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Bioanalytical techniques in discrimination between therapeutic and abusive use
of drugs in sport.

Abstract

The discrimination between therapeutic and abusive use of drugs in sports is
performed using threshold concentrations or reporting levels, and the detection of the
substances in a sample is only reported as an adverse analytical finding when the
concentration exceeds the threshold or the reporting level. In this paper, the strategies
of discrimination and the analytical methods used for the main groups of substances
where the distinction is needed (beta-2-agonists, ephedrines, glucocorticoids and
morphine) will be reviewed. Nowadays, liquid chromatography coupled to mass
spectrometry is the method of choice for the analysis of these substances and, in most
of the cases, a simple dilution of the urine sample is performed before the
chromatographic analysis.

Introduction

The use of drugs to improve the performance in sports is banned. There is a list of
groups of substances and methods forbidden in sports, which is updated every year by
the World Antidoping Agency (WADA) [1]. The criteria to incorporate a substance or a
method in the prohibited list are: i) potential to enhance or enhances sport
performance; ii) represents an actual or a potential health risk to the athlete; and iii)
violates the spirit of sport. At least two of these criteria shall be met for inclusion in the
list. In addition, a substance or a method with the potential to mask the use of other
prohibited substances or prohibited methods can be also forbidden. Based on these
criteria, the prohibited list includes several groups of substances and methods prohibited
at all times (in- and out-of-competition, IC and OOC, respectively) (non-approved
substances; anabolic agents; peptide hormones, growth factors, related substances and
mimetics; beta-2-agonists; hormone and metabolic modulators; diuretics and masking
agents;manipulation of blood and blood components; chemical and physical
manipulation; gene doping), substances prohibited only IC (stimulants; narcotics;
cannabinoids; glucocorticoids) and substances prohibited in particular sports (alcohal;
beta-blockers) [1].

In principle, all drugs prohibited in sports are allowed for therapeutic use, if applicable,
provided that there is a proven medical need and the athlete has been granted a
therapeutic use exemption (TUE). Among the forbidden drugs, ergogenic effect or
serious health risks of some of them have only been demonstrated when they are
administered at very high doses (supra therapeutic doses) or using certain
administration routes. Because these substances are also widely used in therapeutics
to treat diseases common in athletes, their use is allowed for therapeutic purposes
(e.g. some beta-2-agonists and glucocorticoids). Therefore, a criterion to discriminate
between therapeutic use and abuse is needed. Other drugs, such as ephedrines
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(within the group of stimulants), which are allowed OOC and prohibited IC, a
discrimination criteria is required to differentiate their administration for therapeutic
purposes before the competition period. For IC use, a TUE is required for ephedrines.
In order to protect athletes that need to be treated with these drugs, good
discrimination criteria have to be developed and this is not an easy task because the
ideal criterion should be able to produce no false positive results, to protect innocent
athletes, and to produce the lower number possible of false negative results, to be
effective in detecting cheating athletes.

The first step for an efficient discrimination is to clearly define what is considered
therapeutic use and what is considered abuse for each type of drugs, in other words,
what is allowed and what is forbidden. . For beta-2-agonists, the compounds, the
administration routes and the maximum doses allowed have been included in the lasts
editions of the prohibited list. For glucocorticoids, that are prohibited IC only, the
prohibited list describes the administration routes that are forbidden. However, as it will
be described in next sections some of the allowed administration routes produce
similar effects, at least for some of the compounds, than forbidden routes and,
therefore, additional revision of the criteria needs to be performed.

The second step is to define the discrimination strategy between allowed and forbidden
administrations. The strategy followed by WADA for most of the compounds is to define
threshold concentrations for the parent drugs. Threshold concentrations based on
pharmacokinetic studies with evaluation of the urinary concentrations of the drug or its
metabolites after administration of the maximum allowed doses in a representative
population of volunteers would be advisable. The current threshold concentrations for
most of the compounds have been established based on drug administration studies
(e.g. salbutamol, pseudoephedrine) or on clinical data from drug manufacturing
companies (e.g. formoterol). However, this data is not available for all the compounds
and this is the reason why the criteria have been changed over time for some of the
compounds as soon as new information has been obtained.

Table 1 describes, among others, the threshold concentrations defined for salbutamol
and formoterol (beta-2-agonists), for ephedrines and for morphine [2]. Apart from the
drugs where distinction between therapeutic use and abuse is needed, the list of
threshold substances also includes compounds of endogenous nature (19-
norandrosterone, glycerol) for which distinction between endogenous production and
exogenous administration is needed, and the metabolite of tetrahydrocannabinol for
which a threshold concentration is used to distinguish recent use from the long residual
presence of the metabolite for several days after an authorized used (cannabis is only
forbidden in samples collected in competition). 19-Norandrosterone can be also result
of the permitted use of contraceptives containing norethisterone; in this case, the
additional detection of specific metabolites of noretistherone is used for discrimination.

According to WADA rules, the detection of a threshold substance in a sample is only
reported as an adverse analytical finding (AAF) when the concentration exceeds, with
an appropriate level of confidence, the threshold concentration. The confidence interval
is established taking into account a maximum measurement uncertainty defined for the
guantitation of each threshold substance. Based on the threshold concentration and
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the confidence interval, a decision limit has been defined for each one of the
substances (Table 1). The decision limit is the concentration above which it can be
decided that the threshold concentration has been exceeded with a statistical
confidence of at least 95% [2]. For threshold substances, a quantitative method has to
be applied for confirmation purposes to verify that the concentration of the samples is
greater than the decision limit. Quantitative methods have to comply with specific
requirements for validation and with the criteria of maximum combined standard
uncertainty defined for each threshold substance. For salbutamol, formoterol and
ephedrines, if they are detected at concentrations below the decision limits in
conjunction with a diuretic or other masking agent, both substances shall be confirmed
and reported as AAF. In this case, the confirmation of the threshold substance requires
only the identification of the compound and not its quantitation.

For glucocorticoids the strategy followed by WADA is different. Glucocorticoids are only
forbidden IC when used by systemic routes (oral, intravenous, intramuscular (IM), and
rectal) and allowed for therapeutic use using other administration routes, and the
current criterion of discrimination between allowed and forbidden use is not based on a
threshold concentration. In this case, probably due to the wide number of compounds
within the group of glucocorticoids, and the different administration ways and doses,
and the availability of few pharmacokinetic data, in an attempt to make the distinction
between use and abuse, WADA defined a general reporting level of 30 ng/mL for all
glucocorticoids and their metabolites, and laboratories are not to report below this
concentration [3]. In the case of glucocorticoids, a quantitative method is not required
and the decision whether the concentration is below or above the reporting level is
taken based on the comparison of the sample from the athlete with a quality control
sample spiked with the compound at the reporting level.

In recent years, an important research activity has been developed in this area with the
aim to verify the current discrimination criteria and to improve the criteria when
necessary. The research has been focused in two main aspects: metabolic and
pharmacokinetic studies to obtain data on urinary concentrations of the compounds
and their metabolites after different doses and/or administration routes, and
optimization of the analytical methods to improve the quality of analytical results. The
objective of this paper is to review the pharmacokinetic/metabolic data available and
the bioanalytical techniques used to discriminate between therapeutic and abusive use
of drugs in sports. The paper will be mainly focused on the main groups of substances
where the discrimination is needed: beta-2-agonists, ephedrines, glucocorticoids and
morphine.
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Beta-2-agonists

Agonists of the B,-adrenergic receptors (beta-2-agonists) are prohibited in sports
because they have central nervous system stimulation activity and, also, because
some of them (e.g. salbutamol) have some anabolic activity when administered at high
doses or using systemic administrations [4]. Their status in the WADA Prohibited List
has changed substantially along the years, involving some time the need for requesting
a previous notification or the need of a TUE. Reports on the use of beta-2-agonists at
the Olympic Games may be found elsewhere [5,6]. In the year 2000, the Medical
Commission of the International Olympic Committee (I0OC) established a selected list of
potential usable agents, and for salbutamol the consideration of an AAF only if the
concentration of free plus glucuronide salbutamol exceeded the threshold of 1 pg/mL.
Nowadays, the regulation of the 2015 WADA Prohibited List indicates that all beta-2-
agonists are prohibited except inhaled salbutamol (maximum treatment of 1600 ug over
24 hours), inhaled formoterol (maximum delivered dose of 54 ug over 24 hours) and
inhaled salmeterol (in accordance with the manufacturers’ recommended dose).

The previous rule suggests the need for establishing some decision limits on the
urinary concentrations of these compounds to consider a finding for an AAF. Threshold
concentrations have been established for salbutamol and formoterol (Table 1). The
threshold for salbutamol is based mainly on the pioneering work by Ventura et al [7]
where it was shown that the administration of the maximum inhaled dose gives rise
usually to concentrations of about 500 ng/ml, and a margin of variability of twice this
value was established by the 10C Medical Commission. For formoterol, the threshold
arises from clinical data from the drug manufacturing company and more recent
administration studies [8,9]. In fact, according to the 2015 WADA Prohibited List, the
presence in urine of salbutamol in excess of 1 pyg/mL or formoterol in excess of 40
ng/mL is presumed not to be an intended therapeutic use unless the athlete proves,
through a controlled pharmacokinetic study, that the abnormal result was the
consequence of the use of a therapeutic inhaled dose up to the maximum indicated
above. In real analytical practice, and taking into account the maximum combined
standard uncertainty allowed (Table 1) the established decision limits are respectively
1200 ng/mL for salbutamol and 50 ng/mL for formoterol [2]. Some studies suggest that
these thresholds are rather conservative [9,10] thus allowing some false negative
results, while other reports indicate that in rare cases the threshold might be exceeded
after therapeutic use, which would involve false positive results [11]. The wide inter-
individual variability and urine dilution may be responsible for some of these
uncommon situations [12]. The threshold, however, seems appropriate for most of
subjects [13], especially if corrected for dilution by the specific gravity of the urine [14].

The analysis of beta-2-agonists for doping control has been historically accomplished
through derivatization of polar functional groups and subsequent analysis by gas
chromatography coupled to mass spectrometry (GC-MS)[7,15,16]. The procedures
involved an initial enzymatic hydrolysis of the urine with 3-glucuronidase. Then, the free
and hydrolized compounds were extracted using liquid-liquid or solid-phase extraction
and the dried extracts were derivatized with N-methyl-N-trimethylsilyl-trifluoroacetamide
or a mixture based on that reagent (e.g. MSTFA:NH,4l:2-mercaptoethanol 1000:2:6)
[7,16]. Other chemical agents were also useful for derivatization, and a summary of the
main ones can be found elsewhere [15]. Of particular interest for the additional
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evidences afforded for identification is the two-steps derivatization to form cyclic
methylboronates (MB) in the first step followed by formation of trimethylsilyl (TMS)
derivatives in the second step [17]. After each derivatization step, GC-MS analysis was
performed obtaining salbutamol-di-MB, formoterol di-MB and salmeterol di-MB in the
first step, and salbutamol tris-O-TMS, formoterol bis-O-TMS, and salmeterol tris-O-
TMS, respectively, after the second step. This procedure yields complementary mass
spectrometry diagnostic data affording information for unambiguous identification.

The huge developments of the combination between liquid chromatography and mass
spectrometry (LC-MS) in recent years have driven the shifting of the analysis of beta-2-
agonists toward such a technology. Initially, the shift was done only on the separation
methodology, but maintaining the sample preparation (hydrolysis and extraction)
similar to the one used for GC-MS methods. In this regards, limits of detection of
salbutamol of about 10 ng/ml urine were achieved [18]. However, because the need for
sensitivity was not a limiting factor in doping control given the high decision limit
established, a more practical approach involving a direct injection of 1:1 diluted urine
into the LC-MS system was also developed, especially for confirmation analysis [19].
Suitable isotopically labeled internal standards were used for quantitative confirmation
analysis. A triple quadrupole mass spectrometer with an electrospray source working in
positive ionization mode and multiple reaction monitoring acquisition mode, coupled to
chromatographic columns packed with small particles allowed total running times of 3.2
minutes per sample, thus giving analysis times per batch (calibration samples, quality
control samples and replicates of the sample) lower than one hour [19]. Slight better
sensitivity was accomplished with a more concentrated dilution (4:1) with acetonitrile
[20]. These methods did not attempted to quantify salbutamol glucuronide, but
subsequent work [21] indicated that this phase Il metabolite accounts only to less than
3% of the unchanged salbutamol. Instead, the analysis of the phase Il metabolite
sulfated salbutamol [20] may be interesting as alternative marker of orally administered
salbutamol however the threshold concentration would need to be reevaluated using
that marker. Some increase in sensitivity may be accomplished with other instrumental
configurations (e.g. quadrupole/orbitrap mass spectrometer), thus allowing to quantify
salbutamol in other matrices such as dried blood spots [22]. The use of LC-MS for
targeted and non targeted metabolomics may be interesting in the near future for beta-
2-agonists and other agents [23].

The use of chiral chromatography to separate enantiomers of salbutamol demonstrated
to be useful to discriminate between therapeutic inhaled use and abusive oral use of
salbutamol [24]. Salbutamol has a single asymmetric carbon atom, and it is
administered as a racemic mixture. Disposition studies after administration of the drug
by different routes demonstrated that the enantiomers are conjugated at a different rate
by the body tissues. After oral intake of salbutamol, the unchanged S(+) enantiomer is
excreted in a greater proportion than the R(-) isomer. However, the enantiomeric ratio
after inhalation is close to unity. Therefore, the proportion of metabolites corresponding
to both enantiomers will differ depending on the route of administration. The feasibility
of such an approach for the benefit of doping control was established by Bergés et al
[24,25], using a quiral column of (S)-indoline-2-carboxylic acid linked to (R)-1-(alpha-
naphtyl)ethylamine urea. As the proposed methodology [25] was based on fluorometric
detection (excitation and emission wavelengths of 230 and 309 nm, respectively), urine
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samples had to be purified for a clean background, with solid phase extraction yielding
the best results. The outcome indicated that the simultaneous evaluation of absolute
concentration in urine of salbutamol and the ratio between the enantiomers are a useful
tool to differentiate prohibited oral and permitted inhaled administrations.

The current methods used for the quantitation of formoterol involve LC-MS/MS analysis
using isotopically labelled formoterol as internal standard and previous enzymatic
hydrolysis and solid-phase extraction of the urine sample [8]. LC-MS/MS system used
a classical water-acetonitrile mobile phases containing ammonium formate. Positive
electrospray ionization mode was used to reach a limit of detection of 0.1 ng/mL.
Similar approaches involving subtle methodological changes have been proposed by
other authors [26]. Sample preparations consisting only in enzymatic hydrolysis and
dilution of the urine sample [27,28] or liquid-liquid extraction with ethyl acetate [29]
have been also described. Results of the quantitative analysis of formoterol in samples
subjected to enzymatic hydrolysis and dilution before LC-MS/MS analysis are shown in
Figure 1. Some of the studies described in the literature include the detection and
gquantitation of the O-demethylated metabolite of formoterol [27].

For salmeterol, there is not any threshold proposed for the distinction between
permitted and prohibited use, but analytical methodology exist for the quantitation of
salmeterol in urine. Methods mentioned above by GC-MS [15,17] are suitable, but
there are also new developments based on LC-MS/MS [30], able to detect salmeterol
in urine up to 48 hours after an inhaled application of 100 ug. In any case, the urinary
concentrations to target are relatively low (maximum 1.3 ng/mL) given the low dose to
be administered and the low amount of drug reported excreted unchanged (0.27% in
first 12 hours) [30].
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Ephedrines

Ephedrines are a class of sympathomimetic amines comprising norephedrine
(phenylpropanolamine, NEPH), norpseudoephedrine (cathine, CAT), ephedrine (EPH),
pseudoephedrine (PSE) and methylephedrine (MET), and they are one of the oldest
groups of therapeutically used stimulants. Some of the ephedrines are commonly found
in over-the counter (OTC) preparations to treat cough, cold and allergy. They can also
be found in dietary supplements [31,32] and products containing ephedra-derived
alkaloids [33,34]. Their administration can have positive effects on sports performance
because of their activity on the respiratory or cardiovascular system.

Ephedrines are in the list of prohibited substances in sports since long time ago to
control their use. They are prohibited IC. Due to the frequent therapeutic administration
and the debated ergogenic effect, the regulations are difficult and threshold
concentrations were established. Until 2003, threshold concentrations were: for CAT 5
pg/ml, for EPH and MET 10 pg/ml, for NEPH 10 pg/ml, and for PSE 25 pg/ml. In 2003,
NEPH was removed from the list due to the lack of evidences of ergogenic effect even
at high doses. On the other hand, for positive cases declared for PSE using the
threshold concentration of 25 ug/ml, the athletes often claimed that they were due to
inadvertent administration of OTC preparations. Studies demonstrated that
concentrations in urine greater than the threshold (25 pg/ml) could be obtained for
some individuals after therapeutic administration of the compound. After these results,
PSE was removed from the prohibited list in 2003 and included in the monitoring
program in order to detect patterns of misuse in sports. After several years in the
monitoring program, an increase in the number of samples with high urinary
concentrations of PSE (greater than 75 pg/ml) was detected [35]. In addition, a clear
evidence of PSE abuse in specific sports and regions of the world was observed [36].
Moreover, during that period, the evaluation of anti-doping results of CAT (with
threshold concentration of 5 pg/ml and metabolite of PSE) was problematic in the
presence of PSE, a permitted drug. For these reasons, PSE was reintroduced in the
WADA prohibited list in 2010, and existing and additional experimental data [35-38], let
to the definition of a new threshold concentration for PSE at 150 pg/ml (Table 1). Due
to the influence of diuretics on the excretion of ephedrines [39], it is also established in
the WADA rules that if an ephedrine is detected in a sample at levels below the
decision limit in conjunction with a diuretic, both substances have to be reported as
AAF [2].

For ephedrines, the difficulty of the analysis lies on the need of separation of the
diastereoisomeric pairs (NEPH and CAT, and EPH and PSE). The pairs have the same
elemental composition and, consequently, they share the same mass spectra and
require chromatographic separation for unambiguous identification and accurate
guantitation. The former methods to analyze these compounds were based on a liquid-
liquid extraction followed by gas chromatography with nitrogen phosphorus detection
(GC-NPD) or GC-MS [40-42], or by high performance liquid chromatography with
ultraviolet detection (HPLC-UV) [43,44]. In both cases, the use of very slow gradients
or isocratic conditions was required to obtain the adequate resolution between the
diastereoisomeric pairs. Separations of the diastereoisomeric pairs by GC-MS using
complex derivatization procedures were also described [45].
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In these former methods, a sample preparation procedure consisting of a liquid-liquid
extraction with diethyl ether or tert-butylmethyl ether at pH 14 was used [40-43]. In
most of the cases, the organic extract was directly injected into the chromatograph. If
evaporation of the organic solvent was needed to pre-concentrate the sample before
the chromatographic analysis, soft evaporation conditions (nitrogen pressure,
temperature of the water bath) had to be used in order to avoid losses of the analytes
during the evaporation step. A method to quantify ephedrines in urine samples without
sample preparation was described using column-switching HPLC [44].

The introduction of LC-MS offered a good alternative for the analysis of ephedrines
[20,46-52]. Ephedrines have a nitrogen atom and have a very high ionization efficiency
using electrospray ion source, resulting in very high sensitivity. The high sensitivity for
ephedrines by LC-MS and the compatibility of the system with the aqueous matrix of
the urine permits the reduction of the sample preparation process, and direct dilution
and injection of the urine into the LC-MS systems is currently the most widely used
strategy among antidoping laboratories to detect and quantify ephedrines in urine
[20,46,47,49-52]. In general, the separation of the diastereomeric pairs is performed
during the confirmation procedure, after detection of the presence of ephedrines in a
sample during the initial testing procedure.

In most of the works published in literature, separation of ephedrines is accomplished
using reversed phase liquid chromatographic columns with acidic mobile phases. In
most cases C18 columns were used [20,48,52], however ephedrines are high
hydrophilic compounds and they show poor retention in reversed phase columns, and
in some works used C8 columns to increase retention [46,47]. In these conditions,
baseline separation of the diastereomeric pairs is achieved using isocratic elution o
very slow gradient elution with mobile phases with high aqueous content and very low
content or organic modifier. An example of the separation of ephedrines using C18
column with a very slow gradient elution using water and acetonitrile with 0.1% of
formic acid is shown in Figure 2 [52]. Gray et al [49] described the use of a high pH
mobile phase in order to suppress analyte ionization and thus alter their polarity
resulting in enhanced retention. In these conditions, APCI yielded greater stability and
reproducibility of the signal compared to ESI. Another strategy is the use of hydrophilic
interaction liquid chromatography (HILIC) [50,51]. Compared to C18 reversed-phase
chromatography using high pH mobile phases, HILIC showed benefits in terms of peak
shape, sample loading capacity and increased sensitivity by ESI. Common problems
associated with HILIC including retention shifts and undesirable peak shapes were
solved using adequate re-equilibration times and injection solvents [51].

Analysis of ephedrines has been performed using different mass spectrometric
analyzers. Former LC-MS methods used ion-trap mass spectrometry and MS/MS
analysis was used for quantitative purposes [46]. Nowadays, although most of the
authors propose the use of tandem mass spectrometry using triple quadrupole
instruments [20,47] Q-TOF instruments have also shown reliable quantitative results
[48,51].



349

350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366

367

368
369
370
371
372
373

374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393

Glucocorticoids

Glucocorticoids are synthetic analogs of cortisol, used as anti-inflammatory and
immunosuppressive agents since 1950s [53]. Glucocorticoids can be administered by
different routes for the treatment of different pathologies, and they are also widely used
in sports to treat conditions such as asthma and acute injuries. Due to some evidences
of performance enhancing effects and the important health risks associated with their
use in therapeutics, because of the inhibition of the hypothalamic-pituitary-adrenal axis,
the use of glucocorticoids in sports is controlled [54]. Since their inclusion in the
prohibited list in 1986, there has been a great controversy regarding the glucocorticoids
status in the prohibited list because the main reason to be forbidden seems to be the
health risks associated with glucocorticoids therapy. The compromise found was to ban
glucocorticoids only IC and only when administered by the so-called systemic routes
(oral, intravenous, IM and rectal administrations). Until 2010, a declaration of use of the
athlete was required to use glucocorticoids by intraarticular (lIA), periarticular,
peritendinous, epidural, intradermal and inhalation routes, and topical administrations
were not prohibited and neither required TUE nor a declaration of use. Nowadays, all
these other administration routes, considered of local action, are allowed for
therapeutic use without TUE or declaration of use.

In an attempt to distinguish forbidden and allowed administrations, WADA defined a
general criterion for all glucocorticoids at 30 ng/mL and laboratories are not to report as
AAF samples with glucocorticoids below this concentration [3]. That criterion is based
on general considerations and not in pharmacokinetic/metabolic studies of the different
glucocorticoids after different administration routes, and it has shown to be not suitable,
at least, for some of the compounds.

In consequence, a great research activity has been developed in recent years to help
in the definition of a better criteria of discrimination between allowed and forbidden
administration routes [55-69]. The metabolism of several glucocorticoids has been
revisited using LC-MS/MS analysis (budesonide, betamethasone, methylprednisolone,
prednisolone, prednisone and triamcinolone acetonide) [59-61,64,66,68]. LC-MS/MS
has demonstrated to be very useful for the identification of new glucocorticoid
metabolites compared to the limitations of GC-MS analysis, due to the difficulties to
obtain adequate derivatives of polyoxigenated metabolites to make them amenable to
GC-MS analysis. Moreover, the characteristic ionization and collision induced
dissociation (CID) pattern observed for glucocorticoids using electrospray ionization
was the basis to create a series of open scan methods (neutral loss and precursor ion
scan methods) to detect new glucocorticoid metabolites in samples obtained after
administration of the compounds. Another strategy used to detect new metabolites was
the use of selected reaction monitoring methods that included theoretical ion transitions
of potential metabolites considering hydroxylations, oxidations and reductions, based
on the characteristic CID behavior. Using these LC-MS/MS strategies a high number of
metabolites, not previously reported, were detected for most of the studied compounds
resulting from oxidations, reductions, hydroxylations or cleavages of the side chains
[60,61,64,66,68]. The structure of some of the metabolites detected was demonstrated
using synthetized standards of the compounds. For other metabolites, the structure
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was proposed based on mass spectrometric data and comparison of the data with the
synthetized compounds needs to be performed before definitive structure assignment.
As an example, the metabolites detected after oral administration of prednisolone are
described in Figure 3 [68].

Clinical studies were performed consisting of the administration of glucocorticoids to
healthy volunteers using allowed and forbidden routes. Concentrations of the parent
drugs and the metabolites were measured in urine using LC-MS/MS analysis, to look
for the best marker of discrimination for each glucocorticoid [62,63,65,67]. As new data
is available, it seems almost impossible to have a general criterion for all
glucocorticoids for several reasons: the high number of compounds, the diversity of
administration routes, the differences in the metabolic patterns and the different
pharmacological activity and, thus, the different therapeutic doses, among others.

Results obtained up to now have been used to improve the discrimination criteria for
some glucocorticoids. An example is budesonide, the glucocorticoid with the highest
number of AAF in the lasts years [70]. Metabolic studies performed using LC-MS/MS
[60,62], indicated that the best marker to discriminate between inhaled therapeutic use
and forbidden oral administration is the metabolite 6@-hydroxy-budesonide. That
metabolite drastically reduces the number of false positive results after inhalation
compared with the main budesonide metabolite, 16a-hydroxy-prednisolone, proposed
by previous authors [71,72]. Figure 4 shows chromatograms of urine samples collected
before administration and after inhaled and oral administrations of budesonide [60]. 63-
hydroxy-budesonide has been recently adopted in WADA regulations as a marker for
budesonide [3].

Regarding other glucocorticoids, in general, samples collected after permitted
administration routes (topical, intranasal, inhaled) have concentrations of the parent
compounds lower than the current WADA criterion at 30 ng/ml [56,57,63-65,67].
Usually, after oral administrations samples showed concentrations greater than 30
ng/mL, at least for a period of time [55,56,63,65]. However, this criterion is not sensitive
enough to detect low IM administrations of some glucocorticoids such as triamcinolone
acetonide [64,67], although it has been shown to be suitable to detect high IM doses
[69]. For some glucocorticoids, the use of specific metabolites instead of the parent
drug would improve the discrimination between administration routes [62,63]. As an
example, for methylprednisolone metabolites resulting from oxidation of the hydroxyl
group in position 11, and subsequent hydroxylation in position 16 or reduction in
position 20 are the best markers to differentiate between topical and oral
administrations [62]. Additional studies are needed to define more suitable markers
compared with the current criteria.

However, one of the main drawbacks of the current criterion of discrimination is that
samples collected after allowed IA or periarticular administrations can produce
concentrations in urine greater than 30 ng/mL [55,65,69]. In addition, the metabolic
profile of metabolites of several glucocorticoids (betamethasone, triamcinolone
acetonide, methylprednisolone) after 1A or periarticular administration is similar to IM
administration and these results indicate the difficulty to distinguish these routes of
administration [59,65,69]. Moreover, it has been demonstrated that IA administration,
and probably periarticular administration, of these glucocorticoids (e.g. betamethasone
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or triamcinolone acetonide) produces a reduction in plasmatic cortisol concentrations
and, therefore, systemic effect [73,74]. This is an additional controversial point on the
criteria used by WADA: if the criteria to ban an administration pathway for
glucocorticoids is the production of systemic effect, IA and periarticular administration
should be banned. Therefore, a revision of the status of IA and periarticular
administrations in the prohibited list needs to be performed.

Another parameter studied to distinguish systemic and non-systemic administrations is
the concentration of cortisol and its endogenous metabolites. Concentrations of cortisol
decrease following systemic administration but not after topical treatment [55,56,75].
However, considering the circadian rhythm of cortisol and other parameters that may
affect cortisol concentrations, further studies should be carried out before the use of a
criterion based on cortisol concentrations in the antidoping field.

From the analytical point of view, the sensitivity has not been the main limitation in the
glucocorticoids analysis in routine doping control because of the relatively high
concentrations to be measured according to WADA regulations. Even though it has
been reported that glucocorticoids are excreted mainly free [76], the glucuronide
fraction is important at least for some of them [60]. For this reason, an enzymatic
hydrolysis with B-glucuronidase (from E. coli) is usually used in anti-doping laboratories
[62,63,67,72]. Direct detection of glucuronide conjugates has also been reported [59],
confirming the need to take these conjugates into consideration. After hydrolysis, if
performed, samples are alkalinized (around pH 9) before the liquid-liquid extraction.
Tert-butyl-methyl ether and diethyl ether had been chosen as organic solvents in
screening methods for glucocorticoids [71,72]. However, for some polar metabolites,
such as 16a-hydroxy-prednisolone, poor extraction recoveries are obtained with these
solvents, thus use of a more polar solvent (ethyl acetate) is suggested [58,62,63,67].

Historically, glucocorticoids were analyzed by GC-MS after derivatization of the
functional groups [77]. The derivatization before GC analysis is necessary to protect
functional groups and also because of instability of the side chain at C17, which is lost
usually to yield the 17-oxo-steroid. Formation of TMS derivaties or methoxyamine-TMS
derivates were the most typical derivatization procedures. However, difficulties arose to
obtain a single derivative because of the high number of functional groups. Moreover
some structural modifications of the glucocorticoid structure could also decrease the
derivatization yield [77].

LC-MS/MS approaches replaced soon the GC-MS methods mainly due to the
possibility to directly analyze glucocorticoids, without the need of previous
derivatization, and the enhanced sensitivity obtained using electrospray ionization.
Glucocorticoids can be detected in both positive and negative electrospray ionization
modes [78]. They have two centers feasible for electrospray ionization: the conjugated
3-keto function, that can be protonated, and the oxygen atoms present in C17, C20 and
C21 which can favor the formation of adducts (mainly with acetic or formic acid), that
can be further deprotonated [78]. Moreover, some potential glucocorticoid metabolites
unable to form [M+H]" ion due to the lack of a conjugated ketone in the A-ring, can be
detected by formation of adducts with ammonia [65,79]. The possibility of using
different stationary phases combined with different mobile phases make LC more
suitable to separate and identify a complex mixture of glucocorticoid metabolites. For
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example 20B-dihydro-prednisolone, one of the main metabolites of prednisolone, could
not be separated from the isobaric and endogenous cortisol using methanol and water
as mobile phases; however, complete chromatographic separation was achieved using
acetonitrile and water as mobile phases (see retention times in Figure 3) [68]. In the
initial testing procedures applied in doping control, compromised chromatographic
conditions are chosen for the simultaneous analysis of several analytes, and these
conditions may be not optimal for the resolution of some of them. In those cases, the
selection of a selective ion transition could play a key role to discriminate the analyte
from other metabolites or interferences. For example, the ion transition m/z 447 to m/z
339 is more selective than the transition m/z 447 to m/z 171 for the detection of 6[3-
hydroxy-budesonide as can be seen in Figure 4 [62]. LC-MS/MS approach also allows
the direct detection of phase Il metabolites [59]. Due to all of these capabilities of LC-
MS/MS technology several metabolites of glucocorticoids have been identified and
studied as alternative markers to distinguish between administration routes, as
explained above.

Besides several advantages of the LC-MS/MS systems, the most important drawback
is the matrix effect. The ion suppression caused by the matrix effect can compromise
the detection of relatively high concentrations of glucocorticoids in some samples [80].
Isotopically labeled analogues of the analytes are normally used as internal standards
to correct for losses during the process of for the ion suppression or ion enhancement
effect especially when an estimation of the concentration needs to be performed
[62,63,67,80].
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Morphine

The use of morphine is prohibited in sport. However, a common authorized antitussive
drug (codeine) is partially metabolized to morphine and this fact complicates the
interpretation of results. A threshold of 1 pg/mL with a decision limit of 1.3 pg/mL
(maximum uncertainty of 15%) requires quantitative analyses of any urine sample
containing morphine. According to the WADA rules, morphine at a urinary
concentration greater than the decision limit is considered an AAF unless it is
determined to be the result of the administration of codeine (i.e. if codeine is present in
the sample). Therefore, although administration of codeine might result in morphine
concentrations greater than 1.3 pg/mL, the detection of codeine in the sample indicates
that the finding results from codeine use.

For years, GC-MS methodology has been used for the analysis of morphine in doping
control after B-glucuronidase hydrolysis and usually TMS derivatization [81-83]. More
recently, the availability of LC-MS/MS applied to hydrolyzed urine samples allowed the
optimization of the quantitation of morphine [20]. However, the LC-MS approach
opened the door to the direct quantification of morphine-3-glucuronide and unchanged
morphine if direct or diluted injection of the urine is carried out. In this regards, simple
LC-MS was used already at the Athens 2004 Olympic Games [46] and more recently,
hydrophilic interaction liquid chromatography high resolution/high accuracy mass
spectrometry has being proposed in the framework of a more general multi-targeted
screening anti-doping assay [84].



532

533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562

563
564
565
566
567
568
569
570
571
572
573
574
575
576
577

Future perspective

The discrimination between therapeutic use and abuse of drugs in sports is not an easy
task. The ideal criteria should be able to declare as negative, samples collected after
allowed administration routes and allowed doses (no false positive results), and to
declare as AAF, samples collected after forbidden administration pathways or
forbidden doses. A lot of work has been done to define the currently used criteria,
however some limitations still remain for some of the compounds, and research for
more effective criteria is needed for these drugs.

An area of work is still to clearly define what is allowed and what is forbidden for some
of the drugs. The ideal situation would be to define the maximum allowed doses and
the allowed ways of administration based on pharmacokinetic/pharmacodynamic data,
and the main problem is that these data are not available nowadays for all the
compounds. In addition, the separation allowed/forbidden should be consistent from a
pharmacodynamic point of view. In this sense, a revision of the classification of some
administration routes of glucocorticoids (e.g. IA or periarticular administrations) needs
to be performed. According to the prohibited list, the criterion used by WADA to forbid
an administration route for glucocorticoids is based on the capacity to produce a
systemic effect. IA and periarticular administrations are allowed because they are
considered to have local action. However, it has been demonstrated that IA
administration, and probably periarticular administration, of some glucocorticoids (e.g.
betamethasone or triamcinolone acetonide) produces systemic effect. In consequence,
according to these pharmacodynamic data and applying the WADA criteria of
classification, IA administration should be forbidden. However, the wide use of
glucocorticoids by athletes by IA or periarticular administration to treat acute injuries
makes that decision difficult. One possibility to control that situation is to ask for
Therapeutic Use Exemption when glucocorticoids need to be administered by IA or
periarticular routes for therapeutic purposes. Another possibility would be to verify if all
glucocorticoids produce systemic effect after IA or periarticular administrations, and
allow the IA and periarticular use for therapeutic purposes of only the compounds with
low systemic effect.

As a second step, the criteria of discrimination should be based on administration
studies of the drugs using allowed and forbidden doses, and/or allowed and forbidden
routes of administration, in a significant population of volunteers including individuals of
different sexes and different ethnic groups. Metabolic studies of the compounds to
detect as much as metabolites as possible and evaluation of all the metabolites after all
these studies are recommended to look for the best marker of discrimination. Up to
now, these studies have been performed for some of the compounds before
establishing the threshold concentration or the reporting level, but not for all of them. If
the threshold concentration or the reporting level is not based on this kind of data, it is
not possible to guarantee that taking the drugs for therapeutic reasons using the
allowed administration regime would not result in AAF. In this regards, a discrimination
criteria needs to be developed for salmeterol. Regarding glucocorticoids, as indicated
in previous paragraphs it seems almost impossible to maintain a general criterion for all
the compounds taking into consideration the wide number of compounds and the
diversity of administration routes, the differences in the metabolic patterns and the
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different pharmacological activity and therapeutic doses. For that reason, additional
research is needed to define the best marker for each compound.

Once the marker is defined, the laboratories have to develop robust methods to detect
the compound in routine work, and to quantify it, if necessary. Regarding the markers
defined up to now, common trends in the analytical methods developed in the last
years have been observed. Most of the markers are analyzed nowadays using LC-
MS/MS methodology. When the threshold concentration or the reporting level does not
compromise the sensibility of the method, direct analysis of the diluted urine sample is
performed. In the cases where high sensitivity is required, a sample preparation
procedure is used to pre-concentrate the urine and to eliminate some of the urinary
interferences. One of the drawbacks of LC-MS/MS is the matrix effect that has been
shown to be important for some of the compounds. Total prevention of the matrix effect
in the initial testing procedure is complicated because general extraction protocols are
used to detect a broad range of substances and short chromatograms are preferable
because of the need of high throughput analysis. However, confirmation procedures
have to be designed to control that effect using more specific sample preparation
procedures, slow chromatographic analysis and, mainly, using isotopically labeled
analogues of the analytes as internal standards to correct for the matrix effect in
gquantitative analysis.
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Executive summary
Some of the drugs forbidden in sports are allowed for therapeutic use under certain

administration regimes. Therefore, criteria to discriminate between therapeutic use and
abuse are needed.

The main groups of substances in that situation are beta-2-agonists, ephedrines and
glucocorticoids.

Criteria of discrimination:

The discrimination is performed using threshold concentrations or reporting levels, and
the detection of the substances in a sample is only reported as an adverse analytical
finding when the concentration exceeds the threshold or the reporting level.

The criteria currently used for some of the drugs have demonstrated to present some
limitations, and research for more effective criteria is needed.

An efficient discrimination needs a clear definition of the administration regime allowed,
that has to be consistent from a pharmacodynamics point of view.

The criteria of discrimination should be based on pharmacokinetic studies with
evaluation of the urinary concentrations of the drug or its metabolites after
administration of the allowed administration regime in a representative population of
volunteers. Such data is not currently available for all the compounds.

Analytical methods

Nowadays, most of the markers are measured using LC-MS/MS methods.

Direct analysis of the diluted urine samples is used when the sensibility is not
compromised. If high sensitivity is required, a sample preparation procedure is used to
pre-concentrate the urine and to eliminate interferences. Matrix effect needs to be
controlled.
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Key terms

Adverse analytical finding: A report from a WADA-accredited laboratory that
identifies in a sample the presence of a prohibited substance or its metabolites or
markers, or evidence of the use of a prohibited method, according to the WADA
requirements.

Threshold substance: An exogenous or endogenous prohibited substance,
metabolite or marker of a prohibited substance which is analyzed quantitatively and for
which an analytical result in excess of a pre-determined decision limit constitutes an
adverse analytical finding.
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962 Table 1. Threshold concentrations and decision limits for substances in anti-doping
963  control. Modification of Table 1 in the WADA Technical Document TD2014DL [2].

Substance Units Threshold Uncertainty Decision limit
(%)*
19-Norandrosterone | ng/ml 2.0 15 2.5
THC metabolite ° ng/ml 150 10 180
Salbutamol pg/ml 1.0 10 1.2
Formoterol ng/ml 40 15 50
Glycerol mg/ml 4.3 15 5.3
Morphine pg/ml 1.0 15 1.3
Cathine pg/mi 5.0 10 6.0
Ephedrine pg/mi 10 5 11
Methylephedrine pg/ml 10 5 11
Pseudoephedrine pg/ml 150 5 170

964
965 “Maximum combined relative standard uncertainty
966  °11-nor-A9-tetrahydrocannabinol-9-carboxylic acid
967
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Figure 1. Quantitation of formoterol by LC-MS/MS: Chromatograms obtained after
analysis of a blank urine (A), a sample containing 68.7 ng/ml of formoterol (B), and a
calibration sample containing 50 ng/ml of formoterol (C). lon transitions monitored:
351>155 for formoterol-d6, used as internal standard; and 345>327 and 345>149 for
formoterol.
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Separation of ephedrines using LC-MS/MS analysis.

976  Figure 2.
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Figure 3. Prednisolone metabolites detected after oral administration by LC-MS/MS.
Structures and analytical parameters are indicated. Parameters for endogenous
compounds cortisol and cortisone are also shown.
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20p-dihydro-PRED (M-Il)  20a-dihydro-PRED (M-Ill)  20B-dihydro-prednisone (M-IV)

Prednisolone (PRED) Prednisone (M-I)
RT SRM Transition °
Compound X MM | [M+H]* | [M+HCOO] OH
(min) (mode)
Prednisolone 13.5 360 361 405 361>147 (ESI +)
Prednisone o 6BOH-PRED
(M) 13.3 | 358 359 403 359>267 (ESI +) LU
20BOH-PRED HO,
o (M) 12.2 | 362 363 407 363>171 (ESI +)
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M-XIII 6.8 | 374 375 419 375>227 (ESI +)
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M-XV 12.7 | 380 381 425 381>267 (ESI +)
M-XVI 11.8 | 380 381 425 381>267 (ESI +)
M-XVII 12.9 | 356 357 401 357>295 (ESI +)
M-XVIII 14.7 | 362 363 407 407>361 (ESI-)
M-XIX 13.2 | 362 363 407 407>361 (ESI -)
M-XX 13.7 | 378 - 423 423>347 (ESI-)
Cortisol 13.7 | 362 363 407 363>91 (ESI +)
Cortisone 13.8 | 360 361 405 361>163 (ESI -)
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Figure 4. LC-MS/MS analysis of budesonide and metabolites: Chromatograms of
budesonide and its main metabolites after inhaled and oral administrations of
budesonide. For all compounds, chromatograms are Y-scaled at the highest peak of
the sample collected 0-4h after oral administration.
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