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1 Introduction

Erythropoietin (EPO), a glycoproteic hormone produced by
the adult human kidney, stimulates red blood cell produc-
tion. The recombinant form of this hormone quickly became
misused by endurance athletes as a doping agent to improve
aerobic performances, and the International Olympic Com-
mittee officially prohibited it in 1990. The first antidoping
control for this hormone was performed only in 2000, how-
ever, at the Sydney Olympic Games. At this time, both indi-
rect blood parameters showing a stimulation of red cell pro-
duction and a direct detection of rHuEPO in urine were

1875

Research Article

Detection of recombinant human
erythropoietin in urine for doping analysis:
Interpretation of isoelectric profiles by
discriminant analysis

The detection in urine of recombinant human erythropoietin ({tHuEPO), a hormone mis-
used by endurance athletes as a doping agent, is based on the differentiation of its iso-
electric pattern from that of the corresponding natural hormone. Different empirical cri-
teria have been proposed for discriminating the images of the patterns but none of them
have been elaborated from a rational statistical approach. Discriminant analysis was applied
to a dataset of profiles defined as positive (116 profiles from 26 subjects) (presence of
rHUEPO and possibly residual natural endogenous hormone) and negative (131 profiles
from 131 subjects) (presence of natural endogenous hormone only). The different bands
were numbered according to a template of 16 possible positions and their relative inten-
sities constituted the 16 variables of the statistical analysis. This method was then tested
with data from an administration trial of low doses (6.7-10 IU/kg) following high-dose
(265 IU/kg) injections (71 profiles from one subject). The analysis of the dataset clearly
separated the negative and positive profiles. A cross-validation procedure confirmed that the
analysis was extremely stable: with ten-fold cross-validation, no false positives were
observed even with 100000 simulations. Furthermore, the detection of rHUEPO in the
profiles from the low-dose trial was greatly improved in comparison with a previously vali-
dated empirical criterion.

Keywords:
Discriminant analysis / Doping / Erythropoietin / Isoelectric profiles
DOI 10.1002/elps.200600363

required to report an adverse finding in antidoping control.
Since 2002, the direct detection of rHUEPO in urine is the
necessary and sufficient condition for this.

Detection relies on the differentiation of natural endoge-
nous and recombinant exogenous EPO by their isoelectric
profiles. Whereas the former is composed of a great number
of bands located in the pH range of 3.7-4.7, the latter is
composed of six bands located in the pH range of 4.4-5.1 and
3.7 — 4 for epoetin o or B and darbepoetin o (a hyperglycosy-
lated analogue of epoetin), respectively. Since the injected
recombinant hormones are recovered in urine with a practi-
cally unmodified isoelectric profile, they give rise to typical
patterns that signal their presence. The images correspond-
ing to the EPO banding patterns are thus the basis for char-
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acterizing this hormone in the analyzed urine samples [1].
An initial visual evaluation of the image permits an efficient
diagnosis; however, in order to objectify the attributes of the
profiles, different numerical data analyses have been pro-
posed and have led to several ‘criteria for positivity’ to ascer-
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tain the presence of recombinant hormone in a urine sam-
ple. All of them must guarantee an infallible identification of
any ‘negative’ profiles (i.e. corresponding to natural endoge-
nous hormone) to prevent ‘false positive’ misinterpretation.
On the other hand, they aim to be as sensitive as possible for
detecting recombinant hormones in nonpatent cases (low-
dose injections and/or progressive disappearance from urine
with time). Till now, the numerical criteria have been
empirically established from the observation of a great
number of profiles corresponding to excretion studies of
recombinant hormones and to investigations of various con-
trol populations. In order to optimize their numerical char-
acterization, we submitted different types of profiles to dis-
criminant analysis.

2 Materials and methods
2.1 Sample analysis

The isoelectric profiles of EPO in urine were monitored
through the IEF and ‘double blotting’ methods previously
described [2]. Briefly, urine samples (20 mL) were submitted
to ultrafiltration using membranes with a molecular mass
cutoff of 30000 Da in order to concentrate the hormone in
the retentate. This retentate was assayed for its EPO level by
ELISA (human EPO Quantikine IVD from R&D Systems)
and submitted to IEF (pH gradient of 2-6). The catholyte
used for the IEF run, 2% w/v 6-8 carrier ampholytes, was
enriched with 2% w/v methyl red. This dye migrated during
the run and was finally located in the position of its apparent
pI (4.3) in the 7 M urea gels used, as a red line reflecting all
the possible disturbances of the pH gradient encountered in
the different lanes of the gel. A digital photograph of this red
line was stored. The EPO isoforms were specifically revealed
by the double-blotting method [3] using monoclonal antihu-
man EPO AE7AS from R&D Systems. The final result was a
chemiluminescent image of these isoforms obtained with a
LAS-1000 plus a CCD camera (Fuji).

Two reference preparations, Biological Reference Prepa-
ration (BRP batches 1 and 2a) from the European Pharma-
copoeia Commission (an equimolecular mixture of EPO
(tHuEPO): epoetin o and f) and darbepoetin o (NESP) from
Amgen were mixed and systematically included in the IEF
runs so that they were present in all of the analysed images
as position markers.

2.2 Establishment of the profiles

The profiles resulted from the evaluation of the luminescent
images by the AIDA (Advanced Image Data Analyser) 1D (v.
3.44) software from Raytest.

A densitometer window (5 mm width) was drawn so that
it included the most basic band of BRP and the most acidic
band of NESP and was positioned on each of the different
lanes.
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Baselines of the different lanes were drawn valley-to-val-
ley for each peak in a profile, and the percentage of the peak
integral reduced by the background intensity in comparison
with the sum of all the peaks of the profile was recorded as its
‘relative intensity’ (RI).

Numbers were assigned to the bands from band 0, cor-
responding to the most acidic band of BRP. The numbers
from 1 to 6 were assigned to the more basic bands and from
—1 to —9 to the more acidic ones (Fig. 1). In the cases of
curved bands in a lane due to disturbance of the pH gradient
by the corresponding sample, the photograph of the methyl
red line was used to identify band 0 (Fig. 2).

For each of the patterns, the relative intensities corre-
sponding to each of the 16 possible bands (from —9 to 6)
were stored in 16 columns of an Excel file, one row corre-
sponding to one profile.

All the profiles were first evaluated for their so-called
‘percentage of basic isoforms’, which was the numerical pa-
rameter initially validated to detect the presence of recombi-
nant Epoetin in urine when the method was developed. The
‘basic isoforms’ were from 1 to 6 and corresponded to the
bands colocalised with the BRP bands apart from band 0.
The % of basic isoforms was thus the sum of the relative
intensities of bands from 1 to 6. From previous statistical
analysis of control populations, a cutoff value of 80% for this
parameter excluded the possibility of natural endogenous
EPO and was validated as a criterion for positivity (unpub-
lished data).
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Figure 1. Assignment of band numbers. Bands were numbered
from band 0, corresponding to the most acidic band of BRP in the
reference lane (R), with positive and negative values for the more
basic and more acidic bands, respectively; lane A: negative pat-
tern with typical natural urinary endogenous EPO, B: negative
pattern with atypical aspect as observed after some particularly
strenuous physical exercise, C: positive pattern corresponding to
the urinary excretion of epoetin a.
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Figure 2. Use of methyl red for the identification of band num-
bers. The photograph of the red line corresponding to methyl red
(MR) in the IEF gel at the end of the run is superimposed with the
EPO banding patterns. This photograph is positioned so that the
red line goes across the most acidic bands (band 0) of BRP in the
different reference lanes (R). This line automatically connects all
the bands 0 of the different lanes whether the migration has been
disturbed (A, B) or not (C, D).

2.3 Selected profiles for the discriminant analysis

This statistical study was first conducted on a reference
dataset corresponding to 247 profiles previously identified as
positive (n =116) or negative (n=131) for the presence of
rHuEPO.

Out of the 116 positive profiles, 37 were observed in urine
samples from seven healthy volunteers during 4 wk of treat-
ment (50 [U/kg, three times per week) followed by 2 wk of
treatment at a lower dose (20 [U/kg, three times per week), 61
were from one healthy volunteer during 10 days of treatment
(250 IU/kg, six times) followed by 2 wk of treatment at a
lower dose (13 1U/kg, four times per week), and 18 were from
antidoping control analysis having been classified as positive
by the percentage of basic isoforms criterion. The different
administration trials had been approved by the ethics com-
mittee of Montpellier hospital (France) and all the subjects
had granted written informed consent before study initia-
tion.

Negative profiles (n = 131) were obtained from 131 indi-
vidual subjects. They were composed of 50 typical natural
urinary endogenous EPO profiles (referred to as ‘typical’) and
81 profiles presenting some shift towards basic pH, as
observed in urine samples collected after some particularly
strenuous physical exercise (referred to as ‘atypical’).

All of the typical and atypical profiles were classified as
negative for the presence of rHUEPO by the percentage of
basic isoforms criterion. Examples of a ‘positive’ pattern and
the two types of negative pattern are given in Fig. 1.

The specificity of the method was illustrated using an
additional set of 105 profiles obtained from 56 subjects who
had never received recombinant EPO injections.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The capability of the discriminant analysis to detect the
presence of low rates of recombinant EPO in a profile (sen-
sitivity) was tested by comparison with the percentage of
basic isoforms criterion on 71 profiles from an administra-
tion trial composed of a first set of five ‘high-dose’ (265 IU/
kg) injections followed by a second set of seven ‘low-dose’
injections (5-10 IU/kg) of epoetin o in one subject. These
profiles corresponded to urine samples collected during per-
iods ranging from 2 to 5 days following the different injec-
tions.

2.4 Discriminant analysis

The datasets were submitted to discriminant analysis [4]
using the linear discriminant analysis (Ida) function of the R
statistical software environment [5]. The aim of this method
is to best separate two or more classes of objects, and then to
classify new objects into these classes. The use of the lda
function is explained thoroughly by Venables and Ripley [6],
and only a brief explanation is given here. The data table is
made of p variables (columns) measured on n objects (rows).
These objects belong to g classes. Let W be the within-class
covariance matrix, and B the between-class covariance
matrix. Let M be the g x p matrix of class means, and G be the
n x g matrix of class indicator variables (g; =1 if and only if
case i is assigned to class j). Let X be the means of the vari-
ables over the whole sample.

(X — GM)"(X — GM)
n—g

W =

1)

(GM —1%)"(GM — 1%)
g—1

Linear discriminant analysis seeks linear combinations xa

of the p variables that have a maximal ratio of the separation

of the class means to the within-class variance, i.e. max-

T Ba

imising aTW . These (3) combinations are called linear
a'Wa

B=

2)

discriminant functions, and they can be used both to
represent the original dataset and to assign new objects to
the classes.

The 247 observations in the reference table were initially
classified into three groups corresponding to positive profiles
(n =116) and the two negative sub-groups of typical (n = 50)
and atypical (n = 81).

The analysis of this known reference table allowed the
calibration of the method and the construction of a model to
which unknown profiles could be compared. The percentage
of misclassifications was computed by bootstrap simulation
[7] and the validity of the model, particularly the absence of
false-positives, was tested by ten-fold cross-validation, as fol-
lows: one-tenth of the data were drawn at random from the
full dataset and used to compute a new model. The remain-
ing nine-tenths were used as ‘new’ profiles to validate this
model, and all the misclassifications were recorded. The
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whole procedure was performed a great number of times
(drawing one-tenth of the data each time), and the total
number of misclassifications was noted. These bootstrap and
cross-validation procedures were performed both consider-
ing or not that some of the positive profiles were not derived
from different individual subjects. The results were identical,
which means that the possible bias introduced by the fact
that several samples came from the same individual was
negligible.

A classification procedure was then designed to allocate
new profiles to a group with a known probability, using the
‘predict’ function of the MASS package for R [5]. Since this
function of classification was intended to be used for anti-
doping control, specific requirements were taken into
account. In particular, in order to prevent any false-positives,
a high probability threshold (probability less than 1/10 000 to
be negative) was programmed to validate a positive classifi-
cation. This threshold was not applied for the validation of
negative cases. Since there is no need to differentiate typical
and atypical groups in antidoping control, these groups were
pooled together as negative profiles in the final result.

In addition, the procedure provided graphical outputs il-
lustrating the classification of the profiles. All these proce-
dures were developed for the R statistical software environ-
ment, and they are freely available from the authors.

Electrophoresis 2007, 28, 1875-1881

3 Results
3.1 Reference dataset analysis

As shown by the plot of the 247 profiles from the reference
table on the two linear discriminant axes (LD1 x LD2), the
positive profiles on the left part of the plot were very well
separated from the two other groups, while typical (bottom)
and atypical (top) profiles slightly overlapped (Fig. 3). The
percentage of misclassification computed by the bootstrap
procedure was equal to 2.5% for typical versus atypical nega-
tive profiles, but no false positives (typical or atypical vs.
positive profiles) could be found, even with 10000 random
draws. The results of the cross-validation procedure con-
firmed that the analysis was extremely stable: with ten-fold
cross-validation, no false-positive was observed with 100 000
simulations.

3.2 Classification procedure

Figure 4 gives an example of the allocation procedure out-
puts. The report first indicates the probabilities of the alloca-
tions (A). In this example, the probability that profile 1
belongs to the positive group is 0.998563 and the probability

LD2
0
1

Figure 3. Plot of the 247
samples of the reference table

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

T T on the two linear discriminant
axes (LD1xLD2). (O): positive;
(A): negative typical; (+): nega-
tive atypical.
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positive. (A) Probabilities of the
allocations, (B) Curves corre-
sponding to the profiles of inter-
L= preted profiles (black) super-
imposed to the reference curves
(red: positive, green: ‘typical
negative’, blue: ‘atypical nega-
: ' : " : : : tive’), (C) Projection of the inter-
-6 -4 -2 o 2 4 -] ! . ! .
preted profiles on the two linear
LD1 discriminant axes.

that it belongs to the negative group is 0.001437 (the sum of
probabilities is equal to 1). Since the probability to be nega-
tive (0.001437) is more than 1/10 000, this profile is said to be
‘unclassifiable’. Profiles from 2 to 6 are classified as positive
as they have probabilities of being negative of less than
1/10000. Profiles from 7 to 14 are classified as negative since

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the probabilities of their being negative are greater than of
being positive. In this group, no additional threshold is
imposed for acceptance of the classification, as is the case in
the group of positive profiles: 7 and 8 are classified as nega-
tive even though their probability of being positive is more
than 1/10000.
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Two graphical outputs illustrate the allocation of the
interpreted profiles. In the first one, the profiles are dis-
played as curves connecting the 16 points corresponding to
the relative intensities of the 16 possible bands. The curves
corresponding to the interpreted profiles are superimposed
on the collection of the curves corresponding to the reference
profiles (B). The second graphic is a projection of the inter-
preted profiles on the linear discriminant (LD) axes (C).
These graphics allow the consistency of the allocation of the
interpreted profiles to the two groups to be checked visually.

3.3 Specificity of the classification

The specificity of the discriminant analysis was demon-
strated by the cross-validation procedure of the reference
dataset analysis. On the other hand, as an illustration of the
specificity, all of the 105 profiles obtained from the additional
set of 56 subjects safe from any injection of recombinant
EPO were reported as negative by the classification proce-
dure.

3.4 Sensitivity of the detection of rHUEPO

The classification of the profiles observed during the 2-
5 days period following the different injections of the
administration trial was conducted using both the percent-
age of basic isoforms criterion and discriminant analysis. Of
the 71 observed profiles, 34 versus 50 were classified positive,
13 versus 5 were unclassifiable and 24 versus 16 were classi-
fied negative by the percentage of basic isoforms criterion
and discriminant analysis, respectively, thus demonstrating
the greater sensitivity of the classification by the latter meth-
od (Fig. 5).

4 Discussion
Since natural endogenous EPO is physiologically present in

urine, an absolute differentiation of this hormone from
recombinant exogenous EPO is a requisite for any analysis

Electrophoresis 2007, 28, 1875-1881

used in the context of antidoping control. The method vali-
dated by the International Olympic Committee (IOC) and
the World Anti Doping Agency (WADA) authorities for anti-
doping control relies on the characterization of the isoelectric
profile of this hormone in urine. The result of the analysis is
an image composed of several bands. This image is con-
verted into numerical data corresponding to the positions
and relative intensities of the bands (profile). Although in
most of the cases an obvious interpretation is suggested by
the image, objective criteria using numerical data of the pro-
file are required to ensure the reliability of interpretation.

Initially, a ratio referred to as the percentage of basic iso-
forms was empirically established from the observation of
typical images and was proposed to differentiate natural and
recombinant EPO profiles. A threshold value calculated from
the statistical analysis of data from control populations were
validated as the criterion for positivity (i.e. excluding the
possibility of natural EPO). Other combinations of numer-
ical data have since been empirically developed, such as a
‘two-band ratio’, and proposed to characterize the profiles [8].

The approach related here used discriminant analysis of
typical profiles in order to optimize their differentiation. The
aim of this statistical method is to describe the differences
between groups of observations (discrimination), and to use
this description to allocate new observations to the groups
(classification). For this, all the variables of the dataset (and
not only a few of them) are used and a linear combination of
these variables is computed. This linear combination pos-
sesses the mathematical property of a maximal ratio of be-
tween-group to within-group variance. Discriminant analysis
requires a sufficient number of observations compared with
the number of variables. In the present study, 247 observa-
tions (profiles) of 16 variables (relative intensities of the 16
possible bands) were chosen as a reference dataset ensuring
good numerical conditions.

Care was taken in the selection of the negative (absence
of rHUEPO) profiles to include the cases of both typical nat-
ural EPO and atypical profiles. It should be noted that the
proportions of typical and atypical profiles selected for the
negative dataset do not reflect their occurrence in real con-

tme (days)

B r-_ﬁ-rl ’I *er..l '

Figure 5. Classification of profiles observed during the administration trial. The thick arrows indicate injections of 265 IU/kg and the thin
ones, injections from 5 to 10 Ul/kg. The rectangles below the axis correspond to the profiles classified by % of basic isoforms (A) and dis-
criminant analysis (B) Black Square, positive; gray square, unclassifiable; white square, negative. Some urine samples were taken at dif-

ferent times on the same day.
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ditions of antidoping control analysis. Most of the urine
samples, though taken in competition just after a physical
exercise, give rise to typical natural EPO profiles. Only a few
of them produce profiles referred as to atypical in this article.
The appearance of such profiles in some particular condi-
tions of strenuous exercise deserves additional study. What-
ever the origin of this phenomenon, it was essential to
ensure that atypical profiles, though presenting more over-
lapping bands with the recombinant hormone than typical
natural ones, were clearly differentiated from positive pro-
files (presence of rHUEPO) by discriminant analysis, as was
the case with the previously validated percentage of basic
isoforms criterion. The stability of the results demonstrated
by cross-validation of the reference data was highly satisfac-
tory.

The program developed from these reference data
appears to be a reliable and sensitive tool for interpreting
new profiles. The use of a conservative threshold of prob-
ability for the validation of a positive result is a guarantee
against false-positives. On the other hand, the greater sensi-
tivity of this classification in comparison with the previously
validated criterion ensures a better detection of low doses of
rHuEPO. This is of particular interest in view of the allega-
tion that athletes escape detection by reducing the injected
doses [9].

The proposed program has been elaborated for detecting
epoetin o and B but it may be expanded for the detection of
other types of EPO drugs. A small number of profiles
observed following the injection of darbepoetin o (NESP)
were tested with the present version of the program (data not
shown). When recovered in the urine from injected subjects,
this hyperglycosylated rHuEPO analog presented a clearly
more acidic isoelectric profile (Fig.1). The clearcut isolation
of these profiles on the linear discriminant axes, away from
the groups of negative and ‘positive to epoetin o and ', sug-
gests very easy identification. The reference dataset is going
to be completed with such profiles. Another recombinant
hormone, epoetin o, and a different type of EPO that is pro-
duced by gene activation (epoetin 8, Dynepo) will be the
subjects of a study in the near future. Broadly speaking, the
diversification of EPO drugs requires adapted criteria for
antidoping control analysis. The statistical approach pre-
sented here appears to be a convenient and powerful re-
sponse to this problem.

© 2007 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The program proposed for interpreting the profiles was
developed from the R statistical software environment [5]
which is freely available under the terms of the GNU General
Public License as published by the Free Software Foundation
(GNU General Public License http://www.gnu.org/copyleft/
gpl.html). The procedures described here are also freely
available, and can therefore be used by all antidoping control
laboratories. Of course, the interpreted data must first be
comparable with the reference dataset. This implies perfect
standardization of the images and of corresponding inte-
grated profiles.

From our data, the discriminant analysis appears to be a
very high-performance method for classifying EPO profiles,
preventing false-positive interpretations, and improving the
detection of rHUEPO in not obviously patent cases.

EPO administration trials were partially supported by grants
from the World Anti Doping Agency (WADA) and were con-
ducted as a collaborative study from the Science and Industry
Against Blood doping (SIAB) research consortium. The authors
wish to thank Professor Michel Audran and Professor Christian
Préfault from University Montpellier 1 as supervisors of the trials
and Dr. Michael Ashenden from SIAB as a project coordinator.
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