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Abstract During the last 30 years, the artificial increase of
red blood cell volume (“blood doping”) has changed the level
of performance in all endurance sports. Many doping scandals
have shown the extent of the problem. The detection of blood
doping relies on two different approaches: the direct detection
of exogenous manipulating substances (erythropoietic stimu-
lants) or red cells (homologous transfusion) and the indirect
detection, where not the doping substance or technique itself,
but its effect on certain biomarkers is measured. Whereas
direct detection using standard laboratory procedures such as
isoelectric focusing can identify erythropoietic stimulants,
homologous blood transfusion is identified through mis-
matches in minor blood group antigens by flow cytometry.
Indirect methods such as the athlete biological passport are the
only means to detect autologous transfusion and may also be
used for the detection of erythropoietic stimulants or homol-
ogous transfusion. New techniques to unmask blood doping
include the use of high-throughput ‘omics’ technologies (pro-
teomics/metabolomics) and the combination of different bio-
markers with the help of mathematical approaches. Future
strategies should aim at improving the use of the available
data and resources by applying pattern recognition algorithms
to recognize suspicious athletes and, on the basis of these
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Introduction

The oxygen carrying capacity of the organism has been
addressed as performance limiting in most endurance sport
disciplines. From basic physiology, it is known that the oxy-
gen transport of the body is mediated through cardiac output
and hemoglobin, both entities being key factors in the Fick
principle, which defines oxygen uptake. One of the prime
training targets for endurance athletes is therefore to increase
their oxygen uptake and thereby increase their cardiac output
and the oxygen carrying capacity of the blood. It is well
known that regular endurance training leads to enlargement
of'the cardiac cavities and thus cardiac output and, on the other
hand, induces an increase in red cell volume, which will
improve the oxygen transport [1]. However, these adaptations
are slow, require dedicated training over many years, and there
is a high interindividual difference in the ability to adapt to
training. Thus, athletes and coaches have searched for possi-
bilities to bypass these natural adaptations. It is well known
that hypoxia will accelerate red cell production and thus
increase red cell volume [2] so that altitude training and
different other types of hypoxic interventions are nowadays
standard training strategies for most elite athletes competing in
endurance events.

In light of the inventive spirit of human nature, it was clear
that sooner or later athletes would seek artificial means to
increase their oxygen transport capacity without having to go
through the cumbersome and time-consuming process of hyp-
oxic training. From a scientific point of view, the experiments
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laying the base for a beneficial effect of increased red cell mass
stem from military investigations, which demonstrated that the
infusion of red cells had the same physiological effects as the
adaptation of the erythropoietic system to the hypoxia of
altitude and that the “tolerance” of hypoxia (measured through
heart rate response to exercise) was improved in the transfused
subjects [3, 4]. In the following decades, this topic was further
developed with additional investigations that showed a bene-
ficial effect of increased red cell volume on endurance perfor-
mance [5—7]. The positive effect of increased red cell volume
depended on the amount of transfused red cells with increases
in VO2max of up to 17 %.

Obviously, it was not long until these scientific findings
had spread to the world of sports and Lasse Viren, a Finnish
long distance runner who won gold medals at the 1972 and
1976 Olympic Games in the 5,000 m and 10,000 m, is
believed to be among the first athletes to have used blood
transfusions to improve performance. It should be noted that
this technique was not banned at the time and although the
ethical debate on the topic was in full swing [8], it was only in
1986 that the International Olympic Committee banned blood
transfusions. Other than the anecdotal evidence from the
Nordic distance runners, there are other reports on more
systematic use of transfusions in the context of major sporting
events in the 1980s. Notably, it is well established that a large
part of the US cycling team was involved in a systematic
blood doping program that earned them unprecedented suc-
cess at the 1984 Olympic Games in Los Angeles [9]. There is
also some evidence that blood transfusions were an integral
part of the doping regime used for the enhancement of perfor-
mance for athletes from the Eastern bloc (Soviet Union, East
Germany) at that time. Nevertheless, it can be assumed that
because of the logistic requirements of blood withdrawal and
reinfusion, the technique was not widespread, as the technical
necessities were only available to a small number of athletes,
but nevertheless available to certain elite athletes.

This changed dramatically with the commercial introduc-
tion of recombinant human erythropoietin (thEPO), the hu-
man hormone that regulates the erythropoietic system in the
organism. EPO was first isolated in the 1950s and was syn-
thesized in 1985. Commercial thEPO was marketed through-
out the world between 1987 and 1989. Studies investigating
the effect of thEPO on performance were soon published and
demonstrated positive effects on maximal oxygen uptake of
6—-12 % [10]. Although the authorities rapidly banned rhEPO,
the easy access to the substance and the huge impact on
performance resulted in widespread abuse of thEPO during
the 1990s/2000s. It is believed that this substance had a
considerable impact on the development of peak perfor-
mances in all endurance sports during these years and there
are even scientific attempts to prove this for several sports on
the basis of performance analysis [11, 12]. The abuse was
facilitated by the fact that no detection method was readily
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available at that time. From a practical point of view, the
impact of thEPO on performance in endurance sports is best
illustrated by a quote from Greg Lemond, an American cyclist
who won the Tour de France in 1986 and 1989, i.c., before
rhEPO became available, recalling the 1991 race: “I was the
fittest I had ever been, my split times in spring training rides
were the fastest of my career, and [ had assembled a great team
around me. But something was different in the 1991 Tour.
There were riders from the previous years who couldn’t stay
on my wheel who were now dropping me even on modest
climbs.” These words accurately describe how rhEPO
changed the entire world of endurance sport in the following
decades and divided the athletes’ performance primarily be-
tween rhEPO users and non-users.

Logically, following widespread abuse from the 1990s
onwards, doping scandals involving thEPO or blood transfu-
sions have shaken the world of sport on a regular basis,
culminating recently with the investigation of Lance
Armstrong, who subsequently admitted the use of both
rhEPO and blood transfusions throughout his career.
Although, it is therefore common belief that many recent
doping cases were not unveiled by conventional anti-doping
testing, but rather by police investigations or admissions from
athletes or staff, thus non-analytical approaches, anti-doping
laboratories were able to detect about 400 cases testing posi-
tive for thEPO between 2003 and 2011 (World Anti-Doping
Agency (WADA) statistics). Analytics have therefore come a
long way in the detection of blood manipulation in sports and
still outperform police investigations by 10 to 1.

The present review retraces the challenging journey of the
detection of blood manipulation and the different methodical
approaches that have been used over the years to unmask the
abuse of blood transfusions and erythropoietic stimulating
agents (ESA).

Direct detection of erythropoietic stimulating agents
Recombinant erythropoietin and derivates

Direct detection of a forbidden substance in a biological
matrix such as urine or blood obtained from an athlete is the
classical forensic approach to prove doping. This approach
has long been the sole strategy, only fine-tuned by improving
the sensitivity of the analytical detection methods and by
optimizing the timing of testing. The basic principle of the
direct detection of forbidden substances relies on the fact that
these substances are different from the normal constituents of
the human organism. With the introduction of recombinant
drugs such as thEPO, this principle was not valid anymore, as
the recombinant constituent was virtually identical to the
endogenous version of the substance. Thus, at first, doping
tests could not differentiate between the natural, endogenous
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and the artificial, exogenous recombinant version of the drug.
This has, for a long time, been a major difficulty for the testing
laboratories. In 1995, Wide et al. described a method to
separate the natural from exogenous EPO through electropho-
resis, but other laboratories could never replicate their results
and the described method never reached the stage of valida-
tion. Only in 2000, thus more than 10 years after the estimated
beginning of thEPO abuse in sports, the first practicable and
validated test to directly detect thEPO in urine was published
by Lasne et al. [13, 14]. This test relied on a difference in
glycosylation between the endogenous and the exogenous
EPO molecules, which resulted in different migration charac-
teristics during isoelectric focusing (IEF) (Fig. 1, reprinted
from [15]). The recombinant EPO was industrially harvested
from transfected hamster kidney or ovarian cells and, owing to
the difference in cell organelles, a minor posttranslational
difference in glycosylation between the thEPO (made by the
hamster cells) and the endogenous EPO (made by the human
kidney cells) occurred, although the amino acid sequence is
identical. The thEPO molecules are less negative and will thus
move differently from endogenous EPO in an electric field,
which can be demonstrated using the IEF. Further developing
the approach of Wide, IEF is then followed by double blotting,
which addresses the problem of non-specific binding of the
EPO molecules. Although relatively cumbersome, the method
soon identified the first athletes testing positive, namely
Roland Meier and Bo Hamburger, both cyclists. Ironically,
Hamburger was later acquitted by the court of arbitration of
sports on formal grounds (i.e., a lack of harmonization of the
positivity criteria for the EPO tests between laboratories was
identified). This issue has since been addressed and strict
positivity criteria apply, based on acceptance, identification,
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Fig. 1 IEF of different erythropoietins. 7EPO recombinant EPO, uEPO
endogenous standard. (Reprinted with permission from WADA technical
document [15])

and stability principles. thEPO positive samples, for example,
have to show at least three acceptable, consecutive bands
(labeled 1-3 in Fig. 1) in the basic area and the two most
intense bands measured by densitometry must be in the basic
area. When the analysis is performed in blood (serum/plasma)
the intensity of those bands must be approximately twice or
more than any band in the endogenous area [15]. Many
laboratories nowadays use computer-based classification al-
gorithms to guarantee objectivity in this context (GASEpo)
[16].

The detection window for thEPO is known to be relatively
short and depends on the dosage and the method of adminis-
tration: Whereas subcutaneous administration of thEPO in
clinical dosages (e.g., 50 IU/kg body weight) might be detect-
ed over several days, it has been demonstrated that intrave-
nous administration and microdosing (i.e., 500 IU) are virtu-
ally undetectable while still producing a measurable erythro-
poietic effect [17].

In order to blur the IEF picture, athletes nowadays use
mixtures of different rhEPO, knowing that these will produce
uncharacteristic patterns which will have difficulties in meet-
ing the positivity criteria for positive ThEPO tests set by
WADA.

To overcome this limitation and other sampling-related
problems such as bacterial degradation or exercise-
associated proteinuria [18, 19], which might interfere with
IEF results, another method for the detection of EPO misuse,
SDS/SAR-PAGE (sodium dodecyl sulfate/sarcosyl polyacryl-
amide gel electrophoresis) was developed [20, 21]. This meth-
od relies on the difference in molecular weight of the different
types of EPO and is able to identify different thEPO variants.
With thEPO being one of the commercially most successful
drugs developed over recent decades, many biosimilars were
marketed in different countries (epoietin «, J, k, &, w etc.)
[22]. As these biosimilars are also slightly different in their
molecular mass (because they originate from different
transfected cells), they are detectable by the same testing
principles of SDS-PAGE. Even substances with modified
molecular structure such as darbepoietin (Aranesp) or CERA
(continuous erythropoietin receptor activator, Mircera), devel-
oped to have a longer half-life in the organism, can be detect-
ed, as they usually contain a conventional epoietin backbone
paired with another component to slow its excretion and
prolong its action in the organism (i.e., methoxy polyethylene
glycol for CERA). It has to be acknowledged that not all
rhEPO variants will be detectable, as those manufactured by
underground laboratories constitute an analytical challenge,
these EPO forms being slightly different and changing from
batch to batch. Conversely, when applying the WADA posi-
tivity criteria, these are often not met.

The current technical document published by WADA in
2013 stipulates IEF or SAR both as the initial test and for
confirmation purposes [15]. The recommended method used
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Table 1 Non-EPO erythropoie-

sis stimulating substances and Substance

Mechanism of action Stage of development

methods
EPO mimetic peptides

Peginesatide (Hematide/Omontys)

EPO fusion proteins

CNTO 528, 530 (Centocor)
EPO gene manipulation

Transcription activation

Gene transfer

HIF stabilizers/prolyl hydroxylase
inhibitors
See [31] for a concise overview

of the substances
GATA inhibitors

Drug withdrawn from market
in February 2013 after
adverse reactions

Direct stimulation of erythropoiesis

Direct stimulation of erythropoiesis Phase I clinical trials

Animal studies/experimental
human study—proof of
concept

Introduction of EPO-producing
cells into the human
organism/induction of EPO
gene transcription

Induction of the EPO production
cascade by inhibiting HIF la
degradation

Clinical trials

Increase the transcription of the EPO  Clinical trials

gene and thereby EPO production

for confirmation depends on the type of substance found in the
initial assessment.

New developments for ESA screening in urine include the
use of liquid chromatography mass spectrometry (LCMS) [23,
24]. This technique, commonly used in anti-doping settings,
showed promising results but still needs to be validated in the
field. Another advance in the field of ESA detection is the
MAIIA (membrane-assisted isoform immunoassay) method
[25] for the detection of ESAs. It combines immunoassay with
chromatography technology and can be used for both urine
and blood samples. The first results have been promising,
especially for the detection of very low doses of ESA [26,
27]. Another advantage of this new approach is the relatively
easy analytical handling of the test and very little time require-
ments, allowing a high throughput of samples within a short
time. On the other hand, the high costs of the MAIIA method
may be considered a drawback. As for the LCMS method,
validation is still pending.

Non-EPO-related erythropoiesis stimulating agents

With the market for anti-anemia drugs in 2012 estimated to be
close to US$10 billion in the USA alone, it is clear that there is
a strong research incentive for pharmaceutical companies
which has led to the development of new ESAs, unrelated to
the conventional EPO. Several approaches have been pro-
posed, which are summarized in Table 1. Most of the sub-
stances are still in clinical trials, but the past has shown that
black market laboratories are quick in copying drugs before
even official approval has been granted to the developing
pharmaceutical companies.

One drug which had US Food and Drug
Administration (FDA) approval in the USA until recently is
peginesatide (marketed as Omontys), a peptide structurally
unrelated to EPO but with erythropoietic abilities [28]. After
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hypersensitivity reactions in first-time users had resulted in
three deaths, the drug was withdrawn from the market in
February 2013.

Fusion proteins are peptides resulting from the fusion of
genes that initially coded for different proteins. The resulting
peptides very often have properties from both of the genes
they originated from. Fusion proteins are found in cancer
cells, where they occur naturally as a result of cancer-
associated mutation. In EPO research, fusion proteins show-
ing erythropoietic capacity have been created and advanced to
clinical trials. Some have been attached to immunoglobulin,
which facilitates their administration (e.g., as an aerosol
through a nasal spray). CNTO 530, an IgG4 fused peptide,
increased erythropoietic activity after a single administration
in mice [29].

Unfortunately EPO gene manipulation has for many years
been recognized as a potential undetectable doping method.
There are several scientific reports on the successful transfer
of the EPO gene via a viral vector into muscle or dermal cells
[30]. The technique demonstrated reliable increase in all
erythropoietic markers.

Hypoxia inducible factor (HIF) 1« is the upstream regula-
tor of the EPO signal in the organism. Under conditions of
normoxia, this protein is usually immediately degraded by
prolyl hydroxylases after its synthesis. Hypoxia, however,
inhibits prolyl hydroxylases and thereby stabilizes the
HIF 1« protein which can then fulfill its action and induce
the transcription of EPO. EPO will subsequently stimulate the
erythropoietic cascade. Therapeutic anti-anemia strategies aim
to inhibit the prolyl hydroxylases that induce the breakdown
of HIF1ox. A multitude of substances have been developed in
this context and are currently at various stages of clinical
experimentation [31].

Other than through prolyl hydroxylases and HIF 1, EPO
gene expression is also regulated through transcription factors
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that will negatively affect the transcription: So-called GATA
proteins bind to a certain sequence on the EPO promoter gene
and inhibit its transcription, thus negatively affecting the EPO
cascade. The activity of these GATA binding proteins can be
altered by GATA inhibitors, which have been shown to mea-
surably affect erythropoiesis [32, 33].

As most of the substances mentioned above are not natu-
rally occurring in the body, their detection with conventional
methods is, in theory, not problematic. Furthermore, many of
the drugs are aimed at long-term action to overcome the
frequent injections necessary with conventional EPO, which
would improve the quality of treatment for the patient, but also
the detection window for anti-doping tests. For several of the
aforementioned substances, detection methods are readily
available, owing to the close cooperation between WADA,
anti-doping laboratories, and pharmaceutical companies [20,
28, 34].

Interestingly, the EPO gene transfer seems also to be de-
tectable: Lasne et al. demonstrated in primates that the EPO
originating from the transferred gene is different from the
endogenous one, possibly because of the mild difference in
cell organelles between the different types of cells. Whereas
natural, endogenous EPO originates from kidney fibroblasts,
the EPO genes are often transferred into muscle cells by using
their cell organelles and thus creating a slight difference in
glycosylation and molecular mass [35].

Detection of hemoglobin-based oxygen carriers (HBOCs)

Whereas many tissues and organs of the human body such as
joints or cardiac valves can be replaced by artificial substi-
tutes, medical science is still on the quest for a suitable blood
replacement that features all qualities of the simple red blood
cell to carry oxygen. So far, the greatest advances have been
made in the development of HBOCs which, in contrast to
other approaches such as perfluorocarbons, rely on hemoglo-
bin molecules of animal origin or from genetic engineering
[36]. A HBOC (Oxyglobin®) was approved for veterinary use
in certain countries 15 years ago. Such substances are under-
stood to have entered the world of sports already with the aim
of improving oxygen delivery to tissues [37, 38] and have
allegedly been used by athletes in an attempt to boost perfor-
mance. However, the definite proof of the efficiency of these
substances to improve performance is still lacking [39] and the
few studies showing a positive effect have been criticized [40,
41]. It has been speculated that the oxygen transport effects are
impaired by a significant vasoactive action of the HBOCs
related to NO scavenging properties of free hemoglobin,
which interferes with oxygen delivery. With the advancement
of medical science it can nevertheless be anticipated that
sooner or later a viable HBOC that is able to improve oxygen
delivery and thereby performance in humans will be available.

The detection of HBOC is straightforward and relies on elec-
trophoresis as a screening procedure and size exclusion—high-
performance liquid chromatography (SEC-HPLC) [42, 43].

Direct detection of blood transfusions

With the availability of direct ESA testing, it can be presumed
that the ‘older technique’ for performance enhancement using
blood transfusions for boosting red cell volume gained in
importance among cheating athletes. Neither homologous
nor autologous blood transfusions could be detected directly
until 2003, when Margaret Nelson et al. presented a test for the
detection of homologous transfusion that identifies mixed red
blood cell (RBC) populations using antisera against minor
blood group antigens [44]. In this assay, 12 blood group
antigens were selected to identify donor RBC populations in
patients who received between one to three units of homolo-
gous blood with a lower limit of detection around 5 % of the
total red cell population [44]. The method was further validat-
ed and improved by Voss et al. who used a panel of eight
primary blood groups antigens [45]. Applying the technique
of signal amplification, the authors improved the separation of
those antigens with weak or heterozygous expression resulting
in an identification of mixed RBC populations in samples
containing 0.3-2.0 % of donor blood [45].

Around the same time, Giraud et al. presented forensic
standards of doping analyses for homologous blood transfu-
sions in a single-blind and single-site study [46]. A specificity
of 100 % was described as no false-positive results were
observed in the analysis of 140 blood samples containing
different percentages (0-5 %) of a minor RBC population.
The sensitivity of the method was 78.1 % and most samples
were unambiguously detected. With their approach, the ISO-
17025 accreditation and validation requirements were fulfilled
[46]. Examples of single and double population fluorescence
intensity histograms (using anti-Jk* antibody and the mix of
fluorescein isothiocyanate (FITC)-coupled secondary anti-
bodies) are presented in Fig. 2. Several athletes tested positive
for homologous blood transfusion on the basis of this test.

Obviously, this method is inappropriate for the detec-
tion of autologous blood transfusions, which continue to
be undetectable by direct means. From the time before
2000, when EPO was similarly undetectable by a direct
test, indirect biomarkers have emerged as a method to
deter blood doping and possibly limit the extent of
manipulations.

The use of indirect biomarkers of doping has culminated in
the introduction of the so-called athlete biological passport
(ABP) which can be regarded as the best approach and is
implemented by WADA [47]. The ABP will be described in a
separate section below.
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Fig. 2 Typical distributions of
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History of biomarker approach

In the late 1990s, as a first step, ‘no start’ rules were intro-
duced with the official objective to protect the health of the
athletes when certain blood markers exceeded definite limits
(e.g., hematocrit (Hct) above 50 % or hemoglobin (Hb) above
17 g/dL (International Cycling Union, UCI) [48] or Hb above
17.5 g/dL in men and 16.0 g/dL in women (International Ski
Federation, FIS) [49, 50]. In this time, the widespread use of
rhEPO can be assumed on the basis of indirect evidence; e.g.,
in elite cross-country skiers extreme Hb values up to 20 g/dL
were common between 1994 to 1996 but disappeared after the
‘no start’ rule was introduced in 1997. Yet, mean Hb values
continued to rise, suggesting the further use of artificial
methods with fewer extremes [49, 51]. It became obvious, as
described by Cazzola [52], that the use of upper limits of
definite blood values may result in athletes who would titrate
rhEPO to approach the target Hb or Hct without exceeding it.

Plasma volume fluctuations resulting from changes in pos-
ture, exercise, and training [53], altitude exposure [54, 55],
season as well as storage conditions [56] influence
concentration-based blood values such as Hct and Hb and
thus represent a major limitation of their use with absolute
limits. Additionally, cheating athletes may manipulate
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abnormally elevated Hb and Hct values by intravenous infu-
sions of normal saline leading to hemodilution. On the other
hand, even clean athletes may be declared unfit as Hb and Hct
in a normal distribution may exceed the given limits [57].

The panel of indirect markers was extended and more
evidence was gathered on the effect on blood values of
rhEPO administration in training athletes [58]. Parisotto
et al. suggested the use of a combination of indirect markers
of altered erythropoiesis (reticulocyte Hct, serum EPO, solu-
ble transferring receptor, Het, %omacrocytes) in a multivariate
statistical model for detection of rhEPO during a possible
administration phase (ON models) and after recent cessation
of thEPO use (OFF models) [59, 60]. The sensitivity of these
models was improved with larger numbers of subjects and
resulted in the introduction of the so-called second-generation
blood tests [61] of which the OFF-hr model, a score combin-
ing Hb and Y%retics, is part of the current ABP according to the
WADA ABP operating guidelines [47]. Although OFF-hr was
originally described for the detection of thEPO use, it is also
sensitive to other forms of blood doping such as blood trans-
fusion [62, 63].

The application of these models by sports authorities and
anti-doping organizations was problematic despite their sci-
entific impact. The OFF-hr model was used by certain sports
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federations as another ‘no start’ criterion [61]. Yet, infringe-
ments of the ‘no start’ rule were equal to failing a ‘health test’
but not considered a violation against WADA’s anti-doping
code and therefore only yielded short mandatory interruptions
of competition, e.g., 2 weeks.

As even these improved biomarkers were only compared
with a population-based reference range in a cross-sectional
setting (e.g., universal limit of Hct above 50 %, OFF score
greater than 122), it already seemed likely in 2000 that a
longitudinal, individual hematologic profile, the so-called he-
matologic passport, could be advantageous to prevent and
perhaps detect blood doping [52]. Various attempts were made
to define the natural within-subject and between-subject as
well as analytical variability to use longitudinal measurements
as an instrument against blood doping.

Introduction of the athlete biological passport (ABP)

The relevance of indirect biomarkers persisted even after the
introduction of a direct test for thEPO abuse [13, 64] because
the time frame of direct thEPO detection was short and other
forms of blood doping such as transfusions are believed to
have been revived by fraudulent athletes in that time. Even
with the availability of a direct test for homologous transfu-
sions [44, 45] biomarkers may be used to reveal manipulations
induced by blood transfusions regardless of the origin. It is
clear now that the biomarker approach bears another advan-
tage. These markers are already sensitive to any future com-
pound that elicits a similar physiological response, such as the
increase of the oxygen carrying capacity. Therefore, the con-
cept of a hematologic passport was developed further and is
presented in detail in this section.

Early subject-specific reference ranges were defined by
Malcovati et al. for Hb and Hct to encourage the hematologic
passport in a global strategy to deter blood doping [65]. The
main theory behind this concept is that each athlete provides
individual reference values that allow a longitudinal analysis
by applying various algorithms.

The so-called third-generation tests or the z-score were
introduced by Sharpe et al. who were able to distinguish the
effect of rhEPO abuse from natural biological fluctuations
with longitudinal observations of Hb or OFF-hr. Assuming a
universal within-subject variation only two values from one
athlete could be used for the calculation of the z-score [66]. In
anew approach, it was concluded that longitudinal data might
not only be used to ban participation in competition but also to
establish target testing of suspicious athletes [66]. This was
important as only positive direct test results could be used for
sanctioning of manipulating athletes.

Progress of the passport concept prevailed as Sottas et al.
combined all data contained in a single blood profile of an
athlete in a universal multiparametric score (abnormal blood

profile score, ABPS) that was initially presented in various
versions using between three and 12 different biomarkers
responding to either thEPO administration or blood transfu-
sion [67]. In the current version of the WADA ABP operating
guidelines [47], ABPS calculated from Hct, Hb, RBC count,
reticulocyte percentage (RET%), mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), and mean
corpuscular hemoglobin concentration (MCHC) is recom-
mended as a marker in addition to OFF-hr [61]. In a universal
marker such as ABPS various doped states might equally lead
to a high score, e.g., the donation and reinfusion of autologous
blood both will elevate the score, whereas this will lead to a
one-directional change only from a low to a high value for the
non-universal marker OFF-hr [68].

Furthermore, it is prudent to consider that blood values
may always be subject to biological variability (e.g., gender,
age)—heterogeneous factors—and confounding factors such
as physical activity (e.g., type of sport, competition vs. train-
ing, or exposure to altitude). Some of these factors may
change over time, such as altitude or the type of instrument
used, and then influence longitudinal monitoring. Yet, time-
independent or fixed factors such as ethnic origin or gender
are specific for a given athlete [68]. Robinson et al. considered
heterogenous factors and proposed a model based on a global
Bayesian inference approach for the detection of abnormal
blood values over time [69]. In such a Bayesian network, the
causal relationship between a doping activity and the induced
alterations of blood markers is represented as probabilities
where every causal relationship is itself a model represented
by a conditional probability density function [68].

WADA and other sports federations observed the growing
scientific knowledge of longitudinal subject-specific monitor-
ing of blood values until, in 2008, UCI was the first sports
organization to introduce the hematological module of the
ABP to detect blood doping. WADA followed in December
2009 and approved the first version of the WADA
ABPoperating guidelines which have since been revised
[47]. Nowadays, the hematological module of the ABP in-
cludes the longitudinal monitoring of eight hematological
markers (Hct, Hb, RBC, reticulocyte count (#retics), %retics,
MCV, MCH, and MCHC) to identify abnormal patterns with a
subject becoming her or his own reference. From some of the
hematological markers additional models are calculated: OFF-
hr [61] and ABPS (containing 7 markers) [67]. According to
the WADA ABP guidelines [47] the application of the ‘adap-
tive model’ predicts an expected range for an individual
within which a series of marker values falls assuming a normal
physiological condition [47]. Outliers correspond to values
out of the 99.9 % range (0.05-99.95 percentiles) and warrant
further attention and review. Anti-doping organizations may
select a value lower than 99.9 % to identify atypical samples
and/or profiles that warrant further investigation [47]. An
expert chosen by the responsible anti-doping organization
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shall initially review atypical values or an atypical longitudi-
nal profile. This expert shall evaluate the anonymous passport
data and respond on the basis of four hypotheses that will
trigger the indicted further action [47]:

* The measured values can be considered natural variation
and thus normal: normal testing pattern is continued.

* The measured values are suspicious: further data are re-
quired and target tests shall be performed.

* The measured values may be the result of the use of a
prohibited substance or prohibited method: two further
experts review the passport.

* The measured values are indicative of a pathological
condition: information of the athlete or involvement of
two further experts.

As the role of scientific experts in doping cases based on
indirect evidence will considerably gain in importance, an
emphasis should be made in regular scientific exchange and
continuous education of the experts.

The prerequisite of valid biomarker data for objective
interpretation and legal use is a strict process for sample
collection, transport, and analysis that has been put into place
for the ABP [47]. For instance, sample collection must not
occur within 2 h after training or competition and must be
carried out after the athlete has remained in a seated upright
position for 10 min with feet on the floor [47] in order to allow
the vascular volumes to equilibrate [70]. In addition, impor-
tant minimum information should be included on the ABP
control form to review blood data in an individual context
such as and among others blood loss in the 3 months preced-
ing each sample collection, use of simulated hypoxic condi-
tions (e.g., altitude house, tents), or exposure to altitude above
1,000 m above sea level [47].

Furthermore, technical documents of the ABP guideline
define the transport and storage conditions, e.g., the type of
storage device, the necessity of a storage temperature data
logger, and the rapid transport so that analysis can ideally be
performed within 36 h of sample collection [47], although
there is growing evidence that this time frame might be
extended [71]. Samples should only be analyzed in WADA-
accredited or WADA-approved laboratories or their satellite
facilities which must all be subject to strict regular internal and
external quality control procedures and follow the WADA
international standard of laboratories [72].

Current ABP guidelines describe the particular importance
of an athlete passport management unit (APMU) that is re-
sponsible for the administrative management of the ABP. This
includes advising anti-doping organizations about intelligent,
targeted testing, liaising with the expert panel, compiling an
ABP documentation package, and reporting adverse analyti-
cal findings to anti-doping organizations and WADA [47].

It seems essential that APMU personnel has profound
knowledge of the ABP concept and indirect doping detection
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methods to ensure the intelligent, targeted approach that helps
to avoid a waste of organizational and financial resources. It
can be postulated that a main goal is to avoid parallel passport
data collected by different stakeholders such as national anti-
doping organizations (NADO) or governing bodies of each
sport. Therefore, harmonization of data storage with mutual
sharing of results that were analyzed with strict adherence to
the WADA protocol is important to use the ABP in its full
capacities. The ADAMS (anti-doping administration and
management system) platform could provide a system for all
stakeholders for the planning, collection, and evaluation of all
ABP data although the exact responsibility of each stakehold-
er remains to be defined. For instance, NADOs could empha-
size the testing of a young and/or nationally active athlete but
as the athlete moves on to a regular international competition
setting, testing could be taken over by the international sport-
ing federation.

Continuous evaluation of the ABP

Further studies evaluated the strength and possible limitations
of the ABP after introduction of the hematological module by
UCI and WADA which will be presented in the subsequent
paragraph.

As the ABP depends on analytically flawless data, the pre-
analytical conditions and the laboratory testing were put into
question [73, 74]. Thus, it seemed of great importance wheth-
er the adherence to the ABP guidelines [47] will allow high
quality results respecting forensic standards and thus assure
their applicability in a juridical context. Robinson et al. con-
firmed that the rigorous adherence to WADA'’s guidelines
yields excellent results required in the anti-doping context
[71]. According to Lombardi et al. who reviewed this and
previous studies on the topic, the limit of 36 h from blood
collection to analysis is reasonable to guarantee analytical
quality, when the samples are transported at 4 °C which
seemed to improve the stability of hematological parameters
independently from the analytical methodology [75]. Further
studies on the stability of blood parameters used within an
anti-doping setting were available before the ABP was offi-
cially introduced [76—78]. In addition, pursuing the goal to
provide a sound foundation for the interpretation of blood
profiles in athletes, more data were published on various
confounding factors and analytical aspects which may help
to refine existing guidelines [79-82]. For instance, from a
practical point of view, Schumacher at al. reported that long-
haul air travel leads to normal diurnal variations of Hb without
any indication that travel will affect the hematological mea-
sures in a way that might be interpreted as blood doping [83].

Despite the general appreciation of the concept, it also
became clear that the ABP has some limitations. As described
by Sottas and Vernec, “the sensitivity of the ABP to detect
doping is limited if the physiological result of a low level of
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doping remains within the individual’s own reference range”
[84]. It fits in this context that microdosing of thEPO does not
lead to abnormal changes in the current ABP markers during
rhEPO administration [17]. Nevertheless, this study by
Ashenden et al. may face certain limitations. For example,
blood counts were measured only during the titration and
following maintenance phase, but not longitudinally after
rhEPO was discontinued for which OFF-hr was originally

described [17].

Fig. 3 Two original ABP
software passport illustrations
(screen shots) show the individual
time course (blue line, ordinal
scaling, x-axis) of the measure
(Hb, OFF-hr, and ret%, each on y-
axis) and the respective individual
two-tailed threshold limit values
(upper and lower red lines, 99 %
probability). Additionally, the
percentile at which the sequence
falls in the distribution of
sequences of the same length
assuming no doping is indicated
below each graph. a Case of the
control group. b Case of the
doped group, the time points of
blood withdrawal, and reinfusion
are marked by gray arrows (one
arrow per unit; down arrow
withdrawal of 500 mL of whole
blood, up arrow reinfusion of
280 mL of RBCs). (Modified and
reproduced with permission from

[62])

In order to evaluate the best possible realistic performance
of the ABP adaptive model for a blood doping technique
(autologous blood doping), a longitudinal blinded study de-
sign included 21 subjects that were divided into two groups of
which one was transfused with 1-2 bags of blood at 2—3 time
points during a simulated time course of a professional cycling
season [62]. A blinded investigator who was well trained in
the use of the ABP was requested to apply an intelligent
testing approach which allowed a sensitivity of 82 % at the
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99 % threshold of the adaptive model as 9 of 11 subjects in the
doped group had at least one value outside of the individual
limits for Hb and OFF-hr or a sequence (Hb and OFF-hr)
above the 99.9 % probability threshold. The specificity was
90 % for Hb (one false-positive value in 1 of 11 athletes) and
100 % for OFF-hr, sequence Hb as well as sequence OFF-hr
[62]; see Fig. 3 for examples of a ’transfused’ and ‘non-
transfused’ subject (modified and reprinted with permission
from [62]).

Several aspects allude to the effectiveness of the ABP
hematological module. First, individual non-physiological da-
ta from the ABP have been used to sanction athletes [85, 86]
and were recognized by the Court of Arbitration in Sport
(CAS) in a final hearing. Second, these precedents might have
had a deterrent effect on future behavior of athletes as can be
concluded from the data of Zorzoli and Rossi [87] who
reported that the value of %retics has significantly changed
and normalized since the introduction of the ABP in 2008,
which may reflect a decreased prevalence of blood manipula-
tions in the professional cycling peloton. From a practical and
more measurable perspective, the introduction of the ABP
hematological module and dedicated target testing based on
the ABP data led to a 250 % increase in the number of positive
rhEPO cases in 2008 and 2009. In 2011 the number of cases
was still about 300 % higher than it was before the introduc-
tion of the ABP (data available from www.wada-ama.org).

Future perspectives

Apart from the application of the ABP hematological pass-
port, other strategies were pursued to narrow the incidence of
blood doping and offer a broader spectrum of detection
methods. This is especially true for the detection of otherwise
untraceable autologous blood transfusions.

Phthalates

One idea was to identify markers that indirectly allude to the
autologous transfusion. After withdrawal, freshly donated
blood requires an initial processing and storage for a certain
amount of time, which mostly occurs in plastic bags. The
softening substances of these plastic blood bags or so-called
plasticizers are phthalates (di-(2-ethylhexyl)phthalate
(DEHP)) and their derivates. A considerable amount of the
phthalates will diffuse from the plastic bag into the stored
blood during long-term storage and will be transfused with
the blood. Monfort et al. demonstrated that phthalates are
metabolized in the human body to distinct molecules
(mono-(2-ethylhexyl)phthalate (MEHP), mono-(2-ethyl-5-
hydroxyhexyl)phthalate (MEHHP), and mono-(2-ethyl-5-
oxohexyl)phthalate (MEOHP)) and can be detected in urine
for a short time after transfusion using LCMS methods [88].
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The measurement of phthalates is the first approach using
urine as a matrix, which is collected commonly at anti-
doping controls. This may also include using phthalate anal-
yses for homologous blood transfusion for which the direct
test requires the collection of blood samples [44, 45]. Blood
samples are now collected in a much higher percentage than in
the past but not in all subjects.

On the other hand, as phthalates are ubiquitous and present
in many products of daily use, testing for phthalates will very
likely not be a suitable stand-alone detection method for blood
transfusion. Therefore, several validation studies [89-91]
have been conducted in order to identify threshold values for
the different metabolites in athletes, taking into account the
normal daily exposure to plasticizers. Recently, two further
metabolites were described as possible markers (mono-(2-
ethyl-5-carboxypentyl)phthalate (5cx-MEPP) and mono-(2-
carboxymethylhexyl)phthalate (2cx-MMHP)) for blood trans-
fusions measured by ultraperformance liquid chromatography
tandem mass spectrometry together with the molecules
MEHP, MEHHP, and MEOHP [92]. The use of urine for the
detection of blood transfusions with phthalates seems prom-
ising as all urine samples submitted to doping analysis in any
accredited laboratory could provide corroborating evidence in
subjects potentially using blood transfusion, e.g., based on
ABP data. Phthalate data could also be applied together with
other indirect markers in a multifactor approach.

Hemoglobin mass

Coinciding with the agreement on the ABP, Morkeberg et al.
[63] evaluated three passport approaches for their sensitivity
and specificity for the detection of autologous blood transfu-
sion. The best possible marker for lower dosages of transfused
blood (e.g., one bag) was OFF-hr [87]. Interestingly, a new
score (Hbmr) was introduced and showed the best perfor-
mance for larger amounts (e.g., three bags), but requires the
determination of total hemoglobin mass (Hb mass) as a further
measure. Hb mass determined by the optimized CO
rebreathing method [93] was first suggested as a potential
biomarker in the context of blood doping in 2007 [94], mainly
because it is independent of plasma volume fluctuations. The
usefulness and applicability in several circumstances were
evaluated in several studies thereafter [95—101]. Hb mass
was also evaluated as a marker in the adaptive model of the
ABP in a longitudinal blinded study [102], in which a new
score (OFFmass including %retics) was likewise published
and yielded a sensitivity of 73 % without false-positives at the
99.9 % specificity level. Hb mass was also evaluated for the
potential to detect thEPO misuse [103]. Various efforts have
been made [104, 105] to improve the problems associated
with the CO rebreathing method such as the administration
of a potentially toxic substance and lack of a quality control
system. Nevertheless, it seems that these problems limit the
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applicability of the method in anti-doping [104, 105].
Therefore, the search is on for an alternative to Hb mass
determination which is compatible with today’s standards of
testing because of its potential to improve the detection rate of
autologous blood transfusion. On such approach could be the
indirect modeling of Hb mass from indirect markers. Research
on this topic is currently being conducted.

MicroRNAs

Further biomarkers could be derived from ‘circulating
miRNAs' as shown by Leuenberger et al. for the abuse of
ESAs [106]. On the basis of microarray results, a significant
difference in the levels of miRNAs was measured in plasma
after CERA injection, even for a longer period of time as the
increase of the specific miR-144 | lasted 27 days after CERA
administration. Similarly, the same group described that au-
tologous blood transfusion leads to an increase of selected
circulating miRNAs in plasma of pulmonary and liver tissue
origin compared to a non-transfused control group (personal
communication).

Response to foreign erythrocytes

Another interesting approach arises from the analysis of eryth-
rocytes. In a pilot project, Nikolovski et al. analyzed proteo-
mic data (e.g., from 2-DE gels) from two volunteers and
showed that RBC membrane proteome changes during stor-
age could provide biomarkers for the detection of autologous
transfusion in the future [107]. In a similar small study,
Marrocco et al. showed that the marker ‘oxidative stress-
related protein peroxiredoxin 2’ and the RBC population

characterized by density separation significantly changed after
mixture of stored RBCs with freshly withdrawn RBCs in vitro
[108]. In a current project supported by WADA (11B16TP),
our group hypothesized that a systemic response towards a
‘supra-physiological’ red cell volume induced by autologous
transfusion might be assessable in vivo by measuring the
differences in red cell distribution by continuous density gra-
dients and flow cytometry characterization of erythrocytes.

Furthermore, as several molecular changes occur in stored
RBCs, commonly referred to as the ‘storage lesion’, we hy-
pothesized that autologous transfusion will lead to a sudden
exposure of cell detritus to the immune system causing a
cellular and molecular immune response. A distinct immune
reaction was found on a transcriptional level in T lymphocytes
using whole genome microarrays and qRT-PCR confirmation
[109]. This concept was reassessed by evaluation of the im-
mune response of peripheral blood mononuclear cells using
cellular fluorescence markers in vitro and in vivo by our group
(BISP 1IA1-070303/10-11); these results will be published
elsewhere.

Other serum markers

Several authors have highlighted the impact of blood manip-
ulation on iron metabolism [110, 111]. With iron being the
major substrate for Hb synthesis, it is evident that iron-related
variables will be affected by any manipulations of erythropoi-
esis. Ferritin, the iron storage protein, was addressed as a
potential marker as early as the 1980s [111]. However, the
association to inflammation and its susceptibility to be
influenced by external iron administration limits its specificity.
Hepcidin was recently investigated as another potential

DIRECT DETECTION INDIRECT DETECTION

rhEPO
ESAs (Aranesp, CERA, ...)

SDS/SAR PAGE / ELISA

IEF
Athlete Biological Passport

Hematological module

LCMS / MAIIA

Flow cytometry

{using minor blood group antigens)

Homologous
Blood Transfusion

Future markers from ‘Omics’
technologies

no direct method

Autologous
Blood Transfusion

Fig. 4 Synopsis of major blood doping detection methods. Established
methods are printed in black (solid line), future or experimental methods
are printed in gray (dashed line). The sensitivity of the ABP may be

Phtalates

limited if the physiological result of a low level of doping remains within
the individual’s own reference range. See text for abbreviations
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marker in this context. This molecule regulates the iron ab-
sorption by the body and was found in several studies to be a
potential marker for blood manipulation [112]. However,
more data on the natural variation and the impact of exercise
and other confounding factors are necessary.

Combination of biomarkers

As the evidence from above illustrates, the main scientific
focus has been on finding single biomarkers that will detect
certain doping techniques with acceptable sensitivity and
good specificity. Future research should explore complemen-
tary paths using mathematical methods for the combination of
the multitude of markers that often display a good sensitivity
but may lack specificity. Approaches such as support vector
machines and other classification techniques that are in use in
many other domains of science might be helpful. In this
context, information from different sources (e.g., urine tests,
blood tests) should be combined, as also for urine test infor-
mation, a longitudinal monitoring has been proposed [27]. By
these means, specificity could be increased and distinct pat-
terns for certain doping interventions or the identification of
suspicious and potentially doping athletes could be warranted,
which would then trigger follow-up testing with more specific
methods. This would help to save resources and make the
fight against doping more efficient.

In this context, the application of newer diagnostic tools
relating to the ‘omics’ technologies such as transcriptomics,
proteomics, and metabolomics will nurture this area in the
years to come [113, 114]. Thus, it may be possible to identify
the biological fingerprint of many potential doping substances
which would allow athletes to present themselves to a com-
petition with physiological values and profiles that fall within
their own personal limits [84]. Additionally, the scope of
analyses could be expanded to performance profiling for
targeting and intelligent testing procedures [11].

Conclusions

Nowadays, several blood doping techniques can be directly
detected such as the misuse of many types of ESAs and
homologous blood transfusion. A new era was initiated with
the introduction of the hematological module of the ABP by
WADA in 2009 which may allow one to overcome certain
limitations of direct testing (e.g., ESAs similar to endogenous
compounds, limited detection window) and may provide an
instrument for the detection of autologous blood transfusion.
The main advantage of this new approach is that it remains
applicable regardless of the doping technique and will remain
sensitive even with upcoming new substances that cause a
similar physiological phenotype. Figure 4 displays a synopsis
of the available methods for blood doping detection. In the
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future, a multitude of markers provided by the ‘omics’ tech-
nologies could be used in an individual subject-based model
to identify non-physiological patterns and use the individual
ABP to its full capacity.
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