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Abstract Liquid chromatography—(tandem) mass spec-
trometry (LC-MS/MS) has revolutionized the detection
assays used in doping control analysis over the last decade.
New methods have enabled the determination of drugs that
were formerly difficult to detect or undetectable at
preceding sample concentrations, and complex and/or
time-consuming procedures based on alternative chromato-
graphic—mass spectrometric or immunochemical principles
have been replaced by faster, more comprehensive and
robust assays. A critical overview of the contributions of
LC-MS(/MS) to sports drug testing is provided, including
recent developments regarding low and high molecular
weight drugs.
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Introduction

The technique of liquid chromatography used in concert
with (tandem) mass spectrometry (LC-MS/MS) has com-
plemented sports drug testing strategies ever since soft
ionization interfaces such as electrospray or atmospheric
pressure chemical ionization (ESI or APCI, respectively)
became commercially available. Numerous applications
have been developed that allow the determination of

M. Thevis (<) - W. Schidnzer

Center for Preventive Doping Research - Institute
of Biochemistry, German Sport University Cologne,
Carl-Diem-Weg 6,

50933 Cologne, Germany

e-mail: m.thevis@biochem.dshs-koeln.de

prohibited therapeutics that are barely detectable or unde-
tectable with conventional gas chromatographic—mass
spectrometric techniques (GC-MS), and comprehensive
summaries of the methods commonly employed in doping
controls have been published in the past [1-6]. Due to the
progressive nature of doping controls, the continuously
changing demands originating from the dynamic pharma-
ceutical market, new illegal approaches that presumably
increase athletic performance, and modifications to the lists
of prohibited compounds of regulative authorities such as
the World Anti-Doping Agency (WADA) [7], numerous
new applications and drug-testing strategies based on LC—
MS(/MS) are frequently developed in order to improve the
portfolios of drug-testing laboratories.

In the current review, analytical assays for anabolic
agents, stimulants and peptide hormones that utilize LC—
MS/MS and were established within the last two years are
presented and discussed. Special attention is focused on
recent developments regarding peptide and protein analysis
that require particular consideration in terms of target
analyte identification.

Anabolic agents

Over the past two decades, among all of the drugs that are
misused in sports, anabolic agents (as classified by WADA)
have been the ones most frequently determined. Numerous
findings of the misuse of anabolic androgenic steroids,
natural steroid hormones (e.g., testosterone) or designer
steroids, as well as other anabolic agents such as the f3,-
agonist clenbuterol have been reported. Hence, there has
been a strong push to enhance screening and confirmation
assays for this particular class of compounds, which has
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yielded several new applications utilizing the advantages of
LC-MS/MS.

Steroids with large conjugated or cross-conjugated
electron systems such as trenbolone and gestrinone or
boldenone, respectively, have demonstrated marginal gas
chromatographic properties under commonly employed
derivatization and analytical conditions. These problems
have resulted in relatively high detection limits using GC—
MS approaches. However, their particular structures pro-
vide them with considerable proton affinities [8, 9] and so
they are well suited to LC-MS/MS approaches. Conse-
quently, anabolic steroids as well as glucocorticosteroids
that are difficult to assay using GC have been analyzed
using LC-MS/MS methods [3, 10—12] that yield detection
limits matching the minimum required performance limits
(MRPL) as defined by WADA. Also, the designer steroid
tetrahydrogestrinone (THG), which bears the same steroidal
nucleus as gestrinone, has been determined using LC-MS/
MS ever since it was discovered by Catlin et al. [13]. The
fact that THG was not detected for several years illustrates
a drawback of the doping control screening protocols
usually used, which are based on target analysis. Known
drugs and/or metabolic products are determined via
precursor/product ion pair measurements, which provide
the utmost sensitivity but reduce the analytical result to a
limited number of compounds. Drugs that have unknown
molecular weights and dissociation pathways under con-
ventional collision-induced dissociation (CID) conditions
are provided with a cloak of invisibility and remain
undetected. Hence, complementary analyses have been
suggested that are based on precursor ion scanning of the
product ions that characterize particular steroid structures
[14] or that utilize androgen bioassays in concert with high-
resolution MS (HRMS) [15], allowing broader views of
urinary steroids. These proposals provide a deeper insight
into potentially misused anabolic androgenic steroids, but
they can still not ensure the determination of surreptitiously
altered steroids prepared solely for doping purposes, as
primarily metabolic reactions may reduce or even impede
the effectiveness of these assays.

New anabolic agents termed selective androgen receptor
modulators (SARMs) have recently entered phase-II and
-III clinical trials and possess a considerable potential for
misuse in sports [16—18]. Their structural diversity (they
encompass at least six chemical categories) has necessitated
the extension of doping control assays through the
introduction of new target analytes as well as precursor
ion scanning in order to make sure that this emerging class
of drugs is comprehensively screened for [19]. Detection
assays for arylpropionamide-derived SARMs were reported
for between 1 and 50 ng per mL of urine.

Screening assays are of particular importance in doping
controls, as they provide the information necessary to
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consider a sample suspicious for drug abuse. They have been
updated and extended frequently based on new requirements
as well as new findings, such as additional long-term
metabolites for improved retrospectives, as recently reported
for methandienone [20]. However, the requirements of
obligatory confirmation analyses are strict and have also
led to the development of alternative sample preparation
procedures for LC-MS/MS measurements that are specifi-
cally optimized for just a few analytes. Compounds are
efficiently purified and this leads to unambiguous analytical
results, as for instance demonstrated for clenbuterol [21] or
stanozolol and its metabolic products recently [22].

Stimulants

Stimulants have traditionally been measured by conventional
GC-MS and GC-nitrogen/phosphorus detection (NPD)
techniques in doping control analysis [23—26]. Straightfor-
ward liquid-liquid extractions followed by full-scan and
nitrogen/phosphorus-specific analysis have provided fast
and comprehensive screening tools. Limitations were ob-
served primarily when a distinction between isomeric
compounds was required, for instance in the case of
ephedrine and pseudoephedrine. These drugs are considered
differently during sports drug testing and require quantita-
tive measurements. Here, derivatization has been necessary
in order to obtain baseline separation of target analytes
under GC conditions [27]. Due to the ease of use of modern
LC-MS/MS instruments, the reduction in effort needed for
sample preparation, and the ability to simultaneously
determine an enormous number of analytes, numerous
screening and qualitative as well as quantitative confirma-
tion assays have recently been established. The detection of
27 drugs related to amphetamine has been reported using an
ion trap analyzer with a sensitivity, specificity and speed of
analysis comparable to conventional GC-MS procedures
[28]. Novel approaches employing ultrahigh-performance
liquid chromatography (UPLC) yielded a screening assay
that required only very short run times of less than
two minutes to assay for 11 amphetamine-like compounds
[29]. In addition, qualitative and quantitative determinations
of selected compounds such as mesocarb [30], sibutramine
metabolites [31] or ephedrines [32] have been reported, the
latter of which employed stable isotope-labeled internal
standards [33]. Despite the apparent utility of LC-MS/MS
for measuring stimulating agents, no screening procedure
has been presented that includes hydroxylated phenolalkyl-
amines such as 4-hydroxyamphetamine, 4-hydroxyephe-
drine or 4-hydroxyphenylethylamine. The enhanced
polarities of these compounds are assumed to complicate
the chromatographic separation of target analytes from
potentially interfering matrix substances, as their retentions
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on commonly employed C-8 or C-18 reverse-phase HPLC
columns are rather low.

Peptide hormones and proteins

Throughout the history of doping control, peptide hormones
and proteins have primarily been determined using immuno-
logical approaches. However, due to enormous improvements
in sample pretreatment as well as instrumental sensitivity and
specificity, several assays based on LC-MS/MS have been
reported recently [6]. These procedures include blood or
urine analyses for bovine hemoglobin-based oxygen carriers
(so-called HBOCs) [34-37], rapid and slow-acting insulins
[38, 39], human chorionic gonadotropin [40], as well as the
corticotrophin synacthen [41], and they provide unambigu-
ous results for the respective target analytes.

HBOCs

HBOCs such as Hemopure and Oxyglobin (approximate
average mol weight=250 kDa) consist of inter- and
intramolecularly covalently crosslinked bovine hemoglo-
bin, and they have been prohibited from use in sports due to
the potential increase in blood oxygen transport capacity
that they afford [42, 43]. Owing to their xenobiotic nature,
several different LC-MS/MS approaches have been estab-
lished to determine their presence in human serum.
Chemical stabilization of the hemoglobin subunits using
crosslinking agents resulted in an N-terminal derivatization
of methionines of beta chains, which have been identified
as potential targets in analytical approaches employing
proteasomal degradation of serum with endoproteinase Glu-
C [35]. The presence of product ions at m/z 170 and 172
has been attributed to the characteristically altered peptide
MLTAEE, which yields precursor ions at m/z 759 and 761.
These ion pairs have been utilized in a screening assay for
HBOC:s, yielding detection limits of 2 mg/mL for com-
pounds such as Oxyglobin and Hemopure. Alternative
procedures have exploited the differences in the primary
structures of bovine and human hemoglobins, as well as the
presence of crosslinks in hemoglobin molecules. Due to a
sequence homology of only 85%, several proteotypical
peptides uniquely derived from bovine hemoglobin upon
trypsin digestion are detectable using LC-MS/MS
approaches and provide evidence for the presence of
HBOCs at concentration levels of 2 mg/mL [32, 37].
Additionally, crosslinks introduced at lysines of hemoglo-
bins impede the activity of trypsin at the respective residues
and considerably change the ratios of tryptic peptides
obtained from bovine hemoglobin and Hemopure [36].
The latter information in particular will be useful for

differentiating between human hemoglobin and its cross-
linked analogs (e.g., PolyHeme) if these are launched by
pharmaceutical companies.

Insulins

Human insulin has been considered relevant for sports
drug testing since 1999 due to its assumed positive effects
on muscle glycogen formation, anticatabolic (so-called
chalonic) actions on muscle protein, and improvements in
protein biosynthesis [44—46]. Besides conventional for-
mulations consisting of recombinantly produced human
insulin, numerous synthetic analogs, termed rapid- and
long-acting insulins, have been introduced that possess
improved injection-to-onset and pharmacokinetic profiles.
In particular, the rapid-acting insulins such as Humalog,
Novolog and Apidra have been targeted by new analytical
methods, and top-down sequencing-based approaches
have enabled their determination in human plasma and
urine using immunoaffinity chromatography (IAC), solid-
phase extraction (SPE) and microbore LC-MS/MS proce-
dures [38, 39], as illustrated in Fig. 1. While Humalog
differs from human insulin only by the switched positions
of proline B28 and lysine B29, Novolog and Apidra
comprise substituted amino acid residues, resulting in
them having different molecular weights compared to that
of human insulin (5807 Da). Product ion scan experiments
yielded diagnostic ions that unequivocally identify the
synthetic nature of these insulin analogs, and detection
limits of 0.5 and 0.05 ng/mL, respectively, were obtained,
enabling the determination of normal insulin levels in both
matrices. Several athletes selected for doping control
sample collection suffer from diabetes mellitus, and
numerous authentic specimens from these tested “posi-
tive,” providing the proof-of-principle of these new
procedures.

Human chorionic gonadotropin

Human chorionic gonadotropin (hCG) is a 37-kDa
glycoprotein predominantly produced by the placenta
during pregnancy, and its use has been prohibited for
male athletes since 1987. Its ability to induce the
secretion of endogenously produced testosterone from
testes has necessitated its detection in doping controls,
which has primarily been accomplished using immuno-
logical methods. A new approach was recently presented
by Gam et al. [40], based on immunoaffinity purification
followed by trypsin digestion and subsequent LC—MS/MS
analysis of marker peptide BT5. Thus, qualitative and
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Fig. 1 Schematic illustration of
the preparation of a urine sample
for the determination of syn-
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quantitative evidence for hCG was obtained, allowing
detection limits of 5 mIU/mL of urine to be obtained. This
approach provided the discriminative power required,
which common immunological test methods lack due to
possible cross-reactivity.

Synacthen

A peptide hormone termed synacthen, which belongs to the
class of corticotrophins, has also recently been determined in
human plasma using immunoaffinity purification and LC—
MS/MS analysis [41]. The peptide consists of 24 amino acids
and mimics the adrenocorticotropic hormone ACTH, which
triggers the secretion of endogenously produced cortisone.
Due to its relatively small size, no further enzymatic
hydrolysis was required and unambiguous information on
its presence was obtained by multiple reaction monitoring
experiments, including those monitoring the quadruply
charged precursor ion and the diagnostic product ion a, at
m/z 223. Using administration study specimens as well as
spiked blank plasma samples, detection limits of 0.3 ng/mL
have been obtained, while sampling and storage have been
identified as key factors regarding the stability of the target
analyte. Only specimens stored at —20 °C were stable for up
to three months, which demonstrates that blood sampling
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requires different conditions than the collection of urine
specimens in doping controls.

Mass spectrometric identification criteria for peptides
and proteins

The importance of mass spectrometry to doping control
analysis has been evident for decades, and most assays
enabling the screening and confirmation of hundreds of
drugs and/or their metabolites have been established based
on chromatographic separation techniques combined with
mass spectrometric detection. Depending on the methodol-
ogy applied [i.e., gas chromatography / (tandem) mass
spectrometry or liquid chromatography / (tandem) mass
spectrometry], examples of acceptance criteria for the
unambiguous determination of prohibited compounds have
been proposed by respective authorities such as the WADA
[47] or the Commission of European Communities [48],
and comparable guidelines are available for forensic
toxicology or veterinary medicine (US FDA Guidance for
Industry) [49], as recently summarized by Van Eenoo and
Delbeke [50] and challenged by Stein and Heller [51].
Chromatographic retention times (RTs) as well as relative
abundances of diagnostic fragment ions resulting from
electron or chemical ionization or product ions generated
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by collision-induced dissociation are important items that
can be used to identify the target analyte by comparing to
reference material or characterized metabolites obtained
from authentic administration study specimens.

The present criteria—including distinct guidelines and so-
called identification points (IPs)—are defined for low
molecular weight substances. However, with the advent of
the application of LC-MS/MS to doping control analysis for
peptide hormone and protein identification, there is a need for
new rules regarding this class of compounds, because new/
complementary facts and parameters must be considered.

Numerous proteomics applications have utilized various
approaches and criteria for the identification of peptides and
proteins, primarily using MS techniques [52-56]. Proce-
dures have been developed to identify unknown proteins
from complex mixtures by strategies including protein
fractionation and multidimensional protein identification
technology (MudPIT), which incorporates multidimension-
al high-performance liquid chromatography (LC/LC), tan-
dem mass spectrometry (MS/MS) and database-searching
algorithms [57—-63]. However, sports drug testing is focused
on targeted analysis, i.e., known compounds are sought and
determined with the utmost sensitivity and confidence,
yielding unambiguous analytical results. Hence, it is
important that criteria for the unequivocal identification of
compounds are provided that demonstrate the fitness for
purpose of the applied technology.

The protocol applied to mass spectrometric identifications
of target analytes performed in the doping control laboratory
in Cologne (Germany) [64] follows a modified version of
the WADA technical document TD2003IDCR. Firstly, the
importance of molecular mass determination is stressed due
to the considerable difference between the singly charged
precursor ions usually observed with low molecular weight
compounds and peptide or protein-derived molecular ions
(e.g., those from electrospray or matrix-assisted laser
desorption ionization). Molecular masses of target analytes
as determined by deconvolution in confirmatory measure-
ments should not deviate by more than + 0.5 Da between
doping control urine samples and reference specimens.
Secondly, a minimum of three structure-specific product
ions is recommended when applying MS/MS technologies,
and m/z values should also not deviate by more than
+0.5 Da to ensure that the uncertainties obtained are
acceptable. In addition to the mere presence of these product
ions in the spectra obtained from a suspicious doping control
sample and a reference specimen, the relative abundances of
the product ions are considered, as proposed in the WADA
technical document TD2003IDCR for LC-MS" experi-
ments. Maximum deviations of 15% (absolute), 25%
(relative) and 10% (absolute) are allowed for product ions
with relative abundances of >50%, between 25 and 50%,
and <25%, respectively. Structure-specific product ions

derived from precursor ions are needed to provide confi-
dence in the analytical result with respect to the above-
mentioned criteria for relative abundances. However, the
preparation of additional derivatives of target peptides or
proteins providing different precursor ions and/or product
ions could provide substantiating information in order to
unequivocally identify an analyte. In all cases, the signal-to-
noise ratio of the product ions should be greater than 3:1,
and assignments of origin should be provided.

Identification points (IPs)

A complementary approach based on IPs was recently
proposed [48, 65]. The identification of low molecular
weight target compounds was based on the different
identification powers of low-resolution and high-resolu-
tion/high-accuracy MS and MS" techniques, and it was
suggested that a minimum of three IPs was needed for
analyte identification. This can also be accomplished via
different derivatives and analyses. In Table 1, the values of
the mass spectrometric IPs corresponding to each of the
analytical strategies applied are listed.

Considering the complexity of peptide and protein
identification, a minimum of five IPs is recommended for
sports drug testing applications, should they be extended to
peptide/protein characterization in the future. Additionally,
the general requirements for each ion or product ion (as
outlined above), such as for the S/N ratio or relative
abundance, must also be fulfilled.

Bottom-up sequencing for protein identification

In addition to defining which MS and MS/MS criteria to
fulfil, one must also specify the number of peptides derived
from a particular protein (mol weight > 8 kDa) that
characterize the target protein. Different requirements
should be fulfilled, depending on the type of analysis, i.e.,
peptide mass fingerprinting using single MS vs. amino acid

Table 1 IP values for each mass spectrometric technique applied
(modified from [48])

Mass spectrometric technique IP value
Low-resolution MS" precursor 1.0

ion/ molecular weight determination

Low-resolution MS" product ion 1.5
High-resolution/high-accuracy 2.0

MS" precursor ion/ molecular

weight determination

High-resolution/high-accuracy 2.5
MS" product ion
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Table 2 Summary of the characteristics of current LC-MS(/MS) procedures used in doping control

Drug class / Compound Sample Work-up Stationary phase Mobile phase Detection mode ~ LOD Refs.
Anabolic agents
Anabolic steroids urine LLE C-18 RP formic acid / MeOH SRM + 1-10 ng/mL [10]
Anabolic steroids urine LLE C-18 RP acetic acid / ACN MRM -+ 1-30 ng/mL [12]
(and corticosteroids)
Anabolic steroids urine LLE C-18 RP acetic acid, ammonium MRM -+ 0.1-2.0ng/mL  [11]
acetate / ACN
Designer steroids urine LLE C-8 RP acetic acid, ammonium Precursor + ~ 50 ng/mL [14]
acetate / ACN
Designer steroids urine SPE (2x) C-18 RP formic acid / ACN TOFMS + n.d. [15]
THG urine LLE C-18 RP acetic acid / CAN MRM -+ 5 ng/mL [13]
Methandienone urine LLE C-8 RP acetic acid, ammonium MRM -+ n.d. [20]
metabolite acetate / ACN
Stanozolol and urine LLE C-8 RP acetic acid, ammonium MRM + 0.1-0.2 ng/mL  [22]
metabolites acetate / ACN
Clenbuterol urine /  LLE (2x) C-18 RP acetic acid, ammonium MRM + 0.1 ng/mL [21]
blood acetate / ACN
SARMs urine SPE C-18 RP acetic acid, ammonium MRM -/ 1-50 ng/mL [19]
acetate / ACN precursor -
Stimulants
Stimulants urine LLE C-18 RP formic acid / MeOH SRM + / full MS  25-250 ng/mL  [28]
Stimulants blood SPE C-18 RP acetic acid, pyrrolidine /  SIR n.d. [29]
MeOH
Mesocarb and urine LLE C-18 RP ammonium acetate / SRM + 0.1 pg/mL [30]
metabolites MeOH
Sibutramine urine LLE C-18 RP acetic acid, ammonium MRM -+ 6-40 ng/mL [31]
metabolites acetate / ACN
Ephedrines urine direct injection C-18 RP acetic acid, ammonium MRM -+ ~ 500 ng/mL [32]
acetate / ACN
Peptides and proteins
HBOCs serum  Glu-C digest C-18 RP formic acid / ACN precursor + 2 mg/mL [35]
serum  HCI hydrolysis C-18 RP formic acid / ACN SRM + 4 mg/mL [34]
plasma trypsin digest ~ C-18 RP formic acid / ACN SIR + 1-2 mg/mL [36]
plasma trypsin digest ~ C-18 RP acetic acid, trifluoroacetic  MRM + 2 mg/mL [37]
acid / ACN
Insulins plasma IAC / SPE C-18 RP acetic acid, trifluoroacetic EPI + 0.5 ng/mL [38]
acid / ACN
urine SPE / IAC / C-18 RP acetic acid, trifluoroacetic EPI + 0.05 ng/mL [39]
SPE acid / ACN
hCG urine IAC / trypsin C-18 RP trifluoroacetic acid / ACN SRM+ 5 mIU/mL [40]
digest
Synacthen plasma IAC / SPE C-18 RP acetic acid, trifluoroacetic  MRM + 0.3 ng/mL [41]
acid / ACN
Abbreviations: “+” = positive ionization, “—” = negative ionization, ACN = acetonitrile, EPI = enhanced product ion, HBOCs = hemoglobin-

based oxygen carriers, hCG = human choriogonadotropin, IAC = immunoaffinity chromatography, LLE = liquid—liquid extraction, LOD = limit
of detection, MeOH = methanol, MRM = multiple reaction monitoring, n.d. = not determined, SARMs = selective androgen receptor
modulators, SIR = selected ion reaction, SPE = solid-phase extraction, SRM = selected reaction monitoring, THG = tetrahydrogestrinone

sequencing using MS/MS techniques. Owing to the
importance of the unambiguous determination of com-
pounds, the identification of just four peptides characterized
by their molecular mass should be provided (accounting for
four IPs). In the case of MS/MS analysis, the identification
of two peptides according to the suggestions described
above is considered sufficient due to the significantly

increased sequence information.
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Conclusion

LC-MS(/MS) has considerably influenced doping control
analysis by providing powerful tools for low and high
molecular weight analysis. Numerous drugs that have not
been detectable or have barely been detectable using
alternative approaches based on, say, GC—MS or immuno-
logical techniques have been determined with high sensi-
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tivities and specificities, as summarized in Table 2. Sample
preparation efforts have been significantly reduced and
detection limits have improved enough to allow prolonged
retrospectives for the determination of drug abuse. More-
over, peptide hormones and proteins were unambiguously
analyzed using top-down or bottom-up sequencing
approaches that provide evidence for the presence or
absence of synthetic therapeutics. The discriminative power
of mass spectrometry in particular is a great benefit and
highly advantageous compared to conventional immuno-
logical assays, although the sample throughput is currently
much smaller than for such assays due to long preparation
and analysis times. Hence, only established peptide and
protein detection procedures have been considered for
confirmatory analyses so far.

Analytical assay sensitivity and throughput are key
factors for the LC-MS(/MS) approaches used in sports
drug testing. Considerable improvements in liquid chroma-
tography (such as using monolithic or UPLC columns)
have resulted in shorter analysis times and significantly
narrower peaks, which in turn lead to enhanced signal-to-
noise ratios, better detection limits, and increased produc-
tivity. However, these fast analytical runs require very short
mass spectrometric cycle times in order to obtain sufficient
data points per compound and corresponding peak.

In order to incorporate newly developed methods into
sports drug testing systems, identification criteria are
required, which have only been established for low
molecular weight drugs. Several aspects are applicable
and transferable to peptide and protein analysis, but specific
issues—such as molecular weight determination from
multiply charged species or bottom-up sequencing for
protein identification—are still to be addressed.

Acknowledgments The authors thank the Manfred-Donike Institute
for Doping Analysis for supporting the presented work.

References

. Maurer HH (2004) Clin Chem Lab Med 42:1310-1324
. Maurer HH, Peters FT (2005) Ther Drug Monit 27:686—688
. Politi L, Groppi A, Polettini A (2005) J Anal Toxicol 29:1-14
. Thevis M, Schianzer W (2005) Curr Org Chem 9:825-848
. Thevis M, Schianzer W (2007) Mass Spectrom Rev 26:79-107
. Thevis M, Schianzer W (2005) Curr Proteomics 2:191-208
. World Anti-Doping Agency (2005) The 2006 prohibited list:
international standard. World Anti-Doping Agency, Montreal,
Canada. Accessed January 22, 2007. http://www.wada-ama.org/
rtecontent/document/2006_LIST.pdf
8. Thevis M, Schinzer W (2005) J Am Soc Mass Spectrom
16:1660-1669
9. Thevis M, Opfermann G, Bommerich U, Schianzer W (2004) J
Mass Spectrom 40:494-502
10. Deventer K, Eenoo PV, Delbeke FT (2006) Biomed Chromatogr
20:429-433

~N N AW~

11.

12.

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.
24.

25.
26.
27.
28.
29.
30.
31.

32.
33.

34.

35.
36.

37.

38.

39.

40.
41.

42.
43.

44,
45.
46.
47.

Leinonen A, Kuuranne T, Kotiaho T, Kostiainen R (2004) Steroids
69:101-109

Mazzarino M, Botre F (2006) Rapid Comm Mass Spectrom
20:3465-3476

Catlin DH, Sekera MH, Ahrens BD, Starcevic B, Chang Y-C,
Hatton CK (2004) Rapid Commun Mass Spectrom 18:1245-1249
Thevis M, Geyer H, Mareck U, Schanzer W (2005) J Mass
Spectrom 40:955-962

Nielen MW, Bovee TF, van Engelen MC, Rutgers P, Hamers AR,
van Rhijn JH, Hoogenboom LR (2006) Anal Chem 78:424-431
Chen F, Rodan GA, Schmidt A (2002) Zhonghua Nan Ke Xue
8:162-168

Chen J, Kim J, Dalton JT (2005) Mol Interv 5:173—-188

Mohler ML, Nair VA, Hwang DJ, Rakov IM, Patil R, Miller DD
(2005) Exp Opin Ther Patents 15:1565-1585

Thevis M, Kamber M, Schianzer W (2006) Rapid Commun Mass
Spectrom 20:870-876

Schianzer W, Geyer H, Fussholler G, Halatcheva N, Kohler M,
Parr MK, Guddat S, Thomas A, Thevis M (2006) Rapid Comm
Mass Spectrom 20:2252-2258

Thevis M, Schebalkin T, Thomas A, Schinzer W (2005)
Chromatographia 62:435-439

Thevis M, FuBhéller G, Geyer H, Mareck U, Sigmund G, Koch A,
Thomas A, Schinzer W (2006) Chromatographia 64:441-446
Donike M (1970) Sportarzt und Sportmedizin 21:27-30

Donike M, Jaenicke L, Stratmann D, Hollmann W (1970) J
Chromatogr 52:237-250

Hemmersbach P, de la Torre R (1996) J Chromatogr B 687:221—
238

Maurer HH (1992) J Chromatogr 580:3—41

Donike M, Derenbach J (1976) Z Anal Chem 279:128-129
Deventer K, Van Eenoo P, Delbeke FT (2006) Rapid Commun
Mass Spectrom 20:877-882

Apollonio LG, Pianca DJ, Whittall IR, Maher WA, Kyd JM
(2006) J Chromatogr B 836:111-115

Shpak AV, Appolonova SA, Semenov VA (2005) J Chromatogr
Sci 43:11-21

Thevis M, Sigmund G, Schiffer AK, Schinzer W (2006) Eur J
Mass Spectrom 12:129-136

Thevis M, Schinzer W (2005) J Chromatogr Sci 43:22-31
Thevis M, Opfermann G, Schinzer W (2004) Eur J Mass
Spectrom 10:673-681

Gasthuys M, Alves S, Fenaille F, Tabet JC (2004) Anal Chem
76:6628—-6634

Gasthuys M, Alves S, Tabet J (2005) Anal Chem 77:3372-3378
Goebel C, Alma C, Howe C, Kazlauskas R, Trout G (2005) J
Chromatogr Sci 43:39-46

Thevis M, Ogorzalek Loo RR, Loo JA, Schanzer W (2003) Anal
Chem 75:3287-3293

Thevis M, Thomas A, Delahaut P, Bosseloir A, Schinzer W
(2005) Anal Chem 77:3579-3585

Thevis M, Thomas A, Delahaut P, Bosseloir A, Schinzer W
(2006) Anal Chem 78:1897-1903

Gam LH, Tham SY, Latiff A (2003) J Chromatogr B 792:187-196
Thevis M, Bredehoft M, Geyer H, Kamber M, Delahaut P,
Schinzer W (2006) Rapid Commun Mass Spectrom 20:3551-3556
Schumacher YO, Ashenden M (2004) Sports Med 34:141-150
Schumacher YO, Schmid A, Dinkelmann S, Berg A, Northoff H
(2001) Int J Sports Med 22:566-571

Sonksen PH (2001) J Endocrinol 170:13-25

Wolfe RR (2005) Curr Opin Clin Nutr Metab Care 8:61-65
Wolfe RR (2000) Curr Opin Clin Nutr Metab Care 3:67-71
World Anti-Doping Agency (2004) WADA technical document
TD2003IDCR. World Anti-Doping Agency, Montreal, Canada.
Accessed January 22, 2007. http://www.wada-ama.org/rtecontent/
document/criteria_1_2.pdf

@ Springer


http://www.wada-ama.org/rtecontent/document/2006_LIST.pdf
http://www.wada-ama.org/rtecontent/document/2006_LIST.pdf
http://www.wada-ama.org/rtecontent/document/criteria_1_2.pdf
http://www.wada-ama.org/rtecontent/document/criteria_1_2.pdf

1358

Anal Bioanal Chem (2007) 388:1351-1358

48.

49.

50.
S1.

52.
53.

Commission of the European Communities (2002) Commission
decision of 12 August 2002 implementing Council Directive
96/23/EC concerning the performance of analytical methods and
the interpretation of results. Commission of the European
Communities, Brussels, Belgium. Accessed January 22, 2007.
http://eur-lex.europa.eu/LexUriServ/site/en/0j/2002/1_221/
1 22120020817en00080036.pdf

US Department of Health and Human Services—Food and Drug
Administration (2003) Guidance for industry: Mass spectrometry
for confirmation of the identity of animal drug residues: final
guidance. FDA, Washington, DC. Accessed January 22, 2007.
http://www.fda.gov/cvm/Guidance/guidel18.pdf#search=%
22FDA%?20mass%?20spectrometry%20%22

Van Eenoo P, Delbeke FT (2004) Chromatographia 59:S39-S44

Stein SE, Heller DN (2006) J Am Soc Mass Spectrom 17:
823-835

Mann M, Wilm M (1994) Anal Chem 66:4390-4399

Zhang Z, Sun S, Zhu X, Chang S, Liu X, Yu C, Bu D, Chen R
(2006) BMC Bioinformatics 7:222

@ Springer

54.
55.
56.

57.
58.
59.

60.
61.

62.
63.

64.

65.

Eng JK, Mccormack AL, Yates JR (1994) J Am Soc Mass
Spectrom 5:976-989

Yates JR 3rd (1998) Electrophoresis 19:893-900

Bethem R, Boison J, Gale J, Heller D, Lehotay S, Loo J,
Musser S, Price P, Stein S (2003) ] Am Soc Mass Spectrom
14:528-541

Wu CC, MacCoss MJ (2002) Curr Opin Mol Ther 4:242-250
Acbersold R, Mann M (2003) Nature 422:198-207

Ferguson PL, Smith RD (2003) Annu Rev Biophys Biomol Struct
32:399-424

MacCoss MJ (2005) Curr Opin Chem Biol 9:88-94

Chen EI, Hewel J, Felding-Habermann B, Yates JR 3rd (2006)
Mol Cell Proteomics 5:53-56

Loo JA (2003) Adv Protein Chem 65:25-56

Loo JA, DeJohn DE, Du P, Stevenson TI, Ogorzalek Loo RR
(1999) Med Res Rev 19:307-319

Thevis M, Loo JA, Ogorzalek Loo RR, Schidnzer W (2007) Rapid
Commun Mass Spectrom 21:297-304

Rivier L (2003) Anal Chim Acta 492:69—-82


http://eur-lex.europa.eu/LexUriServ/site/en/oj/2002/l_221/l_22120020817en00080036.pdf
http://eur-lex.europa.eu/LexUriServ/site/en/oj/2002/l_221/l_22120020817en00080036.pdf
http://www.fda.gov/cvm/Guidance/guide118.pdf#search=%22FDA%20mass%20spectrometry%20%22
http://www.fda.gov/cvm/Guidance/guide118.pdf#search=%22FDA%20mass%20spectrometry%20%22

	Current role of LC–MS(/MS) in doping control
	Abstract
	Introduction
	Anabolic agents
	Stimulants
	Peptide hormones and proteins
	HBOCs
	Insulins
	Human chorionic gonadotropin
	Synacthen
	Mass spectrometric identification criteria for peptides and proteins
	Identification points (IPs)
	Bottom-up sequencing for protein identification
	Conclusion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


