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Evolving concepts and techniques for
anti-doping
Technical advances are being made in many areas of biotechnology and genetics that are facilitating the detection
of doping in sport. These improvements have been catalyzed by the need to counter the ever-increasing sophistication
of the community of athletes and their retinues who are intent on the illicit use of physical, pharmacological and
genetic tools and methods to enhance athletic performance, in contravention of established international ethical
and legal standards and of international treaty. The methods described in this article present a partial and general
picture of only some of these advances.
The long and continuing effort against doping
in sport relies more than ever on the incorporation of modern and sophisticated technology to
counter the ever-increasing sophistication and
determination of parts of the sport community
that are intent, to the detriment of sport and
honest and clean athletic competition, to use
pharmacological and genetic tools to enhance
athletic performance. To counter that trend
many advances in anti-doping technology have
been, and continue to be, made in many areas of
chemistry, cell and molecular biology and genetics. The purpose of this review is to identify several of those areas in which new concepts and
new techniques are providing tools to improve
detection of illicit use of banned tools, drugs and
methods in sport. Herein, we examine briefly
the evolution of several powerful MS tools,
improved mathematical and gene- or proteinbased analytical techniques for the direct or
indirect detection of doping agents.
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Preventive analysis: towards the ‘end
of the story’ of the detection of the
prohibited small-molecule drugs?
The unification of the analytical procedures used
by the World Anti-Doping Agency (WADA)accredited laboratories is of the utmost importance not only for both the economy in laboratory resources and reporting time, but also for
the development of laboratory infrastructure to
cover the analysis of more complicated molecules
such as proteins. New drugs, usually circulating without official approval (termed designer
drugs), have become easily available due to the
progress of the technology of their synthesis
and easy distribution via the internet. Designer
drugs are a major potential threat to the athletes’

health, because they go directly from the illegal
laboratory bench to the athlete’s body without
proof of safety through a rigorously performed
clinical trial. They also create a threat to the
anti-doping system, because the basis of antidoping analysis, especially for small molecules,
is the detection of the known prohibited drugs
or metabolites. To cope with these problems,
we must ensure that the analytical systems are
able to acquire sensitive (especially for anabolic
agents), accurate data for as many prohibited
known and designer molecules as possible.
Additionally, the samples need to be stored in
a stabilized form for a long enough period of
time in order to permit reanalysis of the sample
at any time; for example, after the discovery of
new designer drugs or the detection of new longterm metabolites that change detection times in
biological substances. Then, athletes involved in
cheating will be unsure if they or their consultants have correctly calculated the clearance times
and can therefore avoid detection. Furthermore,
they will be faced with the possibility of being
detected even years after an anti-doping test.
This way, the analytical approach can become a
truly preventive measure of doping.
The preventive analytical system we need for
the detection of small-molecule drugs in urine
must be generic and economical. From only one
sample preparation, we must be able to extract:
the unconjugated molecules from urine; the
deconjugated molecules following enzymatic
hydrolysis of the glucoconjugated metabolites,
important to estimate the steroid profile [101] ;
and, the intact sulfoconjugated molecules to be
analyzed by LC–MS. Then, the analysis must be
performed on GC–MS and LC–MS for chromatographic coverage [1] of an unlimited number of
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Key Terms
LC–MS: Analytical technique
that combines molecular
separation by LC with molecular
identification by MS.
GC–isotope-ratio MS:

Technique that involves GC
sample separation followed by
combustion to CO2 and N2 and
MS determination to determine
ratios of 13C/12C in CO2 and
15
N/14N in N2 .
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organic molecules that can interact with receptors related pharmacologically to a performance
enhancement mechanism. Especially for the GC
derivatization, this reaction must be as generic
as possible so as not to produce multiple derivatives for stimulants [2] and to reduce polarity of
the steroids with hydroxyl and keto groups [3]
for best chromatographic behavior and sensitivity. The MS technology must be sensitive and
the data must be recorded with high accuracy
and in full-scan mode. The high-resolution
and full-scan acquisition MS mode is the ideal
combination, together with a reproducible and
high-resolution chromatographic system, for the
identification and simultaneous detection of an
unlimited number of substances [4] .
Using this approach of generic sample preparation (i.e., the analysis in LC and GC systems coupled to MS with high resolution and
full-scan acquisition), we can retrospectively
[5] detect designer drugs [6,7] and new metabolites or metabolic pathways of anabolic steroids
that dramatically increase detection times,
such as the series of the new night-watch steroid metabolites [8,9] . WADA has included in
its Anti-Doping Code the provision of sample
storage for 8 years, a policy that was duplicated
by the International Olympic Committee [102] .
In the preventive analytical approach, the samples do not need to be reanalyzed for designer
drugs and new metabolites, in order to save
urine volume and laboratory resources. What
is needed is just the reprocessing of the already
acquired LC–MS or GC–MS data. Recently,
a critical screening of a GC–MS library search
resulted in the detection of the designer stimulant methylhexanamine [4] . Such reprocessing of
more than 1000 high-resolution full-scan LC–
MS analytical files belonging to stored samples
already reported as negatives revealed that 11
samples also contained this designer drug. After
reactivation of the 11 anti-doping tests and a full
confirmatory procedure, all those samples were
re-reported as positives. Moreover, around the
preventive approach, to enhance applicability,
other support technologies can be built such as
the in silico prediction of designers, metabolites
and analytical data [10–13] as well as the stabilization of urine samples against microorganisms
and proteases action [14] .
The WADA Prohibited List [103] is currently
open to all drugs belonging to recognized prohibited pharmacological classes. The preventive
approach must be consistent with the need of the
WADA Prohibited List to permit additions of
Bioanalysis (2012) 4(13)

all drugs of all pharmacological classes that can
enhance performance as new pharmacological
classes are detected.
Perspectives of isotope-ratio analysis
in doping control
The compound-specific analysis of stable-isotope ratios at natural abundance (CSIA) has
become an indispensable tool in doping control. As compared with endogenous hormones,
synthetic steroids typically are slightly depleted
in 13C. Therefore, their presence in urine can
often be clearly detected. This must be considered a major breakthrough in respect to one of
the most demanding issues in anti-doping. In
general, CSIA will always be of interest when
discrimination of (semi-)synthetic and natural
compounds with identical chemical structure
is desirable.
Currently, CSIA in doping control relies
on the combination of GC and isotope-ratio
MS (IRMS). Both techniques are well proven.
However, their hyphenation was achieved less
than three decades ago. IRMS can only be performed on simple gases (CO2, N2, CO and H2).
The combination of GC and IRMS therefore
requires quantitative online conversion of the
analytes. This is achieved by combustion or
pyrolysis depending on the required type of
the gas.
The inevitable conversion of the analytes to
simple gases creates several problems. First, any
structural information is lost. The identity and
purity of a given signal may therefore be doubtful, causing foreseeable issues when it comes to
forensic disputation [15] . Thus, additional online
incorporation of conventional MS was soon suggested [16,17] . While the development of a corresponding commercial interface has seemingly
been discontinued, a simple design has recently
been shown to be useful in drug analysis [18] .
Implementation of the latter will not be difficult
in anti-doping laboratories, but will take some
time and handicraft. On the other hand, additional analysis on a dedicated GC–MS system
adjusted to otherwise identical parameters will
yield virtually equivalent information.
Another issue is the sensitivity of GC–IRMS.
Here, one must first keep in mind that as little as 1% of the carbon, that is, 13C, must be
quantified to the third or fourth digit in order
to obtain sufficiently accurate isotope ratios.
The situation is even more unfavorable for other
elements (H, N and O). Therefore, CSIA will
always require larger substance amounts than
future science group
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most other recent analytical techniques such as
GC–MS or LC–MS. In respect to steroids, an
amount of ~10 ng can currently be considered a
practical lower limit for routine carbon-isotope
analysis. This can potentially be lowered to 5 ng
when a state-of-the-art mass spectrometer is at
hand. But the fundamental design of IRMS is
rather optimized and has not changed for decades. Therefore, it is unlikely that significantly
more sensitive and yet affordable mass spectrometers will be available soon. In fact, the
hyphenation of GC and accelerator MS (AMS)
has recently undergone significant progress
[19] , but the costs and efforts required for AMS
operation are presumably far beyond what is
affordable in anti-doping analysis in the near
future. However, information obtained from 14C
could be exploited additionally. Essentially, precise 14C-based ‘drug dating’ is now possible [20] .
This is due to the increased atmospheric levels of
this nuclide caused by nuclear-weapon testing in
the 1950s. The concentration currently drops at
a half-life of ~15 years, much faster than induced
by radioactive decay. But as it seems, corresponding compound-specific radiocarbon data have
not yet been exploited in the forensic context.
Therefore, improvements in sensitivity will
have to be achieved foremost by optimizing GC
analysis. The possibility to perform large-volume
injections (up to 10 µl and more) is favorable.
This is only one out of the many merits of the
precolumn solvent-removal technique introduced in 2006 [21,22] . In addition, the sharp and
well-defined peaks facilitate analysis of lowconcentrated compounds. Considerable progress
may also be achieved by the combination of fast
GC with IRMS [23] . Fast GC, however, requires
some customization of the mass spectrometer
and the use of dedicated data-analysis procedures. The technique also facilitates effective
GC–GC combinations. This approach has significant potential for improving IRMS detection
and reducing the amounts of substances required
for analysis [24] .
The advantages of these GC methodologies
for routine analysis of low concentrations of steroids of doubtful origin, such as 19-norandrosterone, boldenone and formestane, are straightforward. Sometimes, conspicuous samples show
urinary concentrations in the low ng/ml range.
While fundamentally prohibited, these compounds may, on rare occasions, have biological
or endogenous origins [25–27] .
Improvement of sensitivity will become
even more demanding once hydrogen-isotope
future science group
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analysis has been established for which, as a rule
of thumb, 20-times more material is required.
The benefits of 2H/1H analysis for the detection of steroid abuse has been demonstrated in
pilot studies [28–30] . Detection of steroid abuse
seems to be possible even when 13C/12C is not
conspicuous [31] .
If not applicable to steroids, nitrogen stableisotope analysis will benefit from improvements
in sensitivity. First, because the abundance of 15N
is relatively low, but most importantly because
nitrogen is present in possible target analytes in
only low amounts. Nitrogen isotopes can possibly reveal primordial or metabolic origins of
stimulants. Pilot studies have revealed characteristic changes of 15N/14N induced by metabolism [32] . Moreover, some stimulants may occur
naturally in some food or may be generated
from these physiologically (e.g., octopamine,
tyramine and synephrine). Multi-element stableisotope analysis (C, N and possibly H) will be
most interesting here in order to assign these
compounds to specific sources.
Hitherto, the combination of LC and IRMS
has seemingly not been employed in doping control. In fact, applicability is restricted,
generally due to the requirement of a purely
aqueous mobile phase. LC–IRMS is also currently limited to 13C/12C analysis. Nonetheless,
LC–IRMS probably offers some potential in the
fight against doping. Detection of the abuse of
recombinant peptide hormones (e.g., growth
hormones) and of metabolic modulators
(e.g., 5-aminoimidazole-4-carboxyamide-1-bd-ribofuranoside [AICAR]) represents a great
challenge. These are not amenable to GC ana
lysis, at least not immediately, that is, without
chemical modifications. It is likely that these
compounds can be discriminated from their
physiological congeners by CSIA. However,
three fundamental requirements must primarily be met: first, it is to be investigated whether
sufficiently characteristic 13C/12C patterns can be
found at all. For recombinant material, this will
depend mostly on the 13C/12C ratios of cultivation media and considerable scatter is probable.
Second, due to the limited flexibility of the LC
parameters, the compounds will have to be isolated and purified in advance. This will require
sophisticated preparative techniques. Finally, the
crucial limitation is again given by the achievable
sensitivity. In addition, quantitative recovery
of low-concentrated peptides is typically most
challenging. Moreover, LC–IRMS tends to
produce broad and poorly resolved peaks. Both
www.future-science.com
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Key Term
Slow off-rate modified
aptamers (SOMAmer™):

Modified aptamers with
enhanced nuclease resistance
and protein-binding properties.
SOMAmer is a registered
trademark of SomaLogic, Inc.

issues will significantly hamper progress here.
However, a promising target for LC–IRMS is
possibly AICAR. Physiological concentrations
in urine are in the µg/ml range [33] and will presumably be much higher following abuse. At the
same time, development of a suited, but purely
water-based LC method appears possible.
Stable-isotope analytics is affected largely by
advances in fundamental novel research rather
than by implementation and validation of routine
methods. As may be inferred from the GC–IRMS
work quoted above, many powerful solutions are
custom-made and have not yet undergone commercial development. In fact, it is unlikely that
this will ever happen. Many powerful custom solutions can be found in the compilations of de Groot
[34,35] . A recent development is use of a through
oven transfer adsorption–desorption (TOTAD)
interface [36] to achieve inline combinations of
LC, GC and IRMS [37] . GC–IRMS analysis can
be performed on selected LC fractions. This is
certainly interesting for routine doping analysis.
Mandatory, but time consuming, sample purification can thus be integrated into the analytical run.
Additionally, this may help to cope with problems
resulting from the vastly differing concentrations
of relevant analytes. More than three orders of
magnitude may be covered. However, the dynamic
linear range of IRMS is much smaller. The possibility to submit defined aliquots of the LC fractions to IRMS automatically would therefore be
highly advantageous.
Positivity criteria for differences between the
13
C/12C ratios of target and endogenous reference
compounds have been stipulated [101] , but these
criteria certainly do not fully exploit the information present in stable-isotope data. Little, if
anything, is known about the statistical distributions of true-positive samples. At the same time,
it is fundamentally doubtful whether clinical trials can yield the required distribution parameters with sufficient accuracy. One possible
approach is given by Bayesian statistics. The relevant distributions and criteria can thus be modeled iteratively from routine samples. However,
this would require flexible handling and more
frequent updates of the decision criteria.
Slow off-rate modified aptamer
protein-binding reagents: a sensitive
new tool for anti-doping applications
This section describes a new proteomic technology that overcomes some of the limitations of
other current technologies, including the ability
to accurately measure:
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n

More than 1000 proteins simultaneously
across hundreds of samples per day;

n

In only 25–100 µl of each sample;

n

From many different sample types;

n

n

Detection over 7 logs of concentration, with a
median LLOQ of 500 fM – similar to that of
ELISAs;
The technology is cost-effective, quick, reli
able and reproducible.

This breakthrough platform is based upon
the use of slow off-rate modified aptamer
(SOMAmer™) protein-binding reagents, which
are synthetic molecules composed of modified
single-stranded DNA that uniquely fold on
themselves in such a way as to bind tightly to
specific proteins in blood and other biological
specimens [38,39] . SOMAmers are a new generation of aptamer-based molecules that have been
chemically modified in a way that improves
binding to cognate proteins [40] . Although
SOMAmer reagents behave similar to proteins
in biological solutions, they can also be easily
measured and manufactured using the chemical
synthesis and PCR techniques that have revolutionized DNA technology. To date, SOMAmer
reagents have been used to measure the proteins
present in over 20,000 blood samples and other
sample types [41–43] [Williams SA, Unpublished Data] .
Using SOMAmer reagents in the analysis of longitudinal samples has revealed patterns of emerging states of health and disease for a variety of
diagnostic and clinical research applications –
a promising application of the technology for
anti-doping programs.
The SOMAmer molecules are single-stranded
DNA chains with chemically modified nucleotides incorporated into the DNA (Figure 1) ,
resulting in high binding affinity for proteins
with slow off-rates [44,45] . The slow off-rate of
binding of the SOMAmers reagent to a specific protein is the key component of the systematic evolution of ligands by exponential
enrichment (SELEX) process [40] . SELEX is an
iterative amplification and selection process of
initially binding a random mixture of potential SOMAmer sequences to a purified protein,
washing unbound SOMAmer materials away,
and then repeating this process until a single
SOMAmer reagent with strong binding affinity
and a slow off-rate to a single protein is selected.
At the time of this writing, a catalog of over 1300
SOMAmers reagent has been generated in this
future science group
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fashion [41,104] . The types of proteins to which
the current SOMAmers can bind include those
involved in signal transduction, stress response,
proteolysis, phosphorylation, intracellular transport, immune processes, cellular differentiation
and cell adhesion. The functional and cellular
distributions of the proteins bound by the current SOMAmers are shown in Figure 2 . Most
SOMAmer reagents have affinities better than
1 nm, with greater than 3 log orders of linear
dynamic range. In practice, samples are analyzed
in a dilution series that allows the detection of
proteins in complex mixtures ranging from
1 µM to 100 fM.
The

SOMAscan™ assay
In order to analyze a biological sample on the
SOMAscan assay, the menu of SOMAmer reagents is incubated with the biological sample
of interest, and then the SOMAmer–protein
complexes are run through a series of bead capture and washing steps [41] . During the assay,
all unbound proteins and SOMAmer materials
are removed from the sample in a stepwise fashion. Ultimately, the bound SOMAmer–protein
complexes are released, and the free SOMAmer
materials are measured using state-of-the-art
DNA hybridization platforms, including microarrays, Luminex® beads or qPCR [42] . The final
result is a quantitative measure of the amount
of protein present in the biological specimen,
detected through the binding and quantitation of the SOMAmer sequences. A high-level
overview of the assay is shown in Figure 3. The
SOMAscan assay has been successfully run on
serum or plasma samples, cerebrospinal fluid,
synovial fluid and urine, as well as tissue lysates
and cell culture models [41–43] [Williams SA,
Unpublished Data] . The assay has been characterized for reproducibility, LOQ and LOD. A
summary of the assay characteristics is shown
in Table 1.

Applications

Most of the SOMAmer-based discovery projects
have focused on particular clinical indications,
such as lung cancer [8] , other cancers, cardiovascular disease, diabetes and other health conditions. In addition, significant number of studies with the pharmaceutical industry for drug
mechanistic and biomarker discovery purposes
have been performed. Looking beyond clinical
applications, additional studies on samples from
nutritional, exercise and other environmental
interventions are planned in the near future.
future science group

Figure 1. The SOMAmer™ is shown in
teal, with protein interaction regions in
purple and the functional 5’ linker region
(used in the SOMAscan™ assay) in
yellow, purple and green.
Reproduced with permission from [104]
© SomaLogic, drawing by Fairman Studios.

It is believed that these types of results from
the SOMAscan assay show great promise for
anti-doping applications. A recent publication
using DNA-based aptamer sequences has demonstrated enhanced binding of synthetic hGH
over natural hGH by a selection of the aptamers
(not SOMAmers), further indicating the potential for aptamer-based technologies in the field
of anti-doping [46] .
Controlling

for sample handling & abuse
Through the course of analyzing thousands
of samples, the SOMAscan assay has provided
greater understanding of how sample handling
and sample quality can impact biomarker discovery. Analysis of thousands of SOMAscan
assay results has uncovered differences in blood
sample processing between study sites, as well
as differences in blood sample collection and
processing from the same study site. These
analyses revealed that perturbations in serum
collection and processing result in changes to
families of proteins from known biological
pathways. These data have been used to develop
www.future-science.com
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Figure 2. SOMAmer™ reagents bind proteins in numerous physiological processes and cover a wide range of protein
classes such as kinases, receptors and hormones. Current SOMAmer reagents target secreted, intracellular and extracellular
domains of proteins.
Reproduced with permission from [104] © SomaLogic.

protein biomarker signatures of cell lysis, platelet activation and complement activation. These
preanalytic signatures have been assembled into
quantitative multidimensional sample mapping
vector (SMV) scores. The SMV score provides
critical evaluation of the quality of every bloodbased sample used in discovery and also enables
the evaluation of candidate protein markers for
resistance to preanalytic variability. For example, the SMV score can be used to identify test
samples that have been handled differently from
controls, and has successfully identified freezer
failure in sample collections [47] .
Summary

SOMAmer protein-binding reagents have been
developed and optimized to be used in a powerful, multiplexed platform for discovering novel
biomarkers that can be scaled to focused diagnostic or monitoring applications. The utility of
1672
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the SOMAmer reagents is underlined by their
broad dynamic range and exquisite sensitivity,
as well as the chemical properties of the molecules. Unlike antibodies, SOMAmer reagents
are synthesized chemically and have no apparent
limits to the multiplexing capabilities of the molecules. The development of the SMV scores on
the SOMAscan assay has enabled careful monitoring of sample quality and sample handling,
so that samples that have either been poorly
handled or manipulated can be readily identified. Using the SOMAscan assay, unique protein
signatures can be identified that correlate with
a single individual, providing insurance against
sample switching. In terms of applications for
anti-doping protocols, the SOMAscan offers:
n

The use of SMV scores that can identify problems with sample handling or possible sample
manipulation;
future science group
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1. SOMAmers™ and
proteins mixed
2. SOMAmer binds to
cognate protein
3. Attachment to
support, biotinylation
(capture 1)
4. Photocleavage
5. Attachment to
support (capture 2)
6. Release of SOMAmers
7. Detection by microarray
1

2

4

3

5

6

7

Figure 3. Basic steps of the SOMAscan™ assay.
Reproduced with permission from [104] © SomaLogic, drawing by Fairman Studios.

Table 1. Assay performance.
Metric

Condition

Current version of SOMAscan™

Sensitivity
Dynamic range

Median LLOQ
Overall proteins in serum and plasma
Median range
Median total CV
Median signal-to-noise ratio
Per sample
Current number of proteins measured per
sample

100 fM
107
4 logs
5.10%
34 (plasma), 57 (serum)
150 µl requested (50 µl consumed)
450 or 1130 unique human targets

Precision
Signal-to-noise ratio
Sample volume
Multiplex size

n

n

The detection and characterization of normal
physiological and biological processes;
The detection of protein signatures that represent mechanistic responses to drugs (even at
very low levels) that are independent of the
presence of parent drug, which may be rapidly
future science group

metabolized or excreted prior to detection
using conventional methods;
n

The use of stable, easily manufactured
DNA-based protein binding agents that are
not reliant on biological processes for production.

www.future-science.com
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Key Term
Genetic signatures: A set of
gene-expression changes that
specifically reflect defects in a
disease state or previous
exposure to a drug or doping
agent.

Molecular genetic approaches to
doping detection – molecular genetic
‘signatures’
Classical approaches toward the detection of
doping in sport have traditionally been based
on two principal concepts – the direct chemical
detection of a doping agent and the identification of an abnormal physiological effect of such
an agent. For instance, direct detection of many
banned substances such as anabolic steroids,
EPO, hGH, stimulants, b-blockers and so on, is
traditionally carried out by chemical analysis of
urine, blood or other accessible fluids from athletes suspected of doping use. Tools available for
such detection approaches include simple chemical analytic methods, proteomic techniques and
sophisticated MS methods and their variants, as
discussed below. Many of these methods can be
highly effective, sensitive and specific, as in the
detection of low-molecular weight agents such
as steroids, protein-based detection of isoelectric urinary derivatives of exogenous EPO and
detection of isoforms that are specific and diagnostic of exogenous hGH [48–50] . However, such
direct detection assays may be countered under
some conditions by chemical modification of a
doping agent that alters or blocks their reactivity and renders them invisible to the detection
assay tools, as in the now-classical case of the
use of the designer steroid tetrahydrogestrinone
(THG) [51] . The approach of detecting druginduced physiological changes is the rationale
for identifying EPO doping by measurement of
elevated levels of hematological parameters such
as hemoglobin concentration and reticulocyte
counts.
Molecular

genetic ‘signatures’
Modern molecular genetics has opened the door
to a new kind of approach to doping detection,
one that would be less susceptible to chemical interference or masking. This approach is
based on the development of genetic methods
to identify similarities or differences between
cancers in order to develop more effective and
even cancer-specific therapy [52] . In principle,
if one were to be able to identify the levels of
expression of every one of the 25,000 human
genes in similar cancers in different patients, it
might be possible to determine the important
genetic factors that drive the development of
those cancers and then to target those common
genetic aberrations to create cancer-specific
treatment. Although the very extensive genetic
differences so far found in ‘similar’ cancers have
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not yet permitted widespread development of
more effective therapies, the technology and its
goal are relatively young and will certainly find
increased use in many medical settings, as well
as in the area of drug action.
An increasing amount of work has recently
been devoted to finding such genetic signatures
of drugs that are commonly used to enhance athletic performance. The application to sport doping is based on the presumption, still unproven,
that such drugs are likely to produce very broad
changes in the expression of many of the 25,000
genes in a tissue exposed to powerful chemical
or genetic agents [53] . Drugs such as anabolic
steroids, powerful stimulants and hormones are
thought to carry out many of their broad physiological and biochemical effects by altering the
level of expression of the many genes that regulate
normal physiological processes. Many genes will
be increased in expression while others will be
turned down. As those effects are likely to be an
inevitable consequence of achieving the desired
effect of the drug – increased muscle growth,
enhanced utilization of metabolic energy and
so on – molecular changes in the structure of
the agents themselves that are intended to block
their direct molecular detection must of course
not interfere with their ability to produce the
desired physiological effect and that, inevitably,
will be accompanied by the widespread genetic
changes.
Remarkable analytical advances in genomics during the past decade have made it now
quite straightforward to detect changes in the
expression of all of the 25,000 human genes
in response to a drug, whether it be for true
therapy of serious disease or for doping in sport.
There are many rapidly expanding collections
of methods available for such genome-wide
‘high-throughput’ detection, many of them
based either on the use of very small (1 cm 2 )
‘microarray’ chips that contain probes for all
human genes or, more recently, on the ability
very rapidly to carry out complete nucleotide
sequencing of tissues or fluids to identify the
changing expression of all expressed and even
nonexpressed portions of the human genome
[54–56] . In either case, it is now possible to identify the genes that respond to exposure of a
drug or other agent and, in principle, thereby
to establish a genetic ‘fingerprint’ for all doping
agents. Because doping agents all have their own
unique and specific modes of action, it seems
probable that they will in turn all have unique
and specific genetic ‘fingerprints’.
future science group
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How

will fingerprints be developed?
Investigators are searching for common genetic
changes in the tissues of animals and human
subjects exposed to a variety of ‘doping’ agents
and conditions, including growth factors such as
hGH, IGF, EPO and others [57–59] . In the case
of hGH, volunteer athletes have been treated
with hGH for variable periods of time and variable doses [46] . At times during the studies, blood
samples have been obtained and analyzed for total
genome gene-expression patterns assuming that
the growth changes brought about by hGH would
be reflected in genetic changes in blood cells. In
this early study, it was not possible to identify and
validate a definitive signature for hGH exposure.
Certainly, success in this kind of study
depends critically on the choice of the appropriate tissue for genetic analysis. Examination
of tissues other than blood cells such as muscle
would be important and possibly crucial, but
such an invasive test would not be either technically or ethically feasible in practicing athletes.
As in the case of all such broad genetic studies,
data are extremely complex and are now being
subjected to extensive meta-analytical comparison with other similarly designed studies to
identify the genetic changes that are common
responses to specific doping agents.
Once a collection of perhaps a dozen or so
commonly disturbed genes is identified, a rapid
multiplexed assay may be developed that would
determine the pattern of genetic change, diagnostic of a specific drug. However, before application of such signatures to the sport-doping setting, it will be vital to establish with great rigor
that the genetic changes do not reflect irrelevant
and spurious factors such as ethnic background,
age, nutritional state, normal human variations
or underlying other disease. In the small number
of studies already carried out to test the hypothesis of definitive molecular genetic signatures for
doping agents, it has so far not been possible
to identify such a clear doping signature. In
contrast, several other similar, but still unpublished, studies have pointed to possible reproducible changes in expression of genes that may
come to constitute parts of a molecular genetic
signature. More detailed analyses of these and
additional studies are required to validate initial
suggestions of diagnostic genetic changes after
exposure to hGH. Similarly, a number of gene
expression studies have identified altered regulation of the expression of many genes in response
to anabolic steroids [60] . Although these early
studies have not produced rigorous and validated
future science group
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signatures of doping agents, they do point to the
feasibility of the genetic signature approach and
make it inevitable that genome-wide analysis of
genetic effects of doping agents can, and will
be, added to the armamentarium in the battle
against doping in sport.
Statistical evaluation of laboratory
data: present & future
In laboratory medicine, a considerable effort is
made to ensure precise and accurate biological
signals. In general, fewer resources are devoted
to the development of statistical methods than
are employed to evaluate these signals. This is
problematic since at the end of the process, decision-making is often more affected by the logic
used to evaluate the signal than by any uncertainty about the measurements themselves. For
example, for the evaluation of biomarker data,
whether it be for biomarkers of disease or doping,
it is common to have an analytical coefficient of
variation (CVa) that is in the range of a few percent. On the other hand, determination of population-based reference ranges has, until recently,
been the dominant method to evaluate biological
data, with the upper value of the reference range
often several orders of magnitude higher than
the lower value. In other words, the analytical
uncertainty contributes to a small degree only
to the total variations of the biomarker. In particular, any attempt to further decrease the analytical uncertainty would be meaningful only
if the statistical method that is used to evaluate the signal is able to take advantage of the
improvement. A quantitative evaluation of the
sources of variations that affect a biological signal is, however, not undertaken systematically.
Figure 4 shows the results of such an evaluation
for the concentration of hemoglobin (Hb), with
the identification of the various sources of total
Hb variations. Biological between-subject variations represent by far the largest component. As a
result, any attempt to reduce analytical bias – for
example, by the implementation of a stringent
external QC system – would only be beneficial
if between-subject variations are eliminated by
design. This is the case today in the Athlete
Biological Passport [61] , in which Hb is one of
the biomarkers of blood doping whose values
are monitored over time to detect blood doping.
The nature of analytical and biological variations were already studied some decades ago
[62] and a statistical method based on CVa,
within-subject variations (CVi) and betweensubject variations (CVg) was proposed for the
www.future-science.com
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Figure 4. Histogram of hemoglobin values falling between 6 and 20 g/l as found in a clinical laboratory. Total variations in
hemoglobin (Hb) can be decomposed as within-subject (WS) and between-subject (BS) components of variance. As shown by its
greater width, BS variations are known to be between three- and four-times greater (depending on the standards in place) than WS
variations. In WS variations, the analytical part composed of test–retest uncertainty is low with modern automated analyzers, typically
less than the preanalytical component. The largest part in WS variations is the biological component and more particularly plasma
volume shifts. Analytical bias, for example, between-laboratory bias, represents only a small part of BS variations. The main
contribution is biological, with gender acting as a major factor (males have typically 16 g/l more Hb than females). Genetic variants
explain only a minor part of total variation. Stratification according to gender and age removes a significant part of total variation and a
longitudinal approach as used in the Athlete Biological Passport following an adaptive Bayesian methodology is able to remove the
components of between-subject variations that have a biological origin. Additional data and sources of variations for patients with
disease can be found elsewhere [14] .
Reproduced with permission from [104] © SomaLogic.

Key Term
Positive predictive value:

A statistical term that
represents the number of
true-positives in a test result
divided by the sum of truepositives and false-positives;
that is, the ‘efficiency’ of a test.
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evaluation of longitudinal data [63] . It is, however,
only recently that a general framework based on
Bayesian inference was developed to systematically remove between-subject differences of
various origins [64] . This framework is particularly interesting since, in serum, close to nine
biomarkers out of ten present smaller withinthan between-subject variations [65] . Still higher
between-subject variations exist in urinary concentrations due to the existence of substantial
genetic polymorphisms in phase I and phase II
metabolism. Astonishingly enough, these methods have not yet penetrated the clinical realm.
In the clinic, a paradox exists between the rapid
development of personalized medicine and the
Bioanalysis (2012) 4(13)

outdated, but still most prevalent, use of population-based reference ranges to interpret biological
data [64] . Table 2 shows the effect of applying two
different mathematical methods to the evaluation of the testosterone (T):epitestosterone (E)
ratio, a urinary marker of doping with T. The
T/E data were collected in a double-blinded
clinical trial that involved controls and subjects
treated with the oral T, undecanoate.
A population-based threshold fixed at 4.0
returned 24 false-positives in control samples for
34 true-positives in doped samples. This corresponds to a positive predictive value (PPV)
of only 59%. From a forensic perspective, the
application of this rule is considered as ‘not
future science group
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useful’ [66] . Using the same data, the application of a hierarchical Bayesian network developed specifically for that purpose [67] not only
returned no false-positives in control samples
but also succeeded to increase the number of
true-positives to 43. The PPV achieved by the
second method is close to 100%. Interestingly,
the adaptive Bayesian approach is able to infer
the UGT2B17 genotype from the phenotype
[66] . This example shows that the mathematical
treatment that is used to evaluate a biological
signal is crucial and that different methods can
lead to significantly different outcomes.
The examples given above illustrate the
recent development of new statistical methods
to evaluate laboratory data. In that context, it
is important to distinguish between descriptive
statistics that aim to summarize a dataset and
inferential statistics that aim to learn about the
population and causal relationships that these
data are thought to represent. In medicine, epidemiology has for a long time been limited to
the statistical description of some diseases in
relation with some exposures. It is only recently
that epidemiologists began to use statistical
inference methods as a tool to discover causal
relationships between exposures and outcomes.
Bayesian inference techniques, data mining, artificial intelligence, machine learning, pattern recognition and pattern classification methods are
examples of inferential statistical methods that
matured during the recent past to produce a large
panel of applications that now have many uses
in everyday life. All these methods are applied to
the vast amount of digital information that the
recent digital revolution has procured. While one
billion gigabytes has been accumulated from the
dawn of civilization until 2003, human beings
are now generating several trillion gigabytes
each year [68] . Although healthcare has thus far
been largely unaffected by this digital revolution [69] , the development of biosensors and mass
screening by ‘omics’ technologies are laying the
groundwork for digitizing human beings. All
these biological signals will require appropriate processing and the demand for inferential
statistical methods will increase accordingly.
Most clinical trial designs involve control
and treated subjects. In anti-doping, a detection
method can be developed and validated through
the statistical discrimination between the biological samples collected on doped subjects and
those collected on control subjects. From a statistical inference perspective, this corresponds to
a supervised classification problem. Supervised
future science group
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Table 2. Effect of the mathematical approach on the sensitivity and
specificity of the testosterone:epitestosterone ratio to doping with
undecanoate testosterone.
T/E >4.0
ADA-B T/E

False-positives

True-positives

24/432
0/432

34/88
43/88

The study involved 39 subjects for a total of 88 samples collected in the 3 days after drug treatment
and 432 control samples. First line: application of the population-based threshold T/E > 4.0. Second
line: application of the ADA-B T/E.
ADA-B: Adaptive Bayesian approach; T/E: Testosterone:epitestosterone ratio.

classification consists of the mapping of some
data, often high dimensional data, to two or
more classes known a priori. For example, pattern
classification techniques such as naive Bayesian
classification and support vector machines were
used to map a set of blood variables obtained
from a full blood count to the classes (blood
doped; control) [70] . Such techniques are particularly suited to deal with the high dimension
of the input space. Likewise, the application of
similar techniques to an extended steroid profile
allowed a significant gain in the sensitivity to
doping with steroids [71] . The multiparametric
marker developed in that study truly captured
the biological signature of doping on the profile,
rather than just the changes in concentrations
induced by the presence of the synthetic steroids.
In general, the higher the dimension of the
input space, for example, the higher the number
of proteins measured in a proteomic profile, the
higher the specificity. In spite of this, in medicine and anti-doping, biomarker discovery has
quasi-exclusively relied on the targeted detection
of a small set of biomarkers, with the underlying
assumption that the strength of the biomarker
signal is strong enough (as compared with normal physiological variations) to ensure a reasonably good specificity. However, in systems biology, information is known to be distributed [72]
and the biological signature of a disease or of the
administration of a doping substance is not limited to a small subsets of biomarkers, but rather
is largely distributed in the whole omic profile
[73] . Since most biomarkers present significantly
higher between- than within-subject variations,
the biomarkers that are selected today in targeted omics are only those that show a signal
that exceeds these between-subject variations.
Targeted omics is further limited by the power
of the study. For example, for a biomarker such
as Hb and sources of variations as given as in
Figure 4, as many as 600 subjects would be necessary to detect an absolute change of 0.5 g/dl
in an unbalanced randomized study (2:1) for a
www.future-science.com
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power of 99% and a significance level of 0.05 if
the biological signal is evaluated using population-based thresholds. In comparison, 160 subjects would be required if the statistical method
used to evaluate the data is based on adaptive
Bayesian inference. Since between-subject variations are not removed by design in most targeted
omics studies, this calculation shows that many
biomarkers will go undetected. Such issues are,
in general, less important in nontargeted omics
because the aim of nontargeted omics is not to
select a set of biomarkers, but rather to directly
detect the biological signature of a disease or
doping in an omic profile. The main drawback
of nontargeted omics lies in the difficulty to fully
understand the causal relationships that exist
between the profile and its cause, with the algorithms viewed as black boxes. Such a problem
is generally solved by an extensive validation of
the methods with empirical data. In particular,
large populations of control samples are required
in anti-doping to ensure a high specificity. In the
near future, we foresee significant advances in
the development of nontargeted omics, mainly
proteomics and metabolomics, together with the
application, first of all, of mathematical models to personalize all components of the profile
with the incorporation of factors such as age,
gender and genomic profiles, as well as previous individual omic profiles evaluated thanks to
a priori information on the sources of variations.

Second, the application of pattern classification
algorithms to obtain the signature of a doping
substance. The structure built by WADA for the
Athlete Biological Passport is ready and awaiting
this paradigm shift.
Future perspective
The methods reviewed herein are in the constant
state of evolution and improvement to remain
responsive to advances in doping technology.
Such changes will certainly provide increasing
levels of sensitivity and specificity and validation to reduce, but probably never completely
eliminate, the occurrence of technical errors
such as false-positive and -negative results. The
described technologies will undergo a constant
process of self-correction that will help to ensure
justice and fairness in sport.
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Executive summary


This article provides an update on several techniques already in use or being developed for the detection of doping in sport. These
techniques and tools include:
- A preventive analytical system for the detection of small-molecule drugs in urine by GC–MS.
- The incorporation of isotope-ratio MS (IRMS) into optimized combinations of LC–IRMS and GC–IRMS analysis.
- The use of synthetic single-stranded chemically modified olignucleotides that interact specifically and thereby detect proteins in
biological materials.
- The use of high-throughput genomic analytic methods to develop ‘genetic signatures’ for exposure to potential doping agents.
- The development of improved statistical and computational methods for more precise evaluation of very large analytical results and
datasets.

1

2

Georgakopoulos CG, Vonaparti A, Stamou M
et al. Preventive doping control analysis:
liquid and gas chromatography time of flight
mass spectrometry for designer steroids
detection. Rapid Comm. Mass Spectrom. 21,
2439–2446 (2007).
Kiousi P, Angelis YS, Lyris E et al. Two-step
silylation procedure for the unified analysis of
190 doping control substances in human

1678

using rapid resolution liquid
chromatography–high resolution time of
flight mass spectrometry. Rapid Comm. Mass
Spectrom. 24, 1595–1609 (2010).

urine samples by GC–MS. Bioanalysis 1,
1209–1224 (2009).

References
3

4

Donike M, Zimmermann J. Preparation of
trimethylsilyl, triethylsilyl and tertbutyldimethylsilyl enol ethers of ketosteroids
for investigations by gas-chromatography and
mass-spectrometry. J. Chromatogr. 202,
483–486 (1980).
Vonaparti A, Lyris E, Angelis YS et al.
Preventive doping control screening analysis
of prohibited substances in human urine

Bioanalysis (2012) 4(13)

5

Peters RJB, Stolker AAM, Mol JGJ et al.
Screening in veterinary drug analysis and
sports doping control based on full-scan
accurate mass spectrometry. Trends Anal.
Chem. 29, 1250–1268 (2010).

6

Catlin DH, Sekera MH, Ahrens BD,
Starcevic B, Chang Y-C, Hatton CK.

future science group

Evolving concepts & techniques for anti-doping
Tetrahydrogestrinone: discovery, synthesis,
and detection in urine. Rapid Comm. Mass
Spectrom. 18, 1245–1249 (2004).
7

8

9

Sekera M, Ahrens B, Chang Y, Starcevic B,
Georgakopoulos C, Catlin D. Another designer
steroid: discovery, synthesis and detection of
MADOL in urine. Rapid Comm. Mass
Spectrom. 19, 781–784 (2005).
Schänzer W, Geyer H, Fusshöller G et al. Mass
spectrometric identification and
characterization of a new long-term metabolite
of metandienone in human urine. Rapid Comm.
Mass Spectrom. 20, 2252–2258 (2006).
Sobolevsky T, Rodchenkov G. Detection and
mass spectrometric characterization of novel
long-term dehydrochloromethyltestosterone
metabolites in human urine. J. Steroid Biochem.
Mol. Biol. 128, 121–127 (2012).

10

Peters RJB, Van Engelen MC, Touber ME,
Georgakopoulos C, Nielen MWF. Searching
for in silico predicted metabolites and designer
modifications of (cortico)steroids in urine by
high resolution liquid chromatography
time-of-flight mass spectrometry. Rapid Comm.
Mass Spectrom. 23, 2329–2337 (2009).

11

Fragkaki AG, Tsantili-Kakoulidou A, Angelis
YS, Koupparis M, Georgakopoulos C. Gas
chromatographic quantitative structure–
retention relationships of trimethylsilylated
anabolic androgenic steroids by multiple linear
regression and partial least squares.
J. Chromatogr. A 1216, 8404–8420 (2009).

12

13

14

15

16

17

19

Muccio Z, Jackson GP. Simultaneous
identification and d13C classification of drugs
using GC with concurrent single quadrupole
and isotope ratio mass spectrometers. J. Forensic
Sci. 56(S1), S203–S209 (2011).
McIntyre CP, Galutschek E, Roberst ML, von
Reden KF, McNichol AP, Jenkins WJ. A
continous-flow gas chromatography 14C
accelerator mass spectrometry system.
Radiocarbon 52(2), 295–300 (2010).

20

Tuniz C, Zoppi U, Hotchkis MAC. Sherlock
Holmes counts the atoms. Nucl. Instr. Meth.
Phys. B 213, 469–475 (2004).

21

Flenker U, Hebestreit M, Piper T, Schänzer W.
A new, effective, and robust method to couple
gas chromatography and isotope ratio mass
spectrometry. In: Recent advances in doping
analysis (14): Proceedings of the Manfred Donike
Workshop, 24th Cologne Workshop on Dope
Analysis, 4th to 9th June 2006. W Schänzer,
H Geyer, A Gotzmann, U Mareck (Eds). Sport
& Buch Strauß, Köln, Germany, 299–306
(2006).

22

Flenker U, Hebestreit M, Piper T, Hülsemann
F, Schänzer W. Improved performance and
maintenance in gas chromatography–isotope
ratio mass spectrometry by precolumn solvent
removal. Anal. Chem. 79, 4162 – 4168 (2007).

23

Fragkaki AG, Angelis YS, Tsantili-Kakoulidou
A, Koupparis M, Georgakopoulos C. Schemes
of metabolic patterns of anabolic androgenic
steroids for the estimation of metabolites of
designer steroids in human urine. J. Steroid
Biochem. Mol. Biol. 115, 44–61 (2009).

Sacks GL, Zhang Y, Brenna JT. Fast gas
chromatography combustion isotope ratio mass
spectrometry. Anal. Chem. 79(16), 6348–6358
(2007).

24

Fragkaki A, Angekis Y, Tsantili-Kakoulidou A,
Koupparis M, Georgakopoulos C. Statistical
analysis of fragmentation patterns of electron
ionization mass spectra of enolizedtrimethylsilylated anabolic androgenic steroids.
Int. J. Mass Spectrom. 285, 58–69 (2009).

Tobias HJ, Zhang Y, Auchus RJ, Brenna JT.
Detection of synthetic testosterone use by novel
comprehensive two-dimensional gas
chromatography combustion-isotope ratio mass
spectrometry. Anal. Chem. 83, 7158–7165
(2011).

25

Hebestreit M, Flenker U, Fusshöller G et al.
Determination of the origin of urinary
norandrosterone traces by gas chromatography
combustion isotope ratio mass spectrometry.
Analyst 13, 1021–1026 (2006).

Tsivou M, Georgakopoulos DG, Dimopoulou
HA, Koupparis MA, Atta-Politou J,
Georgakopoulos CG. Stabilization of human
urine doping control samples: a current
opinion. Anal. Bioanal. Chem. 401, 553–561
(2011).
Blackledge RD. Bad science. The instrumental
data in the Floyd Landis case. Clin. Chim. Acta
406(1–2), 8–13 (2009).
Meier-Augenstein W, Brand W, Hoffmann GF,
Rating D. Bridging the information gap
between isotope ratio mass spectrometry and
conventional mass spectrometry. Biol. Mass
Spectrom. 23(6), 376–378 (1994).
Meier-Augenstein W. On-line recording of
13
C/12C ratios and mass spectra in one gas

future science group

Workshop on Dope Analysis, 7th to 12th March
2004. W Schänzer, H Geyer, A Gotzmann,
U Mareck (Eds). Sport & Buch Strauß, Köln,
Germany, 251–259 (2004).

chromatographic analysis. J. High. Resolut.
Chromatogr. 18(1), 28–32 (1995).
18

26

Piper T, Geyer H, Gougoulidis V, Flenker U,
Schänzer W. Determination of 13C/12C ratios of
urinary excreted boldenone and its main
metabolite 5b-androst-1-en-17b-ol-3-one. Drug
Test. Anal. 2(5), 217–224 (2010).

27

Piper T, Fusshöller G, Emery C, Schänzer W,
Saugy M. Investigations on carbon isotope
ratios and concentrations of urinary formestane.
Drug Test. Anal. doi:10.1002/dta.386 (2012)
(Epub ahead of print).

28

Güntner U, Flenker U, Ayotte C, Ueki M,
Schänzer W. D/H isotope analysis of
endogenous steroids – first results. In: Recent
advances in doping analysis (12). Proceedings of
the Manfred Donike Workshop, 22nd Cologne

www.future-science.com

| P erspective

29

Güntner U, Flenker U, Geyer H, Ueki M,
Ayotte C, Schänzer W. Measurement of D/H
and 13C/12C in endogenous steroids can reveal
transdermal application of testosterone.
Presented at: The Joint European Stable Isotope
Users Meeting, (JESIUM). Vienna, Austria,
30 August–3 September 2004.

30

Güntner U. Änderungen von
Isotopenverhältnissen (13C/12C;D/H) in
urinären Steroiden nach transdermaler
Applikation von Testosteron. Master’s thesis,
Deutsche Sporthochschule, Köln, Germany
(2004).

31

Piper T, Thomas A, Thevis M, Saugy M.
Investigations on hydrogen isotope ratios of
endogenous urinary steroids: reference
population based thresholds and proof of
principal. Presented at: The Manfred Donike
Workshop 2012. 30th Cologne Workshop on
Dope Analysis. Cologne, Germany,
26 February–2 March 2012.

32

Flenker U, Hülsemann F, Gougoulidis V,
Sigmund G, Schänzer W. Elucidation of
original and metabolic sources of ephedrines
by stable isotope analysis. In: Recent advances
in doping analysis (15). Proceedings of the
Manfred Donike Workshop, 25th Cologne
Workshop on Dope Analysis, 25th February to
2nd March 2009. W Schänzer, H Geyer,
A Gotzmann, U Mareck (Eds). Sport & Buch
Strauß, Köln, Germany, 209–216 (2009).

33

Thomas A, Beuck S, Eickhoff JC et al.
Quantification of urinary AICAR
concentrations as a matter of doping controls.
Anal. Bioanal. Chem. 396, 2899–2908
(2010).

34

de Groot P. Handbook of Stable Isotope
Analytical Techniques, Volume 1. Elsevier,
Amsterdam, The Netherlands (2004).

35

de Groot P. Handbook of Stable Isotope
Analytical Techniques, Volume 2. Elsevier,
Amsterdam, The Netherlands (2009).

36

Alario J, Perez M, Vazquez A, Villen J.
Very-large-volume sampling of water in gas
chromatography using the through oven
transfer adsorption desorption (TOTAD)
interface for pesticide-residue analysis.
J. Chromatogr. Sci. 39, 65–69 (2001).

37

Toledano R, Gea S, Díaz-Plaza E, Vázquez A,
Villén J, Munoz-Guerra H. Analysis of
steroids by on line coupling LC–TOTAD–
GC with a fraction collector using MS and
C–IRMS detectors. Presented at: Manfred
Donike Workshop 2012. 30th Cologne
Workshop on Dope Analysis. Cologne,
Germany, 26 February–2 March 2012.

1679

P erspective |

Friedmann, Flenker, Georgakopoulos et al.

38

Tuerk C, Gold L. Systematic evolution of
ligands by exponential enrichment: RNA
ligands to bacteriophage T4 DNA polymerase.
Science 249, 505–510 (1990).

39

Ellington AD, Szostak JW. In vitro selection of
RNA molecules that bind specific ligands.
Nature 36, 818–822 (1990).

40

Vaught JD, Bock C, Carter J et al. Expanding
the chemistry of DNA for in vitro selection. J.
Am. Chem. Soc. 132, 4141–4151 (2010).

41

42

43

44

45

46

47

52

Pusztai L. Current status of prognostic profiling
in breast cancer. Oncologist 13(4), 350–360
(2008).

53

Friedmann T, Rabin O, Frankel MS. Ethics.
Gene doping and sport. Science 327(5966),
647–648 (2010).

54

Gold L, Ayers D, Bertino J et al. Aptamer-based
multiplexed proteomic technology for
biomarker discovery. PLoS One 5, 12 (2010).

55

Kraemer S, Vaught JD, Bock C et al. From
SOMAmer™-based biomarker discovery to
diganostic and clinical applications: a
SOMAmer-based streamlined multiplex
proteomic assay. PLoS One 6, 10 (2011).

56

Ostroff RM, Bigbee WL, Franklin W et al.
Unlocking biomarker discovery: large scale
application of aptamer proteomic technology
for early detection of lung cancer. PLoS One 5,
12 (2010).
Eaton BE. The joys of in vitro selction:
chemically dressing oligonucleotides to satiate
protein targets. Curr. Opin. Chem. Biol. 1,
10–16 (1997).
Dewey T, Mundt A, Crouch G, Zyniewski M,
Eaton B. New uridine derivatives for systematic
evolution of RNA ligands by exponential
enrichment. J. Am. Chem. Soc. 117, 8474–8475
(1995).
Bruno JG, Carrillo MP, Phillips T, Edge A.
Discrimination of recombinant from natural
human growth hormone using DNA aptamers.
J. Biomol. Tech. 22(1), 27–36 (2011).
Williams S, Ostroff R, Brody E et al. Exposing
the criminal record of every blood sample: use
of SOMAmer™ technology and sample
mapping vectors to mitigate false biomarker
discoveries in lung cancer. Presented at: 2012
ASCO Annual Meeting. Chicago, IL, USA, 4–6
June 2012.

Bhasker CR, Friedmann T. Insulin-like growth
factor-1 coordinately induces the expression of
fatty acid and cholesterol biosynthetic genes in
murine C2C12 myoblasts. BMC Genomics 9, 535
(2008).
Neuberger EW, Moser DA, Simon P. Principle
considerations for the use of transcriptomics in
doping research. Drug Test. Anal. 3(10),
668–675 (2011).
Schönfelder M, Hofmann H, Anielski P,
Thieme D, Oberhoffer R, Michna H. Gene
expression profiling in human whole blood
samples after controlled testosterone application
and exercise. Drug Test. Anal. 3(10), 652–660
(2011).

57

Beiter T, Zimmermann M, Fragasso A et al.
Direct and long-term detection of gene doping
in conventional blood samples. Gene Ther.
18(3), 225–231 (2011).

58

Ni W, Le Guiner C, Gernoux G, PenaudBudloo M, Moullier P, Snyder RO. Longevity
of rAAV vector and plasmid DNA in blood
after intramuscular injection in nonhuman
primates: implications for gene doping. Gene
Ther. 18(7), 709–718 (2011).

59

Mitchell CJ, Nelson AE, Cowley MJ et al.
Detection of growth hormone doping by gene
expression profiling of peripheral blood. J. Clin.
Endocrinol. Metab. 94(12), 4703–4709 (2009).

60

Labrie F, Luu-The V, Calvo E et al.
Tetrahydrogestrinone induces a genomic
signature typical of a potent anabolic steroid.
J. Endocrinol. 184(2), 427–433 (2005).

61

Sottas PE, Robinson N, Rabin O, Saugy M.
The athlete biological passport. Clin. Chem.
57(7), 969–976 (2011).

62

Harris EK. Statistical principles underlying
analytic goal-setting in clinical chemistry. Am.
J. Clin. Pathol. 374, 72–82 (1979).

Bowers LD. The analytical chemistry of drug
monitoring in athletes. Annu. Rev. Anal. Chem.
2, 485–507(2009).

63

49

Thevis M, Thomas A, Schänzer W. Current
role of LC–MS(/MS) in doping control. Anal.
Bioanal. Chem. 401(2), 405–420 (2011).

Fraser CG. Interpretation of Clinical Chemistry
Laboratory Data. Blackwell Science Ltd,
Oxford, UK (1986).

64

50

Ho KK, Nelson AE. Growth hormone in
sports: detecting the doped or duped. Horm.
Res. Paediatr. 76(Suppl.) 84–90 (2011).

Sottas PE, Baume N, Saudan C, Schweizer C,
Kamber M, Saugy M. Bayesian detection of
abnormal values in longitudinal biomarkers
with an application to T/E ratio. Biostatistics
8(2), 285–296 (2007).

48

51

Catlin DH, Sekera MH, Ahrens BD, Starcevic
B, Chang YC, Hatton CK.
Tetrahydrogestrinone: discovery, synthesis, and
detection in urine. Rapid Commun. Mass
Spectrom. 18(12), 1245–049 (2004).

1680

65

Ricos C, Alvarez V, Cava F et al. Current
databases on biologic variation: pros, cons and
progress. Scand. J. Clin. Lab. Invest. 59,
491–500 (1999).

Bioanalysis (2012) 4(13)

66

Sottas PE, Saugy M, Saudan C. Endogenous
steroid profiling in the athlete biological
passport. Endocrinol. Metab. Clin. North Am.
39, 59–73 (2010).

67

Sottas PE, Saudan C, Schweizer C, Baume N,
Mangin P, Saugy M. From population-to
subject-based limits of T/E ratio to detect
testosterone abuse in elite sports. Forensic Sci.
Int. 174, 166–172 (2008).

68

Baraniuk RG. More is less: signal processing
and the data deluge. Science 331(6018),
717–719 (2011).

69

Topol E. The creative destruction of medicine:
how the digital revolution will create better health
care. Basic Books, NY, USA (2012).

70

Sottas PE, Robinson N, Giraud S et al.
Statistical classification of abnormal blood
profiles in athletes. Int. J. Biostatistics 2(1), 3
(2006).

71

Van Renterghem P, Van Eenoo P, Sottas PE,
Saugy M, Delbeke F. A pilot study on
subject-based comprehensive steroid profiling:
novel biomarkers to detect testosterone misuse
in sports. Clin. Endocrinol. 75, 134–140 (2011).

72

Hopfield JJ. Neural networks and physical
systems with emergent collective computational
abilities. Proc. Natl Acad. Sci. 1982 79(8),
2554–2558 (1982).

73

Reichel C. Omics-strategies and methods in the
fight against doping. Forensic Sci. Int. 213(1–3),
20–34 (2011).

Websites
101 WADA Technical Document – TD2004EAAS.

Reporting and evaluation guidance for
testosterone, epitestosterone, T/E ratio and
other endogenous steroids.
www.wada-ama.org/Documents/World_AntiDoping_Program/WADP-IS-Laboratories/
Technical_Documents/WADA_
TD2004EAAS_Reporting_Evaluation_
Testosterone_Epitestosterone_TE_Ratio_EN.
pdf
102 The World Anti-Doping Code. International

Standards for Laboratories.
www.wada-ama.org/Documents/World_AntiDoping_Program/WADP-IS-Laboratories/
ISL/WADA_Int_Standard_
Laboratories_2012_EN.pdf
103 The World Anti-Doping Code. The 2012

Prohibited List. International Standard.
www.wada-ama.org/Documents/World_AntiDoping_Program/WADP-Prohibitedlist/2012/WADA_Prohibited_List_2012_
EN.pdf
104 SomaLogic, Ltd.

www.SomaLogic.com

future science group

