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"The relationship between sports, science and technology

is ever more apparent and

it is bound to become even stronger in the future.”

—Dr. Michele Ventura
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Abstract

ABSTRACT

Human sport doping control analysis is a complex and challenging task for anti-
doping laboratories. The field is regulated by the World Anti-Doping Agency
(WADA), whose aim is to achieve globally harmonized results and equal treat-
ment for all athletes. The List of Prohibited Substances and Methods is updated
annually by WADA and consists of hundreds of chemically and pharmacologically
different low and high molecular weight (MW) compounds. This poses a consid-
erable challenge for laboratories to screen for them all in a limited amount of
time from a limited sample aliquot. Furthermore, some of these compounds are
threshold substances, and their quantitative concentration has to be measured to
determine whether a violation of anti-doping rules has occurred. The continuous
expansion of the Prohibited List obliges laboratories to keep their analytical meth-
ods updated and to research new available methodologies. According to WADA,
in most cases chromatographic-mass spectrometric (MS) methods are manda-
tory for the confirmation of positive screening results, and specific identification
criteria have to be fulfilled.

In this thesis, accurate mass-based analysis employing liquid chromatography -
time-of-flight mass spectrometry (LC-TOFMS) were developed and validated to
improve the power of doping control analysis.

New methodologies were developed utilizing the high mass accuracy and high
information content obtained by TOFMS to generate comprehensive and generic
screening procedures. The suitability of LC-TOFMS for comprehensive screening
was demonstrated for the first time in the field with mass accuracies better than
1 mDa. Further attention was given to generic sample preparation, an essential
part of screening analysis, to rationalize the whole work flow and minimize the
need for several separate sample preparation methods. Utilizing both positive
and negative ionization allowed the detection of 193 prohibited substances with
a median mass accuracy of 0.80 mDa and a perfect isotopic match. Automatic
data processing produced a Microsoft Excel based report highlighting the entries
fulfilling the criteria of the reverse database search (retention time (RT), mass
accuracy, isotope match).

The quantitative performance of LC-TOFMS was demonstrated with intact glu-
curonide conjugates of morphine and codeine. After a straightforward sample
preparation the compounds were analyzed directly without the need for hydrol-
ysis, solvent transfer, evaporation or reconstitution. The hydrophilic interaction
technique (HILIC) provided good chromatographic separation, which was critical
for the morphine glucuronide isomers. A wide linear range (50-5000 ng/ml) with
good precision (RSD < 10%) and accuracy (± 10%) was obtained, showing com-
parable performance to common quadrupole (Q) analyzers. In-source collision-
induced dissociation (ISCID) allowed confirmation analysis with three diagnostic
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Abstract

ions with a median mass accuracy of 1.08 mDa and repeatable ion ratios fulfilling
WADA’s identification criteria.

The suitability of LC-TOFMS for screening of high molecular weight doping agents
was demonstrated with polysaccharide-based plasma volume expanders (PVE).
Selectivity and specificity were improved, since interfering matrix compounds
were removed by size exclusion chromatography (SEC) and a high mean mass
accuracy of 0.82 mDa was obtained at physiological concentration levels. IS-
CID produced three characteristic fragments comparable to previously published
data.
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Introduction

INTRODUCTION

It is part of human nature to compete and attain fame and fortune through victory
in sports events. Enhancement of performance has been present throughout the
history of sport, and several means ranging from manipulation to consumption
of different nutritional and pharmaceutical substances have been used to gain
advantages over rivals. In sports today the aim is to provide equal opportunities
for athletes to seek victory and fame. Hence, the use of performance-enhancing
substances and methods has been prohibited not only to ensure fairness, but
also to protect athletes’ health and safeguard the spirit of sport.

The World Anti-Doping Agency (WADA) monitors the enforcement of anti-doping
rules, the agreement between sport and governments. The World Anti-Doping
Program is based on the Code setting out the rules and principles of doping con-
trol, including the essential regulations for anti-doping laboratories: the Prohibited
List and the International Standard for Laboratories (ISL). The task of anti-doping
laboratories is to provide scientific evidence of the possible presence of prohibited
substances, sample manipulation, or the use of a prohibited method.

The work of anti-doping laboratories is regulated by WADA, the aim being to guar-
antee global harmonization of the analysis results. These requirements throw up
several challenges concerning issues such as reporting time window, instrument
selection, facilities, finance, and power of regeneration and updating of methods.
The List of Prohibited Substances and Methods includes hundreds of chemically
and pharmacologically diverse compounds from different classes. The List is up-
dated annually, which means that laboratories are constantly having to update
their methods and to catch up with the ever growing selection of drugs. This im-
poses a considerable demand on laboratories to be able to identify suspicious
samples in a screening process with only a limited sample amount in a short pe-
riod of time for a more specific confirmation analysis. This part of doping control
analysis is the most time-consuming and more generic, and consequently high
throughput, methodologies are needed to meet the requirements. Prohibited sub-
stances are categorized as either prohibited in-competition or at all times. In the
case of in-competition substances, the analyte selection is the broadest and the
results from screening sometimes have to be reported in just 24 hours, empha-
sizing the need for high throughput methods.

Threshold values have been established for certain prohibited substances. Lab-
oratories have to quantify these compounds after the screening procedure to de-
termine whether or not the finding is considered a violation of the anti-doping
rules. One of these substances is morphine, for which the calculation of total
concentration (free and glucuronide-conjugated morphine) takes into account the
influence of metabolism. A proper evaluation of both sample preparation method
and target analytes is therefore essential if an accurate value for concentration is
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Introduction

to be achieved. Every presumptive analytical finding in screening has to be con-
firmed with a more specific chromatographic-mass spectrometric (MS) method
optimized for the target analyte. The results are compared with reference stan-
dards, and if WADA’s identification criteria, such as diagnostic ions, ions ratios
and retention times (RT) are fulfilled, an adverse analytical finding is reported.

Prohibited substances include both small molecules and also compounds with
high molecular weight (MW). Among the latter are plasma volume expanders
(PVE), most of which are high molecular weight polysaccharides. In the case of
PVE, specificity is needed to avoid interpretation problems due to normal physio-
logical urinary oligosaccharides.

Liquid chromatography - time-of-flight mass spectrometry (LC-TOFMS) has pro-
ven to be feasible in multi-target screening in several fields of analysis such as
environmental, food and toxicology. High resolution and mass accuracy enhance
specificity and selectivity of the methods. Moreover, since full spectrum data are
obtained, the number of compounds that can be monitored is basically unlimited.
However, in doping control the potential of the technique has not been exploited
to any great extent. This thesis examines the applicability of LC-TOFMS for the
screening of low and high molecular weight compounds and the quantification
and confirmation of a threshold substance. The general aims were to determine
whether LC-TOFMS could be used to rationalize and improve doping control by
means of accurate mass-based analysis in a cost-effective manner, and conse-
quently, to reduce the number of different analytical techniques needed in the
laboratory.
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Review of the literature

REVIEW OF THE LITERATURE

1 Human sport doping control

1.1 Review of history

Enhancement of performance has featured in sport since ancient Greco-Roman
times (Papagelopoulos et al., 2004). It was not considered a problem, however,
until the modern era of sports in the 1920s, when for the first time a class of
compounds - stimulants - was banned even though there was no appropriate an-
alytical way to detect abuse (WADA history, 2010). Rapid progress in the develop-
ment of synthetic substances between the 1930s and 1950s, and their increasing
use for doping purposes highlighted the problem, which culminated at the 1960
Olympic Games in Rome in the death of a cyclist (Beckett and Cowan, 1979).
As a result, in 1962 The Council of Europe published the first list of banned sub-
stances, which included narcotics, amine stimulants, alkaloids, respiratory tonics
and certain hormones (Bowers, 2002; Fraser, 2004). A few years later the Inter-
national Olympic Committee (IOC) set up a Medical Commission to be responsi-
ble for the prevention of doping by maintaining a list of prohibited substances and
methods (Bowers, 2002; IOC Medical Commission, 2009). The first official anti-
doping tests were performed at the Summer Olympic Games in Munich in 1972
(Donike et al., 1987).

Androgenic anabolic steroids (AAS) had been used by athletes since the 1960s,
and their extensive use, mainly during training, highlighted the need for ‘out-of-
competition’-testing (Ljungqvist, 1975; Franke and Berendonk, 1997). Since the
1980s the IOC has started to accredit laboratories and has established a profi-
ciency testing program consisting of rules and regulations governing aspects such
as blind samples and reporting times (Bowers, 2002; IOC Medical Commission,
2009). Growing pressure to harmonize and standardize anti-doping methods led
to the requirement that laboratories should be accredited according to the Inter-
national Organization for Standardization (Catlin et al., 2008). By this time, the
use of doping substances had spread globally in many sports, both professional
and amateur, and had became a public health issue. In 1999, the global na-
ture of doping led to unique collaboration between sports and governments in the
formation of WADA (WADA history, 2010).
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1.2 World Anti-Doping Agency

WADA is an independent, international agency which promotes, coordinates and
monitors the fight against doping in sport in all its forms. There were four main
reasons that led to the foundation of WADA. First was the lack of harmonization
of anti-doping rules (Catlin et al., 2008). Second, some doping substances had
spread among amateurs, producing an alarming public health problem. The third
reason was to promote research to keep abreast of developments in the phar-
maceutical industry. Fourth was the desire to centralize collaboration between
national and international anti-doping activities. In 2002, WADA’s World Anti-
Doping Program was approved. This consisted of six documents, of which three
are relevant for accredited laboratories: the World Anti-Doping Code, the List
of Prohibited Substances and Methods, and ISL (WADA Anti-Doping Program,
2010). The main activities of WADA include scientific research, education, devel-
opment of anti-doping capacities and monitoring the compliance with the World
Anti-Doping Code. WADA, a Swiss law foundation, sits in Lausanne, Switzer-
land and has its headquarters in Montreal, Canada. The Anti-Doping Community
consists of several stakeholder groups including athletes, National Anti-Doping
Organizations, major event organizations, governments, and anti-doping labora-
tories. As the custodian of the World Anti-Doping Code, WADA has the duty to
oversee and monitor stakeholders’ activities in relation to the Code and to ensure
the integrity of the Code.

1.2.1 The World Anti-Doping Code

The Code is the fundamental document upon which the World Anti-Doping Pro-
gram is based (The Code, 2009). It sets out the anti-doping rules and principles,
the role of education and research, the role and responsibilities of various stake-
holders, and guidelines for implementation, modification, and compliance for sig-
natories of the Code. The two main purposes of the Code are to protect athletes’
right to participate in doping-free sport and promote fair play, and to ensure global
equality regarding the detection, deterrence and prevention of doping. The Code
defines the term doping as the occurrence of one or more of the anti-doping rule
violations. The violations are not limited to the presence of a prohibited substance
or its metabolites, but also include an attempt to use a prohibited method, refusal
or failure to provide a sample, not to be available for out-of-competition testing,
tampering with any part of doping control, trafficking of a prohibited substance or
method, and administering prohibited substances or methods to athletes.

1.2.2 The List of Prohibited Substances and Methods

The List of Prohibited Substances and Methods is the backbone of doping con-
trol (The List 2011, 2010). The List consists of pharmacological classes of com-
pounds rather than individual compounds. There are nine classes of compounds,
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three classes of methods and two groups of compounds prohibited in particular
sports (Table 1.1). As an example of the expansion of the List, in 1984 during
the Olympic Games in Los Angeles, the prohibited list consisted of stimulants,
narcotics, AAS and β-blockers, which were analyzed only if requested by interna-
tional federations (Catlin et al., 1987).

Table 1.1. Summary The 2011 Prohibited List (The List 2011, 2010)

Class Class name Examples of compounds Type

Prohibited at all times

S0 Non-approved substances Pharmacological substance with no current ap-
proval by any governmental regulatory health
authority for human therapeutic use

Open

S1.1 a Exogenous anabolic androgenic steroids Boldenone, methandienone, tetrahydrogestri-
none

Open

S1.1 b Endogenous anabolic androgenic steroids Androstenediol, testosterone Closed
(when administered exogenously)

S1.2 Other anabolic agents Clenbuterol, selective androgen receptor mo-
dulators, tibolone

Open

S2 Peptide hormones, growth factors and related
substances

Erythropoiesis-stimulating agents e.g. erythro-
poietin, chorionic gonadotrophin, insulins, cor-
ticotrophins, growth hormone

Open

S3 β2-agonists Fenoterol, salbutamol, salmeterol Open
S4 Hormone antagonists and modulators Anastrozole, raloxifene, clomiphene, myostatin

inhibitors
Open

S5 Diuretics and other masking agents Dextran, hydroxyethyl starch, probenecid, ami-
loride, chlorothiazide

Open

M1 Enhancement of oxygen transfer Blood doping, artificial enhancement Open
M2 Chemical and physical manipulation Tampering, intravenous infusions, withdrawal

of whole blood
Open

M3 Gene doping Transfer of nucleic acids, use of normal of
genetically modified cells, agents influencing
gene expression

Open

Prohibited in-competition

S6 a Non-specified stimulants Amfepramone, amphetamine, dimethylamphe-
tamine, mesocarb, phentermine

Open

S6 b Specified stimulants Ephedrine, heptaminol, levmetamphetamine,
methylphenidate, pemoline, strychnine

Open

S7 Narcotics Buprenorphine, diamorphine, fentanyl, mor-
phine, pethidine

Closed

S8 Cannabinoids Cannabis, marijuana, hashish, cannabimime-
tics

Open

S9 Glucocorticoids Budesonide, desonide, flumethasone Open
(when administered by oral, intravenous,
intramuscular or rectal routes)

P1 Alcohol Ethanol Closed
P2 β-blockers Acebutolol, bunolol, carvedilol, propranolol Open
S=Substances, M= Methods, P=Substances prohibited in particular sports

There are two types of classes: open and closed. Closed means that a laboratory
needs to screen for only the named compounds, while open means that com-
pounds with similar chemical structures or biological activities to those named in
the List also have to be included into the analytical methods (The List 2011, 2010).
At the moment the List includes at least 200 named prohibited substances. The
List is revised annually and a substance is added to the List if the next three
criteria are fulfilled (The Code, 2009):
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• the substance alone or in combination with other substances has the po-
tential to enhance sport performance

• the substance represents an actual or potential health risk

• the substance violates the spirit of sport

In principle, most of the substances on the List are allowed to be used for ther-
apeutic purposes for which an application for a therapeutic use exemption is re-
quired. Furthermore, threshold values have been established for nine compounds
(19-norandrosterone, carboxy-THC (11-nor-∆9-tetrahydrocannabinol-9-carboxy-
lic acid), epitestosterone, salbutamol, morphine, cathine, ephedrine, methyle-
phedrine, pseudoephedrine) stating when a finding is considered as an adverse
analytical finding. For example if salbutamol, a β2-agonist, is present in urine
above 1000 ng/ml, it is considered a violation of anti-doping rules. Moreover,
some of the substances such as alcohol and β-blockers are prohibited in particu-
lar sports in competition only. Recently, Botrè gave an overview from an analyst’s
perspective concerning the evolution of the List and its influence on the work
of anti-doping laboratories, concluding the complex work undertaken due to the
expansion of the List (Botrè, 2008).

1.2.3 The International Standard for Laboratories

ISL sets out the framework for analytical method performance parameters de-
signed to ensure production of valid test results and evidence-based data, and to
achieve harmonized results and reporting from all laboratories (ISL, 2009). There
are currently 35 accredited laboratories world-wide, and to achieve accreditation,
a laboratory has to meet the specific requirements of WADA relating to quali-
fied personnel, appropriate facilities, financial issues and instrumentation. The
laboratory must have an EN ISO/IEC 17025 accreditation and has to participate
successfully in blind tests and external quality assessment testing three times a
year.

ISL sets out the requirements through which laboratories can demonstrate that
they are technically competent, that they operate an effective quality manage-
ment system, and are able to produce forensically valid results. The complex
task of anti-doping laboratories is to detect, identify and, for some substances,
demonstrate the presence at a concentration greater than the threshold concen-
tration or the ratio of measured analytical values of drugs and other substances
in human biological fluids included in the List of Prohibited Substances and Meth-
ods. ISL describes the analytical testing, including the requirements for appro-
priate control samples in sequences, the type of analytical methodology used
in screening and confirmation analysis (i.e. immunoassay or chromatographic-
mass spectrometric method), the number sample aliquots needed for quantifi-
cation of threshold substances, and the time scale for reporting the screening
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and confirmation results. Actions to be taken in the event of positive findings
in screening and confirmation are also given. More detailed directions, with
which laboratories are required to comply, are given in WADA’s technical doc-
uments (TD2010INDEX, 2010). These technical documents include instructions
for the chain of custody (TD2009LCOC, 2009), minimum required performance
levels (MRPL) (TD2010MRPL, 2010), identification criteria for qualitative assays
(TD2010IDCR, 2010), methodological instructions and reporting criteria for cer-
tain compounds (TD2004EAAS, 2004; TD2010NA, 2010) and decision limits for
confirmatory quantification (TD2010DL, 2010). The laboratories have the free-
dom of choosing the analytical protocols capable of meeting the above perfor-
mance criteria based on factors such as available instrumentation and other lab-
oratory facilities.

1.3 Principles of doping control sample analysis

Unlike many other analytical areas, the analysis of a doping control sample has
certain very specific features. Hundreds of compounds and their metabolites
have to be detected and identified from a limited aliquot of sample in a short
period of time. During major sporting events the results have to be ready in
just 24 hours. Trout and Kazlauskas presented a scheme of several issues that
have to be considered before establishing an analysis method for a doping agent
(Trout and Kazlauskas, 2004). These involve drug properties, metabolism, ap-
plicability to an existing method, and the cost and availability of standards. The
characteristics of the method performance are also dependent on whether non-
threshold or threshold substances have to be determined (Peters et al., 2010a).
For non-threshold compounds, the laboratory has to identify, not quantify, the
compound’s presence in urine. However, the methods applied have to achieve at
least the MRPL established by WADA for each compound class (TD2010MRPL,
2010). For threshold compounds, the concentration in urine has to be measured
following identification. An adverse analytical finding is reported if the result ob-
tained exceeds the decision limit, which includes maximum combined standard
uncertainty, as defined by WADA.

The analysis is predominantly performed on a urine sample, although blood is
collected at present to test for the use of novel erythropoiesis stimulating protein
(NESP) or autologous blood transfusions. Serum samples are used to detect
the prohibited use of human growth hormone (hGH) and hemoglobin-based oxy-
gen carriers (HBOC). Other specimens such as hair and saliva have been pro-
posed (de Boer et al., 1995, 1999; Gaillard et al., 2000; Rivier, 2000; Kintz and
Samyn, 2002). However, urine is still the specimen of choice since the collection
is non-invasive, the volume available is quite large, the concentrations of drugs
are higher than in blood, and since hydrophilic metabolites are also excreted in
urine, thus enlarging the detection time window (Trout and Kazlauskas, 2004).

The doping control sample is split, sealed and labeled as A and B samples. In the
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laboratory testing begins with the A sample, while the B sample is stored. Both
A and B samples are stored for a minimum of 3 months up to a maximum of 8
years depending on the request of the testing authority. In long-term storage the
samples are kept frozen. The B sample is used to confirm the results of the A
sample. The urine samples are first tested for possible adulteration or manipula-
tion by observing color, odor, turbidity or foam and by measuring pH and specific
gravity (ISL, 2009). The samples are accompanied by chain of custody docu-
ments monitoring the movements of the samples in the laboratory (ISL, 2009).
The primary analysis of the A samples takes place in two phases: screening and
confirmation analysis.

1.3.1 Screening

Screening analysis, known as initial testing in WADA’s documentation, is used
to find samples containing prohibited substances, the presence of which is then
confirmed with more specific methods. The critical aspects of a good screening
method include high throughput, sensitivity, selectivity, specificity, coverage and
suitability for automation. In addition, the sample consumption in the screening
phase should be reasonable, and the results should be simple to interpret.

Most often screening is performed with chromatographic-mass spectrometric
methods (Donike et al., 1987). For this reason the samples are normally cleaned
prior to the analysis to concentrate and to remove interfering matrix compounds.
Sample preparation usually starts with an enzymatic or acidic hydrolysis of the
samples to release conjugated metabolites in their free forms. The most used
sample preparations techniques are liquid-liquid extraction (LLE) and solid phase
extraction (SPE). LLE at alkaline pH has commonly been used for antiestrogens
(Borges et al., 2007), β2-agonists (Thevis et al., 2003), glucocorticoids (Mareck
et al., 2004; Mazzarino et al., 2008a), narcotics (Youxuan et al., 1997; Trout and
Kazlauskas, 2004; Deventer et al., 2007), steroids (Gotzmann et al., 1994; Sig-
mund et al., 1997; Mareck et al., 2004; Borges et al., 2007), and stimulants (Ven-
tura et al., 1992; Trout and Kazlauskas, 2004; Deventer et al., 2006). However,
while LLE provides a robust performance, hydrophilic compounds like diuretics
and metabolites have poor recoveries, and expansion of the analyte selection
therefore requires an additional extraction at acidic pH or salting-out, e.g. with
sodium sulfate (Deventer et al., 2002; Thevis et al., 2003; Georgakopoulos et al.,
2007). SPE is well suited for urine analysis, since cells and proteins are not usu-
ally present in this matrix. The use of SPE has increased because of its greater
suitability for hydrophilic compounds and automation compared with LLE. An au-
tomatic SPE for steroids was presented over ten years ago (Kazlauskas et al.,
1999). Several different types of sorbent materials are commercially available
(polar, non-polar, ion exchange, mixed-mode), enabling more selective extrac-
tions. However, there are several parameters affecting the recoveries that make
optimization a complex process. Non-polar (C8 and C18) and ion exchange sor-
bent materials have been used to extract steroids (Donike et al., 1987; Ayotte,

19



Review of the literature

1992; Leinonen et al., 1993; Schänzer et al., 1996; de la Torre et al., 1996; Ka-
zlauskas et al., 1999), antiestrogens (Große et al., 1994) and chemically hetero-
geneous diuretics (Thieme et al., 2001; Goebel et al., 2004). Designer steroids
have been extracted with weak anion exchange cartridges (Nielen et al., 2006),
while for a more generic approach mixed-mode sorbents have been used (Peters
et al., 2010). Since many of the target analytes are either thermolabile or non-
volatile compounds, they have to be derivatized into a more volatile form prior
to gas chromatographic (GC) analysis. Unfortunately, this step is usually labori-
ous and time consuming and does not always suit for the target compound. Re-
cently, LC-MS methods without sample preparation have been published for com-
prehensive screening of aromatase inhibitors, β2-agonists, β-blockers, diuretics,
masking agents, narcotics, oxygen transfer enhancers, and stimulants (Thörn-
gren et al., 2008; Badoud et al., 2009; Guddat et al., 2011). These approaches
require instruments with high sensitivity and resolution, careful evaluation of ma-
trix effects, and more frequent instrument clean up.

Since the number and nature of target analytes in screening is huge, several dif-
ferent methods have to be applied. The common strategy is to screen chemically
similar compounds within one method. GC based methods have been important
in doping control for decades (Donike et al., 1987). Traditionally, GC combined
with a nitrogen-phosphorus detector (NPD) has been used to detect nitrogen-
containing stimulants and narcotics, the first prohibited compound classes. How-
ever, the complexity of the matrix and the ever increasing number of target an-
alytes has required more specific detectors, leading to the use of MS. GC-MS
based methods have been used to detect AAS (Schänzer et al., 1996; Marcos
et al., 2002), β2-agonists (Ventura et al., 2000), diuretics (Morra et al., 2006) and
stimulants (Hemmersbach and de la Torre, 1996; Thuyne et al., 2007). Electron
ionization (EI) is traditionally routinely used for ionization in GC-MS methods pro-
ducing characteristic spectral information on the analytes. Chemical ionization
(CI) is a softer technique and results in reduced fragmentation in contrast to EI.
However, it is used merely for specific issues (Choi et al., 1998). The use of GC
is limited to small, volatile and thermostable compounds. Nevertheless, many
doping agents, such as diuretics and higher molecular weight analytes such as
polysaccharide-based PVE, have polar functionalities and need to be derivatized
prior to GC-MS analysis. Due to these limitations of GC, LC-MS methods have
become a fundamental part of sports drug testing, providing fast, robust, sensi-
tive and specific performance to complement GC-MS and immunological meth-
ods. In addition, LC analysis can be more suitable than GC for some target
analytes. For a single class screening, LC-MS has been used to analyze some
AAS (Pozo et al., 2007), β2-agonists (Thevis et al., 2003; Kang et al., 2007),
diuretics (Thieme et al., 2001; Deventer et al., 2002), and stimulants (Deventer
et al., 2006; Thomas et al., 2008). Reversed phase C18 columns are the most
frequently used, although hydrophilic compounds pose problems because of their
poor retention. Electrospray ionization (ESI) is a soft ionization technique which
is widely used in LC-MS methods in doping controls. It allows the detection of
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small as well as large polar molecules, although its suitability for neutral and non-
polar compounds is limited. Atmospheric pressure chemical ionization (APCI) is
better suited for stable and non-polar compounds and is used for specific applica-
tions such as analysis of some AAS and PVE (Hughes et al., 2005; Guddat et al.,
2005; Deventer et al., 2006a). Besides GC-MS and LC-MS, other techniques
such as electrophoresis and immunological assays have been used for doping
agents such as hGH (Wu et al., 1999; Momomura et al., 2000; Kniess et al.,
2003; Bidlingmaier et al., 2009), human chorionic gonadotropin (hCG) (Kicman
et al., 1991; Stenman et al., 1997), erythropoietin (EPO), NESP (Caldini et al.,
2003; Morkeberg et al., 2007; Lasne et al., 2007; Lönnberg et al., 2008), and
HBOC (Lasne et al., 2004).

Because the number of prohibited substances is constantly increasing, high
throughput and generic methods are needed to rationalize and simplify the work
in laboratories to make screening schemes more effective. Lately, comprehen-
sive screening procedures have been published based on both GC-MS (Thuyne
et al., 2008; van Eenoo et al., 2011) and LC-(MS/)MS (Thevis and Schänzer,
2005a; Mazzarino and Botrè, 2006; Kang et al., 2007; Georgakopoulos et al.,
2007; Mazzarino et al., 2008a; Thörngren et al., 2008; Vonaparti et al., 2010;
Thevis et al., 2011). LC-MS/MS measurements have been made using triple
quadrupoles (TQs) (Mazzarino and Botrè, 2006; Thörngren et al., 2008; Dikunets
et al., 2008; van Eenoo et al., 2011), and hybrid MS techniques such as TQ-ion
trap analyzers (Muñoz et al., 2004; Guddat et al., 2011). However, quadrupoles
(Qs) and TQs are scanning instruments and can measure one m/z ratio at a time.
In multi-target analysis, the number of target analytes is therefore limited because
of the need for an adequate number of data points across a chromatographic
peak, which also affects the sensitivity of the method (Munõz et al., 2005; Soler
and Picó, 2007; Thurman and Ferrer, 2009). In these targeted multiple reaction
monitoring (MRM) analyses, the number of analytes has often been between 50
and 150 (Ventura et al., 2008; Mazzarino et al., 2010,a). High resolution/high
mass accuracy MS favors screening procedures (Virus et al., 2008; Peters et al.,
2010; Vonaparti et al., 2010; Badoud et al., 2009, 2010). Moreover, the complete
collection of raw data opens up the possibility for retrospective evaluation of the
analytical data and allows re-processing and re-analysis of a doping sample for
formerly unknown compounds in a fast and cost-effective manner. The methods
applied for doping agents in urine have been based on the use of ultra high per-
formance liquid chromatography (UHPLC) column designs and hybrid MS tech-
niques such as linear TQ-ion trap and QTOFMS or a single stage TOFMS. LC
run times vary between 5 and 16 min, and dual polarity is employed in a few ap-
proaches (Badoud et al., 2009, 2010; Peters et al., 2010). Laboratories have the
freedom to choose the techniques and methods that are fit-for-purpose, and con-
sequently there are several different screening schemes; these are illustrated in
Figure 1.1 and have been summarized by several authors (Trout and Kazlauskas,
2004; Thevis, 2010; Thevis et al., 2011).
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The technical improvements in MS have allowed the development of more sen-
sitive analysis methods for doping control (Thevis, 2010; Thieme and Hemmers-
bach, 2010). The first mono-sector instrument employed achieved a scan rate
of 12 sec and µg/ml concentration level for stimulants (Beckett et al., 1967). A
faster scan speed was achieved with low resolution Q analyzers, which became
state-of-the-art analytical tools in combination with GC (Ward et al., 1975; Catlin
et al., 1987). The use of selected ion monitoring (SIM) increased sensitivity by
decreasing the biological background. Higher resolution (5,000-20,000) was ob-
tained with double-focusing sector instruments with different geometries (Hem-
mersbach et al., 1994; Thieme et al., 1995; Schänzer et al., 1996; Hemmersbach
et al., 2006). High resolution permitted the discrimination of background signals,
since narrow mass windows could be used (Thieme et al., 1995). Using a double-
focusing magnet sector analyzer it was possible to measure accurate mass and
resolution over 20,000 was achieved (Horning and Donike, 1993). However, rapid
exact mass analysis over a narrow GC peak was not possible due to the low
scan rate. Thieme et al. used a magnet sector analyzer to identify metabolites
of clostebol in urine and used accurate mass measuring as part of the process
(Thieme et al., 1996). Tandem MS measurements were introduced in the late
1990’s, and GC and LC instruments were combined with ion trap and TQ analyz-
ers, allowing isolation and characterization of the specific fragments of the original
molecular structures (Muñoz-Guerra et al., 1997; Amendola et al., 2000; Marcos
et al., 2002; Thevis et al., 2003; Spyridaki et al., 2006; Hemmersbach, 2008).
Isotope-ratio (IR)MS has been used since the mid-1990s to reveal the abuse of
endogenous steroids (Hemmersbach et al., 1994). Lately, high resolution/high
mass accuracy instruments such as TOFMS and orbitrap, with resolution from
10,000 to 100,000 and mass accuracies below 5 ppm, have been used in doping
control mainly for screening (Thevis et al., 2005; Virus et al., 2008; Badoud et al.,
2009; Peters et al., 2010; Vonaparti et al., 2010). One drawback of orbitrap an-
alyzers is their poor suitability for multi-target screening due to their longer duty
cycles and equilibration times.

1.3.2 Confirmation

If the screening of an A sample results in a presumptive analytical finding, the re-
sult has to be confirmed using an additional aliquot of the A sample (ISL, 2009).
The ISL states that in most cases confirmation analysis must be based on a
chromatographic (GC or LC) MS method that can also be used for screening
(ISL, 2009). However, the confirmation method is often more specifically opti-
mized for the analyte in question. The results are compared with reference mate-
rial and are considered an adverse finding if the identification criteria are fulfilled
(TD2010IDCR, 2010).

The identification criteria for chromatography include tolerance windows for RT
and chromatographic separation efficiency (retention factors, selectivity). If the
concentrations of prohibited substances detected in urine are approximately over
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100 ng/ml, their MS detection must have a full or partial scan acquired or an ac-
curate mass measured so that elemental composition can be determined. When-
ever possible a full scan is preferred. SIM can be used when low concentrations
of prohibited substances need to be detected in urine. Tandem MS can be used
to increase specificity in either full scan or selected reaction monitoring (SRM)
mode. In general, two precursor-product ion transitions should be monitored. The
minimum criteria for single MS measurements are the need for three diagnostic
ions with signal-to-noise ratios (S/N) > 3 and relative ion abundances within the
given tolerance windows. For accurate mass measurements, relative mass ac-
curacies (ppm) should be used, and information about the analyzer employed,
lock masses, mass range and resolution should be provided. Optional parame-
ters, such as isotope pattern, can be used to decrease the number of possible
compositions.

For threshold substances, quantification is needed in addition to qualitative iden-
tification. The results of quantification are expressed as the mean of three repli-
cates. If the results exceed WADA’s decision limits, an adverse analytical find-
ing is reported (ISL, 2009). For this purpose, WADA has published a technical
document including threshold levels, decision limits and directions for evaluating
measurement uncertainty (TD2010DL, 2010).

The laboratory has to report the results for an A sample in ten working days. If
the athlete or anti-doping organization requires, the laboratory has to perform a
reanalysis from the B sample under the supervision of the athlete and/or rep-
resentatives of the athlete or anti-doping organization (The Code, 2009). The B
sample analysis should be performed within seven working days starting from the
first day following the notification of an A sample adverse analytical finding by the
laboratory.

2 Accurate mass measurement by time-of-flight

mass spectrometry

2.1 Accurate mass measurement

The idea of deducing a molecular formula from ions whose mass can be mea-
sured with sufficient accuracy was first introduced by Beynon in 1954 (Beynon,
1954). For a long time magnetic sector mass spectrometers were the only ana-
lyzers capable of giving an adequate resolution for this purpose. The instruments
used at that time were complex, high-priced and required a skillful analyst to
acquire and interpret the spectra (Bristow, 2006). Today modern orbitrap and
Fourier transform ion cyclotrone resonance (FT-ICR) instruments offer high reso-
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lution from 100,000 up to one million, thereby producing mass accuracies below
2 ppm (Nielen et al., 2007; Krauss et al., 2010). The terms high resolution and
high mass accuracy are used when a resolution over 20,000 and a mass accu-
racy below 5 ppm are achieved (Balogh, 2004). A recent comparison of the per-
formance characteristics of different commercial mass analyzers concluded that
high resolution mass analyzers will soon find their way from research into rou-
tine analysis (Nielen et al., 2007; Krauss et al., 2010). However, high resolution
is not a prerequisite for accurate mass measurements, and with proper condi-
tions and optimization high mass accuracies can be achieved with instruments
previously considered unsuitable for this purpose, e.g. Q, a single TOFMS, and
a hybrid QTOFMS (Biemann, 1970; Tyler et al., 1996; Kostiainen et al., 1997;
Blom, 1998; Hogenboom et al., 1999). The advantages of low resolution analyz-
ers are their low costs, prevalence, flexibility, robustness and suitability for auto-
mated data processing (Blom, 1998). Major steps forward in computing power
and instrument technology in the past twenty years have paved the way for a re-
naissance of these techniques, offering ease of operation, high throughput and
cost-effectiveness (Fang et al., 2003; Balogh, 2004; Bristow, 2006; Krauss et al.,
2010).

Accurate mass measurement permits determination of the elemental formula.
The greater the accuracy, the less the ambiguity. High MS resolution is nec-
essary to separate peaks from one another and to ensure that only one kind of
ion contributes to the measurement. Several key factors have to be optimized and
considered to achieve high mass accuracy with good precision. These factors in-
clude peak shape, ion abundance, resolving power and calibration (Webb et al.,
2004; Calbiani et al., 2006). Appropriate assignment of the peak centroid on the
m/z scale is required to achieve an accurate mass measurement, and symmetri-
cal peaks are therefore essential. One of the factors affecting peak shape is ion
abundance, hence too high signal can saturate the detector while too low signal
produces poor peak shapes (Bristow et al., 2008). Resolving power is the ability
of a mass spectrometer to separate ions with two different m/z values. Depend-
ing on the type of analyzer, either 10% valley or full width half maximum (FWHM)
definitions are applied, the latter being used for FT-ICR, orbitrap, Q, ion trap and
TOFMS (Figure 2.1) (Barwick et al., 2006).

The question of how high resolving power is required depends on the measure-
ment problem, an issue that has been discussed by several groups (Balogh,
2004; van der Heeft et al., 2009; Kellmann et al., 2009; Pelander et al., 2011).
High resolving power produces narrower peaks, which improves the assignment
of the peak centroid and reduces ambiguity. However, signal strength can be de-
creased in a magnetic sector analyzer, for example, thus impairing the precision
of the measurement (Webb et al., 2004). The m/z scale calibration is a vital step
toward obtaining good mass accuracy and reliable mass spectra. The complete
m/z range of the analytes should be covered at least by external calibration prior
to the analysis. However, in most cases internal calibration is required to obtain
the optimal mass accuracy (Webb et al., 2004).
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kinetic energy obtained in acceleration. In this thesis, the term TOFMS refers to
this technique. A more detailed description of the technique is given in several
publications (Guilhaus et al., 1997, 2000; Bristow, 2006).

The advantages of TOFMS central to accurate mass measurements are its high
efficiency in gating ions from an external continuous source (such as ESI and
APCI), simultaneous correction of velocity and spatial dispersion, and enhanced
mass resolving power (Bristow, 2006). Attention has been given to the precision
of accurate mass measurements (Blom, 2001; Calbiani et al., 2006). Several
groups have studied the various key parameters affecting mass accuracy and
found the most critical parameter to be ion abundance (Calbiani et al., 2006; Lau-
res et al., 2007; Bristow et al., 2008). The other factors affecting the accurate
mass measurements with TOFMS are stability and mass scale calibration. The
stability of the instrument is affected by temperature and humidity and can be
controlled by careful placement of the instrument. The internal mass scale cali-
bration of TOFMS can be performed as part of post-run data processing by using
a lock mass (Charles, 2003; Calbiani et al., 2006; Kaufmann et al., 2008), by in-
troducing reference material via a six-port valve either at the beginning or at the
end of the analysis (Pelander et al., 2008; Bristow et al., 2008) or by continuous
flow via an additional parallel ion source (Eckers et al., 2000; Wolff et al., 2001;
Fang et al., 2003; Vonaparti et al., 2010).

The mass accuracies obtained with modern TOF analyzers are below 2 ppm (Fer-
rer et al., 2005, 2006; Stroh et al., 2007). Stroh et al. demonstrated that mass ac-
curacies below 1 ppm could be achieved in a routine manner (Stroh et al., 2007).
Mass accuracy is related to the ambiguity of the molecular formula determina-
tion. With increasing m/z, the number of potential molecular formulas increases
until it becomes impossible to get an unambiguous result (Webb et al., 2004).
Screening is usually performed for small molecules (MW< 800) consisting of a
few common atoms such as C, H, N, O, S, Cl and F, and with mass accuracies
below 5 ppm only a few possible molecular formulas are produced. The standard
resolution achievable with commercial bench-top instruments is 10,000-20,000
(FWHM) (Balogh, 2004; Krauss et al., 2010). A resolution of 17,000 can be ob-
tained by extending the flight path of the ions in the flight tube using additional
reflectors, as in the W-shape shown by Weaver et al. (Weaver et al., 2007). Just
recently, novel instrumental designs have made it possible to attain high resolu-
tion of 40,000-50,000 (Sanchez et al., 2009; Triple TOF, 2010; Pelander et al.,
2011).

TOFMS combined with on-line chromatography has become a powerful tool for
identifying components in complex mixtures (Blom, 2001). TOFMS was the first
mass analyzer to be combined with GC back in the 1950s (Gohlke, 1959). In
early applications, TOFMS was merely used with nominal mass resolving power
because of its high rate of gating ions (Gohlke, 1959; Buiarelli et al., 2001). GC-
TOFMS coupling has been used in veterinary drug analysis (Peters et al., 2010a)
and in pesticide analysis (Williamson and Bartlett, 2007). In these applications
TOFMS was used mainly for its ability to generate full spectrum data rather than
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accurate mass. On the other hand, the coupling of LC with TOFMS has gained
enormous popularity for routine accurate mass measurements (Guilhaus et al.,
1997; Eckers et al., 2000) and is currently the most cost-effective instrument
(Balogh, 2004). Lately, the combination of UHPLC and TOFMS has aroused
interest due to the additional selectivity, sensitivity and speed provided by nar-
rower chromatographic peaks and increased chromatographic resolution (Kauf-
mann et al., 2007; Ibànez et al., 2008; van der Heeft et al., 2009). The ability of
TOFMS to detect ions fast, makes it well suited for this purpose.

TOFMS as a screening tool has gained popularity due to its benefits such as
retrospective processing of data, simplified instrument set-ups, and the ease
with which the number of target analytes can be increased within the method
without having to compromise on performance. Earlier, screening for unknown
substances with TOFMS was performed manually compound by compound (Bo-
beldijk et al., 2001; Thurman et al., 2005,a). However since the evolution in
data acquisition and processing (Gergov et al., 2001; Pelander et al., 2003; Laks
et al., 2004), there has been an increase in the number of published compre-
hensive screening applications in several analytical fields, such as environmental
(Ibànez et al., 2008), food (Mezcua et al., 2009), veterinary drugs (Kaufmann
et al., 2007), and toxicology (Ojanperä et al., 2005; Ristimaa et al., 2010). In
the reverse database search, software algorithms compile accurate mass ions,
exclude noise, and compare them with monoisotopic masses in the database
(Pelander et al., 2003; Laks et al., 2004; Ferrer and Thurman, 2009). Search
criteria include accurate mass, RT windows, and minimum counts. In the field of
metabolomics, Kind and Fiehn showed the power of the isotopic pattern in gener-
ating correct molecular formulas along with high mass accuracy (Kind and Fiehn,
2006). The use of a numerical identification parameter, SigmaFit, based on the
isotopic pattern was first introduced by Bruker Daltonics in 2006 (Ojanperä et al.,
2006). This algorithm provides an exact numerical comparison of theoretical and
measured isotopic patterns and helps to reduce the number of false-positive en-
tries. Bristow et al. later re-evaluated this algorithm to increase confidence in the
selection of elemental formulas (Bristow et al., 2008).

The earlier technical problems concerning the limited ruggedness of the instru-
ment, the control of ionization and the narrow dynamic range prevented the use
of TOFMS in quantitative analysis (Kaufmann, 2009). The dynamic range of
ion abundance was limited until the development of analog-to-digital converters
(ADC), which made it possible to track ion abundance as it increases (Fjeldsted,
2009). Following the technical improvements, ADC and dynamic range enhance-
ment have expanded the linear dynamic range up to 3-4 magnitudes (Ferrer et al.,
2005; Kaufmann et al., 2008). In the past five years the popularity of TOFMS as
a quantitative tool has increased, and studies have been published concerning
the analysis of pesticides (Ferrer et al., 2005; Williamson and Bartlett, 2007,a;
Kaufmann et al., 2008) and veterinary drugs (Kaufmann et al., 2008).

In the tandem in space techniques, TOF can be combined with different ana-
lyzers. The hybrid technique is attractive as it permits accurate masses of par-
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ent and product ions to be determined in MS/MS mode (Chernushevich et al.,
2001). The most common hybrid technique is QTOFMS. The new-generation
instruments allow accurate mass measurements to be recorded over a greater
range of ion abundances and offer stable mass accuracies of ±0.0015 m/z units
(Bristow et al., 2008). This technique is intriguing since it can also produce struc-
tural information and therefore can be used for confirmation analysis. The tech-
nical issues relating to QTOFMS are discussed elsewhere (Chernushevich et al.,
2001; Weaver et al., 2007). Other combinations such as QQTOF (Guilhaus et al.,
2000; Chernushevich et al., 2001), ion trap-TOF (Martin and Brancia, 2003) and
TOF-TOF (Medzihradszky et al., 2000) have mainly been used in peptide analy-
sis. In these applications, the speed of gating ions and the wide mass range of
TOFMS have mainly been utilized instead of the accurate mass feature.

2.3 Applications in human doping control

Before this thesis, TOFMS in doping control has been used in only a few pub-
lications for the qualitative specific analysis of steroids (Buiarelli et al., 2001;
Hughes et al., 2005; Nielen et al., 2006), the quantitative determination of β2-
agonists (Wüst and Thevis, 2004), and the screening of diuretics in combination
with MALDI (Huang et al., 1999). In the qualitative analysis of steroids, the ability
of TOFMS to provide full spectrum data has been utilized together with accurate
mass measurement to detect emerging unknown steroids. Nevertheless, Buiarelli
et al. used TOFMS largely because of its speed of gating ions rather than accu-
rate mass determination (Buiarelli et al., 2001). Wüst and Thevis reported the
use of an empirical formula search routine which allowed an automated empiri-
cal formula calculation post-acquisition (Wüst and Thevis, 2004). Neither reverse
database search, search criteria nor additional identification parameters were re-
ported. Additionally, GC combined with a tandem magnetic sector-TOF analyzer
was used for the sensitive confirmation analysis of AAS (Ciccoli et al., 1998). The
applications of TOFMS have mainly been for a single target analyte or a sub-
stance group rather than for a selection of several different types of compounds.
Furthermore, the suitability of TOFMS for doping control has not so far been de-
scribed exhaustively.

Since the publication of the comprehensive screening method presented in this
thesis, the appearance of TOFMS-based publications has accelerated (Table
2.2). High throughput, wide mass scale detection and accurate mass measure-
ments in a cost-effective manner have been the main reasons for the use of
the technique in comprehensive screening (Georgakopoulos et al., 2007; Badoud
et al., 2009; Vonaparti et al., 2010). However, none of these publications provided
information about data handling or processing, nor was there any legible report
layout of the screening analysis. The analytes were detected in urine in their free
form or as aglycones from glucuronide conjugates after an enzymatic hydrolysis
(Georgakopoulos et al., 2007).

30



R
e
v
ie

w
o
f
th

e
lite

ra
tu

re

Table 2.2. Chromatographic TOFMS applications of the analysis of small molecules in urine in human doping control

Application Substance groups Compounds Sample preparation Mass accuracy Quant. Ionization Polarity Reference

LC-TOFMS

LC-TOFMS B2A 4 H+LLE 3 ppm x ESI + (Wüst and Thevis, 2004)
LC-TOFMS AAS 7 SPE 3 mDa x APCI + (Hughes et al., 2005)
LC- and AAS, BB, D, GCS, N, S 104 H+LLE 2 ppm ESI + (Georgakopoulos et al., 2007)
GC-TOFMS designer steroids n.g.
UHPLC-TOFMS B2A, GCS, designer steroids 22 H+LLE <5 ppm ESI + (Touber et al., 2007)
LC-TOFMS metabolic studies of AE 3 (H)+LLE < 1 ppm ESI + (Mazzarino et al., 2008)
LC-TOFMS predicted metabolites and 20 H+LLE < 5 mDa ESI + (Peters et al., 2009)

designer modifications of GCS
UHPLC-TOFMS AA, AI, B2A, S, selective 27 SPE+H+LLE n.g. ESI +/- (Cholbinski et al., 2010)

estrogen receptor modulators
UHPLC-TOFMS AAS, B2A, D, N, S 56 SPE 2.6 ppm x ESI +/- (Peters et al., 2010)
LC-TOFMS AAS 11 H+LLE n.g. x ESI + (Pozo et al., 2011)
LC-QTOFMS

LC-QTOFMS AAS 1 H+SPE < 5 mDa ESI + (Nielen et al., 2006)
LC-QTOFMS Nandrolone 1 H+LLE 5 mDa ESI + (Borges et al., 2007)
LC-QTOFMS AAS, AE 22 H+LLE 5 mDa ESI + (Borges et al., 2007)
LC-QTOFMS T, E 2 H+LLE n.g. x ESI + (Danaceau et al., 2008)
UHPLC-QTOFMS AE, AI, BB, D, N, OTE, S 103 dilution 50 mDa ESI +/- (Badoud et al., 2009)
LC-QTOFMS AAS, B2A, BB, D, 241 LLE 5 ppm ESI + (Vonaparti et al., 2010)

GCS, HA, N, S
LC-QTOFMS designer drug 1 dilution n.g. ESI + (Strano-Rossi et al., 2010)
UHPLC-QTOFMS AE, AI, BB, D, N, OTE, S 103 SPE 5-10 ppm x ESI +/- (Badoud et al., 2010)
LC-QTOFMS AAS 11 H+LLE n.g. x ESI + (Pozo et al., 2011)
GC-TOFMS

GC-HRMS-TOF AAS 5 DER n.g. n.g. + (Ciccoli et al., 1998)
GC-HRMS-TOF AAS 5 SPE+H+LLE+DER n.g. EI + (Buiarelli et al., 2001)
GCxGC-TOFMS endogenous sterols 27 H+LLE+DER n.g. x EI + (Mitrevski et al., 2008)
GC-TOFMS Statistical analysis of 64 DER n.g. x EI + (Fragkaki et al., 2009)

AAS and their metabolites
GCxGC-TOFMS AAS 27 H+LLE+DER n.g. x EI + (Silva et al., 2009)
GCxGC-TOFMS AAS 6 H+LLE+DER n.g. x EI + (Heim and Staples, 2010)
GCxGC-TOFMS AAS 6 SPE+H+LLE+DER n.g. EI + (Mitrevski et al., 2010)
GCxGC-TOFMS AAS 5 LLE+DER n.g. x EI + (Mitrevski et al., 2010a)
GC-TOFMS S 7 H+LLE n.g. EI + (Revelsky et al., 2010)
AAS = anabolic agents; AE = anti-estrogens; AI = aromatase inhibitors; APCI = atmospheric pressure chemical ionization; BB = β-blockers; B2A = β2-agonists; D = diuretics;
DER=derivatization; E = epitestosterone; EI = electron ionization; ESI = electrospray ionization; FID = flame ionization detection; GCS = glucocorticoids; H= hydrolysis;
HA = hormone antagonists; LLE = liquid-liquid extraction; N = narcotics; OTE= oxygen transfer enhancers; S = stimulants; SPE = solid phase extraction; T = testosterone
n.g. = not given
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In the method by Badoud et al., in which sample preparation consisted merely
of dilution, conjugated analytes were not mentioned, indicating that only ana-
lytes free in urine were measured (Badoud et al., 2009). Although the use of
an enzyme having both glucuronidase and sulfatase activity has been reported
(Touber et al., 2007; Peters et al., 2010), the sample preparation conditions used
(phosphate buffer or acidic pH) were not in favor of sulfatase enzyme. After the
publication of the comprehensive screening method presented in this thesis, the
analysis of intact sulfo-conjugated metabolites with TOFMS was reported by Von-
aparti et al. (Vonaparti et al., 2010).

The most used ionization technique in LC-TOFMS methods is ESI since it is well
suited for a wide range of target analytes from small to large molecules and also
for polar metabolites. APCI has been used to analyze non-polar AAS (Hughes
et al., 2005).

The storage of full spectrum data enables the retrospective analysis simply by
reprocessing the data. This is an advantage, since the re-testing of past doping
control samples is allowed according to the Code (The Code, 2009). Vonaparti
et al. illustrated the feasibility of the retrospective feature of TOFMS analysis in a
case study of a new prohibited substance, 4-methyl-2-hexanamine, that resulted
in an adverse finding after re-analysis of several samples (Vonaparti et al., 2010).
This feature is convenient in view of the fact that new designer drugs are appear-
ing among athletes, as illustrated in studies of designer drugs such as modified
glucocorticoids (Peters et al., 2009) and stimulants (Strano-Rossi et al., 2010).

The quantitative feature of TOFMS has been utilized in the analysis of steroids
with low MRPL (Hughes et al., 2005; Danaceau et al., 2008; Badoud et al.,
2010; Pozo et al., 2011). The threshold substances epistestosterone and 19-
norandrosterone have been the most often quantified by TOFMS (Hughes et al.,
2005; Danaceau et al., 2008), but applications for salbutamol (Peters et al., 2010),
cathine and ephedrines (Badoud et al., 2010) have also been presented. Nev-
ertheless, a quantitative TOFMS application for morphine has not yet been pub-
lished. Recently, Peters et al. presented a quantitative method for 56 target an-
alytes consisting of AAS, β2-agonists, diuretics, narcotics and stimulants (Peters
et al., 2010). An even broader scope UHPLC-QTOFMS method for antiestrogens,
aromatase inhibitors, β-blockers, diuretics, narcotics, oxygen transfer enhancers
and stimulants has been published by Badoud et al. (Badoud et al., 2010). Lim-
its of quantification well below the threshold levels were reported for ephedrines
and cathine. However, in routine screening only the named threshold substances
have to be quantified.

In TOFMS applications, identification has mostly been performed with hybrid
QTOFMS instruments (Nielen et al., 2006; Borges et al., 2007; Badoud et al.,
2010; Pozo et al., 2011). This technique is attractive for doping control as it
provides structural information together with accurate mass. So far identification
based on in-source collision-induced dissociation (ISCID) in a single TOFMS has
not been reported.
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In doping control, TOFMS has mainly been used for the analysis of high molecu-
lar weight compounds. TOFMS is usually combined with MALDI, mainly to study
the glycosylation of EPO (Stanley and Poljak, 2003; Stübiger et al., 2005,a), but
an application of MALDI-TOFMS for polysaccharide-based PVE has also been
published (Gutiérrez-Gallego and Segura, 2004). MALDI-TOFMS has also been
used in screening of low molecular weight compounds such as AAS (Galesio
et al., 2009) and diuretics (Huang et al., 1999). However, in routine work, the ma-
trix used in MALDI measurements may increase matrix interference, while sample
preparation is a critical step considering the quality of MALDI-spectra. Therefore,
MALDI-TOFMS is not used in routine doping control analysis. In addition, a dop-
ing application for HBOCs based on capillary electrophoresis (CE)-ESI-TOFMS
has been published (Staub et al., 2010).
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AIMS OF THE STUDY

The main theme in this thesis is the use of accurate mass-based analysis in com-
bination with various liquid chromatographic techniques by LC-TOFMS to improve
human doping control analysis. The specific aims were:

1. to rationalize and improve the doping screening procedure for small mole-
cules by developing a single comprehensive accurate mass LC-TOFMS
method for a range of different agents using generic sample preparation
and dual polarity (I-II)

2. to apply hydrophilic interaction liquid chromatography (HILIC)-TOFMS to
the quantitative and confirmation analysis of intact opiate glucuronides (III)

3. to expand the scope of screening to the large molecules dextran (DEX)
and hydroxylethyl starch (HES) by size exclusion chromatography (SEC)-
TOFMS (IV)
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MATERIALS AND METHODS

The main experimental features are described in this section and more detailed
descriptions are presented in the original publications I-IV.

1 Chemicals and materials

β-glucuronidase (E.Coli) K12 (80 U/mg at 25◦C) was obtained from Roche
(Mannheim, Germany) (I-II). Reference parent drugs and metabolites of pharma-
ceutical purity were obtained from pharmaceutical companies. Dihydroxyexemes-
tane (Vahermo et al., 2009), p-hydroxymesocarb and its sulfo-conjugate (Va-
hermo et al., 2009a) were chemically synthesized and kindly supplied by the Di-
vision of Pharmaceutical Chemistry, Faculty of Pharmacy, University of Helsinki.
Etamivan sulfate was in vitro enzymatically synthesized in-house according to
Kuuranne et al. (Kuuranne et al., 2008) (II).

Drug-free urine samples used in this thesis were obtained from healthy volun-
teers without regular or occasional medication and were used either individually
or as pooled aliquots. Urine samples used for the method performance studies
were either external quality controls (I-II), patient samples (II-III), doping control
samples (IV) or excretion urine samples obtained from controlled studies (II-IV).

Isolute IST HCX (130 mg) mixed-mode SPE cartridges were acquired from Inter-
national Sorbent Technology IST (Hengoed, UK) (I) and Biotage (Uppsala, Swe-
den) (II). Isolute IST HAX (130 mg) mixed-mode SPE cartridges were acquired
from Biotage (Uppsala, Sweden) (II) and Sep-Pak C18 (50 mg) cartridges from
Waters (Milford, MA, USA) (III).

2 Instrumentation

The liquid chromatography instruments used in this thesis were Agilent 1100 (I)
and 1200 rapid resolution (RR)LC (II-IV) systems (Agilent Technologies, Wald-
bronn, Germany) with a micro-vacuum degasser, autosampler, binary pump and
column oven. The analytical columns used are listed in Table 2.1.

35



Materials and methods

Table 2.1. Analytical LC columns used in this study

Column Dimensions Manufacturer Paper

Luna C-18(2) 100 x 2 mm (3 µm) Phenomenex I
(Torrance, CA, USA)

Zorbax Eclipse Plus rapid 50 x 2.1 mm (1.8 µm) Agilent Technologies II
resolution HT C18 (Waldbronn, Germany)
Zorbax Hilic Plus 100 x 2.1 mm (3.5 µm) Agilent Technologies III

(Waldbronn, Germany)
Acquity UPLC BEH 200 SEC 150 x 4.6 mm (1.7 µm) Waters IV

(Taunton, MA, USA)
Ultrahydrogel DP guard column 40 x 6 mm Waters IV

(Taunton, MA, USA)

The mobile phases consisted of 2.5-10 mM ammonium acetate (I) or formate (II-
IV) with 0.1% formic acid (FA) (except in III without FA) and acetonitrile (ACN).
Gradient mode was employed in (I-III) and isocratic mode in (IV).

The TOF mass spectrometer was a Bruker Daltonics micrOTOF (Bremen, Ger-
many), equipped with an orthogonal ESI ion source. Ionization was performed in
both positive (I-IV) and negative modes (II). Daily external calibration of TOFMS
was performed with sodium formate solution containing either 10 (I) or 5 mM
(II-IV) sodium hydroxide in 2-propanol/0.2% FA (1:1, v/v) introduced by syringe
injection. The calibrant was injected at the beginning and/or end of each run by
syringe infusion through a six-port valve and was used for an automated post-run
calibration of individual data sets included in the data processing. The ioniza-
tion parameters were optimized using flow injection studies (I-IV). The observed
resolutions for the m/z range of 296-567 were 10,000-12,500.

LC-TOFMS acquisition data were processed using TargetAnalysis software ver-
sion 1.1 (II-IV) and DataAnalysis macro (version 3.3 (I) and 3.4 (II-IV)) by Bruker
Daltonics. TargetAnalysis is designed for high throughput analysis and includes
tools for various screening and target analysis applications. The software per-
forms the mass scale calibration and creates extracted ion chromatograms (EICs)
with a narrow mass window for the each molecular formula included in the
database. It also employs peak detection and identifies compounds based on
predetermined two-level criteria for mass accuracy, isotopic match (SigmaFit) and
RT, and finally creates an Microsoft Excel-based result report. The mass windows
used were 5 (I, III), 3 (II) and 10 mDa (IV). The search criteria were generally 8/15
ppm for mass accuracy, 0.2/0.3 min for RT and 0.03/0.05 for SigmaFit. An entry
fulfilling the first level was reported as positively identified, but if any of the three
parameters were between the two levels, the entry was regarded as probably
identified. Compounds without retention time were only tentatively identified.

The in-house databases were created with mixtures of compounds or a single
compound in the mobile phase, in which the concentration for each compound
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was 5-10 µg/ml. The database contained RTs, molecular formula of the com-
pounds, and theoretical monoisotopic masses, which were calculated from their
molecular formula with the Bruker Simulate Isotopic Pattern tool.

The quantitative analysis (III) was performed with QuantAnalysis software (ver-
sion 1.8, build 192) by Bruker Daltonics after calibration of the data with Target-
Analysis. The calibration curves were generated using peak area ratios of the
analyte over the ISTD. The data were fitted to a linear model weighted with a 1/x
factor using a 5 mDa window.

3 Analytical methods

3.1 Comprehensive screening (I-II)

A comprehensive screening method was first developed for prohibited sub-
stances at MRPL including agents with anti-estrogenic activity, β2-adrenergic
agonists, β-blockers, cannabinoids, diuretics and stimulants. Urine samples (1
ml) were enzymatically hydrolyzed by β-glucuronidase and the analytes were de-
tected both free and as aglycones. SPE based on a mixed-mode strong cation
exchange/C8 sorbent design (Isolute HCX) was used for sample preparation.
Acidic, neutral and basic compounds were eluted from cartridges in two sepa-
rate fractions. The reconstituted fractions (two per sample) in the mobile phase
were injected into a LC-TOFMS instrument equipped with a C18 high performance
(HP)LC column. The method was validated by evaluating specificity, extraction
recovery, limit of detection (LOD), matrix effect and repeatability. Authentic urine
samples were used to demonstrate the applicability of the method.

The approach was further developed to expand the analyte selection to more
hydrophilic, polar and sulfo-conjugated metabolites and to reduce the analysis
run time. The final, generic, high throughput screening method included pro-
hibited substances covering agents with anti-estrogenic activity, anabolic agents,
β2-adrenergic agonists, β-blockers, cannabinoids, compounds affecting oxygen
transfer (efaproxiral), diuretics, glucocorticoids, narcotics and stimulants. Urine
samples (1 ml) were first enzymatically hydrolyzed by β-glucuronidase and the
analytes then detected in their free form, as aglycones, and as intact sulfo-
conjugates. A two-step SPE based on mixed mode strong cation and anion ex-
change/C8 sorbent designs (Isolute HCX and HAX) was used to increase the
recoveries for hydrophilic compounds. Two elution fractions from HCX and HAX
cartridges were combined, and after re-constitution, the samples were analyzed
with UHPLC-TOFMS in two separate runs covering both polarities. The method
was validated with respect to relative ionization efficiency, selectivity, and S/N
at MRPL for all the compounds. A more thorough validation, consisting of the
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evaluation of extraction recovery, repeatability, matrix effect and linearity, was
performed for 20 selected compounds due to time and resource issues. The
suitability of the method for detection of intact sulfo-conjugated compounds was
demonstrated with an excretion urine sample containing etamivan from a healthy
male volunteer after an oral administration of 40 mg etamivan. The urine samples
were collected in 6 to 12 hour fractions. Furthermore, the method was tested with
quality control samples that were part of the external quality assessment of the
doping control laboratory.

3.2 Quantification and confirmation of morphine and codeine

(III)

A HILIC-TOFMS-based method was developed to quantify and confirm morphine
(M), codeine (C) and their intact glucuronide conjugated metabolites (M3G, M6G,
C6G). The urine samples (100 µl) were extracted with a simple SPE based on
C18 sorbent design merely to remove salts from the urine samples. The tar-
get analytes were analyzed directly from a SPE eluent, since opposite retention
mechanisms were used in SPE and LC separation. Each sample was analyzed
as four sample aliquots: three with deuterated internal standards (ISTDs) for
quantification and one without ISTD for confirmation. The measurement range in
quantification was 50-5000 ng/ml. The confirmation was based on ISCID, which
produced three diagnostic ions with accurate masses. The method validation
consisted of specificity, selectivity, accuracy, repeatability, matrix effect and lin-
earity. Two kinds of authentic sample were used to test the method: patient urine
samples in which morphine and/or codeine were confirmed with GC-MS, and ex-
cretion urine samples from three volunteers after a single oral administration of
codeine (30 mg p.o.). The urine samples were collected in 6 to 10 hour fractions
for 72 hours. The detection time window for morphine and codeine in urine after
codeine administration was also evaluated.

3.3 Screening for dextran and hydroxyethyl starch (IV)

A specific screening method for high molecular weight DEX and HES was de-
veloped based on direct injection of diluted urine sample (20 µl) into the SEC-
ISCID-TOFMS. First, the ability of SEC was demonstrated with a new type of
ultra performance (UP)LC SEC analytical column. The SEC conditions were opti-
mized with commercial DEX standards with defined MW distributions (1-50 kDa).
The separation power was further verified with excretion urines (24 h sampling)
from two volunteers given 500 ml of 10% DEX (40 kDa) i.v. Urine samples were
collected in 6 to 12 hour fractions. Second, to clarify the interpretation of the
results and to speed up the analysis, the routine method was developed based
solely on a SEC guard column, which produced more compressed peak shapes.
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ISCID conditions were optimized with flow injection studies. DEX and HES were
identified by three diagnostic ions with accurate masses. The method was val-
idated with respect to linearity, LOD, repeatability, matrix effects and specificity.
The performance of the method in routine use was demonstrated with 120 doping
control samples analyzed in parallel with a routine screening GC-MS method and
with two positive urine samples containing DEX and HES, which were confirmed
by a routine GC-MS method. Urine samples from diabetic athletes were used to
illustrate the increased specificity of the routine method.

39



Results

RESULTS

The key results are described in this section. More detailed results can be found
in the original papers I-IV.

1 Comprehensive screening (I-II)

1.1 Generic solid phase extraction

The urine samples were hydrolyzed enzymatically with β-glucuronidase (E. Coli)
before SPE. The urinary target analytes were measured as free and as glucuroni-
de conjugated metabolites which were detected as aglycones after the hydrolysis.
Furthermore, intact sulfo-conjugated metabolites were detected for compounds
such as etilefrine, etamivan and mesocarb.

SPE with a mixed mode cation exchange/C8 sorbent design was first used for
comprehensive sample preparation. Detection of MRPL was obtained for 97
prohibited substances covering six compound classes in the List of Prohibited
Substances and Methods (agents with anti-estrogenic activity, β2-adrenergic ag-
onists, β-blockers, cannabinoids, diuretics and stimulants); these are listed in
Table 1.1.

The target compounds were mainly basic, but some neutral and acidic com-
pounds were also included. The extraction recoveries were within the range
33-98% with a median value of 58%. The analytes were eluted in two steps,
first with methanol and then basic methanol to capture more hydrophilic and am-
photeric compounds. However, very hydrophilic and acidic compounds (rimiterol,
amiphenazole) had no interaction with the sorbent material and were excluded
from the study.

To cover more hydrophilic, polar, acidic and sulfo-conjugated target analytes, the
SPE method was further developed. First several different reversed phase-based
SPE sorbent designs were tested (SampliQ OPT, Agilent Technologies; SepPak
C18 and OASIS HLB, Waters) to achieve a single generic SPE method. How-
ever, after a thorough optimization, most of the extraction recoveries were lower
than those obtained with mixed-mode cation exchange sorbent (Figure 1.1, M.
Kolmonen et al. unpublished data).
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Table 1.1. The doping agents included in the screening methods (I, II) at minimum re-
quired performance levels (MRPL)

RRTa S/Nb

Compound I II ESI polarity I II

ANABOLIC AGENTS

1 Allyltrenbolone ni 1.45 + 705
2 Boldenone ni 1.31 + 34
3 Formebolone metabolite ni 0.94 + 4535

(2-hydroxymethyl-17α-methyl-androsta-
1,4-diene-11α,17β-diol-3-one)

4 Gestrinone ni 1.40 + 127
5 Methandienone metabolite ni 1.38 + 393

(6β-hydroxymethandienone)
6 Methyltrienolone ni 1.32 + 466
7 Oxandrolone ni 1.32 + 9367
8 Oxandrolone metabolite (17-epioxandrolone) ni 1.44 + 2943
9 Stanozolol metabolite (16β-hydroxystanozolol) ni 0.96 + 176
10 Tetrahydrogestrinone (THG) ni 1.49 + 36
11 Trenbolone metabolite (17α-trenbolone) ni 1.31 + 500
12 Zeranol ni 1.26 - 234
HORMONE ANTAGONISTS AND MODULATORS

13 Anastrozole ni 1.26 + 609
14 Clomiphene 1.63 1.43 + 1600 55084
15 Exemestane 1.69 1.42 + 600 226
16 Exemestane metabolite (17-dihydroexemestane) ni 1.38 + 930
17 Letrozole ni 1.25 - 26631
18 Letrozole metabolite ni 1.26 - 1967

(4,4’-(hydroxymethylene)bis-benzonitrile)
19 Raloxifene ni 1.15 +/- 425
20 Tamoxifene 1.65 1.46 + 2800 168
21 Toremifene 1.64 1.43 + 2900 1556
BETA-2 AGONISTS

22 Bambuterol ni 0.99 + 314
23 Clenbuterol 0.79 0.89 + 800 1392
24 Fenoterol 0.26 0.29 - 1200 720
25 Formoterol 0.82 0.90 +/- 1900 71
26 Isoetharine ni 0.18 + 40510
27 Orciprenaline ni 0.13 + 403
28 Ritodrine 0.34 0.35 +/-c 4200 8123
29 Salbutamol 0.15 0.16 + 700 692
30 Salmeterol 1.44 1.27 - 5100 200
31 Terbutaline 0.15 0.16 + 1100 125
DIURETICS

32 Amiloride ni 0.18 + 194
33 Bendroflumethiazide ni 1.32 - 3251
34 Benzthiazide ni 1.27 - 1056
35 Bumetanide 1.65 1.38 - 200 1212
36 Canrenone 1.70 1.43 + 200 852
37 Chlorothiazide ni 0.30 - 4998
38 Chlorthalidone ni 0.98 + 326
39 Clopamide 1.15 1.10 - 1200 8458
40 Cyclothiazide ni 1.29 - 1377
41 Dichlorphenamide ni 0.91 - 1081
42 Etacrynic acid ni 1.40 - 3959
43 Furosemide ni 1.20 - 1663
44 Hydrochlorothiazide ni 0.36 - 242
45 Indapamine 1.47 1.26 - 700 4118
46 Mefruside ni 1.29 - 3538
47 Metolazone 1.36 1.20 - 1000 821
48 Probenecid 1.67 1.40 - 400 438
49 Spironolactone 1.70 1.43 + 600 392
50 Torasemide 1.16 1.10 - 2100 1141
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51 Triamterene 0.58 0.67 + 14000 63
52 Trichlormethiazide ni 1.07 - 183
53 Xipamide ni 1.36 - 964
ENHANCEMENT OF OXYGEN TRANSFER

54 Efaproxiral (RSR 13) ni 1.40 - 1372
BETA-BLOCKERS

55 Acebutolol 0.78 0.88 + 13000 690
56 Alprenolol 1.10 1.10 + 26000 356
57 Atenolol 0.15 0.16 + 4700 627
58 Befunolol ni 0.91 + 323
59 Betaxolol 1.14 1.12 + 3700 219
60 Bevantolol ni 1.14 + 166
61 Bisoprolol 1.01 1.05 + 12000 222
62 Bufetolol ni 1.04 + 109
63 Bufuralol ni 1.14 + 280
64 Bunitrolol ni 0.87 + 362
65 Bunolol 0.84 0.92 + 14000 503
66 Bupranolol ni 1.11 + 2463
67 Carteolol 0.42 0.44 + 11000 1289
68 Carvedilol 1.31 1.21 +/- 8800 189
69 Celiprolol 0.94 0.98 + 15000 172
70 Esmolol 0.90 0.95 + 12000 35
71 Indenolol ni 1.03 + 262
72 Labetalol 1.02 1.03 - 3000 23766
73 Mepindolol ni 0.81 + 141
74 Metipranolol ni 1.08 + 1189
75 Metoprolol 0.79 0.89 + 15000 346
76 Nadolol 0.48 0.60 + 7400 828
77 Oxprenolol 0.96 1.00 + 14000 144
78 Penbutolol 1.42 1.27 + 24000 2189
79 Pindolol 0.47 0.48 + 2000 266
80 Practolol 0.19 0.20 + 7200 68
81 Propafenone 1.34 1.24 + 16000 130
82 Propranolol 1.09 1.08 + 18000 210
83 Sotalol 0.17 0.18 +/-c 2600 47
84 Timolol 0.76 0.86 + 11000 117
85 Toliprolol ni 0.94 + 1080
CANNABINOIDS

86 Cannabis metabolite (cannabidiol) ni 1.23 + 4923
87 Cannabis metabolite ni 1.71 + 40

(11-nor-9-carboxy-∆-9-tetrahydrocannabinol,
THC-COOH)

GLUCOCORTICOIDS

88 Beclomethasone ni 1.27 +/- 5307
89 Betamethasone ni 1.24 +/- 101
90 Budesonide ni 1.40 +/- 211
91 Ciclesonide ni 0.99 - 1776
92 Deoxycorticosterone ni 1.38 + 1538
93 Desonide ni 1.29 +/- 188
94 Dexamethasone ni 1.25 + 96
95 Fludrocortisone ni 1.16 +/- 220
96 Flumethasone ni 1.25 +/- 113
97 Flunisolide ni 1.29 +/- 2345
98 Methylprednisolone ni 1.22 +/- 737
99 Prednisolone ni 1.15 +/- 216
100 Prednisone ni 1.15 +/- 451
101 Tibolone ni 1.40 + 169
102 Triamcinolone ni 1.03 - 168
103 Triamcinolone acetonide ni 1.08 - 187
NARCOTICS

104 Buprenorphine ni 1.20 + 18510
105 Buprenorphine metabolite 1.01 1.00 + 2000 15819

(norbuprenorphine)
106 Codeine ni 0.29 + 1528
107 Dextromoramide 1.38 1.30 + 11000 1269
108 Ethylmorphine ni 0.65 + 480
109 Fentanyl 1.15 1.10 + 3000 1959
110 Fentanyl metabolite (norfentanyl) ni 0.79 + 1655
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111 Heroin ni 0.93 + 4122
112 Heroin metabolite (6-monoacetylmorphine) 0.39 0.38 + 2000 112
113 Hydromorphone 0.16 0.16 + 800 128
114 Methadone 1.39 1.30 + 11000 921
115 Methadone metabolite ni 1.20 + 6406

(2-ethylidene-1,5-dimethyl-
3,3-diphenylpyrrolidine, EDDP)

116 3-Methylfentanyl ni 1.20 + 1450
117 Morphine 0.14 0.14 + 900 624
118 Oxycodone 0.35 0.36 + 2600 5690
119 Oxycodone metabolite (noroxycodone) 0.32 0.34 + 5100 4842
120 Oxymorphone 0.14 0.15 + 700 17252
121 Pentazocine ni 1.00 + 47491
122 Pethidine 0.92 0.96 + 22000 219
123 Pethidine metabolite (norpethidine) ni 0.96 + 1254
124 Pholcodine ni 0.10 + 213
STIMULANTS

125 Amfepramone 0.46 0.49 + 13000 285
126 Amiphenazole ni 1.10 + 7704
127 Amphetamine 0.32 0.34 + 12000 315
128 Benzphetamine 1.09 1.10 + 32000 342
129 4-bromo-2,5-dimethoxyphenethylamine (2C-B) ni 0.95 + 2486
130 Brucine ni 0.78 + 229
131 Caffeine ni 0.37 + 549
132 Carphedon 0.88 0.88 + 3800 358
133 Cathine 0.20 0.21 + 1500 78
134 Cathinone ni 0.22 + 13
135 Chlorophentermine 0.86 0.93 + 8400 133
136 Chlorprenaline ni 0.75 + 577
137 Clobenzorex 1.18 1.10 + 21000 3466
138 Cocaine 0.89 0.95 + 13000 262
139 Cocaine metabolite (benzoylecgonine) ni 0.77 + 236
140 Cropropamide ni 1.20 + 1641
141 Crotetamide 1.06 1.00 + 2500 1728
142 Cyclazodone ni 1.00 + 3291
143 Dimethylamphetamine 0.89 0.95 + 12000 137
144 Dimethyltryptamine ni 1.60 + 608
145 Doxapram 1.00 1.00 + 6700 1762
146 Ephedrine 0.23 0.25 + 7500 295
147 Etafedrine 0.35 0.38 + 16000 186418
148 Etamivan 1.08 1.00 + 6600 53
149 Ethylamphetamine 0.54 0.59 + 25000 93
150 Etilefrine 0.14 0.14 + 1000 2606
151 Famprofazone ni 1.30 + 10438
152 Fencamfamine 1.00 1.00 + 26000 182
153 Fenetylline 0.84 0.92 + 9000 1046
154 Fenfluramine 1.04 1.10 + 31000 79772
155 Fenproporex 0.45 0.49 + 13000 562
156 Heptaminol 0.15 0.16 + 2300 224
157 p-Hydroxyamphetamine 0.14 0.15 + 700 856
158 Isometheptene ni 0.84 + 98
159 Mefenorex 0.89 0.95 + 16000 103
160 Mephedrone ni 0.62 + 217
161 Mephentermine 0.57 0.65 + 4400 148
162 Mesocarb 1.68 1.40 + 21000 815
163 Mesocarb metabolite (p-hydroxymesocarb) ni 1.20 + 994
164 Mesocarb metabolite (p-hydroxymesocarb sulphate) ni 1.10 +/- 242
165 Methamphetamine 0.38 1.10 + 8800 106
166 Methoxyphenamine 0.65 0.75 + 9400 47114
167 p-Methylamphetamine ni 0.79 + 10321
168 3,4-Methylenedioxy-α-ethyl- ni 0.81 + 402

N-methylphenethylamine (MBDB)
169 3,4-Methylenedioxyamphetamine (MDA) 0.35 0.38 + 6000 8
170 3,4-Methylenedioxymethamphetamine (MDMA) 0.43 0.45 + 19000 261085
171 Methylephedrine 0.25 0.29 + 12000 9112
172 Methylphenidate 0.80 0.89 + 33000 233
173 Methylphenidate metabolite (ritalinic acid) 0.61 0.67 + 5200 97
174 Nikethamide 0.64 1.60 + 62000 1638
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such as phenylephrine. The peak shapes obtained were visually Gaussian, and
column performance was robust. The small diameter tubing used in the LC sys-
tem to minimize death volumes, combined with the small particle size of the col-
umn, meant that centrifugation of the sample prior to analysis was essential to
avoid blockage. Also, it was shown that the mobile phase has to contain buffer
to achieve retention for certain compounds, especially for β-blockers. Example
chromatograms for positive and negative ionization modes with the screening re-
port lists are shown in Figures 1.5 and 1.6.
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1.3 Time-of-flight mass spectrometry

The Bruker micrOTOF mass spectrometer with ESI was used either solely in pos-
itive mode (I) or in dual polarity (II). The target analytes produced mainly proto-
nated ions [M+H]+, which were used for identification. For chlorthalidone, mefru-
side and spironolactone, ammonium adducts [M+NH4]+ were formed. Spirono-
lactone fragmented under the ESI conditions used and had a characteristic frag-
ment with m/z 341.2111 corresponding possibly to [M-SCOCH3]+. Thiazide-
based diuretics and cannabinoids were excluded due to their poor ionization in
positive ESI, and therefore both positive and negative ESI were used to expand
the target analyte coverage. In positive ESI, 175 target analytes were detected
as protonated molecules. Certain analytes, such as steroid-structured oxan-
drolone and its metabolite 17-epioxandrolone produced ammonium adducts as
the most abundant ion due to their low proton affinity. In negative ESI, 29 target
analytes were detected as deprotonated ions [M-H]−. Equally, formate adducts
[M+COOH]− were observed for certain compounds, such as triamcinolone ace-
tonide. Negative ESI was necessary to increase the number of heterogeneous
diuretics in the target analyte selection.

Ionization efficiencies were measured for all the target analytes to evaluate their
behavior in different polarities and to optimize the detection. Low efficiencies
were observed for anabolic agents, with the result that some of them had to be
excluded from the method. Glucocorticoids were readily ionized, and β-blockers
in particular had high ionization efficiencies. The stimulant nikethamide exhibited
the highest ionization efficiency. Some of the compounds could be detected in
both polarities: β2-agonists and β-blockers were readily ionized in both polari-
ties. However, for glucocorticoids and an intact p-hydroxymesocarbsulfate, the
efficiencies were up to several times higher in negative than in positive ESI. Be-
cause of the instrument design, polarity switching was not possible during an
analysis run and therefore two separate runs had to be performed to cover both
polarities. S/N ratios were high in both methods (Table 1.1), and the requirement
of S/N > 3 was easily fulfilled when narrow mass windows of 5 (I) and 3 (II) mDa
were used.

1.4 Performance of the method

The validation data is shown in Table 1.2. The validations included the evaluation
of selectivity, limit of detection and repeatability. In the final approach linearity
was also evaluated.

The methods were selective and specific in terms of matrix. Co-elution of a ma-
trix compound interfered with the identification of pentazocine with the HPLC
column. In addition, MRPL could not be reached for clenbuterol (MRPL=2
ng/ml) and heroin (MRPL=200 ng/ml). With the UHPLC column, MRPL was not
reached for the fluoxymesterone metabolite (MRPL=10 ng/ml) and phenylephrine
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(MRPL=500 ng/ml) because of low proton affinity and matrix interference, respec-
tively. However, the high S/N ratios (Table 1.1) indicated that lower concentrations
could easily be achieved for the majority of the target analytes. The highest ion
suppressions were observed at the start of the gradients (-50 and -87%). In most
cases, the high S/N ratios compensated for the intensity losses; however, in the fi-
nal method with the UHPLC column early eluting phenylephrine could be detected
only at the 10xMRPL level. S/N ratios in UHPLC-TOFMS method were lower for
hydrophilic and early eluting analytes than in HPLC-TOFMS method. The two-
step SPE extracts were more complex and resulted in more intense background.

Table 1.2. Validation data for the generic screening methods I and II at minimum required
performance level (MRPL)

I II

mean median mean median
aRepeatability

Intraday (RSD%) 25 14 13 11
Interday (RSD%) n.d. n.d. 20 19

aMass error (mDa) 0.33 0.40 1.2 0.80
aIsotope match (SigmaFit) 0.010 0.010 0.045 0.027
Matrix effect (%) -50 % (1-2 min) -87 % (0.3-0.5 min)
Linearity (R2) n.d. 0.68-0.99
an=4 (I); n=5 (II)
n.d.= not determined

The methods were repeatable within days with median RSD% values of 14 and
11, respectively. In the final method, interday repeatability had a median RSD%
of 19. The median mass accuracies were below 1 mDa. The median SigmaFit
values were below 0.050 and indicated good agreement between measured and
theoretical isotope patterns. The final screening method proved to be linear up to
several times the MRPL with correlation coefficients between 0.68 and 0.99. The
lowest R2 value was observed for benzoylecgonine, possibly due to its degrada-
tion under basic conditions.

The suitability of the methods for routine purposes was tested with 10 doping
control samples. The samples analyzed using a HPLC column included: am-
phetamine (1200 ng/ml), canrenone (440 ng/ml), codeine (6500 ng/ml), methyl-
phenidate (10 ng/ml), morphine (1000 ng/ml), oxprenolol (1000 ng/ml), pemo-
line (3300 ng/ml), and ritalinic acid (1500 ng/ml). The samples analyzed using
an UHPLC column included: indapamide (337 ng/ml), p-hydroxymesocarb (712
ng/ml), salbutamol (1293 ng/ml), tetrahydrogestrinone (19 ng/ml), and zeranol
(36 ng/ml). The screening results obtained were congruent with the results from
routine GC, GC-MS and LC-MS methods. In one case, a false negative result
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would have been reported for the anabolic agent zeranol at a concentration of 36
ng/ml, which is above its MRPL.

Data processing was based on a reverse database search with two level crite-
ria for RT, mass accuracy and SigmaFit. Examples of report lists for the com-
prehensive screening and for generic screening with both polarities are shown
in Figures 1.4b, 1.5b and 1.6b, respectively. The entries fulfilling the first level
criteria are marked in dark color. The use of SigmaFit as an additional search
criterion reduced the number of false positive entries in report lists. The ma-
trix interfered with the detection of steroid-structured compounds such as AAS
and glucocorticoids, which was reflected in high SigmaFit values and poor mass
accuracies. False positive entries attributed to the matrix were observed, espe-
cially for analytes eluting at the beginning of the gradient. For example in Figure
1.5b, the isomers cathine, p-hydroxyamphetamine and phenylpropanolamine are
reported to fulfill the search criteria, but when the results are compared with a
blank sample, similar entries are observed. Moreover, isomers with similar RTs
(cathine/phenylpropanolamine) cannot be detected with LC-TOFMS and thus re-
quire additional methods.

The generic feature of the screening method was demonstrated with sulfo-conju-
gated metabolites of mesocarb and etamivan. In validation, repeatable retention
(RSD < 0.14%) and high extraction recovery (90%) were observed for p-hydroxy-
mesocarbsulfate. Intact sulfo-conjugated etamivan was detected in an excretion
urine sample after an oral dose of 40 mg etamivan.
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2 Quantification and confirmation of morphine

and codeine (III)

2.1 Sample preparation

A straightforward SPE with C18 sorbent material was used merely to remove
salts from the urine samples. Free urinary morphine and codeine and their in-
tact glucuronide-conjugated metabolites were determined. The hydrolysis step
was therefore bypassed. Reversed phase sorbent material allowed the use of
organic SPE eluent (90% ACN), and since the opposite retention mechanism on
the HILIC analytical column was used, the target analytes were directly eluted into
autosampler vials. Extraction recoveries were 99-104% for the target analytes.

2.2 Hydrophilic interaction chromatography

M6G and M3G are positional isomers and could not be differentiated based on
accurate masses of the protonated ions, and chromatographic separation was
therefore necessary. Since common C18 phases do not offer sufficient resolution,
several HILIC columns were evaluated (SeQuant ZIC-HILIC, Merck KGaA, Darm-
stadt, Germany; Acquity UPLC BEH Hilic, Waters; Kinetex HILIC, Phenomenex;
Zorbax Hilic Plus, Agilent Technologies) (Kolmonen et al., 2010). The most ef-
fective separation for morphine glucuronide conjugates was achieved with the
Zorbax Hilic Plus column (Figure 2.1).

The key parameter in optimization was the buffer concentration, which influenced
both the retention and elution order of the analytes. A buffer concentration of
10 mM proved to be suitable in terms of stable chromatographic separation. No
difference was found between formate and acetate buffers. The analytes eluted
in order of their hydrophobicity, i.e. polar conjugated metabolites eluted last. Co-
elution of morphine and codeine could not be avoided, although they could be
separated based on their accurate masses. The chromatographic separation
of parent compound and its conjugated metabolites proved to be effective and
robust with stable RTs (RSD < 0.20%) and the total analysis run time was 11
min.
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2.4 Performance of the method

2.4.1 Quantification

Quantification was based on the protonated molecules of the analytes against
their deuterated d3-analogs. The applicability of TOFMS to wide linear range
quantification was proven in the range 50-5000 ng/ml for morphine and 250-
5000 ng/ml for codeine with sufficient linear correlations (R2 > 0.996), pre-
cision (RSDIntraday=5.7%; RSDInterday=10.2%) and accuracy (± 10%). Ion sup-
pression was at maximum -40%. No interfering signals were observed in
several drug-free urine samples from different volunteers or in authentic urine
samples containing several opioids (buprenorphine, dextromethorphan, dextro-
propoxyphene, methadone, pethidine, oxycodone, oxymorphone, pholcodine and
tramadol) when a narrow 5 mDa detection window was used.

The applicability of the method was illustrated first with patient urine samples,
which were proven by the qualitative GC-MS method to contain morphine and/or
codeine. The quantitative TOFMS results indicated that conjugated metabolites of
codeine and morphine had a major impact on the calculated total concentrations
of codeine and morphine, respectively. In one of the samples, qualitative GC-MS
reported only a morphine finding, while HILIC-TOFMS revealed small amounts of
C6G. Second, the performance of the method was demonstrated with excretion
urine samples. After a single oral dose of 30 mg codeine, the maximum concen-
trations of the target analytes were reached within the first 6-8 hours for the three
volunteers, and within 24 hours the concentrations of total morphine were below
1000 ng/ml, which is the threshold value established by WADA (Figure 2.3).

However, the conjugated metabolites were detectable in urine for several days.
The average maximum peak concentrations obtained, calculated to correspond to
aglycone concentrations relative to a specific gravity of 1.020, were (n=3, ng/ml):
codeine 1300±230, morphine 100±40, M6G 300±160, C6G 35000±20000 and
M3G 1100±570. Large variations were observed in the excretion rates of differ-
ent metabolites between individuals. The main metabolite detected was codeine
glucuronide, which covered 89.7% of total excretion. The average proportions of
other analytes were: 4.8% M3G, 3.9% C, 1.2% M6G and 0.4% M. The total excre-
tion of codeine was 20.9±1.7 mg corresponding to 70% of the dose administered.
These results demonstrated the major impact that conjugated metabolites have
on the calculation of total concentrations of morphine and codeine.

57





Results

2.4.2 Confirmation

Confirmation of the analytes was based on the protonated molecule and two prod-
uct ions produced by ISCID, fulfilling WADA’s requirement of a minimum of three
diagnostic ions for LC-MS methods (TD2010IDCR, 2010). The relative intensities
of the target ions were repeatable within days (median RSD=7.3%) with median
mass accuracies of 1.08 mDa (Table 2.1). Low SigmaFit values (< 0.05) gave
additional assurance supporting the assignment of the correct molecular formula.
RTs were repeatable with negligible deviation and easily fulfilled WADA’s identifi-
cation criteria. The diagnostic ions chosen were specific and in agreement with
the mass spectra of TQ MS/MS.

Table 2.1. Intraday validation data for confirmation at the 1000 ng/ml threshold level.

Mass error Isotope match Rel. intensities RT

m/z [mDa] (SigmaFit) % (mean) RSD% RSD%

C

300.1594 1.15 0.026 100 0.14
243.1016 1.13 0.090 35 18
225.0910 1.73 0.162 41 9.0

M

286.1438 0.98 0.030 100 0.07
229.0859 0.97 0.068 31 10
201.0910 0.60 0.163 35 7.3

M6G

462.1759 1.18 0.006 100 0.00
286.1438 0.90 0.016 39 6.0
229.0859 1.15 0.045 4.5 12

C6G

476.1915 1.28 0.007 100 0.00
300.1594 1.08 0.013 25 3.1
243.1016 0.78 0.024 4.6 7.2

M3G

462.1759 1.22 0.005 74 3.5 0.00
286.1438 0.73 0.006 100
229.0859 0.80 0.022 6.8 6.0
n=6
mean 1.05 0.046 8.2 0.04

median 1.08 0.026 7.3 0.00
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3 Screening of dextran and hydroxyethyl starch

(IV)

3.1 Sample preparation

A straightforward sample preparation was preferred, and therefore urine samples
without dilution were analyzed first. However, the analysis was not successful
because the diverse matrix caused variations in the results. Different dilutions of
urine samples were tested, and optimal results were achieved with twofold dilution
with mobile phase and centrifugation prior to the analysis.

3.2 Size exclusion chromatography

The ability of SEC to separate small interfering matrix compounds was evaluated
with commercial DEX standards (1-50 kDa) and excretion urine samples of DEX
using an analytical SEC column (Acquity UPLC BEH 200 SEC). RTs of the DEX
standards were 5.8 min (1 kDa), 5.3 min (5 kDa), 5.1 min (12 kDa), 4.3 min (25
kDa), and 3.4 min (50 kDa). The molecular weight distribution detected in the ex-
cretion samples was found to be wide (1-25 kDa) and the mean depended greatly
on the stage of the excretion. The intensive fraction of 1-5 kDa was observed in
the first 24 hours and was shifted to the 5-25 kDa region with time (24-36 hours).
However, the flat peak profiles complicated the interpretation of the screening re-
sults, and the total run time of 8.2 min was considered rather long for screening
purposes.

The routine screening method was therefore based solely on a short guard col-
umn (Ultrahydrogel DP guard column), which provided significantly compressed
peak shapes and a rough evaluation of polymers of different MWs with a shorter
analysis run time. RTs of DEX standards were 1.6 min (1 kDa), 1.4 min (5 kDa),
1.3 min (12kDa), 1.1 min (25 kDa), and 1.1 min (50 kDa), and a total analysis
run time of 4.2 min was achieved. Two separate molecule populations (∼ 1 kDa
(RT 1.7 min) and 25-50 kDa (RT 1.1 min)) were observed for DEX and HES in an
excretion urine sample and a positive doping control sample, respectively (Fig-
ure 3.1). These were well separated from possible small interfering glucose and
glucose-containing oligosaccharides and excluded the use of a threshold value
for DEX.
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Table 3.1. Fragment ions for screening of dextran (DEX) and hydroxyethyl starch (HES)
produced under ISCID conditions

DEX HES

Fragment [M+H]+ Fragment [M+H]+

2GLU C12H20O10 325.1129 GLU+HE C8H14O6 207.0863
3GLU C18H30O15 487.1658 GLU+2HE C10H18O7 251.1125
4GLU C24H40O20 649.2186 2GLU+HE C14H24O11 369.1391

3.4 Performance of the method

The screening method was linear over a wide concentration range (100-10,000
and 250-10,000 µg/ml (n=3 at each concentration level) for DEX and HES, re-
spectively) with a correlation of R2

DEX= 0.99 and R2
HES= 1.00. LODs were 100

and 250 µg/ml for DEX and HES, respectively, and consequently below the sug-
gested threshold level of 500 µg/ml for DEX by colorimetric methods.

Mass accuracies were below 4 and 2 mDa for DEX and HES, respectively, at low
concentrations due to the relatively poor ionization properties of carbohydrates in
ESI (Table 3.2), but fulfilled the criteria according to Nielen et al. (Nielen et al.,
2007).

Table 3.2. Mass accuracy in relation to concentration and intraday validation data of DEX
and HES by SEC-ISCID-TOFMS

Mass Accuracy [mDa] RT Precision (RSD%)a

100 (250) µg/ml 50000 µg/ml RSD%a Ion ratiob Peak area

DEX 0.50 (m/z 325) 7 8 7
mean 3.32 0.83
median 3.91 0.80

HES 0.50 (m/z 207) 21 12 7
mean 1.77 0.80
median 0.22 0.40
aat concentration level of 500 µg/ml
bDEX: m/z 487/325; m/z 649/325; HES: m/z 251/207; m/z 369/207
n=6

However, at high concentrations median mass accuracies below 1 mDa were
achieved. Along with mass accuracies isotope match was used for identifica-
tion and values below 0.050 were observed, indicating good agreement between
measured and theoretical molecular formulas. The precisions of both ion ratios
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and absolute peak areas at a concentration of 500 µg/ml were below 10% and
21% for DEX and HES, respectively. The matrix effect was evaluated in two ways:
first by comparing the intensities of the target analytes spiked in mobile phase and
in pooled urine, and second by examining the effect of dilution of the urine sam-
ples on ion suppression. In both cases the observed ion suppression was -52%
at maximum. No interfering peaks were observed from the urine matrix at RTs of
the target analytes in individual drug-free urine samples.

The applicability of the screening method was evaluated with 120 negative dop-
ing control samples and positive urine samples for DEX and HES. The results
were in agreement with a routine screening by GC-MS. In addition, the increased
specificity of the screening method was demonstrated with urine samples from
diabetic athletes, which caused interpretation problems in the routine screening
by GC-MS. The interfering small urinary glucose and/or glucose-containing poly-
mers were separated in the SEC guard column, which showed no interference
over the RT range of DEX and HES (1.1-1.8 min). Thus, a negative screening
profile was reported and an unnecessary tedious confirmation by GC-MS was
avoided.
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DISCUSSION

1 Comprehensive screening

1.1 Generic sample preparation

In this thesis, the applicability of SPE based on mixed-mode cation and anion
exchange/C8 sorbent was demonstrated for an universal and generic approach
for doping control. After a single-step SPE was proven to be feasible in exten-
sive sample preparation, the approach was further developed to cover more hy-
drophilic and polar compounds as well as intact sulfo-conjugated metabolites. Fi-
nally, 193 compounds were detected, covering the major substance classes from
the List of Prohibited Substances and Methods (agents with anti-estrogenic ac-
tivity, anabolic agents, β2-adrenergic agonists, β-blockers, cannabinoids, oxygen
transfer enhancers, diuretics, glucocorticoids, narcotics and stimulants).

Recently, a similar generic sample preparation approach was published by Pe-
ters et al. based on a single SPE with mixed-mode cation exchange-reversed
phase sorbent covering 57 compounds from corticosteroids, β2-agonists, nar-
cotics, stimulants and thiazide diuretics (Peters et al., 2010). Extraction recover-
ies were similar for narcotics and stimulants with the values observed in this the-
sis. However, Peters et al. achieved better extraction recoveries for β2-agonists
by using a lower pH in washing. Peters et al. also included thiazide diuretic in
their screening approach, however with moderate extraction recoveries and de-
tection by negative ESI. With the two-step SPE presented here, high S/N ratios
at MRPL were observed for thiazide diuretics in negative ESI, showing that the
extraction recovery in this method is sufficient. Further, Peters et al. concluded
that SPE was a good compromise to capture chemically diverse compounds with
one method compared to LLE. Nevertheless, Vonaparti et al. presented a more
extensive approach based on basic LLE with salting-out covering 241 compounds
(Vonaparti et al., 2010). Acidification of the organic layer was used prior to evap-
orations, minimizing the losses of volatile target analytes. However, the results of
LLE for hydrophilic and polar compounds such as amphetamine (66% → (SPE)
95%), benzoylecgonine (2.6% → 86%), etacrynic acid (5.4% → 15%) and salbu-
tamol (17% → 105%) were poor with low extraction recoveries compared to the
values observed for two-step SPE. The LLE approach is more laborious due to
the manual addition of salting-out agent, making automation difficult. SPE thus
provides a more generic approach for doping purposes, making it possible to
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minimize the need for several separate sample preparation methods, meeting
the requirements of high throughput and cost-effectiveness.

The target analytes in the screening method were detected in urine as free, as
the aglycones of glucuronide conjugates after enzymatic hydrolysis, and as in-
tact sulfo-conjugated metabolites, which increased the detection time window
for analytes such as those with a phenylalkylamine structure. Vonaparti et al.
used β-glucuronidase enzyme, and hence sulfo-conjugated metabolites were de-
tected intact, as published earlier in this thesis (Vonaparti et al., 2010). Peters
et al. used β-glucuronidase/aryl sulfatase enzyme from Helix Pomatia to hy-
drolyze both types of conjugated metabolites. However, the pH value used fa-
vored β-glucuronidase activity, while aryl sulfatase activity is dependent on the
type and concentration of the buffer. Therefore, the recovery of the hydrolysis for
sulfo-conjugated metabolites might be low, though this was not discussed by the
authors (Peters et al., 2010).

In some recent LC-MS applications, sample preparation has been minimized and
a dilution of urine samples is merely used prior to analysis (Thörngren et al.,
2008; Badoud et al., 2009; Guddat et al., 2011). The use of uncleaned samples
increases the possibility of matrix effects and the need for additional instrument
clean-up. Moreover, the proper selection of ISTDs is emphasized to compen-
sate for matrix interference. The use of sample preparation thus provides cleaner
and concentrated samples with lower matrix interference. Furthermore, when
the hydrolysis step is bypassed only target analytes excreted as free and intact
conjugated metabolites are detected, which illustrates the demand for reference
standards. However, the availability of certified reference standards for conju-
gated metabolites is limited and the costs can be high, which raises the total cost
of the analysis.

1.2 LC-TOFMS analysis

The comprehensive screening method based on LC-TOFMS presented in this the-
sis was the first to be published in doping control. Successful simultaneous detec-
tion of nearly a hundred doping agents minimized the need for several separate
analytical processes for these substances. Use of a single LC-TOFMS method
could rationalize the work flow in the laboratory and reduce both workload and
analysis costs.

In routine screening, the stability of high mass accuracy over a wide dynamic
range is essential to achieve reliable screening results and legible report layouts.
The full spectrum data obtained allowed the use of a reverse database search
using mass accuracy, isotope match and RT as search criteria. By applying two-
level search criteria, target analytes which have poorer mass accuracy due to
interfering matrix compounds are also reported. The simple database is easy
to maintain and an unlimited number of target analytes can be added. More-
over, a preliminary identification of target compounds without available reference
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standards is possible based on knowledge of the molecular formula by using ac-
curate masses and isotope match (Laks et al., 2004). If reference standards are
available, more reliable screening results can be obtained using ISCID-generated
qualifier ions, which can be included in the database. In addition, the full spectrum
data enable a retrospective evaluation. This is an advantage, since according to
the Code, the re-analysis of doping control samples is permissible and may re-
veal positive samples previously tested as negative (The Code, 2009). Moreover,
full spectrum data is convenient in view of the fact that new designer drugs are
appearing (Peters et al., 2009; Strano-Rossi et al., 2010).

Mass scale calibration of the instrument is essential to achieve good mass accu-
racy. In modern instruments external calibration is stable for weeks and internal
calibration is used to achieve even better mass accuracy (Vonaparti et al., 2010).
In this thesis external calibration of the instrument was performed daily and indi-
vidual data sets were calibrated internally, as reported by other groups (Gergov
et al., 2001; Pelander et al., 2003; Peters et al., 2010; Vonaparti et al., 2010).
Earlier the m/z of the lock mass compounds had to be close to the m/z of the
target analytes to achieve an accurate mass and the required minimum level of
intensity and fine tuning (Ciccoli et al., 1998). Today, calibration of the instrument
is routine and semiautomatic work.

In general, mass accuracies below 5 ppm are considered to be accurate enough
to minimize the number of possible molecular formulas. Consequently, differ-
ences exist in the determination of adequate mass accuracies among different
groups. In this thesis, the mass accuracy criterion for screening assays is consid-
ered to be fulfilled when mass accuracies are below 8 ppm (or 5 mDa), which is in
accordance with the publication by Peters et al. (Peters et al., 2010). In another
publication mass accuracies of 20 ppm (or 50 ppm for steroids) have been ac-
cepted (Vonaparti et al., 2010). Badoud et al. determined accurate mass as ±50
mDa (Badoud et al., 2009); however the approach was based on direct injection
of urine sample. A wider mass window is needed to compensate for the possi-
ble influence of co-eluting matrix compounds on mass accuracies. If the mass
window is too wide, the S/N ratios decrease, since chemical noise increases.
Overall, Nielen et al. have proposed additional LC-MS criteria taking into account
growing interest in the use of accurate mass measurements, including a 50 mDa
mass window criterion for screening analysis (Nielen et al., 2007). In this respect,
the screening methods presented in this thesis fulfilled this criterion easily.

In this thesis, isotope pattern has been used as an additional identification crite-
rion, based on the isotope pattern-matching algorithm (SigmaFit) by Bruker Dal-
tonics. This feature enables a numerical comparison between the theoretical and
measured isotope patterns of a target compound. Ojanperä et al. showed that the
number of false positive results can be reduced with SigmaFit (Ojanperä et al.,
2006). Peters et al. reported a positive correlation between deviations of RT,
mass error and SigmaFit, thereby illustrating the effect of increasing S/N ratio on
these parameters (Peters et al., 2010). In this thesis, high SigmaFit values and
mass errors were observed for some of the compounds similar to matrix com-
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pounds, such as 17-α-trenbolone or fludrocortisone. Peters et al. also found the
same phenomenon for glucocorticoids, for which co-elution of matrix compounds
affected all three parameters, showing deviations from the identification criteria.
In the case of a highly concentrated sample or interference from co-eluting matrix
compounds, mass accuracies and SigmaFit values may shift out of the report-
ing criteria and thereby cause a false negative result. In this context it would be
convenient to have a report of separate extracted ion chromatograms to visualize
the overload or the co-elution. This would allow proper dilution measures or ad-
ditional sample clean-up to be undertaken to achieve reliable screening results,
since a screening method should primarily avoid false negatives, while false pos-
itives generate additional confirmation work and therefore only have to be kept on
at an agreeable level.

Most of the prohibited substances can be ionized with ESI in positive mode. How-
ever, negative ionization was needed to cover more heterogeneous diuretics,
particularly thiazide-based ones. Some of the compounds (β2-agonists, gluco-
corticoids) were detected in both polarities, providing additional confirmation for
those compounds which suffered from matrix interference in the positive mode.
Insufficient ionization was observed for 6β-hydroxy-4-chlorodehydromethyltesto-
sterone, furazabol and amphetaminil, and other ionization techniques such as
APCI might be more suitable for these non-polar compounds. Because of the
instrument features, two separate runs had to be performed to cover both polar-
ities and this increased the total analysis run time. However, short UHPLC run
times compensated for this. In comparison, instruments such as TQ are capable
of fast polarity switching during an analysis run (Thörngren et al., 2008). Never-
theless, with polarity switching during an analysis run, the number of monitored
target analytes is limited due to the shorter measurement time per mass range.

Chromatographic separation in multi-target screening approaches is essen-
tial to add selectivity and sensitivity. In particular, chromatographic sep-
aration allows the detection of isomers by TOFMS. For example, isomers
like methamphetamine, p-methylamphetamine, ortetamine and phentermine,
(C10H15N, [M+H]+ =150.12773), have different retention times in a C18 column,
and hence can be detected based on their different RTs. The converse ap-
plies: co-eluting compounds with different molecular weights can be separated
with TOFMS based on their different accurate masses. However, the isomers
ephedrine and pseudoephedrine (C10H15NO, [M+H]+ =166.12264) could not be
separated. In addition, ISCID measurements can be used to separate isomers, if
characteristic fragments are produced. Today short LC run times are preferred to
speed up throughput. The use of UHPLC and UPLC column designs with sub-2
µm particles offers better peak capacity and resolution along with short run times.
The change from conventional 3 µm particles to UHPLC 1.8 µm particles cut the
total analysis run time to a third of the original. S/N ratios were not increased by
changing over to the UHPLC column, possibly because of the matrix background
was more intense due to more complex extracts. Similar observations have been
reported elsewhere (Churchwell et al., 2005; Muñoz et al., 2009).
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The number of generic LC-TOFMS screening approaches in doping control has
increased since the publication of the generic screening method presented in this
thesis. However, the approach presented here is still one of the broadest screen-
ing methods. Vonaparti et al. published a screening method based on hybrid
UHPLC-QTOFMS including 241 doping agents with a LC run time of 12.5 min
(Vonaparti et al., 2010). Only positive ionization was used and thiazide-based
diuretics were detected based on their ammonium adduct ions. In this context,
the generic screening method presented here is still comparable in analysis run
time (8 min in only positive mode) and analyte coverage (166 in positive mode).
Additionally here, isotope match was used in identification, thus giving greater as-
surance that the molecular formula is correct. Also, sulfo-conjugated metabolites
were detected as such, an issue that was not discussed earlier by other groups.

2 Confirmation of a threshold substance

2.1 Quantification

Nine compounds (19-norandrosterone, carboxy-THC, epitestosterone, salbuta-
mol, morphine, cathine, ephedrine, methylephedrine, pseudoephedrine) in the
Prohibited List are considered threshold compounds (The List 2011, 2010). Con-
sequently, if they are found in urine samples with concentrations above the es-
tablished decision limits (TD2010DL, 2010), the results are reported as adverse
analytical or atypical (epitestosterone) findings according to ISL (ISL, 2009). Mor-
phine is one of these compounds: it has a threshold of 1000 ng/ml calculated as
the sum of free drug and glucuronide conjugate concentrations.

A method was established for quantification of morphine in urine in which the
conjugated metabolites were detected intact, and in which a time-consuming and
inadequate enzymatic hydrolysis step could be excluded. Sample contamina-
tion and carry-over were minimized, since evaporation and reconstitution of the
samples were not necessary. In addition, the method included codeine and its
glucuronide metabolite, enabling their simultaneous detection with morphine and
a rough assessment of the origin of the morphine finding. WADA’s technical
document requires verification that morphine is not a result of the ingestion of
codeine, a compound that is not in The List of Prohibited Substances and Meth-
ods (TD2010DL, 2010). Reporting of the ratio of morphine to codeine has been
added this year to the Monitoring Program by WADA (Monitoring Program, 2011).

In general, conjugated metabolites have been hydrolyzed to generate their free
forms using either acidic or enzymatic methods. However, it has been shown in
several publications that optimization of hydrolysis is complex and that the recov-
eries of glucuronide conjugates are dependent on several factors like the type
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of enzyme, temperature and incubation time (Romberg and Lee, 1995; Hackett
et al., 2002; Wang et al., 2006). In the case of codeine glucuronide, enzymatic
hydrolysis recoveries can be low, which affects the total concentrations detected
in urine as well as the detection time window. As long ago as 1993 Delbeke and
Debackere concluded that direct determination of the glucuronide conjugates of
morphine and codeine would be a more reliable and accurate procedure (Del-
beke and Debackere, 1993). In toxicology, sensitive (LOD∼10 ng/ml) LC-MS/MS
methods based on reversed phase LC and TQ or ion trap MS/MS have been pub-
lished (Musshoff et al., 2004; Edinboro et al., 2005; Murphy and Huestis, 2005;
Gustavsson et al., 2007; Berg et al., 2009). Highly polar compounds such as con-
jugated metabolites have poor retention on RP columns as shown by Berg et al.
with RTs of 0.90 and 1.04 min for M3G and M6G, respectively (Berg et al., 2009).
Co-elution of M6G, morphine, and C6G was observed with a C18 HPLC column
(Musshoff et al., 2004). Ion suppression is generally greatest on RP columns
at the beginning of the LC gradient. Gustavsson et al. reported a 35-fold ion
suppression for M3G, the main metabolite excreted in humans, with a C18 col-
umn (Gustavsson et al., 2007). Even with adequate chromatographic separation
on a reversed phase column, matrix effects of 63-83% were reported for con-
jugated metabolites (Murphy and Huestis, 2005). In contrast, with HILIC M3G
and M6G were baseline separated and with simple sample preparation by SPE
unsubstantial ion suppressions (< 10%) were observed for the conjugates. In
doping control, the calculation of total morphine concentrations has less often
been based on intact conjugated metabolites. Spyridaki et al. reported the quan-
tification of morphine as a sum of free morphine and morphine glucuronide after
direct injection of urine sample (Spyridaki et al., 2006). There was no information
about the separation of M3G and M6G. More recently Deventer et al. presented
a direct quantification of morphine and its glucuronide conjugated metabolites in
urine based on a C8 reversed phase column (Deventer et al., 2011). However,
problems with reproducibility of the RTs of M3G and M6G were encountered due
to the matrix. The simple sample preparation by SPE in combination with HILIC
provided repeatable RTs (RSD < 0.2%), and with narrow mass windows resulting
from the accurate mass measurement, matrix interference was further excluded.
In addition, the SPE method employed is easy to integrate on-line with HILIC by
using column switching.

Measurement uncertainty has to be reported for threshold substances according
to WADA (TD2010DL, 2010). For morphine the maximum absolute and relative
combined measurement uncertainties set by WADA are 100 ng/ml and 10%, re-
spectively. The performance of the HILIC-TOFMS method proved to be suitable
for quantitative analysis, since sufficient linearity and repeatability were achieved.
Using the calculation approach proposed by Deventer et al. for intact morphine
glucuronide conjugates (Deventer et al., 2011), combined measurement uncer-
tainty at the threshold level of morphine with the HILIC-TOFMS method is within
the accepted 10%.
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2.2 Confirmation

According to WADA (TD2010IDCR, 2010), identification of the target analytes
has to be based on three diagnostic ions (S/N > 3). The confirmation analy-
sis of morphine by HILIC-ISCID-TOFMS included three diagnostic ions with ad-
ditional information on accurate mass and isotope match. The diagnostic ions
were selected based on the literature and the results of method validation. In-
tensity and repeatability were the primary selection criteria. The analysis was
performed using an additional sample aliquot because of the ISTDs used. The
ISCID fragments observed for morphine and codeine were in agreement with
those previously reported with mass analyzers of FT-ICR, ion trap and QTOFMS
(Poeaknapo et al., 2004; Zhang et al., 2008). The WADA’s identification criteria
also include maximum tolerance windows for relative ion intensities, and require-
ments for method description (analyzer, lock masses, mass range) for accurate
mass measurements. Furthermore, full scan or accurate mass data should be
acquired when concentrations above 100 ng/ml are measured to exclude matrix
interference (TD2010IDCR, 2010). These criteria were easily fulfilled with HILIC-
ISCID-TOFMS for morphine, thus demonstrating the suitability of single TOFMS
for the analysis threshold substances. Nielen et al. proposed additional LC/MS
criteria stating that for confirmation, mass accuracies should be better than 5 mDa
(Nielen et al., 2007). This criterion is easily met with the method presented in this
thesis. For residue analysis in live animals and animal products the European
Union has set its own identification criteria for quantitative analytical methods with
a minimum of four identification points (EU 2002/657/EC, 2002). The points are
earned based on the resolution of the instrument employed, and for moderate res-
olution instruments like a single TOFMS, 1.5 points per ion is achieved. Hence,
the four-point criterion is also fulfilled with the HILIC-TOFMS method presented
here, since three ions equal 4.5 points. Accurate mass and isotope pattern made
confirmation more reliable. In general however, there are currently no uniform
criteria for accurate mass measurements.

3 Screening of high molecular weight compounds

Use of the features of TOFMS was extended from low molecular weight molecules
to high molecular weight molecules, i.e. polysaccharide-based PVE. The speci-
ficity and selectivity of the screening were increased in two ways: by using SEC
to chromatographicly remove interfering low molecular weight matrix polymers,
and by utilizing accurate masses and isotope match for identification. With a new
type of UPLC SEC column, the molecular weight distribution of DEX in urine was
determined from excretion urine samples collected after administration of an in-
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fusion solution containing 10% DEX. The results revealed the excretion of high
molecular weight polymers in urine in accordance with the metabolism of DEX.
Thus, the use of molecule size rather than hydrophobic interactions as the basis
of the LC separation was justified. The detection time for DEX and HES after the
administration is dependent on the dosage and size of molecule administered,
which is why the ratios of molecular weight populations found vary. The inter-
pretation of the results was difficult due to the flat peak profiles caused by the
heterogeneous nature of DEX. More compressed peak shapes were achieved by
merely using a SEC guard column as an analytical column, which also enabled
a short analysis run time suitable for screening purposes. Two distinct molecular
weight populations were detected with molecular weights clearly different from
the interfering natural urinary glucose and glucose-containing oligomers. In rou-
tine work, the SEC guard column proved to be robust and to give stable RTs.
A straightforward method was obtained since the sample preparation consisted
only of a dilution.

The screening method proved to be suitable for routine analysis of DEX and HES,
and similar results were obtained from parallel studies with the GC-MS method.
However, the time-consuming derivatization step in GC-MS was avoided, and
the total analysis time decreased several fold. Moreover, the direct silylation of
urine samples for GC-MS analysis is susceptible to interference from the urine
matrix. The specificity of the method was now high enough to avoid interpre-
tation issues due to the abnormal urine profile of diabetic athletes and use of
the suggested threshold value for DEX (Guddat et al., 2005). In addition, sev-
eral time-consuming steps of hydrolysis, evaporation and derivatization have also
been included in the LC-MS method for HES (Deventer et al., 2006a). A rather
long LC run time (10 min) was reported for this method considering the prevailing
requirement of high throughput. Another LC-MS/MS application based on direct
injection of urine sample and analysis by LC using a monolithic C18 column and
ISCID MS/MS detection has been published (Guddat et al., 2008). Although this
approach was similar to the SEC-ISCID-TOFMS method presented in this the-
sis, improved specificity was achieved by using SEC separation and accurate
mass-based detection of target-sized molecules. Interestingly, the use of SEC
increased the specificity of the method for DEX, which suffered from minor matrix
interference on the C18 column shown in the blank urine sample presented by
Guddat et al. (Guddat et al., 2008). In the corresponding blank urine sample
analyzed using SEC-ISCID-TOFMS a purely negative result was obtained. The
increased specificity for DEX also improved the repeatability. Even though better
sensitivity was achieved by Guddat et al., it is reported in the literature that PVE
are excreted in urine at high concentrations after the administration of the com-
mon high dosage of the infusion solution. Moreover, the LODs values obtained
were below the suggested threshold level for DEX. In addition, mass accuracies
proved to be independent of analyte concentration throughout the measurement
range, and were below 1 mDa, especially at high concentrations. A drawback of
the method is that it is still a ‘stand-alone’ method. Just recently, Guddat et al.
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presented a generic screening approach that included PVE. However, little rele-
vant data has so far been published about it in routine work (Guddat et al., 2011).
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CONCLUSIONS

The suitability of accurate mass measurements by LC-TOFMS to improve and
simplify human doping control analysis was explored exhaustively for the first
time in this thesis.

LC-TOFMS was proven to be suitable for generic screening of low molecular
weight doping agents. By combining universal sample preparation by SPE and
modern UHPLC column technology with TOFMS, hundreds of chemically and
pharmacologically different basic, neutral and acidic compounds were detected at
MRPL. The target analytes were detected in urine as free, glucuronide conjugates
after enzymatic hydrolysis, and as intact sulfo-conjugates, thus emphasizing the
generic feature of the method. The ease of database management and the use
of a reverse database search based on accurate masses, isotope match and RTs
proved to be a suitable way to identify target analytes from the full spectrum data.
Introduction of new target analytes was simple, and preliminary identification of
compounds could be based merely on molecular formulas, which is convenient
considering the continuously increasing number of prohibited substances and the
limited availability of certified reference materials. Additionally, the full spectrum
data recorded allows a retrospective data evaluation to reveal the appearance of
new doping agents and to re-evaluate preliminary results.

Modern LC-TOFMS was found to be practicable in the quantification and confir-
mation of threshold substances as demonstrated by the analysis of total morphine
concentration. Use of the HILIC column design meant that morphine and its con-
jugated metabolites were separated, while the accurate mass, selectivity, and
specificity of the method were enhanced. The wide dynamic range, repeatability
and accuracy of the method fulfilled WADA’s requirements for measurement un-
certainty. In addition, the method indicated the presence of codeine, which helps
to verify the origin of a morphine finding. In confirmation analysis, ISCID pro-
duced the required diagnostic ions in conformity with the requirements of WADA
for ion ratios, repeatability and RTs. Furthermore, specificity was improved with
accurate mass and isotope pattern.

The technique was also used for the analysis of high molecular weight doping
agents. Specific and fast screening of polysaccharide-based PVE was achieved
by combining SEC with TOFMS. Identification was based on the separation of
higher molecular weight target analytes from small interfering matrix compounds
using SEC and ISCID, which produced diagnostic ions with accurate mass.

In summary, unlimited mass range, full spectrum data, accurate mass, retrospec-
tivity, the possibility of using isotope match, ease of use, and cost-effectiveness
make TOFMS an attractive option for doping control laboratories. As shown in this
thesis, by combining TOFMS with a proper sample preparation and chromato-
graphic separation, the technique can be utilized extensively in doping control
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laboratories for screening low and high molecular weight compounds, for quantifi-
cation of threshold substances and even for confirmation. LC-TOFMS rationalized
the work flow in doping control laboratories by simplifying the screening scheme,
expediting reporting and minimizing the analysis costs. Therefore LC-TOFMS can
be exploited widely in doping control, and the need for several separate analysis
techniques is reduced.
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