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AND SPECIFICITY
OF DETECTION METHODS

FOR ERYTHROPOIETIN
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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

160 THE CLINICALPHARMACOLOGY OF PERFORMANCE ENHANCEMENT AND DOPING DETECTION IN SPORTS

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.

164 THE CLINICALPHARMACOLOGY OF PERFORMANCE ENHANCEMENT AND DOPING DETECTION IN SPORTS

REFERENCES

World_Anti-Doping_Agency. World Anti-Doping Agency Code.
2015; https://www.wada-ama.org/en/resources/the-code/world-
anti-doping-code. Accessed August 8,2018.

Ekblom B. BB. Effect of erythropoietin administration on maximal
aerobic power. Scand ] Med Sci Sports.1991;1(88-93).

Annaheim S,Jacob M, Krafft A, Breymann C, Rehm M, Boutellier U.
RHEPO improves time to exhaustion by non-hematopoietic factors
in humans. Eur] Appl Physiol. 2016;116(3):623-633.

Heuberger], Rotmans ]I, Gal P etal. Effects of erythropoietin

on cycling performance of well trained cyclists: adouble-

blind, randomised, placebo-controlled trial. Lancet Haematol.
2017;4(8):€374-€386.
World_Anti-Doping_Agency. Anti-doping testing figures. 2012-
2017; https://wwwwada-ama.org/en/resources/laboratories/
anti-doping-testing-figures-report. Accessed August 8,2018.
World_Anti-Doping_Agency. Technical Document for the
harmonization of analysis and reporting of erythropoiesis
stimulating agents (ESAs) by electrophoretic techniques. 2014;
https://wwwwada-ama.org/en/resources/science-medicine/
td2014epo. Accessed August 8,2018.

Reichel C.sARCOSYL-PAGE: a new electrophoretic method for the
separation and immunological detection of PEGylated proteins.
Methods Mol Biol. 2012;869:65-79.

Reichel C. Recent developments in doping testing for
erythropoietin. Anal Bioanal Chem. 2011;401(2):463-481.

Bowers LD. The analytical chemistry of drug monitoring in athletes.

Annu Rev Anal Chem (Palo Alto Calif). 2009;2:485-507.

Lasne F, Thioulouse], Martin L, de Ceaurriz]. Detection of
recombinant human erythropoietin in urine for doping analysis:
interpretation of isoelectric profiles by discriminantanalysis.
Electrophoresis. 2007;28(12):1875-1881.

Reihlen P Blobel M, Kempkes R, et al. Optimizing SAR-PAGE. Drug
Test Anal. 2015;7(11-12):1014-1016.

Berry DA. The science of doping. Nature. 2008;454(7205):692-693.
Heuberger]A, Cohen TervaertJM, Schepers FM, etal.
Erythropoietin doping in cycling: lack of evidence for efficacy and a
negative risk-benefit. Br] Clin Pharmacol. 2013;75(6):1406-1421.
Hamilton TC, D. Thesecret race: inside the hidden world

of the Tour de France. New York: NY: Random House Publishing
Group; 2012.

Reichel C, Abzieher F, Ceisendorfer T. SARCOSYL-PAGE: a new
method for the detection of MIRCERA-and EPO-dopingin blood.
Drug Test Anal. 2009;1(11-12):494-504.

Gore C), Parisotto R, Ashenden MJ, et al. Second-generation blood
tests to detect erythropoietin abuse by athletes. Haematologica.
2003;88(3):333-344-

Shrestha RP, Horowitz], Hollot CV, etal. Models for the red blood
cell lifespan. ] Pharmacokinet Pharmacodyn. 2016;43(3):259-274.
Reichel C, Kulovics R,Jordan V, Watzinger M, Geisendorfer T. sDs-
PAGE of recombinantand endogenous erythropoietins: benefits
and limitations of the method forapplication in doping control.
Drug Test Anal. 2009;1(1):43-50.

Lamon S, Robinson N, Sottas PE, etal. Possible origins

of undetectable EPo in urine samples. Clin Chim Acta.
2007;385(1-2):61-66.

20

21

22

23

24

ImranS, Eva G, ChristopherS, Flynn E, Henner D. Is specific
gravity a good estimate of urine osmolality?] Clin Lab Anal.
2010;24(6):426-430.

Badoud F, Guillarme D, Boccard], etal. Analytical aspects in
doping control: challenges and perspectives. Forensic Sci Int.
2011;213(1-3):49-61.

Dehnes Y, Shalina A, Myrvold L. Detection of recombinant Eroin
blood and urine samples with EPO WGA MAIIA, IEF and SAR-PAGE
after microdose injections. Drug Test Anal. 2013;5(11-12):861-869.
Clark B, Woolford SM, Eastwood A, Sharpe K, Barnes PG, Gore C).
Temporal changesin physiology and haematology in response
to high-and micro-doses of recombinant human erythropoietin.
Drug Test Anal. 2017;9(10):1561-1571.

Ashenden M, Gough CE, Garnham A, Gore C), Sharpe K. Current
markers of the Athlete Blood Passport do not flag microdose EPo
doping. Eur] Appl Physiol. 2011;111(9):2307-2314.

CHAPTER 7-SENSITIVITY AND SPECIFICITY OF DETECTION METHODS FOR ERYTHROPOIETIN DOPING IN CYCLISTS 165



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.
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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

Negative predictive value 74.4 75.2

TABLE2 ISOELECTRIC FOCUSING URINE ASSAY PERFORMANCE CHARACTERISTICS (TOTAL N =329)

Measure Value (%)
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 92.3 92.0
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