andintra-subject cv and predictive value with 45 minute time trial
tests and a road race to the top of Mont Ventoux was evaluated using
Pearson correlations. Repeatability of all concepts was good to excellent
(Cronbach's alpha of 0.89-0.96), intra-subject cvs were low with 3.4-
8.1%. Predictive value for performance in the time trial tests and road
race showed significant correlations ranging from 0.65-0.94 and 0.53-
0.76, respectively. All evaluated concepts performed adequate, but there
were differences between concepts. One concept had both the highest
repeatability and the highest predictability of cycling performance, and
is therefore recommended to be used: the Dmax modified method. As
an easier to apply alternative, the lactate threshold with a fixed value of 4
mmol/L could be used as it performed almost as well.

INTRODUCTION

The measurementof blood lactate is extensively used in sports medicine, although
thereis debate on how lactate affects fatigue in endurance athletes.” Nevertheless,
the concentration of lactate in the blood relative to the exercise intensity is a
relevant marker of endurance performance.?=* This can be visualised in a blood
lactate curve (BLC) using a maximal graded exercise test (GXT): as the workload on
theathleteincreases overtime, blood lactate concentrations (bLa) are measured at
defined intervals. During high intensity contractions lactate is formed along with
H* in the muscles,® followed by an increased elimination of lactate from plasma.”-
When elimination becomes saturated, bLa will start to rise when production
exceeds clearance. This (exponential) rise in bLa in the BLC is of importance, as the
corresponding exercise intensity is associated with endurance performance since it
correlates with the transition from aerobic to anaerobic workout.® Since the 1960's
BLCs have been analysed trying to accurately determine a point in this curve that
predicts endurance performance. Although many terms have been used for this
point, in this work they will be termed lactate threshold (LT) concepts. BLcs and LT
concepts can be used to assess ‘endurance fitness’in athletes,’® and to evaluate the
effects of and to prescribe training exercises for individual athletes.** Therefore
these measures are relevant in sports medicine, both in amateur and professional
sports. Butas LT is based on a maximal exercise test protocol that does not directly
mimic endurance exercise, finding a single point in the resulting BLc that has a
strong relation to endurance performance is challenging. Moreover, determining
where this single point lies in the relatively smooth curve, that is the result of a
complex system of factors, can prove difficult as well. On the other hand, the more
accurate method of determining maximum lactate steady state (MLSS), using
several sessions with different workloads takes more time, which is the reason why
an approximation of MLss using lactate threshold concepts was developed.”

A previous literature review showed that there are many methods used to
analyse the BLCs, with approximately 25 different concepts identified in literature
to describe some form of LT.° These different concepts are used interchangeably
throughout scientific studies and in sports and show variable repeatability and
predictive value. Moreover, populations that were included in different studies
often differed in training status, age and category of sport. For these reasons
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there is debate about these LT concepts.® The aim of this study is to evaluate the
repeatability and predictive value of representative concepts using a large dataset
of BLCs from a group of well-trained cyclists who performed multiple cxTs, time
trials (TT) and an uphill road race (rRR) in the setting of a clinical study.

MATERIALS AND METHZLDS
Study design and participants

Blood lactate curve data in this paper were generated in a previously published
study.' Briefly, the study was a double-blind, randomised, placebo controlled,
parallel, single centre trial to evaluate the effects of recombinant human
erythropoietin (rHuepo) in forty-eight healthy male cyclists aged 18 to 5o0.
Informed consent was obtained from all individual participants included in
the study. The study was approved by the Independent Ethics Committee of the
Foundation Evaluation of Ethics in Biomedical Research (Stichting Beoordeling
Ethiek Biomedisch Onderzoek, Assen, Netherlands). The study is registered in the
Dutch Trial Registry (Nederlands Trial Register), number NTR5643. For inclusion,
participants had to be well-trained, as evaluated by a maximum power-to-weight
ratio during the cXT at screening that should exceed 4 W/kg. During the eleven
week study duration, twenty-four participants received weekly rHUEPO injections
and twenty-four received placebo injections for eight weeks. Participants had to
maintain their regular training schedule during the study.

Procedures

Maximal exercise tests

Five cxTs were performed on a Monark Lc4rergometer (COSMED, Rome, Italy) with
approximately 2-week intervals between each test, see Figure 1. After a two-minute
warm-up at75Watts, the GxT dictated anincreasein pedalling resistance to175 Watts,
whichincreased by anadditional 25 Watts every five minutes. Between 4:15and 4:45
intoeach stepandimmediately aftertermination of the exercise test, blood was drawn
to measure bLa. Gas exchange was measured using a Quark CPET system (COSMED,
Rome, Italy) and breath-by-breath samplingtechnology. During the test cadence had
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to be maintained between 7o and 90 rpm. The test terminated when cadence could
not be maintained above 70 rpm orwhen a participant stopped the test.

Lactate determination

During the cxTs blood for lactate determination was drawn via an 1v cannula
(Venflon 7 Pro Safety, BD, Switzerland) with a 30 cm extension set between the
cannulaandathree way stopcock for blood samplingin the antecubital vein. Before
the firstand after every sampling the stopcock and extension set were flushed with
2 mL saline. Before blood sampling 0.5 mL was withdrawn from the stopcock to
remove any remaining saline. Next, 1 mL of blood was taken from the stopcock.
Within ten seconds from withdrawal the blood was placed on the Lactate Pro 2
(Arkray, Kyoto, Japan) strip which was then inserted in the Lactate Pro 2 device.
The same device was used throughout the whole study and was given at least 20
minutes to adjust to the room temperature before sampling.

Timetrial tests

The time trial tests were performed twice on the same ergometer used for the
GXT, with the first (TT1) 3-8 days after the first GXT and the second (T72) one week
after oxT four. Participants were instructed to produce the highest mean power
outputduring a 45-minute period at a cadence of 70-90 rpm, attempting to mimic
competitive cycling time trials. At the start of the test pedalling resistance was set
at 80% of the maximal power reached during cxT1. Participants could adjust the
power by indicating toincrease or decrease in power by steps of 10 Watts. They were
informed of the remaining time on a regular basis during the test.

Mont Ventouxrace

Approximately one week after the last GXT participants competitively climbed the
Mont Ventoux (Vaucluse département, France) via Bédoin,a climb of approximately
21.5kmwithan average gradientof 7.5%. The race was preceded by a stage of 110 km
in the French Provence (total elevation gain 1524 m) that was completed collectively.
Racing bikes of participants were equipped with a Single Leg Power Meter sGy-
PM910H2 (Pioneer Europe, Antwerp, Belgium) with Shimano Ultegra 6800 crank
(Shimano, Osaka, Japan) to log power data on the bicycle during the race. Data were
uploaded to the dedicated database Cyclo-Sphere.

CHAPTER 5- REPEATABILITY AND PREDICTIVE VALUE OF LACTATE THRESHOLD CONCEPTS IN ENDURANCE SPORTS 109



Lactate threshold concepts

The BLcs from the GxTs were then used to calculate several representative LT
concepts. Concepts were selected as follows: First, published concepts were
retrieved from a review by Faude et al® and by a literature research within the
PubMed database. The database was searched for the search terms ‘lactate
threshold’, ‘aerobic threshold’, ‘anaerobic threshold’, ‘endurance performance’
or ‘maximal lactate steady state’ or similar terms in different combinations. The
references of the selected articles were searched for further relevant articles.
Secondly, retrieved concepts were divided into seven different categories: Fixed
bLa value, Visually determined rise from baseline, Predetermined incredse, Intersection
of tangents and other derivatives, Minimum lactate equivalent, Using the recovery blLa
curve, Tangent to bLa curve. A few retrieved concepts could not be implemented,
reasons being lacking lactate concentrations in the recovery phase after exercise
and no availability of the full text article describing the method of the concept
despite various efforts obtaining it. (Using the recovery bLa curve; Tangent to bLa curve).
From each remaining category, concepts that were representative and were used
frequently in other research were selected. If there were multiple concepts in one
category that were commonly used and fundamentally different in methodology,
more than one concept of that category was included in the analysis. Selecting
multiple commonly used, but very similar concepts from one category was not
deemed useful forthe purpose of this study. This resulted in a final selection of eight
concepts from the fiveimplementable categories foranalysis in our study.

Implementation of lactate threshold concepts

All selected concepts were implemented according to the articles that described
the concept. When exact reproduction of the method was not feasible due to the
use of different parameters (e.g. running velocity was used), we approximated
the description as close as possible (e.g. we used power output). For concepts that
required data fitting of the blood lactate curve a third-order polynomial was chosen,
based on the shape of the blood lactate curve data and given that it is a proven
method, although there is no generally accepted method for data fitting.® An
example of a blood lactate curve with a depiction of all lactate threshold concepts
isshownin Figure 2.
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LT1 Similarto what Tanaka described™ we plotted bLa (mmol/L) versus power
(W). Three authors (JH, wdMK and PG) were asked to independently select the
first pointin the BLC that marks a substantial increase above resting level. LT1 was
defined as the power value corresponding to the point selected by at least two
researchers, or in cases without consensus, the three researchers discussed until
consensus was reached.

LT2 Coyle et al™ determined LT as 1 mmol/L above a visually determined
baselineinthe BLc. We took the lactate measurement chosen as LT1and calculated
the mean of the measurements preceding this point to create an average baseline
value. The power value belonging to the first measured lactate value after baseline
thatsupersedes the baseline value plus1 mmol/Lwas considered LT2.

LT3 As Dickhuth et al,”> we determined the minimum lactate equivalent (the
lowest value when bla is divided by work intensity) using third-order polynomial
fittingand added 1.5 mmol/Lto the corresponding bLa, termed individual anaerobic
threshold in the paper, to find the power value on the fitted polynomial of the BLC
and termed itLT3.

LT4 As described by Amann et al,’® we calculated the first rise of 1 mmol/L or
more between two bLa measurements where the next rise was similaror largerthan
1mmol/L. The measurement that preceded this firstincrease was considered LT4.

LTS Based on the method described by Dickhuth et al,'”” we divided blLa
(mmol/L) by the 30 second average vo, (mL/min/kg) and plotted it against power.
Thesevalues were interpolated with a third-order polynomial and the powervalue
atthe lowest pointin this curve was considered LTs.

LT-4MMOL Awidely used concept is the LT-4mmol method, as described for
example by Sjodin et al'® The power in the interpolated third-order polynomial BLC

that corresponds to a bLa of 4 mmol/L was considered LT-4mmol.

Dmax AND Dyax MODIFIED  Similar to the method proposed by Cheng et
al,” we plotted bLa versus power, interpolated with a third-order polynomial and

CHAPTER 5- REPEATABILITY AND PREDICTIVE VALUE OF LACTATE THRESHOLD CONCEPTS IN ENDURANCE SPORTS m



plotted a line from the first measurement to the last measurement. The pointin
theinterpolated BLcC that has the maximum perpendicular distance with that line
was considered Dmax. A modified version as described by Bishop et al,?° uses the
measurement that precedes an increase of at least 0.4 mmol/L instead of the first
bLa measurementto draw the line to the last measurement, which is termed Dmax
modified (Dmax-mod).

Data management

Data was stored in a validated database system (Promasys, Omnicomm Inc,,
Fort Lauderdale, usa) and checked for accuracy and completeness. Blinded data
review before code-breaking and analysis was performed according to a standard
procedure atour unit. Thisincluded evaluating whether the cxT was performed to
maximal ability, which was based on power, vo, and bLa values and report by the
subject.

Statistical analysis

We used statistical software R version 3.4.0%' to plot measurements, calculate the
third-order polynomial that best fits the data using polynomial regression with the
R-function Im(y~poly(3)), implement the LT concepts and perform the statistical
testing. R was used with the following packages: dplyr 0.5.0,2% psych 1.7.5,23 tidyr
0.6.3.2* Data of all subjects enrolled in the study were used in the analysis.

Repeatability

To measure repeatability we determined the weighted intra-subject coefficient of
variation (cv) and the Cronbach's alpha based on the five GxT results for each LT
concept. Weighted intra-subject cv was calculated correcting for missing values
(cv based on the sum of the variance per subject multiplied by the amount of
measurements, divided by the total amount of measurements). Both the weighted
intra-subject cv and Cronbach's alpha were calculated only using data from
participants receiving placebo, as there might have been longitudinal effects of
rHUEPO treatmenton the GXTs.
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Predictive properties

For the predictive properties we calculated the Pearson correlation betweeneach LT
conceptand the mean power of the corresponding relevant endurance parameter.
The LT concept from the GXT closestin time to the endurancetests TT1and TT2and
road race (see Figure1), namely GXT1,4 and 5 respectively, were used for correlations
between the LT conceptand corresponding average power output. In addition, the
difference between each measurement pairwas calculated and averaged to create
the mean difference between the LT concept and endurance test power. This value
indicates how the power at the LT concept translates to average endurance powerin
atimetrial orrace. Forthese Pearson correlation and mean difference analyses both
subjects receiving rHuerPo and placebo were included. This was done as LT concepts
are designed to be a predictive parameter for endurance exercise, which should be
irrespective of a subject being treated with rHuePO or not. In addition, given that the
measurements of each pairareat mosta week apart, no changesin the LT conceptor
endurance performance are expected due to rHUEPO. Moreover, GXT1and TT1 were
performed before starting the treatment period, and no rHuEPo administrations
took place between cxT5 and the race. For these analyses therefore no treatment
effect was expected and pooling was considered appropriate.

RESULTS

In total 49 subjects entered the study, of which 47 were completers (Figure 3); one
subject dropped outafter having performed the first cxTand time trial testand was
replaced. One other subject dropped out after completing two GxTs and one time
trial test and was not replaced. Subject characteristics can be found in Table 1. Of
the remaining 238 planned cxTs, five were not performed due to illness or injury.
Anadditional 22 were excluded from analysis, five due to having less than four bLa
samples for the cxT, most others due to the fact that subjects indicated having
physical problems (e.g. illness/injury, sore legs from recent exercise) potentially
affecting test results, leaving 211 cxTs (of which 109 from placebo subjects) with
analysable lactate threshold data. A total of 96 time trial tests were performed and
used in the analysis, and power data of 37 subjects was available for the road race.
Out of the 47 subjects that completed the study, three could not participate in the
road race, fourdid not reach the finish line due to exhaustion,and three did not have
a power meter on their bike, therefore lacking power data for the road race.
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Lactate threshold concepts and endurance

Alleight LT concepts were successfullyimplemented on the cxT data; for LT1 which
was determined visually by three researchers, a unanimous decision about the
lactate threshold was reached in 56.8% of the tests, in 40.0% of the cases two out
of three researchers agreed and there was originally no consensus in 3.2% of the
tests. Several concepts were based on the third-order polynomial data fitting, mean
r-squared values of allindividual curves were 0.978 (SD=0.032, range 0.716-1.000).
Mean values for each LT concept of the placebo group can be found in Table 2. Mean
(sp) power output for TT1 was 268 W (28 W) in the placebo group and 271 W (29
W) in the rHuePO group, and estimated mean for TT2 was 277 W and 283 W for the
placebo and rHuEPO groups respectively. Estimated mean power during RR were
266 W and 257 W for the two groups, during a mean race time of1h37min 45s (sp
=12min40s)and1h38 min23s(sp=14 min9s), respectively.

Repeatability

The overall intra-subject cv of each LT concept is indicated in Table 2, and shows
some minor differences between concepts, with LT3, LT-4mmol, Dmax and Dmax-
mod having cvs < 5% and LT5 having the highest intra-subject cv with 8.1%. The
Cronbach's alpha values for all LT concepts in the placebo group are between 0.89
and 0.97and although 95% cis largely overlap, the same four concepts as observed
forintra-subject cvs perform best with Cronbach's alpha values >0.95 (Table 3).

Predictive properties

Pearson correlation coefficients and the mean difference between each correlation
pair are listed in Table 4. All correlations are highly significant (p<0.0002),
indicating the null hypothesis that the correlation is equal to zero can be rejected.
Thestrength of the relationship differs for different concepts. Correlation with TT1
was very strong for Dmax-mod and strong for all other concepts except LT5, which
showed a moderate correlation. Correlation with TT2 was strong for all concepts
except LT5, which showed a moderate correlation. Correlation with RR was strong
for Dmax and Dmax-mod, and moderate for all other concepts. Dmax-mod has
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the highest correlation with time trial test1(r=0.94), LT-4mmol with time trial test
2 (r=0.85) and Dmax-mod with road race power (r=0.76). The mean difference with
theendurance parameters differs substantially between concepts, ranging fromthe
lactate threshold on average being up to 45.3 W lower than the related endurance
parameter for LT5 to 36.6 W higher for LT-4mmol. Linear regression between each
LT conceptand average race power, including accompanying r*values, is plotted in
Figure 4.

DISCUSSIGN

All'LT concepts that were included in this analysis performed good on repeatability
and reasonable to good on predicting alab-based timetrial and a real-life road race.
Nevertheless, this study identified several LT concepts that outperformed the others
inthe setting of this trial. The best method being Dmax-mod, but Dmax, LT-4mmol
and LT3 performed well too.

Methodology

The design of the exercise protocol, for example stage duration, is known to impact
blood lactate curves.z>2¢ We selected an exercise protocol with five minute stages
and 25 W increments because it takes 3-4 minutes for the body to reach steady
state and lactate accompanying that effort level can be measured accurately.?’
In addition, longer protocols may be more sensitive to performance changes.?
As described in more detail elsewhere,'? GXT results show our subjects were well-
trained with maximal power output and vO,max values comparable to elite cyclists
and triathletes when using longer exercise protocols.?82° All evaluated concepts
were applied to data from the same exercise tests, with the same sampling and
assay method, and the same fitting procedure was used for those applicable
concepts. As a result such factors could not have affected the comparison between
concepts within this study. The current study was designed in that way to give the
most accurate estimate of performance parameters and its controlled set-up seems
to be the most robust and valuable way to determine differences between concepts.
Nevertheless, when any of these factors are changed (e.g. using a different exercise
test protocol) itis possible the outcomes might not translate perfectly. With regards
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to data fitting, the third-order polynomial in the applicable concepts performed
well given the high mean r-squared values observed.

Selection of concepts

After inspection of all identified lactate concepts, it became clear that there were
similarities between quite some of them. For this reason, the concepts were grouped
into categories, and a selection was made of concepts to be analysed to have at
least one representative per category and thereby ensuring that results from this
study would be informative for all regularly used lactate concepts. The selection
includes conceptssuch as a fixed lactate value (usually at4 mmol/L) and the visually
determined LT concepts that have been used since the conception of the LT, and
more recent conceptssuch as LT3, T4 and Dmax and Dmax-mod.°

Mean threshold

The mean power output (Table 2) is relatively constant over time for each concept.
These results confirm there was no placebo-effect on any of the LT concepts,
although suchanimpactwould already theoretically be improbable. What canalso
beseenisthatnotall concepts seem to identify the same pointinthe blood lactate
curve: LT5 gives the lowest estimate of LT (228.4 W), much lower than other concepts
(274.1-302.7 W). LT-4mmol and Dmax-mod have the highest estimates (302.7 and
301.5 W), indicating these concepts identify different intensities of performance
and have different physiological meanings. Applying the terminology as described
in Faudeetal ® based on mean threshold and mean difference with TTand RR (Table
4),some concepts seem to be more related to the aerobic threshold (LT5), others to
the aerobic/anaerobic transition (e.g. LT1, LT4, Dmax) or the anaerobic threshold
(LT-4mmol, Dmax-mod).

Repeatability

Intra-subject cvs over all five measurements were low (3.4-8.1%) and Cronbach's
alphas high (0.89-0.97), indicating repeatability of all concepts over the study
period of approximately 8 weeks was good. This corresponds well to previous
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findings of repeatability for power or speed at different lactate concepts, both in
terms of cv, determined at 1.3-5.9% in a meta-analytic review,3° and in terms of
Pearson correlations 0.88-0.96"320or1cC 0.98-0.99.33 One study applied different
LT concepts to the same dataset from two exercise tests and showed that intra-
subject cvs and correlation was good for LT2, LT-4mmol and a concept similar to
LT4 (cV 3-4% and r > 0.85), but not for Dmax (10.3% and 0.57).3* Our data, based
on more subjects (24 versus 14) and more measurements per subject (5 versus 2),
disputes this relatively poor repeatability for Dmax. However, our study does show
differences between concepts, with LT3, LT-4mmol, Dmax and Dmax-mod having
the lowest intra-subject cv (<5%) and the highest Cronbach's alpha (>0.95).

Correlation with performance

As we have established that cv and repeatability for all LT concepts was good, the
most relevant question is whether these concepts correlate to actual endurance
performance. As previously indicated, it is highly unlikely that the rHuepoO
treatmentimpacted this particular correlation analysis. When analysing the groups
separately,some differencesin correlation coefficients could be observed between
the two groups (data notshown), but these differences were already present for the
correlation between GxT1and TT1 when treatment had not yet started, indicating
that this was not due to rHUEPO treatment. Because combining all subjects
generates more informative and robust results being based on a bigger population,
pooling the groups was considered justified.

Datain Table 4 show that forall concepts correlations with time trial tests were
higher compared to the road race (based on all subjects median of all concepts
r=0.875 for TT1and 0.82 for TT2, versus 0.61 for RR). This is most likely partly due to
additional variability in the road race due to the circumstances (e.g. weather, uphill
racing with changes in steepness over the course, and differences in race duration
(range 72-126 minutes)). Possibly there was also a minorimpact of using different
equipment for power measurement during the RR, as it was not measured on the
ergometer but on the subjects’ bike. What canalso be seenis that correlation of the
LT concepts with TT1in general is slightly higher than with TT2. More importantly
however, correlation for both time trials show that the ranking among different
conceptsis very similar, confirming the results are robust. It seems thatin general,
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using a technique of interpolation for the BLC has superior performance, as LT
concepts thatwere based on the third-order polynomial derived from the individual
lactate concentration measurements (LT3, LTS5, LT-4mmol, Dmax, Dmax-mod)
performed better than the ones that used actual measured bla values without
interpolation (LT1, LT2 and LT4), with the exception of LT5. This poor performance
of LT5 is most likely due to the fact that it is conceptually different from the other
concepts; itis the power at the minimum lactate equivalent, in this case the lowest
value for the lactate-vo, ratio. In contrast, LT3 also uses a form of the minimum
lactate equivalent, but it adds 1.5 mmol/L to this value. As can be seen in Table 2
and Figure 2, this leads to LT5 on average determining a point even before the first
risein lactate concentration as determined by LT1. This concept therefore relates to
much lower (aerobic) work intensities than the other concepts. Additionally itis less
repeatable (see Table 3). From all tested concepts LT5 correlates least with 45 min
TT performance, but for the longer RR performance relative to the other concepts it
performssomewhat better than for T7. This could mean that s this conceptis more
related to long-term exercise efforts.

Many studies previously evaluated correlations of LT concepts with endurance
performance, of which most used running performance. An overview of these stud-
ies by Faude et al shows a median r=0.84-0.92 for several different LT concepts for
endurance distances (>5km),? comparable to our results. There are fewer studies
thathave compared LT concepts and their correlation with different types of cycling
endurance performance,'6:29:263538 byt correlation with endurance performances
(30-90 minutes) for each concept seem to vary between these studies, see Table 5.
Inaddition, the comparison between concepts within these studies shows varying
conclusions about which is the best concept. This could partially be due to differ-
ences between studies, forexample study populations differ (mean vo,max ranges
from 48 to 68 mL/min/kg, and some studying female, others male cyclists and/or
triathletes). However, they are more or less as heterogeneous as our population
with an spD of 4-8 mL/min/kg on vO,max. The applied exercise protocols all used
long stages similar to ours (3-5 minutes), although the increases in workload differ
(20-50 W). Finally, correlation to endurance exercise was based on time trials that
lasted between approximately 30 to 90 minutes (our TT of 45 min at the lower end
and RR of on average 98 min at the higher end), a difference that might impact
the correlation to different LT concepts. Nevertheless, taking these differences into
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account, comparison is possible, albeit with some caution. Moreover, a robust and
valid LT conceptshould performwellin any of these datasets. What can be observed
isthatall these concepts except LT1, Dmax and Dmax-mod have shown correlations
below 0.75, and thatin all four direct comparisons that evaluated both Dmax and
LT-4mmol, Dmax showed a higher correlation. This latter finding could be due to
the fact that LT-4mmol is less robust to changes in settings such as exercise pro-
tocol duration, sampling site and lactate analyser because of its fixed nature. Our
study expands on this information, and compared to previous studies as reviewed
in Table 5, is based on approximately 2-4 times more subjects, therefore allowing
for more robust conclusions. This is especially true since our population is a hetero-
geneous well-trained, and therefore relevant, group (range maximal power output
at baseline 256 — 425 W). Similar to what can be extracted from the literature, our
study too shows that Dmax and Dmax-mod have highest correlations with time
trial performance, although LT-4mmol and LT3 show a similarly high correlationin
ourstudy. For the correlation with RR, there are slightly larger differences between
concepts. Correlation is highest for Dmax and Dmax-mod, mainly because for the
other concepts correlation for a few subjects is very poor, as visualised in Figure 4
(e.g. for LT-4mmol). These findings combined, we conclude that Dmax, and even
more so Dmax-mod, have the best correlation with endurance performance. One
recent study evaluated correlation between mLss, which could be considered to
be the gold standard for the physiological endurance threshold, and different LT
concepts generated from cxTs with different protocol durations.?é This study con-
cluded that fora cxT with 4-minute steps (mostsimilarto our GXT), correlation was
high for many of the concepts, but validity was highest for LT-2.5mmol, Dmax-mod,
and two modified versions of Dmax-mod. In contrast, LT2, LT-4mmol and Dmax
showed much higher mean differences with mLss and therefore were designat-
ed as invalid estimates of mLss. Combining these findings with our own results,
Dmax-mod determinedina GXT with approximately 5-minute stagesis bothavalid
estimate of MLss and has a high correlation with actual endurance performance.

Absolute power difference

The mean difference of each concept with the endurance parameter gives an
indication of how the absolute power of the LT concept corresponds to the average
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power produced during TT and RR. On average, power is higher compared to the
endurance test for each concept (except the poorest performing concept LT5). This
difference in power between LT concepts and endurance test is possibly due to
having to sustain the power for a much longer time during the endurance tests,
needing a systematic lower power in order to cope with the effort. Interestingly,
Dmax-mod and LT-4mmol, concepts that show among the highest correlations,
have the largest difference in absolute power (approximately 30 W). Given the
high correlation with performance this should not disqualify these concepts, but
one should take into account that there is a systematic difference with endurance
performance of approximately 30 W.

CONCLUSILINS

LT concepts are correlated with endurance performance, but a review showed that
many different concepts are used in literature, which isundesirable.® Also for cycling
performance, there is no consensus on which LT concept should be applied and
resultsvary highly.'¢:2935-38 |n this study we compared eight different representative
LT concepts on the same large cycling performance dataset to evaluate repeatability
and predictive properties. All concepts showed high repeatability, and correlated
with endurance performance. However, LT3, LT-4mmol, Dmax and Dmax-mod
showed the best repeatability, and had the highest correlation with time trial
performance. As correlation with performance was consistently high for Dmaxand
Dmax-mod, also with the uphill road race, the latter performing slightly better on
each criterion, and because Dmax-mod was previously shown to be a valid estimate
of mLss, we would recommend using Dmax-mod when analysing the blood lactate
curve.
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FIGURE1 STUDYDESIGN Study designshowing timing of different tests. Time point o weeks
indicates start of treatment (rHUEPO or placebo) for all participants. cxT, graded exercise test; TT,
time trial test; RR, road race.
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FIGURE2 GRAPHICALREPRESENTATION OF LACTATE THRESHOLD CONCEPTS Exampleofa
blood lactate curve with the location of the different lactate threshold concepts for this particular
curve. Open circles: observed blood lactate values at each exercise intensity; Black curve: third-order
polynomial; Black dashed line: baseline; Light grey circle and arrow: LT1, observer-determined first
risein blood lactate; Medium light grey circle and arrow: LT2, first observed blood lactate value
more than1mmol/Labove baseline; Ligtest grey circle and arrow: LT3, minimum lactate equivalent
(blood lactate divided by power) plus 1.5 mmol/L; Medium dark grey circle and arrow: LT4, first blood
lactate value that shows an increase of at least1 mmol/L; Grey circle and arrow: LT5, minimum lactate
equivalent (blood lactate divided by vo3); Light grey circle and arrow and dashed line: LT-4 mmol,
value at 4 mmol/L; Darkest grey circle and arrow and dashed line: Dmax, value with the maximum
perpendicular distance to the polynomial from the dashed line; Dark grey circle and arrow and
dashed line: Dmax-mod, value with the maximum perpendicular distance to the polynomial from
the dashed line.
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FIGURE3 CONSORTFLOWCHART
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FIGURE4 LINEARREGRESSION LACTATE THRESHOLD CONCEPT POWER AND AVERAGE RACE
POWER Linearregression of lactate threshold power and average race power per LT concept forall
subjects depicting linear regression line (solid line) and 95% confidence interval (dotted lines). r2.
R-squared or coefficient of determination is the proportion of the variance in the dependent variable
thatis predictable from theindependentvariable.
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TABLE1 SUBJECTDISPOSITION Valuesare presented as mean (standard deviation (sb) where
appropriate; range). VO, max: maximal oxygen consumption.

Allsubjects Placebosubjects
N 48 24
Age (years) 33.6(20.0-50.0) 33.8(20.0-50.0)
Weight (kg) 76.9(9.0;59.2-95.6) 76.9 (8.9;59.2-95.6)
Height (cm) 186(7.3;172-203) 186 (6.7;174-203)
Maximal Power output per kg (W/kg) 4.36(4.03-5.18) 4.36 (4.03-4.94)
VOzmax (mL/min/kg) 55.7 (4.6;45.3-67.5) 56.0(4.1;47.0-62.8)

TABLE2 MEAN LACTATE THRESHOLD CONCEPT POWER OUTPUT Weighted mean power output
(sp; range) for the placebo group at every exercise test. Overall combined power output (based on
109 GXTs) foreach lactate threshold concept (cv). cv is weighted intra-subject cv.

GXT LT1 LT2 LT3 LT4 LTS LT-4MMOL  Dmax Dmax-mod

number (W) (W) (W) (W) (W) (W) (W) (W)

1 283.3(29.9; 292.9(37.2; 286.1(32.9; 275.0(41.1; 225.0(31.2; 301.8(41.0; 275.7(24.6; 299.5(35.3;
225-350) 250-375) 219-352) 200-350) 175-283) 222-381) 222-323) 225-367)

2 283.0(22.3; 293.2(31.0; 288.7(29.2; 276.1(34.0; 231.8(25.7; 305.0(33.0; 280.0(23.6; 301.2(28.7;
225-375) 250-375) 231-373) 175-375) 175-300) 234-389) 233-339) 237-369)

3 281.0(29.5; 290.5(27.9; 285.7(26.3; 272.6(33.5; 224.5(29.5; 300.8(28.9; 278.7(20.9; 297.5(29.6;
225-400) 250-400) 240-390) 225-375) 175-318) 253-411) 250-343) 257-413)

4 283.7(35.8; 292.4(38.0; 291.6(29.1; 272.8(36.9; 229.8(29.5; 307.0(34.2; 284.0(22.7; 308.7(35.6;

225-400) 225-425) 240-392) 200-400) 175-323) 249-415) 232-338) 251-396)

5 278.3(28.5; 290.2(37.5; 285.0(31.6; 271.7(37.9; 230.4(30.5; 297.2(38.9; 280.3(20.3; 298.9(29.2;
225-325)  225-350)  216-339)  200-350)  175-274)  204-364)  245-325)  253-365)
Overall  282.1(5.7%) 292.2(5.0%) 287.7 (3.6%) 274.1(5.6%) 228.4(8.1%) 302.7(3.8%) 280.0(3.4%) 301.5(4.3%)

TABLE3 CRONBACH’S ALPHA FOR EACH LACTATE THRESHOLD CONCEPT Cronbach’salpha for
the placebo group for each lactate threshold concept with 95% confidence interval (c1).

Lactate threshold concept Cronbach'salpha Lower 95%cCl1 Upper95%:cl1
LT1 0.91 0.85 0.96
LT2 0.95 0.92 0.98
LT3 0.97 0.94 0.99
LT4 0.94 0.91 0.98
LT5 0.89 0.82 0.96
LT 4-mmol 0.96 0.94 0.99
Dmax 0.96 0.93 0.98
Dmax-mod 0.96 0.94 0.98
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TABLE4 PREDICTIVE VALUE OF LACTATE THRESHOLD CONCEPTS  Pearson correlation between
each lactate threshold conceptin GxT1and time trial test1(TT1), GXxT4 and time trial test 2 (T72) and
GxT5and average road race (RR) power for all subjects combined. All correlations are significant
(p<0.0002). To determine potential differences in power output between the LT concept and time
trial power or race power, mean difference (sb) between each measurement pair is calculated.
Negative values indicate lactate threshold power is higher than exercise test average power.

6

Lactate threshold concept Pearson correlation Mean difference (sD) A D D I T I v E E F F E CT
T TT2 RR T TT2 RR
1=42 n=46* n=34° n=42 n=46" n=34"
LT1 0.78 0.74 0.54 -11.3(18.3) -8.7(22.1) -9.8(37.2) o F E RYT H Ro Po l ETI N u s E
LT2 0.87 0.80 0.53 -23.2(16.0)  -18.5(19.3) -27.4(39.3) -
LT3 0.88 0.84 0.64 -16.2(14.3) -16.1(18.1) -21.9(33.8) ON EXERCISE I N DUCED
LT4 0.78 0.82 0.61 -3.5(23.7) -0.6(26.2) -13.5(36.1) E N DOTH ELIAL
LTS 0.67 0.65 0.58 43.7(21.7) 45.3(23.5) 39.1(35.9)
LT-4MMOL 0.88 0.85 0.61 -31.7(19.4) -32.3(23.0) -36.6(36.1) ACT I VAT I o N A N D
Dmax 0.89 0.82 0.73 -4.4(12.1) -3.8(15.8) -13.4 (32.4)
Dmax-mod 0.94 0.84 0.76 -27.3(11.8) -29.9(16.6)  -33.7(29.1) HYPERCOAGU LAB I lITv

aforLTs n=44;bforLTsn=32

IN ATHLETES

TABLE5 REPORTED CORRELATIONS BETWEEN LT CONCEPTS AND ENDURANCE PERFORMANCE
Literature data for LT concepts and correlation with 30-90 minute-during performances. LTlog: the
power output at which blLa starts to increase when log(bLa) is plotted against log(power output).

Correlation Lactate threshold concept

reportedin

publication LT LT2 LT4 LT-4MmMOL  Dmax Dmax-mod LTlog
Amann'® - 0.72 0.59 0.60 - - z
Bentley?” - - - 0.54 0.77 - 0.91
Bishopm 0.81 - 0.61 0.81 0.84 0.83 0.69
Borszcz®® - 0.31 - 0.56 0.75 i -
McNaughton® - - - 0.90 0.91 - 0.86
Nichols3¢ - - 0.88 0.67 z z i
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ABSTRACT

Recombinant human erythropoietin (rHUEPO) is used as doping

a substance. Anti-doping efforts include urine and blood testing

and monitoring the Athlete Biological Passport (ABP). Data on the
performance of these methods are incomplete, therefore this study
aimed to evaluate the performance of two common urine assays and
the ABP. In a randomised, double-blinded, placebo-controlled trial,

48 trained cyclists received a mean dose of 6000 1U rHUEPO (epoetin-
beta) or placebo by weekly injection for 8 weeks. Seven timed urine and
blood samples were collected per subject. Urine samples were analysed
by sarcosyl-PAGE and isoelectric focusing methods in the accredited
DoColab in Ghent. A selection of samples, including any with false
presumptive findings, underwent a second sarcosyl-PAGE confirmation
analysis. Haematological parameters were used to construct a module
similar to the ABP and analysed by two evaluators from an Athlete
Passport Management Unit. Sensitivity of the sarcosyl-PAGE and
isoelectric focusing assays for the detection of erythropoietin abuse were
63.8% and 58.6%, respectively, with a false presumptive finding rate of
4.3% and 6%. None of the false presumptive findings tested positive

in the confirmation analysis. Sensitivity was highest between 2-6 days
after dosing, and dropped rapidly outside this window. Sensitivity of
the ABP was 91.3%. Specificity of the urine assays was high, however,
the detection window of rHUEPO was narrow, leading to questionable
sensitivity. The ABP, integrating longitudinal data, is more sensitive,
but there are still subjects that evade detection. Combining these
methods might improve performance, but will not resolve all observed
shortcomings.

INTRODUCTION

Athletes have used drugs to enhance sports performance throughout history,
despite all efforts to ban these doping substances. To detect cheating athletes, the
World Anti-Doping Agency (WADA) oversees a global doping control system, using
blood and urine samples thatare collected both in competition and out of competi-
tion. If an athlete is tested positive, this will usually lead to a suspension of two or
fouryears, depending on the substance thatis found and the circumstances of the
case, up to lifetime ineligibility for recidivists.! One substance thatis widely abused,
especially in endurance sports, is recombinant human erythropoietin (rHUEPO).
rHUEPO has shown to positively affect maximal performance (e.g. >*) and although
there is a lack of clear scientific proof whether it also improves actual endurance
performance,* the beliefin erythropoietin's effects on performance amongathletes,
their staff and the general public is overwhelming. Recent confessions to rHUEPO
misuse by many cyclists from the 1990-2010 era, including former champions like
Lance Armstrong, unfolded a rHuUEPO epidemic, at least within cycling. Testing for
rHUEPO use was introduced in 2000, and results from the testing figures published
by WADA seem to indicate that rHuePO is still used by athletes.® In the period 2012-
2017,° a total of 200.451 urine samples were tested for presence of erythropoiesis
stimulating agents (EsAs) and 305 samples (0.15%) produced adverse analytical
findings (AAFs). Inaddition,12.966 blood samples were tested, of which 61samples
(0.44%) produced AAFs. These AAFs are interpreted as proof an athlete used an
ESA.Inaddition to these specific tests for rHuePO, the WADA introduced the Athlete
Biological Passport (ABP) in 2009, in which several biomarkers of an individual are
measured longitudinally. The haematological module containing haematologi-
cal markers is applied to monitor use of erythropoiesis stimulating agents such as
rHUEPO. Abnormalities in these markers can be used to start targeted testingin that
individual, orevenasadopingviolation by itself.

Although doping tests are intended to discourage athletes from using doping,
detect the ones that are violating doping rules, and protect the athletes that play
fair, their ability to do so completely depends on the performance of the tests and
anintelligenttesting program collecting samples within the window of detection.
While technical documents describing the urine assays for detecting ESA use are
available through wapa®and articles on the methods are published,” " the critical
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assay characteristics of sensitivity and specificity and the detection window, based
on well-designed blinded studies, are not sufficiently (publicly) available.’> We
believe that scientific evidence underpinning internationally and widely applied
doping tests should be available in order to understand the value of the tests,
protect fair playing athletes and collaborate on improving doping detection. For
that reason, we aimed to evaluate the performance of three main methods being
used in rHuEPO detection by determining sensitivity and specificity of the sarcosyl-
PAGE and Isoelectric Focusing (IEF) assays on urine samples, and of the ABp and its
haematological module.

METHLDS
Study design and participants

Forthe purpose of this study, blood and urine samples were used that were obtained
in a double-blind, randomised, placebo controlled, parallel, single centre study
on rHUEPO, in which forty-eight healthy male cyclists between 18 and 50 years
of age were included. The design of this trial was described elsewhere.* In short,
the main inclusion criteria were maximum power-to-weight ratio during the
maximal exercise test at screening exceeding 4 W/kg, Hb between 8.0 and 9.8
mmol/L (equivalent to 12.8 — 15.7 g/dL) and Ht below 48% at screening and not
being subject to anti-doping regulation or using medication that could potentially
interact with the study drugs or study assessments. All participants gave written
informed consent prior to any study-related activity. The study was approved by
the Independent Ethics Committee of the Foundation ‘Evaluation of Ethics in
Biomedical Research’ (Stichting Beoordeling Ethiek Biomedisch Onderzoek), Assen,
NL. The study is registered in the Dutch Trial Registry (Nederlands Trial Register,
NTR) under study number NTR5643.

Randomisationand masking

Randomisation to the rHuEPO or the placebo group (1:1) was done by a randomisa-
tion code generated by an un-blinded statistician who was otherwise not involved
in the execution of the study. Enrolment of subjects was performed by a blinded
study physician.
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Procedures

Treatment

Epoetin-beta (NeoRecormon, Roche, Basel, Switzerland), prepared from multidose
vials containing a lyophilisate of 50 000 1U epoetin-beta and 10 mL solvent for
solution for injection, or saline (0.9% NacCl) was administered subcutaneously
with weekly abdominal injections for 8 weeks. Dosing aimed to reach a target Hb
of10-15% increase compared to the baseline Hb value, similar to previous studies
investigating effects of rHuEPO on performance.”™ The first four injections contained
5000 IU per injection and the dose was modulated by an un-blinded, non-study
related physician to 6000 1U, 8000 1U or10 000 1U in the final four weeks in case the
Hb level was below the target range, doses similar to known practices in professional
cycling.” When the Hb was in the target range 2000 1U was administered. If the Ht
was equal to or exceeded 52% or if the Hb exceeded the upper limit of the Hb range
(increase of 15% compared to baseline), a placebo injection was administered.

All participants also received open-label daily oral doses of 200 mg ferrous
fumarate and 50 mgascorbicacid (both Pharmachemie Bv, Haarlem, NL).

Urine and blood samples for doping detection

Urine samples were collected for each subject and 50 mLwas stored in Falcon tubes
(Greiner Bio-One International GmbH, Austria) at -70 °C. Samples were collected
at approximately 1 hour, 2 days, 4 days and 7 days after the second dose and at
approximately12 days after the l[ast dose. These samples were taken while subjects
had not exercised in the preceding hours. To evaluate potential effects of exercise
onthe outcome of the test,a sample was taken as soon as the subject could urinate
after the maximal exercise atapproximately 4 days after the second dose and after
a race to the top of Mont Ventoux at approximately 12 days after the last dose.
Samples were shipped to the waDA accredited anti-doping laboratory DoColab
UGent by courier in two separate batches. The lab was aware these samples were
research samples, but was blinded to the administered treatment.

All haematology samples were drawn after participants were seated with
their feet on the floor for at least ten minutes, at the following time points: 1-6
weeks before the first dose, directly before the first, third, fifth and seventh dose,
approximately 12 days and 4 weeks after the last dose. In general this means there
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were 2 weeks between two samples. Samples were analysed within 2 hours at the
Leiden University Medical Centre (LUMC) on a Sysmex XN9000 analyser (Sysmex
Corporation, Kobe, Japan). Samples taken at the Mont Ventoux race were split
into two aliquots, of which one was kept at room temperature for determination
of leucocytes and leucocytes differentiation and one was kept between 2-8 °C for
determination of haemoglobin, haematocrit, erythrocytes, reticulocytes, mcv,
MCH, MCHC, thrombocytes, immature reticulocyte fraction (IrRF) and red blood
cell distribution width (RDw-sD). Samples were driven by courier to the Lumc and
analysis took place within 36 hours of collection.

Sarcosyl-PAGE urine assay

The sarcosyl-PAGE urine assay was used as described in the wADA technical
document.® In short, immunopurification of the sample was performed with
antibodies other than the one used for immunoblotting before loading 15 pL
of sample on pre-cast polyacrylamide gels (nuPAGE BisTris gels, 10% T, 1.5 mm,
as described previously™), with 15 slots for test samples per gel. For purification,
Stemcell ELISA was used as described previously." In addition, a negative control
sample, positive control sample containing rHUEPO, and a reference to enable to
define apparent molecular mass were run in separate slots. Running buffer used
was sodium N-lauroyl sarcosinate, and after the electrophoreticseparation double-
blotting was performed with the monoclonal mouse anti-human epo antibody
clone AE7A5 and a secondary antibody. The secondary antibody was a goat anti-
mouse polyclonal antibody IgG (H+L), cross-adsorbed, HRP (Thermo scientific
product number 31432) and used in combination with a streptavidin horseradish
peroxidase complex (Biospa, Milano, Italy) and a substrate (SuperSignal West Femto
Maximum Sensitivity; Thermo Scientific, Waltham, mA, usa). The electrophoretic
patterns of ESAs were revealed by the use of anamplified chemiluminescent system.
Detection of exogenous EPO, in this case epoetin-beta, was done on the basis of
the characteristic band shape (“broad band”) and different (higher) apparent
molecular mass than endogenous EPO. A sample was termed positive if a single
band was visible above the negative control EPO, or if a mixed band both at the
endogenous and exogenous location ora diffuse or faintarea of the band above the
corresponding endogenous band were visible, as per wWADA technical document.®
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Isoelectric focusing urine assay

The IEF urine assay was used as described in the wADA technical document.® In
short,immunopurification of the sample was performed with antibodies other than
the one used forimmunoblotting before loading 20 pL of sample on the gel, with 30
slots for test samples per gel. For purification, Stemcell ELIsA was used as described
previously.™ IEF was performed in a pH range compatible with the isoelectric points
(pl) of both the natural Epo and its recombinant analogues. IEF was performed
under denaturing conditions (approximately 7M urea). After the electrophoretic
separation double-blotting was performed with the monoclonal mouse anti-
human epo antibody clone AE7A5 and a secondary antibody. The secondary
antibody was a goat anti-mouse polyclonal antibody 1gG (H+L), cross-adsorbed,
HRP (Thermo scientific product number 31432) and used in combination with a
streptavidin horseradish peroxidase complex (Biospa, Milano, Italy) and a substrate
(SuperSignal West Femto Maximum Sensitivity; Thermo Scientific, Waltham, ma,
usA). The electrophoretic patterns of ESAs were revealed by the use of an amplified
chemiluminescent system. Detection of exogenous EPO, in this case epoetin-beta,
was done on the basis of the relative location of the bands compared to the position
of the bands corresponding to the rHuEPO Biological Reference Preparation (BRP) of
the European Pharmacopeia (equimolar mixture of epoetin-alfa and -beta), which
define the basic and acidic areas. A sample was termed positive if there were at
least 3 acceptable, consecutive bands in the basic area, and if the 2 most intense
bands measured by densitometry were in the basic area, as per WADA technical
document.® It should be noted that the isoelectric focusing assay is currently not
used in routine practice by the DoColLab and therefore the associated analyses are
exploratory.

Urinesample evaluation (screening)

Samples were designated as screening negative, screening positive or non-
detectable by the DoColLab in Ghent. Samples were non-detectable if no band was
detected in the EPO (endogenous or exogenous) designated region.

Confirmation analysis

After results of the screening analysis were available, the outcome was analysed
by unblinded Centre for Human Drug Research (CHDR) researchers. All samples
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from placebo treated subjects that generated a positive result in the screening
analysis (here termed false presumptive findings) with the sarcosyl-PAGE assay
were re-analysed with the sarcosyl-PAGE assay. Both the initial and confirmation
methodology were the same. In order to keep this confirmation analysis blinded
to the DoColab, true positive, true negative and false negative samples were
included as well, and this selection of samples was relabelled by cHDR staff for
analysis. Samples were only deemed positive, similaras for routine-analysis, when
they would be forwarded for a mandatory second opinion. The wADA Technical
Document requires that all presumptive adverse analytical findings are evaluated
by arecognised expert. After evaluation by the laboratory performing the analysis,
samples are therefore forwarded to a WADA recognised expert. Currently, these
experts are co-authors of the wADA Technical Document and have extensive
scientificknowledge on EsAs, their detection methodology and potential issuesin
the detection of ESAs. In the framework of this study, samples were not subjected
to a second opinion and the interpretation was solely based upon the laboratory
performing theanalysis. No wADA recognised expert as per the Technical Document
was involved. In case of doubt, samples were deemed negative.

Osmolality

Osmolality was determined by taking an aliquot from the homogenised,
centrifuged samples, using the freezing point method on an Osmometer Auto &
Stat, oM-6050 (Arkray, Kyoto,Japan). Osmolality determination was initiated after
all analyses had been performed in order to provide insights into potential effects
of osmolality on assay results.

Athlete Biological Passport (ABP)

A method similarto the adaptive model of the ABP was constructed internally using
Microsoft Excel 2013 (Redmond, United States), as the official wADA software was
not made available for this study. Individual curves of each separate haematological
parameter from blood samples were produced by plotting the observed value, and
the 99.7% confidence interval (c1) around that value. For the first measurement, the
99.7% cl was based on the population mean (Pop. mean) +3xsD of all available data
points from the screening and baseline haematological samples of all subjects that
completed these visits (Pop. sD); for IRF and RDW-sD only the value at baseline was
used as they were not determined at screening. For following data points, with each
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additional available measurementthe 99.7% ci was based more on individual data,
and calculated as follows: second data point:

Pop. mean +individual value 1

+ sD[Pop. mean + individual value 1] + 2 +Pop. SD
2

third data point:
Pop. mean +individual value 1and 2
3

+2+SD[Pop. mean + individual value 1and 2] + Pop. sD

fourth data point:

Pop. mean + individual value 1,2 and .
P 3i3:’cSD[POp‘ mean + individual value 1,2 and 3]

4
fifth data point:

Pop. mean +individual value1,2,3and 4

+3+%SD[Pop. mean +individual value1, 2,3 and 4]
5

etc.

The oFF-score (OFFs) was calculated using the following formula: ([haemoglobin
concentration in g/dL]) *10 - (60 * V([Reticulocyte percentage])).'® Graphs of each
separate variable belonging to one subject were combined into one documentand
sent with a coded (blinded) identifier to the DoColLab in Ghent for evaluation of a
subject being negative, suspicious or positive. Two independent researchers at the
DoColab, which is designated as an Athlete Passport Management Unit (APMU) by
WADA, independently evaluated the data and two sets of results were generated
and analysed, so that reproducibility could also be evaluated.

Exercise

Two urine samples per subject were collected after exercise: one after a maximal
exercise test to exhaustion at 4 days (+1 day) after the second dose administration
and one approximately 12 days after the last dose after participants competitively
completed an uphill road race on the Mont Ventoux. This race was directly preceded
by110 kmcycling.

Data management

All data were stored in a clinical trial database (Promasys, Omnicomm Inc., Fort
Lauderdale, usa) and checked for accuracy and completeness. A blinded data
review was performed before code-breaking and analysis according to a standard
procedure atour unit.
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Statistical analysis

Standard assay characteristics were calculated based on the reported results. For
determining overall urine assay characteristics, only samples that were designated
‘negative’ or 'positive’ were included in the analysis. When determining sensitivity
over time, two analyses were done, one including and one excluding the samples
designated ‘non-detectable’ For this analysis, samples were binned per day,
and only bins with more than one sample were included in the analysis. When
determining ABP assay characteristics, suspicious and positive were combined as
beinganindication of rHUEPO use.

Role of the funding source

This was an investigator initiated study by the foundation cHDR in Leiden in
collaboration with DoColLab (Chent, B), Leiden University Medical Centre, the Anti-
Doping Authority of The Netherlands and the department of Pulmonary Diseases,
vu University Medical Centre, Amsterdam. There was no external funding source.

RESULTS

Forty-nine participants were recruited. One participant withdrew after the first
dose administration and was replaced by a reserve participant, whereas another
participant withdrew after the fourth dose administration. Both withdrawals
were due to personal reasons and not related to the study treatment or medical
concerns. All 48 subjects were included in the urine detection analysis. Due to the
incomplete ABP profile of the withdrawn subject, 47 subjects were included in the
analyses for the ABP, of which 23 in the rHuEPO group and 24 in the placebo group.
All participants were living at sea level and did not spend any substantial amount
of time at (simulated) high altitude.

Participantsinthe rHuePo group received eight dosages of epoetin-beta during
the study. Mean rHUEPO dose was 5000 1U per week during the first four weeks of
the study and 7000 1U in the subsequent four weeks. On five occasions a placebo
injection was intentionally administered to subjects in the rHuePo group, because
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of the measured haematocrit or haemoglobin levels. Of all 336 urine samples, 6
were not collected due to withdrawal from the study or subjects not being able to
perform the particular visit. One additional sample from a rHuEPO treated subject
was notanalysed with the IEF assay asitwas erroneously notincluded in the sample
shipmentatthe time of the IEF analysis.

Urine analysis

Sarcosyl-PAGE urine assay

A total of 330 urine samples were analysed for rHUEPO using sarcosyl-PAGE, of
which 17 samples (5%) were termed non-detectable. Of these, 14 (82%) belonged
tosubjectsin the rHuePO group and 3 (17%) to subjects in the placebo group. Based
on the remaining 313 samples, the sensitivity of sarcosyl-PAGE after the screening
analysis was 63.5% and specificity was 95.7% (with 7 false presumptive findings),
seeTable1.

A total of 14 samples were analysed for a second time in the confirmation
analysis, including all seven samples producing a false presumptive finding in the
screening analysis. All 14 samples were correctly identified as negative in placebo
subjects and positive for rHUEPO subjects. The assay characteristics when taking
both analyses into account show specificity increased to 100%, see Table 1.

When comparing samples that were collected before and directly after a
maximal exercise test on the same day, sensitivity was 100% at 4 days, 92% and
100% at 5 days, 57% and 0% at 11 days, 33% and 0% at 12 days and 0% at 13 days
since lastdosing.

Sarcosyl-PAGE sensitivity over time

When tested approximately 1-2 hours after the second rHuerPo dosing (and 7 days
after the first), 50% of rHUEPO treated subjects tested positive, see Figure 1. The
sensitivity increased to approximately 81% when urine was collected 2 days after
thelastdose, and was 95-100% between day 3 and 6 after the last dose. After 7 days,
sensitivity decreased again to approximately 50% and was 29% at 11 days, 18% at
12 days and 0% at 13 and 16 days after the last dose. When samples designated as
non-detectable are excluded, sensitivity slightly increases, butis very similar.
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Isoelectric Focusing urine assay

Atotal of 329 urine samples were analysed for rHuEPO usingisoelectric focusing, of
which 68 samples (21%) could not be declared either positive or negative. Of these,
51 (75%) belonged to subjects in the rHuEPO group and 17 (25%) to subject in the
placebo group. Based on the remaining 261 samples, the sensitivity of isoelectric
focusing after a single analysis was 58.6% and specificity was 94.0% (with 9 false
presumptive findings), see Table 2. Forisoelectric focusing no confirmation analysis
was performed. The focus of the urine analysis was on the sarcosyl-PAGE assay as
thatisthestandard assay atthe DoColab in Ghent, whereas theisoelectric focusing
assay was only implemented for this study, and for this reason we decided not to
perform a confirmation analysis for this method.

When comparing samples that were collected before and directly aftera maxi-
mal exercise test on the same day, sensitivity was 50% and 89% at 4 days, 33% and
83% at 5 days, 42% and 0% at 11 days, and 0% at for all samples at12 and 13 days
since lastdosing.

Isoelectric Focusing sensitivity over time

When tested approximately 1-2 hours after the second rHuerPo dosing (and 7 days
after the first), 42% of rHuEPO treated subjects tested positive, see Figure 2. The
sensitivity increased to approximately 86% when urine was collected 2 days after
thelast dose, and was 50-68% between day 3 and 5 after the last dose. After 6 and 7
days, sensitivity decreased again to approximately 25 and 22% and was only 21% at
11daysand 0% at12,13and 16 days after the last dose. When samples designated as
non-detectable are excluded, sensitivity increases significantly (Figure 2).

Athlete Biological Passport

Atotal of 47 ABPs based on the collected blood samples were rated for rHUEPO use
by the two independent Apmu staff members. Results of the ABP performance by
evaluator1andevaluator2 aredepicted in Table 3. The sensitivity of the ABP by both
evaluators was 91.3% and specificity was 100% for evaluator1and 95.8% for evalu-
ator 2. Evaluator1 classified 14 ABPs as positive, 7 as suspicious and 26 as negative.
Evaluator2 classified 15 ABPs as positive, 7 as suspicious and 25 as negative. Of all 47
ABPs, 39 were scored identically by the evaluators. When the results for suspicious
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and positive were combined, 44 ABPs were scored identically. One discrepancy
between evaluators was that evaluator 2 designated an ABP of a placebo subject as
suspicious, which was correctly designated as negative by evaluator1. Additionally,
both evaluators designated a separate ABP as negative while it belonged to a subject
fromthe rHuePo group. Interestingly, the ABP from one rHuEPO treated subject was
designated as negative by both evaluators. This ABP, together with a true positive
and a true negative subject's ABP can be seen in Figure 3.

DISCUSSIGN

The presentstudy evaluated the performance of current doping detection methods
for epoetin-beta (Neorecormon) use by athletes. The sarcosyl-PAGE urine assay
based on 330 samples was shown to be highly sensitive for the applied dose of
5000 1U within asmall time range of two to six days after dosing. Of all non-rHuePo
samples 4.3% was labelled screening positive, but after the standard confirmation
analysis no false positives were found. Findings for isoelectric focusing showed a
slightly lower sensitivity and slightly higher false presumptive finding rate of 6%.
Evaluation of the ABP based on haematology samples had high sensitivity of 91.3%
for rHuEPO use. Specificity was also high with100% and 95.8% for the two evalua-
tors. However, this research brought forward some concerns of all three methods.

Sarcosyl-PAGE urine assay performance

The sarcosyl-PAGE assay performed well two to six days after dosing, but outside
this window sensitivity falls rapidly. Given the long-lasting haematological effect
of rHuePO (red blood cell lifespanis around 120 days'), high frequency testing and
intelligent testing strategies (e.g. targeted testing in combination with the ABP)
would be necessary to attain a high probability to catch athletes abusing rHuEPO.
Asecond concern with this assay is that a small part of the samples (5%) were non-
detectable, especially because this result occurred more often in rHUEPO treated
subjects (83% of these samples). Non-detectable results in general have been asso-
ciated with a variety of reasons. Degradation of EPO via neuraminidase activity, with
consecutive loss of sialicacid moieties will resultin a shiftin molecularweight of EPO
to lower molecularweightsections.' Protease activity might lead to disappearance
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of Epo. Of course suppression of endogenous production due to a negative feed-
back mechanism will also lower endogenous PO levels, potentially below the
limit of detection of the method. Finally, urine dilution could disturb the assay."
With regards to dilution however, only four samples with a non-detectable result
(24% of all non-detectable samples) were strongly diluted, having an osmolality of
<180 mOsm/kg (approximately corresponding to a specific gravity of <1.004,2° the
applied cut-off for not accepting a sample in anti-doping procedures). In contrast,
there were 30 samples (10%) with similarly low osmolality that did have a positive
or negative assay result. Therefore osmolality (alone) does not seem to explain a
non-detectable result,and the cause for such a result remains unclear. This finding
also questions the validity of the current process to reject samples based on specific
gravity. Of the17samples designated as non-detectable for the sarcosyl-PAGE assay
13 had the same result in IEF, indicating the problem is probably sample-related.
Giventhatonly three subjects had more than one sample (namely two, and forone
subjectthree) designated as non-detectable, this effect does not seem to be subject-
related. On top of this unknown effect leading to non-detectable results, athletes
might engage actively in manipulative behaviour to prevent detection of rHuEPO
use. Implementinganadditional immunoassay in the routine doping procedure for
non-detectable samples evaluating if overall erythropoietin levels are sufficiently
presentinsuch samples, would therefore help interpreting the result.

The aim of the screening procedure is to forward all potential positives and not
to exclude any false negatives and in the confirmation procedure, this ‘philosophy
is reversed’; i.e. not to report any false positives, as described previously.?' The
sarcosyl-PAGE assay partly does allow for this at reasonable economically viable
conditions with less than 5% false presumptive findings forwarded to confirmation.
Whatis remarkable however, is that when the results from the same samplein the
screening and confirmation analyses are compared, at leastin some cases these are
clearly different, see Figure 4. This indicates that the difference in outcome might
not solely be due to implementing the screening or confirmation procedure, but
possibly also due to variability in assay performance.

Finally, sensitivity of the assay did not seem to be affected by the maximal
exercise test. The race however did seem to impact sensitivity, with six subjects
thattested positive at days 11 and 12 before the race testing negative after the race.
Of these six negative post-race samples, two were non-detectable, potentially due
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to effects of the exercise and hydration. The other four samples however, were
designated negative, indicating the race potentially affected the ability to detect
rHUEPO: these four subjects went from positive to negative in approximately 8
hours, which is remarkable (see for two examples Figure 5). One explanation could
be that the concentration of erythropoietin in the post-race samples was lower
(possibly due to changes in urine concentration during the race), and that the faint
signal that was detected pre-race was therefore notvisible post-race.

Isoelectric focusing urine assay performance

Findings for the isoelectric focusing assay were similar to the sarcosyl-PAGE assay,
although overall sensitivity was slightly worse for IEF, which is similarasin a previ-
ous study with micro-doses of rHuUEP0.22 The most striking difference between the
two assayswas a four-fold higherincidence of samples not being detectable for the
isoelectricfocusing (21%). This could be due to the fact that theisoelectric focusing
is notcurrently being used by the DoColLabin Ghentand was only implemented for
thisstudy,and lessroutine led to more samples being designated as non-detectable.
Additionally, it could be due to the effect of previously described neuraminidase
activityon IEF results.’® The limit of detection for sarcosyl-PAGE as determined with
referencestandardswasthesameasforier. Sampleswerestored frozenimmediately
followingcollectionuntilanalysis. Samples were defrosted overnightinafridgeand
aliquoted immediately before analysis. While for sarcosyl-pPAGE mostly protease
activity will lead to undetectable results and neuraminidase activity will lead to a
shift (lower molecular weight) of the rHuePo band, we believe that neuraminidase
activity might lead to complete ‘disappearance’ of the EPo bands in IEF and notin
sarcosyl-PAGE. This may contribute to the observed difference. Similar to the wor-
rying finding for sarcosyl-PAGE, the majority of the non-detectable samples (75%)
in 1IEF belonged to rHUEPO treated subjects. This higher incidence in samples from
doped athletes in both 1EF and sarcosyl-PAGE indicates that, while the fact that no
Epo can be detected atallis nota proof of doping, this information might be useful
toplantargetand/or follow up tests as rtHUEPO use might be associated with a non-
detectableresult. Toruleout problemswith theindividual assay when such aresult
occurs,itcould be useful toadd a positive control to each sample, forexample using
epo from adifferentanimal species, as is common for most other doping analyses.
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There was no overlap in false presumptive findings between the sarcosyl-PAGE and
IEF assays, indicating that such a resultis not related to the sample.

In contrast to the sarcosyl-PAGE, the maximal exercise test potentially did
have an effect on the assay result of the isoelectric focusing: sensitivity was higher
directly after the test compared to before. For the race however, we observed a
similar outcome as for the sarcosyl-PAGE: three subjects tested positive before the
race, after the race two tested negative, and one non-detectable. The impairment
insignal forthese post-race samples as observed in the sarcosyl-PAGE assay (Figure
5) was not observed in the IEF for these two samples. However, this is solely based
uponobserved signal intensities and nota quantitative observation. As nointernal
standard is used, factors such as recovery differences in sample preparation
between different batches/samples mightalso playarole. If thereindeed is an effect
of exercise on the IEF test results, this effect was opposite for the race, compared to
the maximal exercise test.

Athlete Biological Passport performance

In addition to evaluating the urine assays, we constructed an ABP so we could
evaluate all tools used to detect rHuEPO use. This method had a high sensitivity
of 91.3%; given that this data is collected longitudinally and the method is less
dependent on the time of sampling in relation to dosing compared to the urine
assay, this approach notsurprisingly has a better chance to detect doping athletes.
Nevertheless, almost 10% of subjects were not identified as suspicious or positive
based on their ABP. See as an example the false negative subject in Figure 3, whose
variation in haematological parametersisactually very similar to that of the placebo
subjectdepictedinthe left column of panels. This means that some athletes might
not be at risk for detection based on the ABP despite using rHUEPO. Moreovet, in
practice sensitivity of the ABP might fall due to potential lower doses being used
(micro-dosing) and less optimal timing of blood samples as the anti-doping organ-
isation does not have the information on dosing times. Other studies evaluating the
performance of the ABP showed somewhat ambiguous findings. One study used
approximately half the weekly dose of our study after a high dose period of 250 1U/
kg three times a week and found 100% subjects to have at least one suspicious or
abnormal measurement.?? This difference with our findings could be due to the
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very high starting dose used. Additionally, this study did not investigate evaluator
determination based on the ABP, but only whether individual values were outside
the ABP reference ranges. Also remarkableis thatasecond, unblinded, study using
doses building up to a similar dose to our weekly dose, found no measurements
during the study being flagged as abnormal.?* This study used 99.9% likelihood
ranges and did not investigate evaluator determination based on the ABP. Ourown
model used similar limits (99.7%) indicating the fact that an evaluator interpreted
the ABP in our study might give more insightinto the observed pattern.

Limitations

There are several limitations to our study. Firstly, although unlikely, it cannot
be ruled out that placebo treated subjects administered rHuEPO outside the
proceedings of the study.

Secondly, for reasons of restrictions in time and personnel, confirmation analy-
siswas not performed forisoelectric focusing, and only fora selection of 14 samples,
includingall false presumptive findings, for sarcosyl-PAGE. In this respect, our study
design did not follow regular anti-doping procedures to forward all screening
positive samples to a confirmation analysis, nor did it perform a third (B-sample)
analysis orasecond opinion by an expert. As the confirmation analysis only includ-
ed alimited number of samples, the characteristics of this confirmation analysis by
itself, including the false positive rate, is somewhat uncertain.

Furthermore, most subjects received higher doses (8000 or10 000 1U) at the last
dose and the accompanying urine samples taken more than 10 days after dosing,
than at the second dose (5000 1U), which could have impacted the urine assay
results over time. But even with a higher dose sensitivity was well below 40% for
these samples.

Forthe ABP, a limitation was that samples were analysed on a different type of
analyser, although from the same manufacturer, than the Sysmex XT 2000i that
is used by anti-doping laboratories. In addition, the ABP algorithm used by the
WADA was notavailable to us, and so the current method was an approximation of
the official procedure. Nevertheless, these discrepancies should not have a major
impacton the ABP profiles and so the outcome of the review of the ABPs, we feel, can
be considered indicative of the first stage of ABP performance at the Apmu.
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Information about factors that might influence markers in the ABP (e.g. altitude
training) would be available for the evaluator's assessment. This information was
not systematically recorded in the present study, and although no such events
were reported by subjects, occurrence could have impacted ABP review. It should
also be noted that the relatively high sampling frequency applied in this study,
with intervals of as short as 2 weeks, could lead to the individual reference ranges
moving along with the observed values more than with longerintervals and thereby
reducingthe chancevaluesto fall outside the range. The selected window is however
the smallest acceptable window according to the ABP and so these data should
still be correctly interpretable. Finally, in the wWADA setting, after assessment of an
ABP by an APMu, suspicious ABPs will be sent for review to a wADA haematology
expert. If this expert confirms the suspicious finding, this and two other experts will
determine, based on all available information and possibly additional requested
information, whether the profile isindeed indicative of blood doping; if consensus
is reached. For this study, several WADA haematology experts were approached
to participate in assessment of the ABPs of this study, but all of them declined.
Therefore, the results reported here can only be considered to resemble the first
partof the official system. Butas only suspicious results are forwarded to the expert,
ABP sensitivity would at best stay at the same level.

CONCLUSILN

The sarcosyl-PAGE urine assay for rHuePO (specifically epoetin-beta) did not show
false positive results after confirmation analysis, but it does have shortcomings such
asalimited detection window. In addition, itis of some concern thatin this study we
observed a higher rate of non-detectable samplesin subjects treated with rHuEPO.
Addinga positive control to each sample and measuring total erythropoietin levels
using an immunoassay could address the latter issue. The IEF assay in our study
was inferior to the sarcosyl-PAGE assay. The ABP had a much higher sensitivity than
the assays using a single urine sample, although it too did not classify all passports
correctly. In summary, we showed that all three methods evaluated in this study
have their shortcomings and challenges and that it is critical to continue research
toimprove existing and develop new doping detection methods.
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FIGURE1 SARCOSYL-PAGE SENSITIVITY VERSUS TIME SINCE DOSE  Sensitivity for the sarcosyl-
PAGE assay over timein the rHUEPO treated subjects. The numbers at each data point represent
the number of samples thatareinabin. Left panel includes samples that were designated ‘Non-
detectable, right panel excludes these samples.
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FIGURE2 ISOELECTRIC FOCUSING SENSITIVITY VERSUS TIME SINCEDOSE  Sensitivity for the
isoelectric focusing assay over time in the rHUEPO treated subjects. The numbers ateach data point
represent the number of samples thatare in a bin. Left panel includes samples that were designated
“Non-detectable”, right panel excludes these samples.
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FIGURE3 ATHLETEBIOLOGICAL PASSPORT GRAPHS EXEMPLARY SUBJECTS  Six main panels of
the Athlete Biological Passport of three exemplary subjects. Black data points and the accompanying
grey numbers are the values observed for this parameter in the particular subject. Grey points are the
calculated 99.7% ci of the (individual) normal values calculated as described in the text. Left column
of panels shows a subject that received placebo that was correctly identified as not using rHuEPO.
Middle column of panels shows a subject that received rHuePO weekly for 8 weeks starting at time
point o thatwas correctly identified as using rHuUEPO. Right column of panels shows a subject that
received rHUEPO weekly for 8 weeks starting at time point o that was incorrectly identified as not
using rHUEPO. OFFS: OFF-score; IRF: Immature reticulocyte fraction.
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FIGURE4 SARCOSYL-PAGE URINE ASSAY RESULTS OF SCREENING AND CONFIRMATION ANALYSIS
OF FALSE PRESUMPTIVE FINDINGS  Images of the sarcosyl-PAGE assay results taken from different
gels with the nearest references (labelled EsA-mix) and the negative quality control (labelled Nu) for
each relevantlane. Letters indicate the relevant lanes, with the matching upper-case and lower-case
letters indicating the same sample. The white line indicates the level above which rHuEPO will stain.
A) Inlanes10.39,11.38,12.37and 17.33 urine samples taken from subjects receiving placebo were
analysed and determined as suspect for rHUEPO use. In lanes10.1009,11.1008,12.1007 and 17.1003
the same samples are analysed in the confirmation analysis. B) Inlanes12.193, 6.57 and 16.49 urine
samples taken from subjects receiving placebo were analysed and determined as suspect for rHuUEPO
use. Inlanes3.1015,6.1012 and 9.1010 the same samples are analysed in the confirmation analysis.
Allindicated samplesin the screening analysis show staining above the white line which is what
made them suspicious, with lanes10.39,11.38 and 12.37 even staining a large portion above the white
line. Thisis not the case in the same samples in the secondary analysis (compare with lanes 10.1009,
11.1008,12.1007).
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FIGURE5 EXAMPLE OF CHANGES IN SARCOSYL-PAGE RESULTS DURING THERACE Images of

the sarcosyl-PAGE assay results taken from two gels. In lanes16.268 and 17.267 urine samples taken
pre-race from two subjects receiving rHUEPO were analysed. In lanes 5.315 and 6.316 samples taken
post-race from the same subjects were analysed. Letters indicate the relevant lanes, with the Aand
aindicating lanes from one subject,and B and b from the other. Lanes labelled EsA-Mix are reference
samples, lanes labelled NU are negative quality controls, the white line indicates the level where
rHUEPO will stain. Inlanes16.268 and 17.267 staining is clearly present above the white line, while
thisis notthe case in the samples from the same subjects that were taken only approximately 8 hours
later, after therace, in lanes 5.315and 6.316.

PRE-RACE POST-RACE
A B b a
1.NU 15.26 16.26 'WT
A-MIX 9 8 7 5315 || 6.316 -MIX 20.NU
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TABLE1 SARCOSYL-PAGE URINE ASSAY PERFORMANCE CHARACTERISTICS (TOTAL N =330)

Measure Screeninganalysis Screening +Confirmation analysis
Value (%) Value (%)
Sensitivity 63.8 63.8
Specificity 95.7 100.0
False negative rate 36.2 36.2
False positive rate 4.3 0.0
Precision 93.1 100.0
False discovery rate 6.9 0.0
False omission rate 25.6 24.8 8
Negative predictive value 74.4 75.2

FUTILITY OF CURRENT

TABLE2 ISOELECTRIC FOCUSING URINE ASSAY PERFORMANCE CHARACTERISTICS (TOTAL N =329) u RI N E SALBUTAMOL
measure — DOPING CONTROL

Sensitivity 58.6
Specificity 94.0
False negative rate 41.4
False positive rate 6.0

Precision 87.8
False discovery rate 12.2
False omission rate 24.6
Negative predictive value 75.4

TABLE3 ATHLETE BIOLOGICAL PASSPORT PERFORMANCE CHARACTERISTICS (TOTALN =47)

Measure Evaluator1 Evaluator2
Value (%) Value (%)

Sensitivity 91.3 91.3
Specificity 100.0 95.8

False negative rate 8.7 8.7

False positive rate 0.0 4.2
Precision 100.0 95.5

False discovery rate 0.0 4.5

False omission rate 7.7 8.0
Negative predictive value 923 92.0
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ABSTRACT

Salbutamol is used in the management of obstructive bronchospasm,
including that of some elite athletes. It is claimed that high salbutamol
(oral) doses may also have an anabolic effect. Therefore, inhalation of
salbutamol is restricted by the World Anti-Doping Agency (WADA) to
amaximal daily dose. Urine is tested for violations, but recent cases
have resulted in a debate regarding the validity of this approach. It

was our aim to determine whether current approaches are sufficiently
able to differentiate approved usage from violations. We extracted
pharmacokinetic parameters from literature for salbutamol and its
sulphated metabolite. From these parameters, a semi-physiological
pharmacokinetic model of inhaled and orally administered salbutamol
was synthesised, validated against literature data, and used to perform
clinical trial simulations (N=1000) of possible urine concentrations over
time resulting from wADA-allowed and oral unacceptable dosages.
The synthesised model was able to predict the literature data well.
Simulations showed a very large range of salbutamol concentrations,
with a significant portion of virtual subjects (15.4%) exceeding the
WADA threshold limit of 1000 ng/mLat1-hour post-dose. The observed
large variability in urine concentrations indicates that determining the
administered dose from a single untimed urine sample is not feasible.
The current threshold inadvertently leads to incorrect assumptions

of violation, whereas many violations will go unnoticed, especially
when samples are taken long after drug administration. These issues,
combined with the dubious assertion of its anabolic effect, leads us to
conclude that the large effort involved in testing should be reconsidered.

INTRODUCTION

Recentlyoneofthemostsuccessful malecyclistsofthelastdecade,Chris Froome,came
intodisreputedueto newsofa potential dopingviolation. Doping control revealed a
salbutamol (albuterolinthe us) concentration exceeding the allowed limitof 1000
ng/mLinaurine sample provided by the British rider during the Vuelta a Espafa of
2017.The WADA prohibited listindicates that salbutamol useisallowed ininhaled
dosages up to “1600 micrograms over 24 hours in divided doses not to exceed 800
microgramsoveri2 hoursstarting fromany dose”, whichis considered the maximum
therapeutic dose for athletes with a so-called Therapeutic Use Exemption (TUE).
Froomewas in possession of such a TUE, but“the presence in urine of salbutamolin
excess of 1000 ng/mL[..]is presumed not to be an intended therapeutic use of the
substanceandwill be considered asan Adverse Analytical Findingunlesstheathlete
proves,throughacontrolled pharmacokineticstudy, thattheabnormalresultwasthe
consequence of the use of the therapeuticdose (by inhalation) up to the maximum
doseindicated above.” Currently, oversixmonthssincethe concerned urinesample,
there is still no news of such a controlled study, which is perhaps not surprising:
the burden is with the accused and setting up a robust study requires expertise.
Additionally, inter-occasion variability will influence the results of each attempt.
Salbutamol acts onthe beta-2-adrenoceptoras asympathomimetic,commonly
prescribed to counteract bronchoconstriction due to allergicand exercise-induced
asthma,aswellaschronicobstructive pulmonarydisease.z This mechanismofaction
has led athletes to believe that there might be a performance enhancing effect of
beta-2 agonists both through relaxing smooth muscle cellinthe lung,and anabolic
effects on skeletal muscles. Two reviews extensively investigated the evidence for
these effects and concluded that inhaled beta-2 agonists have no positive effects
onmusclestrength, sprintorendurance performance,and thatonly high, systemic
dosages can improve muscle strength and sprint performance, but not endurance
performance.®* Insummary, beta-2 agonists might giveanadvantageinsports, but
only at very high concentrations and for very short (power) disciplines. It is there-
fore doubtful that multi-stage (endurance) cyclists like Chris Froome would benefit
evenfromhighdoses of beta-2 agonistsapartfromwhen treatingasthmaticsymp-
toms. Nevertheless, the WADA currently is of the opinion thatall beta-z agonistsare
banned substances, necessitatingdoping control measures. For this purpose, urine
analysisis performed, which leads toa problem forthe substances thatareallowed
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witha TUE up toa maximumdose: salbutamol, formoteroland salmeterol. Forthese
substances, urine concentration is used to determine whether the maximum dose
was exceeded. It is, however, impossible to determine dose from a single urine
concentration due to several pharmacological factors that are at play. Salbutamol
plasmapharmacokineticsin particular, are highly variable, mainly due to variability
in lung and gutabsorption, volume(s) of distribution, metabolism (including first-
pass effect) and renal clearance.>~7 Subsequently, urine pharmacokinetics are even
more variable due to the additional factor of urine concentrating abilities of the
kidney (urine osmolality between 50 and 1200 mOsm/kg),® volumetric production of
urine® and micturition.Ontop of all this, the time since last dose inadoping control
settingisunknown. Despite these facts,the WADA rules seem to assume thata urine
concentration above the set threshold indicates a high chance of having detected
use of morethantheallowed dose. This chanceis apparently considered sufficiently
hightowarrantsanctioningtheathlete butsupportingevidencein literatureis lack-
ing. Theaim of this study is therefore to evaluate the current wADA approach to this
problem and determine whether this approach is able to differentiate approved
use from violations. As a part of that aim, we evaluate whether waDA approved
doses of salbutamol may lead to unacceptable urine concentrations, considering
the multiple sources of variability, using a PBPK approach.

METHLQDS

Several literature data sources were used to synthesise a semi-physiological
pharmacokinetic model of plasma and urine salbutamol concentrations.>7 In
short, a Pk model of salbutamol in dogs was used as the basis and extrapolated
to humans using allometric scaling.” Literature data on clearance of salbutamol
and its main metabolite sulphated salbutamol was added to the base model.> A
separate compartmentwas constructed to take into account the production of urine
based on factors such as cardiac output and concentrating efforts of the kidneys.*°
Furtheradjustment of parameters was performed to align a visual predictive check
against literature data of salbutamol plasma and urine concentration from Haase
etal.® All modelling was performed in an environment consisting of Pirafiav2.8.1,"
psnv4.2.0?and NONMEM v7.3." The statistical software R® v3.3.0™ was used for pre
and post-processing of data, and statistical and graphical analysis.
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Literature model synthesis

Several pharmacokinetic models exist for salbutamol in literature; however, none
of these include the urinary pharmacokinetics of salbutamol. A number of articles
describe the concentrations of salbutamol in both plasma and urine without
describing the parameters involved in the transfer of salbutamol between the
two fluids. The only available model that approximates the absorption of salbu-
tamol through both lungs and gut was built on data from dogs.” The model was
implemented in NONMEM and the parametervalues extrapolated to humans using
allometric theory.” Variability on the fraction of inhalation absorbed through the
gutand through the lungs was incorporated to account for inter-patient variability
ininhalation efficiency,and differences in inhaler types and formulations.

The allometrically extrapolated model was further expanded by introducing
a first-pass effect of gut absorbed salbutamol to its main metabolite sulphated
salbutamol (s-saL). Furthermore, the renal clearances of salbutamol and s-saL
were incorporated from pharmacokinetic parameters reported by Morgan et
al.> Additional compartments for both salbutamol and s-sAL in urine were
constructed, assuming that when the compounds are eliminated from plasma at
the clearance rates provided by Morgan et al,® they are directly introduced to urine
without delay.

Aseparate compartmentwas builtto describe urine volume production, to allow
voiding this compartment, similar to micturition, thereby better approximating
physiology and allowing for the investigation of several micturition scenarios.
Urine formation was assumed to occur at a constant rate, calculated using several
physiological parameters, such as cardiac output (co) scaled allometrically to
weight (c0=0.166 = weight®79).1° The co for a typical person of 70 kg thenis 4.76 L,
with a coefficient of variance (cv) of 20%. Of this co, 21% flows through the kidneys.
Typical haematocrit is 0.409 (CVv: 7%) in trained cyclists,' thus 59.1% of blood is
plasma, with19% of plasma entering the renal capsule. Of the resulting glomerular
filtrate, 99.2% is reabsorbed, leaving 0.8% to leave the kidneys as urine. Combining
these numbers, we calculate the urine productionin litre per hour for a typical adult
weighing 70 kg as follows:®

4.76 L/min+«60min «21% %59.1% %19 % 0.8 %=0.054 L/h EQ.1
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Thisamountsto1.2 litres of urine per day, with a 95% prediction interval (p1) of 0.66
-1.92 L/day, corresponding well with the typical volumes of 1-2 litres per day. This
alsoincludes variability due to concentrating by the kidney. Cardiac stroke volume
isincreased in elite athletes, but due to reduced heartrate at rest the cardiacoutput
is notsignificantly different from normal healthy controls.” And although cardiac
outputissignificantly increased (roughly 3 times) during exercise, renal blood flow
is restricted, leading to only a mild to moderate reduction in the urine production
rate.'®1?

Model validation and calibration

We extracted data points of plasma and urine salbutamol concentrations from
Haase et al® using Image) v1.50%° and the Figure_Calibration plugin.?' Haase et al
administered 13 subjects with asingle salbutamol inhalation of 1600 mcg, followed
by regular plasma and urine sample collections. Validation of the synthesised
literature model was performed through simulation of salbutamol plasma and
urine concentrationsin1000 subjects (weight mean: 84 kg, sp:17 kg), afterasingle
1600 mcg dose, and bladder voiding at the indicated time points where a urine
samplewas collected. The resulting simulated concentrations were compared to the
plasma and urine concentrations over time in exercised, dehydrated subject data
extracted from Haase et al and graphically presented in a visual predictive check
plot.22 Calibration of the parameters derived from the dog model was required, to
better correspond to the Haase et al data.

Model simulation

Subsequently, we simulated a twice-daily 800 mcg inhaled salbutamol admin-
istration at steady-state (maximal allowed dose) in 1000 virtual subjects and
determined the percentage of subjects attaining urine salbutamol concentrations
above the1000 ng/mL threshold to determine whether approved doses of salbuta-
mol may lead to unacceptable urine concentrations. Finally, we also investigated a
two week regimen of 8 mg oral salbutamol tablets (a dose shown to increase sprint
power in elite athletes?3) in 1000 simulated subjects, to determine the length of
washout period associated with non-adverse findings in doping control. Both
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simulations (inhaled and oral dosing regimens) were used to evaluate whetherthe
current WADA approach is able to differentiate approved use from violations.

RESULTS
Model synthesis

The synthesised model consisted of eight compartments; one each for absorption
through the gutand lung, one central and one peripheral distribution compartment
for parent salbutamol, one central metabolite compartment, one salbutamol and
one metabolite urine compartment, and a single urine volume compartment
(Figure1). When administered throughinhalation, 20% of the dose reaches central
circulation through the lung, with 80% of the dose ingested and absorbed through
the gut. Half of the gut-absorbed amount experiences a first-pass effect and is
absorbed as sulphate metabolite, with the other 50% reaching the circulation as
unchanged salbutamol. Total apparent clearance of salbutamol parentdrugis13.1
L/h (of which 18.6%, or 2.4 L/h is the rate of conversion to s-sAL), and clearance of
s-SAL is 5.9 L/h. The higher apparent s-sAL clearance compared to conversion of
salbutamol to metabolitein circulation explains why s-sAL only accumulates after
oral administration of salbutamol,and notin the case of Ivadministration.®

Model validation

After several adjustments of pharmacokinetic parameters (Table 1), plasma and
urine salbutamol concentrations were adequately predicted, with only a minor bias,
and reasonably similarvariation bandwidth (Figure 2). The dual absorption peaks,
distribution and elimination phases were well-described.

Urine concentrations after appropriate salbutamol use

Simulations of steady-state urine concentrations over time resulting from a bi-daily
administration of the approved 800 mcg show a large spread, with a significant
portion (15.4%) of the simulated population achieving urine concentrations above
the threshold of 1000 ng/mL at the peak concentration at1 hour post-dose (Figure
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3). At 12 hours after the dose administration, or right before the next inhalation,
0.7% of the population still showed urine concentrations above the threshold. It
should be pointed out that these numbers do not take into account voiding the
bladder before urine testing. In other words, Figure 3 shows the concentrations
thatwould be measured ata certain time after administration when the bladder s
voided for the first time since dose administration.

Urine concentrations after ergogenicsalbutamol use

Simulations of urine concentrations over time resulting from a daily 8 mg oral
dose (unacceptable usage), show that concentrations decline rapidly below the
threshold after ceasing the regimen (Figure 4). Within the first 24 hours, the vast
majority of subjects is already below the threshold, and after 2-3 days, none of the
athletes will produce urine concentrations above the threshold.

DISCUSSIGN

We synthesised a model based on literature data alone that was able to adequately
describe and predict the complex pharmacology of salbutamolin plasmaand urine.
The developed model was used to simulate possible outcomes of the maximum
allowed dose of salbutamol in elite athletes, to show how current (WADA)
standards for urine collection and analysis do not adequately take into account
the large number of factors contributing to variability (dose amount and timing
and physiological variability). This large variability leads to large uncertainty in
determining the dose that was used, showing the implemented approach is not
fit for purpose. It will lead to incorrect accusations of violation, whereas many
violations will go unnoticed.

Applied correction factors by wADA

The general wADA rules for salbutamol use and control depicted in the introduction
apply in all cases, but wADA describes two additional relevant specifics for the
procedure. First, when collecting the urine sample from the athlete, the doping
control officer will check the specific gravity of the urine produced by the athlete. If
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thisissmallerthan1.005when measured with a refractometer orsmallerthan1.010
when measured with lab sticks, the athlete is required to provide further samples,
until a suitable sample is collected.?* The testing authority together with the
laboratory decide which samples shall be analysed, althoughitis notclearon which
criteria this decision is based. This procedure is presumably designed to prevent
false negative findings due to diluted urine. However, it should be noted that due
to bladder voiding for the first sample, the urine concentration of any subsequent
sample will be driven by the plasma concentration at that moment and therefore
potentially bea substantial underestimation, as plasma concentrations have fallen
since dose administration. Correcting urine concentrations for urine osmolality
(more accurate than specific gravity) of a sample would therefore be a much more
rational way to normalise urine concentrations, and in addition avoid the need for
multiple samples and their drawbacks.

Secondly, wWADA corrects a measured urine concentration for assay variability
(measurement uncertainty) by adding to the threshold concentration a guard
band. The guard band corresponds to the expanded measurement uncertainty of
the assay giving>95% coverage interval for a result at the threshold concentration
based on a 1-tailed normal distribution. It is calculated as 1.645 * ucMax (the
maximum acceptable combined standard uncertainty of the assay, being 100 ng/
mL for salbutamol), rounded up to 2 significant figures. A sample is determined
to contain an adverse analytical finding only if the concentration is above the
threshold plus the guard band, which is called the decision limit (i.e. 1200 ng/mL
forsalbutamol).2® When this decision limitis applied, 9.95% of subjects were above
the limitat1-hour post-dose in our simulated scenario. Throughout the rest of this
article the limitof1000 ng/mLis used for clarity, as this is termed the threshold level
by the wADA, also in the Prohibited List.

WADA deems it unnecessary to account for instability of salbutamol or its
metabolite in urine, which potentially could impact measured salbutamol
urine concentrations, as previous research showed that both salbutamol and its
conjugate metabolites seem to be stablein urine.?¢
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Involving pharmacology

So, the procedure involving specific gravity is rather dubious, and although the cor-
rection for assay variability seems appropriate, variability due to pharmacological
processes are not discussed by wADA. Our developed pharmacokinetic model visu-
alises the underlying pharmacokinetic theory linking urine concentration and dose,
namely, the administered dose being absorbed into the circulation and appear-
ing in urine as a fixed proportion of the amount in blood (renal clearance). This
concentrationin urine varies with dose amountand time after dose, bioavailability
and absorption rate from the lung and gut (for inhalation), distribution over the
body, renal clearance, urine volume and voiding. From a clinical perspective, this is
very similarto creatinine clearance, and as clinicians might know: itisimpossible to
calculate the‘dose of creatinine’ using only a single urine concentration. Therefore,
to be able to make an informed estimate of the dose, one would need to know fac-
tors such as the time of dose (which in the doping control setting they do not), the
physiological variability of the athlete (not known), volume of urine over a timed
period (not known) and the plasma concentration (hot known). And because these
factorsare unknowninthe doping control setting, dose cannot be determined from
the urine concentration. Thisis exemplified by simulations from the model in Figure
3, right panel, showing that even from a single dosing scenario, an extremely wide
range of urine concentrations can be found. This would perhaps not be as prob-
lematic if a certain dose (the maximum allowed dose) would never lead to urine
concentrations above the threshold for any subject, but our simulations show that
this is not the case either. When collecting urine at 1 hour (close to tmax), 15.4% of
our simulated subjects are above the threshold if they did not void since dosing.
Conversely, due to the large variability and the unknown frequency of voiding and
timesincedosing, thereisalso a high chance of finding urine concentrations below
the threshold with doses above the maximum allowed dose. Given the relatively
short half-life of salbutamol,anabolicuse (i.e. large oral doses) could even be halted
shortly before a race, with no urine concentrations above threshold to be found by
urine doping tests. Using our model, simulations of daily oral administration of 8
mgsalbutamol over two weeks, with a washout period of 2 days resulted in 0% urine
concentrations above the wADA threshold (Figure 4) when applying a normal mic-
turition pattern (3 times a day). Moreover, within 24 hours, the majority of subjects
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would already produce a urine concentration below the threshold. This indicates
that even high doses that have been shown to improve peak sprint power in elite
endurance athletes,?® will not lead to adverse analytical findings in the majority of
cases if the athlete ceases dosing at least the day before an event.

Burden of proof

In the current situation, the wADA does seem to acknowledge the problem of
variability to some extent as an athlete that produced a urine sample with an
unacceptably high salbutamol concentration, is given the possibility to prove
this was a result of a dosing scheme within wADA limits by means of a controlled
pharmacokinetic study. Hereby the wADA transfers the responsibility of resolving
the flawsintherules designed by waDA itself to the athlete. Setting up such a study
and getting the desired result will take months at least. And even if an athlete does
prove his innocence, this could already do major damage to a reputation (see the
Froome case). This is to say, if showing innocence will be successful at all, as this
might not prove simple. Although intra-subject variability will be smaller than the
previously described inter-subject variability, substantial variability will still be
presentwithin a subject. Itis therefore not unlikely that many trials will be needed
to produce another urine sample that exceeds the threshold with allowed dosages,
even more so because it will be difficult to reproduce the circumstances leading to
the original finding. Aside from this being a very expensive and time-consuming
venture for the athlete, the fact that the foundation on which these wADA rules are
based in the first place are flawed as we have shown, makes placing the burden of
proof with the athlete completely unacceptable.

Alternative solutions

All these arguments make one wonder why the current procedure is being used by
WADA. Speculation about a used dose of salbutamol from a urinary concentration
(even when it would be adjusted for osmolality) is open to serious criticism and
cannot be used to affect the career of an athlete. A better approach would be to
collect timed urine samples over a specified period and possibly take a midpoint
blood sample. In addition, s-sAL concentrations in urine could be incorporated, as
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this metabolite would accumulate more, especially after oral dosing, due to slower
clearanceand the first-pass effect. One may in fact use an approach using Bayesian
hierarchical modelling, as proposed by Mu & Ludden, to determine the most
probable dose and dose-administration time.?” Such an approach would require
the developmentof an accurate population pharmacokinetic model of salbutamol
(and s-sAL) in cyclists, including salbutamol in urine, with samples corrected for
osmolality. This approach could help approximate the dose but would require
large amounts of samples to be taken to achieve sufficient accuracy and precision.
Without such dense data, uncertainty in estimating the dose would remain due
to individual pharmacokinetic variability and the unknown factor of time since
dosing. Seen how the performance enhancing activity of beta-2 agonistsis dubious,
especially in endurance sports, the question arises whether itis worth the effort of
screening for these compounds.

Limitations

In this paper we reviewed the procedure implemented by the wADA in the control
for salbutamol doping and indicated that these are fundamentally flawed. Many
of these problems are no different from those encountered in clinical practice and
clinical pharmacology, and so the theory and knowledge from these disciplines
were applied in this study to the issue of doping control. We developed a population
pharmacokinetic model based on literature data to substantiate and quantify that
theory, but there are some limitations to the model. No individual data on both
plasma and urine concentrations was available for model development, such as
that of Haase et al.® Such data would allow proper estimation of inter-individual
variability, leading to better prediction of concentration bandwidths. However,
given the good performance of the visual predictive check in Figure 2, there does
notseem to be over-prediction of the variability in urine concentration. The results
of this visual predictive check also make it unlikely that inter-laboratory or inter-
assay differences would impact extrapolation of our model to the wADA doping
control laboratory setting: the pharmacokinetic analysis in the study used for the
plotwas performed by the wAaDA-accredited doping control laboratory in Norway.®
Furthermore, variability on physiological parameters could only partially be based
on actual data. For example, data on additional variability due to the extreme
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circumstances during professional cycling is not available and thus could not be
accounted for. Two variabilities were fixed to 23% (omega=0.05), which is typically
referred towhendiscussing physiology, and deemed reasonable. Inaddition, several
parameters originally derived from dogs required manual adjustment to properly
align with the Haase et al® data. Furthermore, the salbutamol concentration in the
doping control assay used by the wADA is based on the sum of the glucuronide
conjugate (expressed as the free drug) and free salbutamol concentrations. For
the purpose of this study, we did not explicitly take into account the glucuronide
conjugate of salbutamol, as its contribution to the concentration measured in
urineis only very limited, with concentrations below the LLoD of 2 ng/mLin100%
of subjects afterinhalation of 800 mcg of salbutamol and 70% of subjects after oral
administration of 8 mg (and <3% compared to the unconjugated salbutamol for
the remaining subjects).2® However, if there would be an impact, this would only
add to the variability in observed urine concentrations. Similarly, this variability
mightincrease if we would incorporate variable urine production (due to increased
fluid intake or dehydration) rather than a constant urine production rate that was
appliedinthe model.

Finally, our model is supported by data from a clinical study,?® reporting that
out of 28 subjects (including 8 asthmatic elite athletes) inhaling a single dose of
800 mcg of salbutamol, there was one subject with a urine concentration above
the 1000 ng/mL threshold when analysing the urine sample taken 4 hours post-
dose (urine collection between 0-4 hours). This means in this study, 3.6% of subjects
exceeded the urine concentration threshold with allowed use, which is similar to
the observed 3.0% when simulating 1000 subjects with our model in this scenario,
supporting the validity of our model.

Our approach therefore shows the feasibility of modelling exercises, including
integration of pre-clinical and clinical data, with the possibility of clinical trial
simulations / not-in-trial simulations and optimal design. Above all, we show that
this approach, originating from traditional clinical pharmacology, can also be
appliedin this setting of doping control.
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CONCLUSISN

Pharmacokinetic theory dictates that it is not possible to derive the administered
dose with any certainty from a single random urine concentration when there is no
information about timing of the dose, urine volume or osmolality and individual
physiological variability. Using a pharmacokinetic model based on literature
data we substantiated this notion. We demonstrate that the current approach to
detect excessive salbutamol use is fundamentally flawed and cannot differentiate
between illegal and allowed use and inadvertently leads to incorrect assumptions
of violation. Ifthe community is determined to control for excessive salbutamol use,
these procedures should be changed. The expertise present in the field of clinical
pharmacology is clearly relevant in doping control, and we therefore advocate a
closer collaboration between the two disciplines to work towards a sport that is as
clean and fairas possible.
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FIGURE1 DIAGRAM REPRESENTING FINAL MODELSTRUCTURE Arrows represent the flow of drug
amounts. Bioavailability for lung and gut absorption afterinhalation is represented as percentages.

Lung-absorbed amountis directly introduced into the central compartment and consists 0of 100%
parentsalbutamol. Of the amount absorbed from the gut, 50% is parent salbutamol and 50%is
directly converted to sulphated salbutamol metabolite (first-pass effect).

4 6
FREE PLASMA URINE
METABOLITE METABOLITE

50%

50%

80%

2 5
FREE PLASMA URINE
SALBUTAMOL SALBUTAMOL

INHALATION

:_ ______ : Urine 7

I LUNG | production

| \ PERIPHERAL > URINE

I ___ I SALBUTAMOL VOLUME
Micturitionl

FIGURE2 VISUALPREDICTIVE CHECK OF SIMULATED CONCENTRATIONS AFTER AN INHALATION
OF1600 MCG SALBUTAMOL  Blacksolid line: median predicted concentrations. Grey dashed lines:
95% concentration prediction interval. Grey points: observations extracted from Haase et al.% Left
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FIGURE3 SIMULATED URINE CONCENTRATIONS OVER TIME, AFTER ADMINISTRATION OF THE
ACCEPTED INHALATION OF 800 MCG SALBUTAMOL BI-DAILY AT STEADY-STATE (LEFT PANEL)

AND THE RESULTING SPREAD IN MEASURED CONCENTRATIONS WHEN TIME IS NOT TAKEN INTO
ACCOUNT IN DOPING CONTROL (RIGHT PANEL)  Note: the left panel shows the concentrations
thatwould be measured at a certain time after administration when the bladder is voided for the
first time since dose administration, with a constant urine production rate. Black solid line: median
predicted concentrations. Grey dashed lines: 99.9% concentration prediction interval. Bar plot
(right panel): median (black point) and 99.9% prediction interval (bar). Note that the upper limit of
this bar is lower than the upper limit peak concentrations in the left panel due to depictinga99.9%
prediction interval of an untimed sample in the right panel.
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FIGURE4 SIMULATED URINE SALBUTAMOL CONCENTRATIONS AFTERTHELASTDOSEOFATWO- TABLE1 MODELPARAMETERS USEDIN THE SIMULATIONS, WITH THEIR SOURCE

WEEK TREATMENT WITH 8 MG ORAL SALBUTAMOL TABLETS, AT REGULAR MICTURITION INTERVALS

Parameter Typicalvalue % Source
OF8HWITH A CONSTANT URINE PRODUCTION RATE  The last dose of steady-state dosingis shown Cardiacoutput (x weight®”) (L/min) 0.166 23%P Holt™
ato h,illustrating that levels decline to below wADA levels of 1000 ng/mL (horizontal dashed black -
line) well within 48 h of the last dose taken for 99.9% of the simulated study subjects. Black solid line: Haematocrit o8 7% Merkeberg*
median predicted concentrations. Grey dashed lines: 99.9% concentration prediction interval. Bio-availability Gut (%) g 23%" Auclair?
Absorption constant gut (h™) 0.5% 57% Auclair”
Oral administration of 8 mg once-daily, at steady-state Absorption lag gut (h) 15 83% Auclair?
Il \‘ Renal clearance salbutamol (L/h) 17.5 25% Morgan®
4000 | : Renal clearance s-sAL (L/h) 5.91 25% Morgan®
! \ Central volume salbutamol (L/kg) 1.12% 63% Auclair’?
3000- Il “ Peripheral volume salbutamol (L/kg) 1.92% 50% Auclair’?
\ Intercompartmental clearance (L/h) 0.56* 37% Auclair’?
\ Proportional error salbutamol (%) 23
\ Proportional error s-sAL (%) 23
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a. Adjusted to better correspond to data from Haase et al.¢

b. Fixed to 23% (omega =0.05in NONMEM) due to limited data.
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Pharmaceutical research and development has mainly been driven by the discipline
of medicine, and for good reason: there is a large societal benefit to be gained in
beingable to use pharmacological agents to treat diseases. This societal motivator
is perhaps less strong in other disciplines where drugs are used, such as dopingin
sports, but the experience in medicine could nonetheless be applied to develop
knowledge and evidencein these disciplines as well. One lesson learnt from clinical
pharmacology in medicine is that biological systems are complex and that
performing successful pharmacological interventions is therefore not
straightforward. This complexity is for example reflected in the low success rate for
market approval of new drugs in drug development, which is currently around
10-15%." For these few successful drugs, there is sufficient evidence that there is a
beneficial effect in a certain population and that this benefit outweighs the
potential harm of the treatment (positive benefit-risk assessment). This benefit-risk
assessmentisthe cornerstone for the approval of drugs, both for the FDA and Ema, %3
and factors such as study design and choice of endpoints determine the strength of
evidence and the uncertainties that drive this assessment. This is relevant as most
doping substances are therapeutics, often approved for medical use (see the World
Anti-Doping Agency (WADA) Prohibited List*), but for none of these substances the
assessmentwas focused on improving sports performance. Sports performance, a
product of biological systems, is also determined by a complex system of factors
(take for example endurance performance®), meaning that the evidence available
on the medical application of a drug is not sufficient for understanding its specific
effects in sports or its benefit-risk ratio in that setting. In addition, where in
medicine we can target the sub-optimally functioning system causing a disease, the
physiological system of athletes has usually optimised (to some extent) for the
specifictask due to training. This makes improving the trained system possibly even
more difficult, notin the least becauseitis not evident to determine which factor(s)
in that system could be successfully targeted with a pharmacological intervention.
Moreover, even in medicine seemingly simple and well-understood symptoms or
diseases can prove complex to treat. The Cardiac Arrhythmia Suppression Trial
(casT) for example was designed to suppress premature ventricular complexes
(pvc) after myocardial infarction to reduce mortality. Although antiarrhythmics
encainide and flecainde indeed reduced occurrence of pvc,® mortality actually
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increased in the randomised, placebo-controlled trial that followed.” And in chronic
kidney disease, where erythropoietin production is reduced causing anaemia,
restoring haemoglobin to almost normal levels using recombinant human
erythropoietin has been shown to cause only modest improvement in patient-
reported fatigue and more importantly, increase the risk of stroke compared to
placebo treatment® Such (counter-intuitive) evidence shows that clinical
pharmacology can be more complex than perhaps anticipated, and that
randomised, placebo-controlled trials, using relevant clinical endpoints are needed
toreveal thetrue effect of a treatment. Or to put it differently: it has proven difficult
enough to pharmacologically improve physiological systems when they are in a
diseased state, improving the system beyond the normal state requires at least a
similar degree of thoroughness. However, the first two chapters of this thesis show
thatthe evidence for performance enhancing effects of substances that are termed
doping is limited. Evidence for effects of combinations of substances is virtually
absent. For mostsubstance classes no robust studies have been performed, forsome
classesthereis evidence that thereis no positive effect on performance, and foronly
5 out of 23 classes there is evidence of a beneficial effect. Moreover, a meagre 11
studies including a total of 266 subjects form the total evidence-base for
pharmacological performance enhancement, a large contrast with the amount of
studies and subjects that substantiate the benefit of therapies in medicine. Despite
this, the conviction of the positive effect of (the combination of) doping substances
is strong, which is the driving factor for athletes to abuse these drugs. The
discrepancy between this beliefand the available evidence s striking, and an effort
to generate this missing evidence is therefore necessary. As in regular medicine, this
should start by studying effects of single substances in well-designed studies, and
onlyif deemed relevant based on this evidence and the potential pharmacological
mechanism, for combinations of substances. For one substance class, recombinant
human erythropoietin (rHuEPO), we describe in this thesis a contribution to this
effort. Interestingly, when we applied a randomised, placebo-controlled study
design, we showed thatalthoughincreases in haemoglobinlead toanimprovement
in several surrogate performance markers in athletes, this did notimprove clinical
outcome, i.e. endurance performance. It is unknown whether these findings also
apply to professional athletes, as these could not be included in the study due to
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current WADA regulation. However, our study was the first to study effects on
clinically relevant outcome measures in trained athletes, and there was no
indication that the highest performing participants showed stronger effects of
rHUEPO treatment. These findings emphasise, as we have seen in therapeutic
studies, that pharmacological interventions induce complex effects which may be
difficultto predictonaclinical level. Therefore, the selection of endpointsiis critical
for the interpretation and implications of findings, and our study in this respect
touches upon another important shortcoming in doping research. Effects of a
treatment should be evaluated based on relevant clinical outcome measures or
validated surrogate markers, which is currently not always the case. One such often
used surrogate markerin sports medicine, the lactate threshold, we have evaluated
in this thesis, including the issues associated with the marker. By determining
repeatability and the (limited) relation with actual sports performance, the value
of suchamarkerasasurrogate endpointcan be better assessed. Finally,apart from
evidence on the potential positive effects of doping substances, itisalso relevant to
gain knowledge on their safety profile. For rHuEPO we describe such a detailed
assessmentin this thesis, showing that endothelial activation occurs both through
the pharmacological intervention alone and in combination with exercise,
indicating a potential risk for athletes abusing these drugs. Summarizing these
findings, we conclude that there is incomplete information and a clear lack of
evidence for performance enhancement for the majority of substance classes on
the Prohibited List, which could be considered alarming. A more systematic effort
using well-designed research into doping substances could address these
information gaps and thereby potentially reduce the unwanted use of substances
that show no benefit on performance and/or evidence for negative effects. An
additional problem that results from the lack of information, is that for all
substances on the List there is a need for detection strategies and assays to catch
cheatingathletes. Notonlyis thisan enormous operation thatis very expensive and
burdensome for both athletes and anti-doping agencies; in the final chapters of this
thesis we show thatthe applied detection methods and procedures themselves are
notwithout flaws and shortcomings either. The doping detection regulation thatis
in force therefore on top of all this does not unquestionably protect fair playing
athletes or catch cheatingathletes. Anti-doping efforts would greatly benefit from
amore clinical pharmacological approach in this respect too, by making use of the
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available (medical) knowledge and techniques. Overall, the combination of all of
these uncertainties and shortcomings leads to a doping system that is not fully
transparent, nor consistent, damaging both athletes and sportsin general.

The conclusion that therefore must be drawn from all this is that sports
medicine, just as regular medicine, needs to move towards a more evidence-
based approach. This means implementing state-of-the-art study designs,
with randomised, placebo-controlled, double blind set-ups and developing
and using relevant biomarkers in these studies that measure and/or predict the
pharmacological effect and accompanying impact on physiological performance
and finally actual sports performance. The generated knowledge and evidence
will benefit anti-doping efforts, improving decision-making and optimizing
implemented procedures. For example, if there is strong evidence a substance
class does not enhance performance, the class does not have to be prohibited.
This evidence can in turn be used to prevent use through education, and detection
efforts for these substances could be dropped. On the other hand, if thereis strong
evidence a substance class does enhance performance, the substance class should
be prohibited, and all efforts should go into developing/improving reliable and
robust detection methods, based on clinical pharmacological principles. If in
addition thereis also strong evidence of a health risk of such a class, this again can
be used to deter use through education and targeted measurements of risk factors.
The proposed shift would require, among others, revision of the wADA Code,’ but
in many cases it would be possible to apply these evidence-based principles in
the doping setting, perhaps with some minor modifications compared to regular
medicine. If this approach is to be successful, a few obstacles may need to be
overcome, and we will deal with three of these.

Oneevident obstacle is the amount of resources available for doping research,
as the proposed studies and detection method development require funding. To
beimplemented structurally, a redistribution of funding will therefore be required.
Some resources could be made available by focusing doping testing efforts only to
the proven effective substances; a more structured and evidence-based approach to
compiling the Prohibited List, would for example very likely resultin a reduction of
the enormousamountofsubstances onthe List that need testing. Another source of
funding might need to come from the business of sports itself. Astronomical sums
areinvolved with many sportdisciplines through mediarights, salariesand sponsor
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contracts. In order to keep sports fair, safe and sustainable, these parties need to
be convinced of the motivation for the proposed changes, possibly opening the
possibility to organise a part of these resources to flow to anti-doping efforts. Fora
sponsor for example, taking partin such a system might be interesting because of
the publicity value of being associated with clean sports.

A second obstacle to implementing an evidence-based approach would be
that new substances could be used by athletes while research is not yet concluded.
We would argue that depending on how likely such a substance could enhance
performance (based on the mechanism of action and (pre-)clinical studies), it
can be placed on the Prohibited List until robust evidence is available, after which
re-evaluation should take place. This evidence should contain information on
the effect on sports performance as well as safety evaluations, generated in well-
designed clinical studies using relevant outcome measures and taking into account
the pharmacological mechanism of the substance. In the organised system we
propose, this should not take more than a few years. So, if we look at the substances
currently on the List, for many of these the required evidence could already have
been available, as they have been on the Prohibited List for many years.

Finally, a potential obstacle would be that large trials are needed to power
studies in order to detect very small beneficial effects that might be relevant
for cheating athletes. As in regular medicine, this should be addressed by first
establishing what a relevant effect would be and performing a power calculation
forthe number of subjects needed in a trial to detect such an effect. Ifit then turns
outdifficult toaccess a sufficiently large study population, combined and dedicated
efforts should be made to deal with this problem, as is often the case in regular
medicine. One consideration could be changing the current rules preventing elite
athletes to participate in these trials.

Overall, there are challenges of implementing an evidence-based approach in
doping research, but as described here they are not insurmountable. At the same
time, we have shown in this thesis that the currentapproaches to doping regulation
are undesirable. Moving towards an evidence-based approach in doping research
will create better focused anti-doping efforts and will lead to more rational,
transparent and objective doping regulation. This will only benefit athletes and
spectators, and therefore in our view is the way forward.
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De klinische farmacologie van prestatiebevordering
endoping detectieinsport

Al sinds het ontstaan van competitieve sport proberen deelnemers vals te spelen
om beter te presteren. Dat kan op allerlei manieren, zoals het afsnijden van een
hardloopparcours, de trein nemen tijdens een lange wielerwedstrijd, of doen alsof
ereen overtreding wordt gemaakt bij voetbal (‘schwalbe’). Mits goed uitgevoerd en
onopgemerkt door de officials levert zulk vals spel een voordeel op; de deelnemer
verandert (en vergemakkelijkt) hiermee immers de vereisten van de sport. Vooreen
andersoort poging tot prestatiebevordering is het echter minder vanzelfsprekend
dat de sporter er daadwerkelijk voordeel mee doet: dopinggebruik, oftewel het
gebruik van stoffen of methoden die door het Wereld Anti-Doping Agentschap
(WADA) verboden zijn binnen de sport. Dergelijk vals spel kan namelijk alleen
prestatie bevorderend zijn als het gebruik van de middelen de relevante fysieke
vereisten van een sport positief kan beinvloeden. En juist dat laatste is maar de
vraag; de stoffen op de dopinglijst hebben een bepaald farmacologisch effect, het
merendeel wordt zelfs als behandeling voor medische aandoeningen ingezet, maar
hebben deze middelen ook voordelige effecten op de gezonde en getrainde sporter?
Waar ervoor geneesmiddelen hard bewijs vereist is, afkomstig uit robuust opgezet
klinisch onderzoek, om te kunnen concluderen dat er een positief effect is bij de
behandelingvan patiénten,is datin de doping Code van de WADA nietnodigomeen
middel op de verboden lijst te zetten. We kunnen dus niet zomaar aannemen dat
de middelen op de dopinglijst ook echt prestatie bevorderen. Desalnietteminis er
altijd een sterk geloof geweest in het prestatie bevorderende effect van een hoop
stoffen; het gebruik van middelen met een farmacologische werking wordt al sinds
de oude Griekse Olympische Spelen toegepast. Ook in de huidige tijd wordt er nog
steeds doping gebruikt, af te leiden uit het regelmatig verschijnen van bekente-
nissen van sporters en hun staf en van bevindingen van anti-doping instanties en
politie. Omdit verboden gebruik tegen te gaan en op te sporen werken anti-doping
instanties aan voorlichting over en bestrijding van doping, en worden (top)spor-
ters gecontroleerd door middel van dopingcontroles. Dergelijke werkzaamheden
vragen veel onderzoek, tijd en geld en hebben behoorlijke impact op hetlevenvan
de sporter. Desondanks zijn er (blijkbaar) sporters die doping gebruiken en is het
systeem van controles niet waterdicht waardoor dopinggebruikers onopgemerkt

200 THE CLINICALPHARMACOLOGY OF PERFORMANCE ENHANCEMENT AND DOPING DETECTION IN SPORTS

blijven of sporters vals worden beschuldigd. Kortom, er is een duidelijk probleem
metdopingin de sport. En gezien het belang van sportin de maatschappij (sociaal,
financieel, emotioneel) is dit ook een maatschappelijk probleem, onderstreept
door de hoeveelheid berichten over doping in de media. Het doel van dit proef-
schriftis daarom bij te dragen aan een oplossing voor dit probleem door de kennis
vande (klinische) farmacologie toe te passen op het omgaan met het gebruiken de
detectie van doping.

Zoals gezegd zijn de middelen die op de dopinglijst staan zijn voor het overgro-
te deel geneesmiddelen, en om een stof als geneesmiddel te kunnen registreren
zijn er strenge eisen. Een van die eisen is dat er robuust bewijs is dat een middel
een positief effect geeft, dat wil zeggen dat dit aangetoond moet zijn in gerando-
miseerde, placebogecontroleerde, dubbelblinde klinische studies. Bij doping en
prestatiebevordering gaat het om dezelfde middelen en gelden dezelfde (bio-
logische, farmacologische) principes, dus geldt dat eenzelfde mate van bewijs
benodigd is om te bepalen of een middel de prestatie daadwerkelijk bevordert. En
omdat de belangrijkste (of misschien wel de enige) reden dat een sporter doping
gebruikt het bevorderen van zijn prestatie is, is het absoluut van belang om te
bepalen of een middel een effect heeft op sportprestatie. Is er geen positief effect
van een middel dan kan die informatie het gebruik ontmoedigen, enis er een dui-
delijk positief effect dan is het noodzakelijk het gebruik ervan te voorkomen en
gebruikers op te kunnen sporen. Als er geen bewijs wordt geleverd zou elk middel
potentieel prestatie bevorderend kunnen werken en wordt de lijst van verboden
middelen alleen maar langer. En dat is exact wat er gebeurt. Op de huidige wADA
dopinglijststaan 23 klassen van middelen (bij elkaar enkele honderden stoffen), en
zoals we in dit proefschrift laten zien is er maar voor 5 klassen robuust bewijs dat
ze de prestatie bevorderen. Voor positieve effecten op de duurprestatie is er zelfs
voor geen enkel middel bewijs. Voor de overige 18 klassen is er geen solide bewijs
dat er een positief effect is op prestatie, sterker nog, voor 6 klassen op de lijstis er
bewijs dat ze de sportprestatie niet bevorderen. Onder die 6 klassen valt ook de
klasse van eenvan de meest bekende en beruchte vormenvan doping, EPo, oftewel
erythropoietine. Hoewel de bestaande onderzoeken naar recombinant humaan
EPO (rHUEPO) een effect laten zien op specifieke metingen die iets met prestatie
te maken hebben, is er geen bewijs dat daadwerkelijke sportprestatie, zoals een
tijdrit in een wielerwedstrijd, positief beinvloed wordt. Hier speelt namelijk een
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ander principe uitde klinische farmacologie: is de gemeten uitkomstmaat relevant
voor hetgeenje uiteindelijk wilt beinvloeden (namelijk sportprestatie)? Alleen dan
kan het effect op een zogenaamde surrogaat marker worden gezien als bewijs voor
een daadwerkelijk relevant effect. Omdat dit bewijs voor rHUEPO naar onze visie
ontbrak hebben we vervolgens een gerandomiseerde, placebogecontroleerde,
dubbelblinde studie uitgevoerd met 48 getrainde wielrenners, waarbij niet alleen
de al bekende surrogaat markers (zoals maximale zuurstofopname en maximaal
vermogen) werden gemeten, maar ook de voor wielrennen meer representatie-
ve maten van prestatie in een tijdrit en in een wegwedstrijd op de Mont Ventoux.
Net als voorgaande studies vonden we een positief effect van rHUEPO op de surro-
gaat eindpunten, maar prestatie op de tijdrit of de wegwedstrijd verbeterde in de
rHUEPO groep niet ten opzichte van de placebo groep. Deze studie laat daarmee
ziendatrHuUEPO in getrainde wielrenners geen effect heeft op wielerprestatieineen
tijdrit of een wegwedstrijd bergop. Daarnaast toont de studie aan dat het moge-
lijk is om doping te onderzoeken volgens de bestaande principes van de klinische
farmacologie, daarmee een wetenschappelijke basis leggend voor anti-doping
activiteiten voor andere middelen.

Behalve het effect van een middel op de prestatie is ook kennis over het moge-
lijke gezondheidsrisico voor de sporter van belang. Volgens de wWADA Code kan een
risicoop de gezondheid namelijk ook een redenzijn een middel op de dopinglijstte
zetten, terbeschermingvandesporter. Daarnaastschriktvoorlichting over bekende
gezondheidsrisico's potentiele gebruikers misschien af. Netalsvoorhetfarmacolo-
gischeeffectop prestatieis dejuiste methodevoor hetverkrijgenvan bewijsvan een
dergelijknadeligeffect de besproken robuuste klinische studie. Daarom kondenwe
in dezelfde studie onderzoeken of de behandeling met rHUEPO eenrisico geeft op
gezondheidsproblemen. Inonze studie zien we geen bijwerkingen van de behande-
ling, maar wel geeft rHUEPO een verhoging van de bloedmarkers E- en P-selectine,
dieduiden opeen mogelijkverhoogd risico op vaatproblemen. Daarnaastlaatonze
studie zien dat intensieve inspanning, zoals wielrenners dat doen, effect heeft op
eengrote hoeveelheid markers betrokken bij stollingen de functievandevaatwand.
De combinatie van rHUEPO en inspanning geeft zelfs een extra stijging van enkele
markers. Alhoewel hetrisiconogaltijderglaagis, geeftdit wel aanwijzingvooreen
mogelijk verhoogd risico op vaatproblemen zoals trombose bij rHUEPO gebruik,
mogelijk verergerd wanneer het wordt gecombineerd metinspanning.
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Ook dedenwe in dezelfde studie een uitgebreide analyse van eenvan de surrogaat
markers voor prestatie, de zogenaamde lactaatdrempel. Door beter inzicht te
krijgen in de reproduceerbaarheid, betrouwbaarheid en relevantie van dergelijke
surrogaat markers, en de beperkingen ervan in kaart te brengen, kan de waarde
en de relatie met daadwerkelijke sportprestatie van een dergelijke uitkomstmaat
beter worden beoordeeld. Voor het bepalen van de lactaatdrempel blijken vele
verschillende methodes, en onze analyse laat zien dat niet al deze methodes
even goed zijn. Maar zelfs de betere methodes zijn maar deels voorspellend voor
sportprestatie, een bevinding die het nadeel van het gebruik van surrogaat markers
onderstreept.

Hetzal daarmee duidelijk zijn dat er voor de meeste middelen op de dopinglijst
een tekort aan informatie en een gebrek aan bewijs is over de effecten op spor-
ters. Dit belemmert de voorlichting aan sporters, en bemoeilijkt het beleid van
anti-doping inspanningen. Door systematischer onderzoek te doen naar doping,
gebruikmakend van goed-gecontroleerde studies, kunnen deze tekortkomingen
beteraangepakt worden, zoals we in dit proefschrift laten zien. Daarnaast kan dat
ook bijdragen aan een beter onderbouwde, op bewijs gebaseerde (en dus mogelijk
kortere) dopinglijst. Dat kan vervolgensinvloed hebben op doping controles,omdat
er meer gericht gewerkt kan worden aan de middelen die daadwerkelijk het stem-
pel dopingverdienen. En dateen grotere aandachtvoor de detectiemethodes nodig
is, laten de laatste hoofdstukken van dit proefschrift zien. De detectiemethodes en
bijbehorende procedures die we onderzochten hebben tekortkomingen, waardoor
zedesporterdie doping gebruiktlang nietaltijd zullen opsporen, en daarnaast niet
altijd de onschuldige sporter zullen beschermen. De dopingassays voor rHUEPO die
momenteel worden voorgeschreven door de wADA konden we evalueren door in
de eerder beschreven studie met rHUEPO urine en bloedmonsters af te nemen en
te analyseren bij een geaccrediteerd doping lab volgens officiéle wADA procedu-
res. Alhoewel er na het uitvoeren van een tweede, zogenaamde bevestigingstest,
geenvals positieve bevindingen waren voor rHUEPO in urine, zijn er onzekerheden
over waarom enkele placebo-monsters bij de primaire analyse wel positief waren.
Daarnaast blijkt het detectievenster voor rHUEPO behoorlijk nauw en werd een
substantieel deel van de urines dus vals negatief gerapporteerd. Dat betekent dat
gebruikers maar een relatief korte periode het risico lopen positief te testen. Een
andere detectieprocedure van de WADA die we onderzochten, voor het bepalen
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van overschrijdingen van de toegestane dosis salbutamol, heeft fundamentele
tekortkomingen. We laten in onze studie zien dat met deze procedure hetin wezen
onmogelijk is om met zekerheid te zeggen of een sporter een overtreding van de
dopingregels heeft begaan, en ook hier zullen dus schuldige sporters vrijuit gaanen
onschuldige sporters soms beschuldigd worden. De aanpak van doping controles is
dus ook niet volledig op orde, en een betere wetenschappelijke basis zal bijdragen
aan hetverhelpenvan deze tekortkomingen in de strijd tegen doping. Samengevat
leiden de genoemde onzekerheden en onduidelijkheden van zowel de effecten als
de detectie van dopingmiddelen tot een anti-doping systeem dat niet voldoende
transparant, consistent en betrouwbaar is. En dat is uiteindelijk weer schadelijk
voor de sporters, toeschouwers en de sport.

De enige conclusie die op basis hiervan daarom mogelijk is, is dat sportge-
neeskunde en anti-doping werk in het bijzonder, net als de geneeskunde al heeft
gedaan, een meer bewijs-gedreven weg moeten inslaan. Met goed opgezette kli-
nische studies en gedegen wetenschappelijk onderzoek kunnen het bewijs en de
onderbouwingworden geleverd die een beter gestructureerd anti-doping systeem
verwezenlijken. Hiermee zullen anti-doping inspanningen efficiénter, effectiever
en uiteindelijk eerlijker worden, en dat komt de sporters, de toeschouwers, en dus
de sport, ten goede.
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