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Abstract
Several high‐profile revelations concerning anti‐doping rule violations over the past 12 months

have outlined the importance of tackling prevailing challenges and reducing the limitations of

the current anti‐doping system. At this time, the necessity to enhance, expand, and improve

analytical test methods in response to the substances outlined in the World Anti‐Doping

Agency's (WADA) Prohibited List represents an increasingly crucial task for modern sports

drug‐testing programs. The ability to improve analytical testing methods often relies on the

expedient application of novel information regarding superior target analytes for sports drug‐

testing assays, drug elimination profiles, alternative test matrices, together with recent advances

in instrumental developments. This annual banned‐substance review evaluates literature

published between October 2016 and September 2017 offering an in‐depth evaluation of

developments in these arenas and their potential application to substances reported in WADA's

2017 Prohibited List.
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1 | INTRODUCTION

To ensure fair play in sports, athlete's compliance with anti‐doping

rules is critical. Since 2003 the World Anti‐Doping Agency (WADA)

has governed anti‐doping efforts. These have been formulated by

the World Anti‐Doping Code and related regulatory documents1-3

containing the so‐called Prohibited List.4 Over the last 13 years, the

number of doping controls has increased resulting in growing numbers

of adverse analytical findings (AAFs). Remarkably, however, the

percentage of atypical findings and AAFs has remained within the

range of 1–2%.5 Despite positive developments enabling enhanced,

large‐scale testing in general (ie, increased overall test numbers,

decreased costs/sample, decreased administrative expenditures, etc.),

further improvements to all aspects of the testing system are indis-

pensable.6 A variety of aspects can affect the frequency of analytical

findings, for example the deterrence of improved test methods reduc-

ing the allure‐to‐risk ratio of illicit means and increasingly exploiting

loopholes/doping practices that are presently undetectable.7 Further-

more, more emphasis has been put also on the effectiveness of testing

via implementation of compliance criteria for testing authorities to

target specific groups of compounds based on the general risk assess-

ment of a particular sport.8 Doping behavior and its adaptation was

found to be dependent on athletes’ perception of the risk of being
wileyonlinelibrary.com/journal/
detected by testing and the certainty of punishment; however, it has

also been suggested that these individual factors are part of a

much wider “dopogenic” milieu.9 It is suggested that these local and

structural environmental factors are responsible for influencing the

athlete's decision‐making processes. A variety of studies focusing on

anti‐doping attitudes among athletes and potential predictors have

been undertaken10-15 in order to identify novel means to improve

international anti‐doping efforts in a holistic fashion. In addition, the

concept of more permissive anti‐doping rules have also been discussed

with the aim of alleviating some of the challenges of eradicating doping

entirely.16 The debate has encompassed dialogue on the health risks

associated with the use of doping agents17,18 and the role of anti‐

doping policies in that context.19 Intelligence on new and established

doping agents, methods of doping, and (pre)analytical targets remains

central to effective sports drug‐testing programs20-22 in order to

uncover surreptitious activities classified under the World Anti‐Doping

Code.23 Especially the latter aspect is supported by technical

innovations and improvements, which facilitate employing alternative

test matrices for doping control purposes and potentially offering

complementary information and benefits to currently pursued

strategies.24

This annual banned‐substance review, in the spirit of previous

editions, evaluates anti‐doping research published over the past 12
Copyright © 2017 John Wiley & Sons, Ltd.dta 9
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months with a focus on substances and methods of doping as detailed

in the WADA Prohibited List of 2017.4 Identical to the 2016

Prohibited List, the 2017 version is composed of 12 classes of

prohibited substances (S0–S9 plus P1 and P2) and 3 categories of

proscribed methods (M1–M3) (Table 1). In comparison to the 2016
TABLE 1 Overview of prohibited substances and methods of doping accor

Class Sub‐group

S0 Non‐approved
substances

S1 Anabolic Agents 1 Anabolic androgenic steroids

a) exogenous

b) endogenous

2 Other anabolic agents

S2 Peptide hormones,
growth factors,
related
substances and
mimeticsa

1 Erythropoietin‐Receptor Agonists

2 Hypoxia‐inducible factor (HIF) stabiliz
and HIF activators

3 Chorionic Gonadotrophin (CG) and
Luteinizing hormone (LH), males on

4 Corticotrophins and their releasing fac

5 Growth hormone (GH), Insulin‐like gro
factors (eg, IGF‐1), Growth hormon
releasing hormone (GHRH) and its
analogs, GHRPs, GHS, Mechano Gr
Factors (MGFs), Platelet‐Derived G
Factor (PDGF), Fibroblast Growth Fa
(FGFs) Vascular‐Endothelial Growth
Factor (VEGF), Hepatocyte Growth
Factor (HGF)

S3 Beta‐2‐Agonists

S4 Hormone and
metabolic
modulators

1 Aromatase inhibitors

2 Selective estrogen receptor modulato
(SERMs)

3 Other anti‐estrogenic substances

4 Agents modifying myostatin function(

5 Metabolic modulators

S5 Diuretics and other
masking agents

1 Masking agents

2 Diuretics

S6 Stimulants Non‐Specified Stimulants
version, a few modifications have been issued. First, 4 analytes

(boldenone, boldione, 19‐norandrostenedione, and nandrolone) have

been transferred from S1.1.a to 1.b. 19‐norandrostenediol was added

to S1.1.b. The category S2.1.1.1 has been expanded by GATA

inhibitors such as K‐11706 as well as Transforming Growth Factor‐β
ding to the World Anti‐Doping Agency (WADA) Prohibited List of 2017

Examples

Prohibited

at all
times

in‐competition
only

rycals (ARM036), sirtuins (SRT2104),
AdipoRon

x

x

1‐androstenediol, boldenone, clostebol,
danazol, methandienone,
methyltestosterone, methyltrienolone,
stanozolol, tetrahydrogestrinone

androstenediol, testosterone,
dehydroepiandrosterone, 19‐
norandrosterone

clenbuterol, selective androgen receptor
modulators (SARMs), tibolone, zeranol,
zilpaterol

erythropoiesis‐stimulating agents (ESAs)
eg, erythropoietin (EPO), darbepoietin
(dEPO), methoxy polyethylene glycol‐
epoetin beta (CERA), peginesatide, EPO‐
Fc non‐erythropoietic EPO‐receptor
agonists eg, ARA‐290

x

ers cobalt, FG‐4592, xenon

ly

tors tetracosactide‐hexaacetate (Synacthen®),
adrenocorticotrophic hormone (ACTH),
corticorelin

wth
e

owth
rowth
ctors

CJC‐1295, tesamorelin, anamorelin,
ipamorelin, alexamorelin, hexarelin,
GHRP‐2, GHRP‐6

fenoterol, reproterol, brombuterol,
bambuterol

x

anastrozole, letrozole, exemestane,
formestane, testolactone

x

rs raloxifene, tamoxifen, toremifene

clomiphene, cyclophenil, fulvestrant

s) Stamulumab, bimagrumab

insulins (eg, Insulin, Humalog), GW1516,
AICAR, meldonium, trimetazidine

diuretics, probenecid, hydroxyethyl starch,
glycerol, desmopressin

x

acetazolamide, bumetanide, canrenone,
furosemide, triamterene

adrafinil, amphetamine, cocaine, modafinil,
benfluorex

x

(Continues)



TABLE 1 (Continued)

Class Sub‐group Examples

Prohibited

at all
times

in‐competition
only

Specified Stimulants cathine, ephedrine, etamivan,
methylephedrine, methylhexaneamine,
octopamine, pseudoephedrine,
sibutramine, strychnine, tuaminoheptane

x

S7 Narcotics buprenorphine, fentanyl, morphine x

S8 Cannabinoids hashish, marijuana, JWH‐018, HU‐210 x

S9 Glucocorticosteroids betamethasone, dexamethasone,
prednisolone, fluocortolone

x

M1 Enhancement of
oxygen transfer

1 Administration or reintroduction of any
quantity of blood or blood products

autologous, homologous and heterologous
blood, red blood cell products

x

2 Artificial enhancement of uptake, transport
or delivery of oxygen

perfluorocarbons (PFCs), efaproxiral,
haemoglobin‐based oxygen carriers
(HBOCs)

x

3 Intravascular manipulation of the blood or
blood components by physical or
chemical means

x

M2 Chemical and
physical
manipulation

1 Tampering urine substitution, proteases x

2 Intravenous infusion x

M3 Gene doping 1 Transfer of nucleic acids or nucleic acid
sequences

DNA, RNA, siRNA x

2 Use of normal or genetically modified cells x

P1 Alcohol xa

P2 Beta‐blockers acebutolol, atenolol, bisopropol, metoprolol xa xa

adepending on the rules of the international sport federations.
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(TGF‐β) inhibitors such as sotatercept and luspatercept. S2.2 has been

extended to name the HIF stabilizer molidustat. The categories

S4.1 (aromatase inhibitors), S6.a (stimulants), and S7 (narcotics)

were complemented by additional representatives with androsta‐3,5‐

diene‐7,17‐dione (arimistane), lisdexamfetamine, and nicomorphine,

respectively. The monitoring program covered in‐competition use of

the stimulants bupropion, caffeine, nicotine, phenylephrine, phenyl-

propanolamine, pipradrol, synephrine, and the narcotics codeine,

mitragynine, and tramadol. The potential (mis)use of corticosteroids

and the peroxisome proliferator‐activated receptor (PPAR)δ agonist

telmisartan (during in‐ and out‐of‐competition periods) was monitored

together with any combination of beta‐2‐agonists to establish patterns

of concurrent use of multiple drugs.25

In this review, literature published between October 2016 and

September 2017 accounting for the expanding spectrum of reported

and potential26 doping agents has been evaluated (Table 2). New

and complementary sports drug‐testing approaches advanced by

enhanced analytical instrumentation and alternative test matrices

(such as dried blood spots (DBS)/dried plasma spots (DPS), oral fluid,

and exhaled breath) are reported.27 In addition, this review features

multi‐analyte test methods which have continued to represent the

method of choice, especially for initial testing procedures,28 and

studies of online markets for doping agents29 and the analyses

of confiscated products,30 which have been the cause of much

concern about doping agent consumers and doped athletes remaining

undetected.31
2 | NON‐APPROVED SUBSTANCES

The pharmacological stimulation of mitochondrial biogenesis has been

identified as a promising therapeutic approach for a variety of acute

and chronic degenerative diseases. A variety of drugs and drug

candidates with the ability to engage with the different processes of

mitochondriogenesis have recently been investigated. In particular,

the selective induction of mitochondrial biogenesis through the peroxi-

some proliferator‐activated receptor (PPAR)‐γ coactivator 1α (PGC‐1α)

has been considered due to the target's responsiveness above other

members of the PGC‐1 family.32 There is considerable interest in

substances enhancing the number of mitochondria, not just in the

clinical setting but also among other populations such as athletes.33

There are several emerging and discontinued drug candidates with

the ability to positively affect the biogenesis of mitochondria, hence

vigilance of these substances in doping controls is required34 and

improved test methods (including appropriate target analytes and

metabolic products) are necessary. To this end, in vitro metabolic

studies regarding the REV‐ERBα agonists SR9009 and SR9011 have

been conducted as a complement to the existing information on target

analytes for sports drug testing purposes.35 A total of 8 and 14

metabolites were identified for SR9009 and SR9011, respectively.

These studies utilized human liver microsomal preparations, which

allowed for a tentative identification of the compounds by liquid

chromatographic–mass spectrometric methods (LC–MS(/MS)) using

high resolution/high accuracy (HRMS) and tandem mass spectrometry



TABLE 2 References to new data and/or improved screening and confirmation methods regarding human sports drug testing published in
2016/2017

Class Sub‐group

References

GC–MS (/MS) LC–MS (/MS) GC–C–IRMS
complementary
methods & general

S0 Non‐approved
substances

35,36 33,34

S1 Anabolic Agents 1 Anabolic androgenic steroids 37-40,43

a) exogenous 46,49,62 44-47 48,64

b) endogenous 51,52,54,56 53,60 54,56-58 55,59

2 Other anabolic agents 65-67 63,69

S2 Peptide hormones,
growth factors,

related substances
and mimetics

1 Erythropoietin‐Receptor Agonists 73,77 70-72,74-77

2 Hypoxia‐inducible factor (HIF) stabilizers
and HIF activators

80,81 78,79

3 Chorionic Gonadotrophin (CG) and
Luteinizing hormone (LH)

97 97

4 Corticotrophins and their releasing factors 96

5 Growth hormone (GH), Insulin‐like growth
factors (eg, IGF‐1), Growth hormone
releasing hormone (GHRH) and its
analogs, GHRPs, GHS, MGFs, PDGF,
FGFs, VEGF, HGF

90-92,95 87,88

S3 Beta‐2‐Agonists 107 104,105

S4 Hormone and
metabolic
modulators

1 Aromatase inhibitors 52

2 Selective estrogen receptor modulators
(SERMs)

3 Other anti‐estrogenic substances

4 Agents modifying myostatin function(s)

5 Metabolic modulators 112 109-111

S5 Diuretics and other
masking agents

1 Masking agents 116 117

2 Diuretics 115

S6 Stimulants 118-130

S7 Narcotics 133

S8 Cannabinoids

S9 Glucocorticosteroids 134-136

M1 Enhancement of
oxygen transfer

1 Administration or reintroduction of any
quantity of blood or blood products

138 137,140-142

2 Artificial enhancement of uptake, transport
or delivery of oxygen

3 Intravascular manipulation of the blood or
blood components by physical or
chemical means

M2 Chemical and
physical
manipulation

1 Tampering

2 Intravenous infusion

M3 Gene doping 146

P1 Alcohol

P2 Beta‐blockers

12 ANNUAL BANNED‐SUBSTANCE REVIEW
(MS/MS). These metabolic products corroborate most findings in

earlier reports on the in vitro and in vivo metabolic pathways of these

compounds.36 To probe for the potential misuse of these substances,

a routine doping control analytical assay has been expanded and vali-

dated for SR9009 and SR9011; following enzymatic hydrolysis, urine

samples were subjected to liquid–liquid extraction (LLE), and extracts
were concentrated, reconstituted and analyzed by LC–MS(/MS) using

electrospray ionization (ESI) and HRMS in full‐scanmode at a resolution

of 50,000 (full width at half maximum, FWHM). The analytes were sep-

arated on a C‐18 analytical column (50 × 2.1 mm, 3.5 μm particle size)

operated under gradient elution conditions with 1 mM aqueous

ammonium acetate (containing 0.1% acetic acid, solvent A) and
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1 mM methanolic ammonium acetate (containing 0.1% acetic acid,

solvent B). The assays’ limits of detection (LODs) were defined at 2

and 5 ng/mL for SR9009 and SR9011, respectively. Routine doping

control samples (1511 specimens) analyzed over a period of 6 months

were reprocessed and tested for the presence of the main metabolites

of SR9009 and SR9011. No AAF was observed.
3 | ANABOLIC AGENTS

3.1 | Anabolic‐androgenic steroids

Despite the substantial body of evidence concerning adverse effects of

pseudo‐endogenous and synthetic anabolic‐androgenic steroid (AAS)

misuse at, for example, the cardiovascular,37,38 renal,39 and hepatic40

levels, statistics regarding AAFs continue to list AAS as the most

frequent reason of drug‐related anti‐doping rule violations (ADRVs).5

This highlights the importance of anti‐doping research in this field.

The distribution and use of AAS amongst recreational underage

athletes41 has catalyzed enhanced preventive anti‐doping programs.42

As there are few, if any conventional doping control strategies

within this recreational sphere, alternative (drug‐testing) approaches

are desirable.

3.2 | Initial testing procedures – metabolism studies
and new target analytes

For decades, stanozolol has been a prevalent AAS in doping control

samples. The detection of stanozolol misuse by laboratories has

improved continually driven by information obtained from elimination

studies revealing various so‐called long‐term metabolites of the drug.

In 2016/2017 further investigations into the metabolic fate of the drug

were undertaken to expand intelligence on the drug's disposition and

extending detection windows. Concerns about the (yet uncorrobo-

rated) potential inadvertent exposure to stanozolol via contaminated

meat have been documented. Enabled by the tremendous sensitivity

of modern sports drug‐testing methods,43 Wang et al. utilized a strat-

egy employing predicted precursor/product ion pairs for potential

phase I and phase II metabolites of stanozolol, measured from admin-

istration study urine samples collected after oral administration of

3 × 5 mg/day of the drug for a period of 14 days.44 Unconjugated

metabolites were extracted from urine by LLE and glucurono‐ as well

as sulfo‐conjugated metabolites were concentrated by means of

solid‐phase extraction (SPE) prior to LC–ESI–MS/MS analysis utilizing

a triple quadrupole (QqQ) mass analyzer. A total of 47 metabolic

products were registered with 27 phase I and 20 phase II metabolites

(4 sulfates and 16 glucuronides), 13 respectively 14 of which were

newly assigned as supported by HRMS and MS/MS data. Further

structural confirmation remains to be conducted before the analytes

can be considered confirmed complements to the metabolic picture

of stanozolol. The retrospectivity offered by the newly identified

compounds was tested by analyzing the elimination study samples after

enzymatic hydrolysis and LLE by means of LC–ESI–MS/MS (QqQ). The

LC was equipped with a C‐18 analytical column (100 × 2.1 mm, 3.5 μm

particle size), and gradient elution with 0.1 formic acid (solvent A) and

acetonitrile (solvent B) was conducted. In the absence of reference
substances, LODs were not determined but detection windows of up

to 15 days post‐administration were reported.

Focusing exclusively on sulfoconjugation reactions of stanozolol

and its phase I metabolites, Balcells et al. identified 11 compounds in

post‐administration stanozolol samples.45 Deduced from ESI–MS/MS

data of synthesized O‐conjugated sulfates of stanozolol and 3

hydroxylated phase I metabolites, the in vivo formation of different

isomers of sulfoconjugated 16‐hydroxystanozolol, 16‐oxostanozolol,

4‐hydroxy‐16‐oxostanozolol, and stanozolol as N‐sulfates were

postulated. By means of a QqQ instrument, elimination study urine

samples collected up to 31 days after either a single oral dose of

6 mg or an intramuscular dose of 50 mg of stanozolol were analyzed.

The LC–ESI–MS/MS system was equipped with a C‐18 analytical

column (100 × 2.1 mm, 1.7 μm particle size), gradient elution with

1 mM ammonium formate (containing 0.01% formic acid, solvent A)

and acetonitrile (containing 0.01% formic acid and 1 mM ammonium

formate, solvent B) was conducted and the eluent was electrosprayed

with polarity switching. Single reaction monitoring (SRM) was used to

monitor the 11 metabolites, indicating a detection window of

ca. 10 days after oral drug administration. Intramuscular injections

resulted in detection windows of more than 31 days.

Using a similar approach, the biotransformation of

4‐chlorometandienone (dehydrochloromethyltestosterone) to sulfo-

conjugated metabolites was investigated.46 From 4‐chlorome-

tandienone elimination study urine samples (collected following

single oral administrations of 5 mg or 20 mg of the drug),

sulfoconjugated metabolites were extracted by LLE. These extracts

were subjected to a QqQ‐based LC–MS/MS method targeting

in‐silico‐predicted metabolic products of 4‐chlorometandienone,

employing an SRM approach utilizing theoretical precursor/product

ion pairs. Chromatographic separation was achieved using the

same C‐18 analytical column (100 × 2.1 mm, 1.7 μm particle size)

as reported above but gradient elution was done with 0.01%

formic acid (solvent A) and acetonitrile (containing 0.01% formic

acid, solvent B). Six sulfoconjugated metabolites were observed

and characterized by LC–MS/MS as well as GC–MS/MS after

deconjugation. Five of these metabolites (including structures

formerly postulated for phase I long‐term metabolites) were

observed up to 8 days (end of study) post‐administration.

Glucuronoconjugated metabolites of metandienone were the

subject of a study by Esquivel et al..., who investigated the presence

of glucuronides in excretion study urine samples and the potential

resistance of these conjugates against commonly employed enzymatic

hydrolysis conditions.47 Utilizing the same LC–ESI–MS/MS conditions

reported by Balcells et al,45 with modified SRM transitions adapted to

predicted metandienone‐derived phase II metabolites, a total of 13

conjugates was determined. One of these metabolites (of yet unknown

structure) was not deconjugated by β‐glucuronidase, but its relevance

for extended retrospectivity in doping controls was found limited due

to a 4‐day post‐administration detection window. The value of

the recently synthesized long‐term metabolite 18‐nor‐17β‐hydroxy-

methyl‐17α‐methyl‐5α;‐androsta‐1,4,13‐trien‐3‐one48 as its 17‐O‐

glucuronide however was corroborated and detection windows of

up to 22 days were reported following a single dose of 5 mg of

metandienone.
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Metabolites of a mixture of 2 supplement‐derived steroidal

compounds referred to as D‐2 were identified and synthesized by

Ayotte et al.49 The metabolic fate of 5α‐androst‐2‐en‐17‐one and

5α‐androst‐3‐en‐17‐one was studied both in vitro and in vivo by

means of GC–MS(/MS) and nuclear magnetic resonance spectroscopy

(NMR), and the substances were found to convert predominantly

to 2α‐hydroxy‐5α‐androstan‐17‐one (M1) and 2β,3α‐hydroxy‐5α‐

androstan‐17‐one (M2), excreted mainly as glucuronic acid conjugates.

Routine analytical conditions were applied, consisting of a GC–MS/MS

system equipped with a DB‐5MS analytical column (25 m, 0.2 mm

inner diameter, 0.33 μm film thickness), which was interfaced via

electron ionization (EI) to a QqQ mass analyzer. These conditions

proved fit‐for‐purpose in the detection of the main steroid metabolites.

Monitoring these rather than the unmodified steroids was recom-

mended because no intact 5α‐androst‐2‐en‐17‐one or 5α‐androst‐3‐

en‐17‐one was observed during elimination studies.
3.3 | Steroid profiling

For decades, the urinary steroid profile has been an indispensable tool

in sports drug testing, and research into extension of its analyte

coverage, optimization of sample preparation strategies, and the

identification of factors potentially influencing the steroid profile

together with its interpretation (including the determined UGT2B17

genotype50) have remained central analytical themes.

Robles et al. presented a GC–MS/MS‐based approach that

included, besides typical androgens, estrogens, pregnenolone, and

progesterone metabolites.51 All of these were quantified in a single

analytical run facilitated by the use of 9 stable isotope‐labeled

internal standards. Having re‐assessed and re‐confirmed the appropri-

ateness of profiling glucuronoconjugated steroids for doping control

purposes, urine samples of 13 individuals were analyzed by means

of a GC–EI–MS/MS system. The instrument was equipped with an

Ultra1 analytical column (16 m, 0.2 mm inner diameter, 0.11 μm film

thickness) and 2 precursor/product ion pairs were measured per

analyte. The assay's LODs ranged from 0.1 ng/mL to 20 ng/mL,

demonstrating the methods ability to quantifying a total of 22 urinary

steroids. The utility of a steroid profile that includes estrogens

(in addition to the commonly monitored androgens) to indicate the

misuse of non‐steroidal aromatase inhibitors was assessed by Xing

et al.52 While aromatase inhibitors such as aminoglutethimide,

letrozole, and anastrozole are efficiently analyzed by routine targeted

LC–MS(/MS) methods, complementary information derived from the

steroid profile may assist in detecting their misuse. In a study

including 20 male and 21 female volunteers, either aminoglutethimide

(2 × 250 mg/day, 3 days), letrozole (2.5 mg/day, 5 days), or

anastrozole (1 mg/day, 5 days) were administered orally. Urine

samples were collected 7 days prior to the intervention until 28 days

after the last dose. Steroid profile data, including estrone, were mea-

sured. For both males and females, the ratios testosterone (T)/estrone,

androsterone (A)/estrone and etiocholanolone (E)/estrone proved

capable of indicating the use of an aromatase‐inhibiting agent. This

was further corroborated by the analysis of a pilot elimination study

with exemestane (25 mg, single dose, 1 volunteer). Here, the effect of

the steroidal aromatase inhibitor was noticeable up to 10 days post‐
administration, which would be approximately twice as long as com-

monly attained by routine test methods for exemestane (and its main

metabolite) if confirmed in follow‐up studies.

Exploiting phase II metabolites of testosterone as additional

steroid profile markers was shown to extend the detection windows

for testosterone undecanoate administrations.53 By means of

LC–MS/MS, intact 3α‐glucuronic acid conjugates of 6β‐

hydroxyandrosterone, 6β‐hydroxyetiocholanolone (both resistant

towards enzymatic hydrolysis), T glucuronide, and EpiT glucuronide

were measured from post‐administration samples obtained from 5

male volunteers having received a single dose of 120 mg of testoster-

one undecanoate each. The assay employed 3 stable isotope‐labeled

internal standards which were added to the urine samples prior to

SPE and subsequent LC–MS/MS analysis. Chromatography was

accomplished using a C‐18 analytical column (100 × 2.1 mm, 1.7 μm

particle size), water (solvent A) and methanol (solvent B) fortified with

0.01% formic acid each. The MS was operated in positive ESI and SRM

mode enabling identification and quantification of the target analytes

at adequate LODs. Compared to the commonly used T/EpiT ratio,

the ratios of the glucuronides of 6β‐hydroxyandrosterone/EpiT,

6β‐hydroxyandrosterone/T, 6β‐hydroxyetiocholanolone/EpiT, and

6β‐hydroxyetiocholanolone/T provided superior detection windows

for the misuse of T undecanoate. This was extended to 48 hours for

all study participants and up to 96 hours for 2 individuals.

A newly available intranasal T preparation necessitated an assess-

ment of routine doping control analytical methods’ capability to

detect T administered via this specific route.54 To this end, a group

of 5 male volunteers underwent a 4‐week treatment regimen, where

the recommended daily dose of 3 × 11 mg of testosterone was

administered (5.5 mg per metered pump and nostril) on 5 days per

week. Urine samples were collected prior to and up to 2 weeks after

cessation of the drug intake. Standard steroid profile parameters

flagged 70% of the urine samples as suspicious within the first

24 hours post‐administration (predominantly by means of the T/EpiT

ratio); however, all samples collected between 24 and 48 hours after

drug intake were found unsuspicious by steroid profiling. The athlete

biological passport (ABP) indicated atypical results for 85% of all

specimens sampled within the first 24 hours post‐administration

which dropped to 40% of all samples collected 24–48 hours. All

specimens identified with routine initial testing approaches were

confirmed by isotope ratio mass spectrometry (IRMS), outlining the

extant detection window usually available to sports drug‐testing

laboratories.

The question of whether the menstrual cycle or emergency

contraceptives affect the urinary steroid profile of females was stud-

ied by Mullen et al.55 Especially in light of modern anti‐doping efforts,

where athletes’ steroidal profiles are longitudinally monitored, the

knowledge of circumstances other than anti‐doping rule violations

that potentially contribute to variations is critical. In a study

encompassing a cohort of 6 women, the steroid profile was measured

over the period of 1 menstrual cycle, and samples were collected on

the day of the beginning of menstruation and on days 7, 14, and 21

thereafter. In a follow‐up study, the same individuals administered

an emergency contraceptive containing 1.5 mg of levonorgestrel

between day 10 and day 14 of the menstrual cycle. Urine was
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collected 12, 24, 48, and 72 hours post‐administration, yielding a total

of 8 urine samples per participant and all specimens were analyzed

using routine doping control analytical methods. Only epitestosterone

was found to increase significantly during the menstrual cycle leading

to reduced T/epitestosterone (EpiT) ratios. All other urinary steroids

composing the steroidal profile were not significantly affected. The

administration of levonorgestrel resulted in a significant decrease of

urinary concentrations of A, E, 5β‐androstane‐3α,17β‐diol (5βdiol),

and EpiT in samples collected 24 hours after ingestion of the drug

but the ABP triggered an atypical finding only for 1 individual.

Overall, the study indicated that the menstrual cycle contributes to

variations in the steroidal module of the female ABP and emergency

contraceptives can further affect target analyte concentrations that

can trigger atypical findings.
3.4 | Confirmatory testing procedures – isotope ratio
mass spectrometry (IRMS)

Among studies revisiting the issue of genotype‐dependent testoster-

one metabolic pathways, the advantageous use of epiandrosterone

sulfate as a target analyte for the determination of testosterone misuse

by means of gas chromatography–combustion–isotope ratio mass

spectrometry (GC–C–IRMS) was identified.56 Employing urine samples

collected from volunteers of (steroid profile‐deduced) UGT2B17

ins/ins and del/del genotypes, who orally administered 40 mg of

deuterated testosterone, urinary metabolic patterns were analyzed

and compared for the investigation of potentially diverging (and yet

unidentified) pathways. While the epiandrosterone sulfate concentra-

tion was not found to be of indicative nature as such, its ability to

conserve the carbon isotope signature of testosterone originating from

exogenous sources was found to be significantly longer than that of

other urinary metabolites of T. Using conventional GC–C–IRMS proto-

cols, the analysis of epiandrosterone (liberated from its sulfoconjugate)

enabled a retrospectivity of up to 5 days for an oral testosterone

administration. This tool complements the success of improved steroid

profile approaches that indicate the misuse of T; providing proof

for the presence of non‐natural T commonly relies on subsequent

IRMS‐based measurements.

GC–C–IRMS analyses have been characterized by extensive

sample preparation protocols due to the prerequisite of adequate

peak purities for isotope ratio determinations. In order to further

automate and simplify the analytical approach, Casilli et al. refined the

GC–C–IRMS set‐up by including a second GC dimension thus enabling

the option of GC peak heart‐cutting allowed to omit commonly utilized

high performance liquid chromatography (HPLC) fractionation steps.57

Urine samples were concentrated by SPE, the eluate was liquid–liquid

extracted before undergoing enzymatic hydrolysis and deconjugated

steroids were again extracted by LLE. After evaporation to dryness,

the residue was acetylated, and steroids were injected into the

multidimensional GC (MDGC)–C–IRMS system. Employing 2 different

GC columns (1: TR‐1MS, 60 m, inner diameter: 0.25 mm, film thickness

0.25 μm; 2: HP‐17, 60 m, inner diameter: 0.25 mm, film thickness

0.25 μm), target compounds including T, 5α‐androstane‐3α,17β‐diol

(5αdiol), 5βdiol, A, and E as well as the endogenous reference
compound (ERC) pregnanediol were isolated and transferred from the

first dimension onto the second dimension by means of a pressure‐

controlled Deans switch. Peaks eluting from the second GC were

directed to the combustion interface and into the IRMS, yielding com-

parable results as obtained under conventional GC–C–IRMS conditions

with prior HPLC clean‐up of analytes, indicating the potential of this

alternative analytical approach. While the sample preparation time is

substantially reduced, the analytical run times of ca. 90 minutes are,

however, considerably longer than in case of currently employed

GC–C–IRMS methods, and further advancements might be needed.

Whether the combination of the main features of the steroid

profile/ABP and IRMS analyses offers new options for sports drug

testing was investigated by Jardines et al.58 Steroid profile/ABP data

usually activate IRMS measurements whenever atypical findings are

observed. In this study, the utility of longitudinal monitoring of carbon

isotope ratios of the natural/endogenous steroids T, EpiT, A, E, 5αdiol,

and 5βdiol in the form of an ‘isotopic module’ of the ABP was assessed,

using both absolute δ13C values of the target compounds as well as

Δ13C data (including the ERCs 11‐hydroxyandrosterone (11OHA),

11‐ketoetiocholanolone (11KE), pregnanediol and pregnanetriol). By

means of administration studies (single oral dose of 100 mg of andro-

stenedione, 3 male volunteers; transdermal testosterone, 5 mg/day for

4 days, 1 male volunteers), the competitively superior sensitivity of the

intra‐individual δ13C and Δ13C monitoring was outlined by improved

detection windows. As outlined by the authors, this pilot study

indicates the potential of the suggested approach; however, further

refinement of routine GC–C–IRMS methods is required to enable

higher throughput while, at the same time, international harmonization

is required to minimize inter‐laboratory uncertainties.
3.5 | Alternative test methods and approaches

Probing for alternative matrices and test methods targeting particularly

AAS has been a continuing process in anti‐doping research. A matrix of

potential value to sports drug testing (especially in the case of testos-

terone misuse) has been saliva. In a recent study, Schönfelder et al.

studied the utility of saliva concerning the detection of so‐called

microdoses of transdermal testosterone.59 A total of 11 volunteers

participated in a study where 2.4 mg of testosterone were applied

transdermally via patches. Urine, blood, and saliva were collected up

to 72 hours under different conditions of activity of the participants.

All samples were tested using established assays, demonstrating that

saliva T concentrations are similarly affected by the transdermal drug

administration as blood and urine. The ratio of saliva T concentrations

measured after drug administration and before (baseline) was deter-

mined for each participant. Subsequently it was clarified that no signif-

icant circadian or exercise‐related effects on saliva T concentrations

existed. As a result, saliva was found to be potentially applicable as a

complementary matrix for testing (micro)dosed testosterone, but any

analytical advantages such as a better sensitivity or retrospectivity

were not identified.

Measuring steroid profiles from serum samples by means of

ultrahigh performance liquid chromatography (UHPLC)‐HRMS was

conducted by Ponzetto et al.60 In a follow‐up study to an earlier

investigation, where low resolution QqQ‐based mass spectrometry



FIGURE 1 Structures of LGD‐4033 (1, mol wt = 338), bishydroxylated
LGD‐4033 (2, mol wt = 370), and YK‐11 (3, mol wt = 430)
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was employed, the comparability and performance of high resolution

MS was explored concerning the analytes T, EpiT, androstenedione,

progesterone, 17α‐hydroxyprogesterone, dihydrotestosterone (DHT),

corticosterone, cortisol, deoxycorticosterone, 11‐deoxycortisol, and

dehydroepiandrosterone (DHEA). Accomplished limits of quantifica-

tion (LOQs) were found between 50 and 1000 pg/mL and are thus

deemed competitive but slightly inferior to analyses conducted using

a QqQ‐based instrument. Measuring these analytes from blood can

provide orthogonal information to urine tests, especially as additional

evidence when analytical findings necessitate further investigations

with regards to discriminating doping from potential pathologies.

Regarding extensions to current targeted methodologies in steroid

profiling, a metabolomic, non‐targeted approach to monitor alterations

in steroid profile was presented also by Palermo et al., based on

LC–MS and on urine matrix.61 In order to demonstrate the applicability,

the method was applied to the analysis of samples from transdermal

application of testosterone in hypogonadal men and allowed for

profiling of approximately 3000 metabolic features, including steroids

of clinical and forensic relevance. It was proven to successfully cluster

and detect currently unknown metabolic features correlating with the

transdermal testosterone administration.

Analyzing anabolic agents in initial testing procedures necessitates

utmost sensitivity. While commonly GC–EI–MS(/MS), LC–ESI–MS(/MS)

and –HRMS systems are used in sports drug‐testing laboratories for that

purpose, Cha et al. explored the utility of interfacing GC via ESI to

MS(/MS).62 The outlet of an Ultra‐1 GC column (17 m, 0.2 mm inner

diameter, 0.11 μm film thickness) was positioned in front of the orifice

of a mass spectrometer, and the gaseous efflux was fortified with

an electrosprayed solvent (methanol containing 0.1% formic acid)

at 0.1 μL/minute, allowing to ionize underivatized as well as

trimethylsilylated target analytes. Method optimization was conducted

with a subset of 12 steroidal analytes, which were detected at LODs

between 0.5 and 10 ng/mL using the developed approach. In comparison

to existing GC–EI–MS/MS methods, the alternative of GC–ESI–MS/MS

proved superior for 3 analytes while similar or inferior LODs were

accomplished for 9 of the selected compounds. The assay was shown

to allow for the coverage of a total of 79 analytes including 3 non‐

steroidal anabolic agents, and the system proved robust for at least 180

urine analyses conducted under conventional sample preparation

conditions. Hence, whilst not commercially available, the combination

of established chromatographic separation power with soft ionization

and HRMS and/or MS/MS analysis represents an interesting option.

Omitting chromatographic separation while focusing on the rapid

identification and quantification of few selected model analytes,

Gomez‐Rios and colleagues presented an integrated workflow

consisting of a biocompatible solid‐phase microextraction (bioSPME)

fiber and an open‐port‐probe sampling interface.63 These allow

for the rapid extraction and transfer of analytes from urine into an

ESI–MS(/MS) system with an overall cycle time from extraction to

analytical result of less than 6 minutes/sample. Utilizing a stable

isotope‐labeled ISTD, clenbuterol as one of the model substances

was successfully measured from 300 μL of urine at 100 pg/mL (ie, at

50% of the minimum required performance level, MRPL) but only

when applying MS3. This study indicates the potential of rapid test

systems also for other compounds relevant for doping controls, but
the lack of chromatographic information remains a limiting factor

especially when information on isomers of substances are critical.

Aiming at the detection of synthetic androgens in dietary supple-

ments, Cooper et al. developed a methodology based on the combined

use of yeast and mammalian liver cell in vitro bioassays.64 Proof of

concept data were generated by analyzing 18 nutritional supplement

products, which revealed the presence of 19 steroids (all of which

were correctly indicated on the products’ labels). Of note, especially

under conditions of the HuH7 cell‐based androgen bioassay that

allowed metabolic activation, some steroids demonstrated a 4–10‐fold

higher potency than the comparator DHT. While not intended for

human urine or blood testing the value of the assay particularly with

regards to potency testing was shown.
3.6 | Other anabolic agents

Selective androgen receptor modulators (SARMs) have been detected

in doping control urine samples with increasing frequency indicating

their inherent relevance to doping controls concerning both intentional

as well as inadvertent administrations. Identifying optimal target

analytes for sports drug testing purposes has been of great interest

to doping control laboratories. In that context, Geldof et al. reported

on a follow‐up in vitro metabolism study with LGD‐4033 (Figure 1, 1),

where human liver microsomes and S9 fractions were employed to

simulate phase I and phase II metabolic reactions.65 The obtained

biotransformation products were studied by LC–ESI–HRMS(/MS)

and the generation of structures containing single and multiple

hydroxylation, oxygenation, and pyrrolidine ring opening reactions

of LGD‐4033 were suggested. In addition, glucuronidation reactions

were observed, particularly for the intact LGD‐4033 and the product

obtained from pyrrolidine ring cleavage. The comparability (or partial

comparability) of these results with authentic in vivo derived

LGD‐4033 metabolites was shown by Cox and Eichner,66 who

tested authentic doping control urine samples that contained

(glucuronidated) LGD‐4033 for metabolites of the SARM. Again

here, LC–ESI–HRMS/MS was used to characterize the observed

metabolic products, yielding structural information for at least 6
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biotransformation products. As a conclusion drawn from 4 AAFs with

LGD‐4033, the bishydroxylated metabolite (Figure 1, 2) appears to be

a preferred target analyte that is readily detected with conventional

routine doping control methods.

Another SARM that has recently become available through

Internet‐based suppliers is YK‐11 (Figure 1, 3). To date, limited (if

any) data on its metabolism are available, but the mass spectromet-

ric behavior of this steroidal compound was studied in detail to

provide the basis for identifying both confiscated materials as well

as structurally related compounds and potential metabolites.67 As

such, YK‐11 was synthesized and stable isotope‐labeled at different

positions including the steroidal A/B‐ring structure as well as the

D‐ring‐attached moiety and the analyte's dissociation behavior fol-

lowing ESI was investigated. The compound was found to readily

protonate under positive ESI conditions; however, the protonated

species proved particularly prone to in‐source dissociation pro-

cesses, leading to neutral losses of methanol, ketene, and acetic

acid methyl ester. This aspect should be kept in mind when inves-

tigating unknown steroidal SARMs and studying metabolic reactions

of YK‐11.

In a case report, Perrenoud et al. highlighted the relevance of

monitoring and confirming characteristic metabolites of drugs in dop-

ing control samples.68 It was demonstrated that the non‐prohibited

antiandrogen flutamide shares at least 1 common metabolite with

andarine (S‐4, Figure 1, 4 and 5, respectively). Hence, sports drug

testing laboratories should include more than only 1 metabolite of

andarine to corroborate the suspicion of the drug's ingestion by an

athlete.

A major challenge as of yet unsolved in doping controls remains

the distinction of clenbuterol administered intentionally vs. through

contaminated food. The question whether enantiomeric analyses of

clenbuterol could help clarifying the origin of AAFs was addressed

recently by an assay based on supercritical fluid chromatography

(SFC)–MS/MS.69 Pharmaceutical products, contaminated meat, elimi-

nation study urine samples and authentic doping control samples were

tested for clenbuterol, and whilst the analyses themselves were

successful, an unequivocal discrimination of clenbuterol originating

from a pharmaceutical (or black‐market) formulation and contaminated

meat was unfortunately not possible.
4 | PEPTIDE HORMONES, GROWTH
FACTORS, RELATED SUBSTANCES, AND
MIMETICS

4.1 | Erythropoietin‐receptor agonists

Within WADA's Prohibited List, the class S2, comprising of “Peptide

hormones, growth factors, related substances, and mimetics” contains

a substantial variety of physico‐chemically diverse compounds ranging

from gases and inorganics over low molecular mass organic substances

to peptides and proteins.4 The misuse of erythropoiesis‐stimulating

agents (ESAs), particularly erythropoietin (EPO) and its derivatives

has been proven numerous times in the past and has been confessed

by various (convicted) athletes. In a recent study aiming at quantifying
the performance‐enhancing effects of EPO however, the potential of

EPO to cause a drug‐induced increase of the athletes’ performance

was questioned.70 In a double‐blind, randomized and placebo‐

controlled study with recombinant human EPO (rhEPO), healthy

male non‐professional cyclists were administered a mean dose of

6000 IU/week for 8 weeks before laboratory and road‐race perfor-

mance tests were conducted. The results demonstrated improved

maximal power output and VO2max whilst submaximal exercise

performance remained unchanged. Whether this outcome applies also

to professional athletes has been the subject of debate, particularly as

the test groups’ training distance per week was approximately

3.5‐times below that of professional cyclists.71

Irrespective of the extent of the performance‐enhancing potential

of ESAs, continuous optimization of doping controls for EPO and

related substances are essential for comprehensive anti‐doping

enforcement especially as there is always the potential threat of a

renaissance in obsolete drugs such as peginesatide or erythropoietin

mimetic peptides (EMPs)72 and biosimilars which might present slightly

different structures than their corresponding predecessors. As outlined

by Okano et al., selected biosimilars of rhEPO and the novel erythro-

poiesis stimulating protein (NESP) were found to comprise an

additional C‐terminal arginine moiety.73 In consideration of the contin-

uously increasing sensitivity of mass‐spectrometry‐based test methods

for glycoproteins such as EPO, targeting modified peptidic sequences

of these biosimilars could offer alternative approaches towards detect-

ing the misuse of these agents. Reichel and co‐workers assessed the

utility of an alternative anti‐EPO antibody referred to as clone 9G8A

for routine doping control purposes.74 Incorporating the antibody into

commonly employed isoelectric focusing (IEF) and polyacrylamide

gel electrophoresis (PAGE) test methods, the clone 9G8A proved fit‐

for‐purpose and cross‐reactivities with 5 critical proteins were not

observed; however, the antibody was found to allow for only

40–45% of the sensitivity normally accomplished with the anti‐EPO

antibody clone AE7A5. The fact that optimum sensitivity is essential

to doping controls for EPO was outlined by Martin et al., who assessed

the traceability of simulated EPO microdosing practices combined with

large volume hydration when applying routine sports drug testing

methods.75 Drug administration regimens included single‐dose rhEPO

injections at 500 and 900 IU with or without a prior ‘boost’ period

(30 IU/kg, 3 x per week, 3 weeks). Blood and urine samples were

collected following a bolus uptake of water (650 or 1000 mL). Routine

doping control methods allowed for the detection of rhEPO up to

20 hours under the chosen conditions, with intentional hyperhydration

not affecting the analytical result. Further, urine was found to be the

preferred matrix over plasma for targeting microdosed EPO in sports

drug testing. An orthogonal approach towards detecting rhEPO in

human urine was presented by Selbes et al., who suggested the use

of a surface‐enhanced Raman probe for extraction and analysis of the

target analyte.76 By means of the same anti‐EPO antibody clone

AE7A5 as mentioned above, which was immobilized via a

11‐mercaptoundecanoic acid‐derived linker to a gold surface for

extraction and a Raman label‐carrying rod‐shaped gold nanoparticle, a

sensitive test method for EPO was presented. The assay allowed for a

recovery of > 90% and an LOD of 0.1 pg/mL when using surface‐

enhanced Raman scattering (SERS) analysis. The differentiation of



FIGURE 2 Structures of FG‐4592 (4, mol wt = 352), its glucuronic acid
conjugate (5, mol wt = 528), BAY 85‐3934 (6, mol wt = 314), and its
glucuronide (7, mol wt = 490)
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rhEPO from natural human urinary EPO was suggested to be feasible

by SERS spectra interpretation. While this would be an appealing

alternative to established approaches, it remains to be shown whether

the results are reproducible with the required specificity for routine

doping controls.

Although as per the definition it is not an EPO receptor ago-

nist, the transforming growth factor‐β (TGF‐β) inhibitor sotatercept

was classified as a prohibited substance under S2.1.1.1 of WADA's

Prohibited List of 2017.4 The dimeric fusion protein consisting of

the Fc region of human IgG1 and the extracellular domain of the

activing receptor type IIA was found to enhance erythropoiesis

by yet unknown mechanisms. Nevertheless, its therapeutic applica-

tion in rare blood diseases has been assessed and its potential as

doping agent has been identified, necessitating test methods for

unequivocal detection. Walpurgis et al. presented 2 approaches

for serum analysis using immunoaffinity purification followed either

by Western blotting or trypsin digestion and LC–HRMS analysis.77

The target analyte was extracted from serum by magnetic nanopar-

ticles coated with immobilized activing A. Captured materials were

eluted for subsequent gel electrophoresis/Western blotting or

trypsinization and LC–HRMS(/MS) determination of signature pep-

tides. For the latter, a murine analog to sotatercept was used as

internal standard. LC was conducted on a C‐18 analytical column

(50 × 3 mm, 2.7 μm particle size) with 0.1% formic acid and ace-

tonitrile as solvents A and B, respectively. The MS was operated in

full MS mode (resolution set to 10,000) with ion mobility activated

to support the peptides’ identification. Alternatively, a nanoLC was

used (C‐18 analytical column, 100 mm × 75 μm, 3 μm particle size)

followed by nanoESI and MS/MS analysis, employing a mass reso-

lution of 35,000. The MS‐based methods proved superior in terms

of sensitivity compared to the Western blotting approach with

LODs at ca. 10 ng/mL, while Western blotting would allow moni-

toring other related TGF‐β inhibitors without prior knowledge of

the amino acid sequence.
4.2 | Hypoxia‐inducible factor stabilizers and
activators

Stimulating erythropoiesis by activators or stabilizers of the hypoxia‐

inducible factor (HIF) has become a viable therapeutic alternative to

injecting EPO and, also in the context of sports drug testing, HIF

stabilization has been recognized as a side effect of xenon‐balanced

anesthesia.78,79 Orally available drug candidates of the class of HIF

stabilizers have been monitored for several years, and AAFs reported

over the past 24 months have corroborated the need to include

these agents into routine doping controls prior to their market

launch. Efficiently targeting new, non‐approved substances is particu-

larly challenging when (urinary) metabolites are unknown. For the

HIF stabilizer FG‐4592 (Figure 2, 4), different in vitro models were

employed to comprehensively generate and characterize phase I

metabolites of the drug candidate which were subsequently com-

pared to those metabolites observed in a doping control sample that

tested positive for FG‐4592.80 The extent of in vitro metabolism was

found to be modest in human and equine liver microsomes, with 1

identical hydroxylated metabolite being predominant in both media.
Using a fungal model (Cunninhamella elegans), a series of 11 metabolic

products were obtained, including the human/equine hydroxylated

metabolite. The analysis of the sample that was reported as an AAF

however indicated that targeting the glucuronide of FG‐4592

(Figure 2, 5) would offer better traceability of the prohibited sub-

stance. In addition, regarding the HIF stabilizer BAY 85‐3934

(Figure 2, 6), the main urinary metabolite was reported to be the glu-

curonide of the intact drug (Figure 2, 7). Of note, despite the pres-

ence of a hydroxyl function in BAY 85‐3934, the conjugation was

located at the pyrazol moiety of the substance.81 Routine doping

control analytical methods based on LC–MS/MS were evaluated as

to their capability of covering the main metabolite at adequate

sensitivity and both dilute‐and‐inject as well as SPE‐extracted urine

analyses allowed for LODs at relevant concentrations (1–5 ng/mL).

The LC was equipped with a C‐18 analytical column (50 × 2.0 mm,

3 μm particle size), and solvent used for gradient elution were

5 mM ammonium acetate (containing 1% acetic acid, solvent A),

and acetonitrile (solvent B). The QqQ‐based MS operated in positive

ESI and MRM mode, and 2 deuterated internal standards (analogs to

the intact drug and the glucuronic acid conjugate) ensured reliable

results in both test methods. A first AAF with BAY 85‐3934

(also referred to as molidustat) was recently reported,82 which

outlines the importance of proactive implementations of new drug

entities to routine doping controls.
4.3 | Growth hormone and its releasing factors

Human growth hormone (hGH) plays a central role in both anabolism

and catabolism depending on the target tissue. Its misuse in sports

has been purported as well as proven on various occasions in the

past.83 Underlying hGH‐induced mechanisms potentially enhancing

athletic performance have been the subject of intense debate and

the relevance of other (prohibited) substances co‐administered with

hGH has been discussed frequently.84,85 The quantification and
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(longitudinal) profiling of hGH isoforms and/or biomarkers identified

in proteomics studies has become a mainstay in detecting hGH

misuse,86 and the possibility of determining hGH isoforms and

biomarkers in dried blood spots (DBS) has been recently presented.

The option of using DBS for monitoring growth hormone isoforms

as commonly conducted with doping control serum samples was

assessed by Reverter‐Branchat et al.87 In a clinical trial, 8 male vol-

unteers received subcutaneous injections of hGH at 0.027 mg/kg/

day for 3 consecutive days, and DBS as well as serum and plasma

were collected up to 72 hours post‐administration. While serum

samples were subjected to standard protocols for GH detection in

sports drug testing, DBS were extracted into 25 mM sodium phos-

phate buffer containing 0.4% BSA (pH 5) over a period of 4 hours.

The extract was subsequently lyophilized and reconstituted in sheep

serum prior to routine GH immunological analyses. The DBS assay

allowed for an LLOQ of 0.096 ng/mL and 0.120 ng/mL for recombi-

nant hGH in Kits 1 and 2, respectively, and 0.264 ng/mL and

0.504 ng/mL for pituitary hGH. These characteristics allowed for

detection windows of up to 12 hours post‐administration in 50%

of the DBS samples collected from the volunteers, while serum pos-

itivity was 100%. These results indicate that DBS is an interesting

complement to serum sampling for hGH isoform testing, but it is lim-

ited in retrospectivity when compared to serum analysis. Conversely,

the retrospectivity of fibronectin 1 analyzed from DBS as a potential

biomarker for detecting hGH misuse was found to be particularly

long. In the context of a clinical trial with 10 male volunteers

(0.026 mg hGH/kg/day for 3 days), Ferro et al. determined fibronec-

tin 1 from DBS by means of immunological methods up to 216 hours

post‐administration.88 DBS (25 μL) were extracted, diluted and

assayed, demonstrating a significant increase in fibronectin 1 con-

centrations from 24 hours to 216 hours, which would substantially

expand the window of opportunity for doping controls if confound-

ing factors affecting blood fibronectin 1 concentrations can be

excluded in future studies.

In addition to recombinant hGH preparations, growth hormone

releasing peptides (GHRPs) and growth hormone secretagogues have

been detected in doping controls with increasing frequency. In the

light of their non‐natural compositions and largely common core

structures (relevant for growth hormone secretagogue receptor 1a

activation),89 target testing for these substances has been a viable

means to uncover their presence in sports drug‐testing samples. This

approach however necessitates a knowledge of the compounds’

biotransformation, and the metabolic fate of GHRP‐1, ‐2, ‐4, ‐5, and

‐6 as well as alexamorelin, hexarelin, and iparmorelin the intricacies

of which have been revisited by Zvereva et al.90 Using different

in vitro models (including human kidney and liver microsomes, human

serum, carboxypeptidases M and B, etc.) various metabolites were

generated and characterized by nanoLC‐HRMS, confirming earlier

findings of in vitro and in vivo studies and, thus, the utility of in vitro

simulations for a variety of metabolic degradation processes.

Chromatographic separation of the analytes was accomplished using

a C‐18 analytical column (150 mm × 75 μm, particle size 3.5 μm) and

0.1% formic acid (solvent A) and 80% acetonitrile (containing 0.1%

formic acid, solvent B) as eluents. The MS was operated in positive

ESI mode with full scan and product ion scan experiments at
resolutions of 70,000 and 35,000, respectively. Further refinement of

the analytical sensitivity concerning these analytes (plus other peptidic

drugs such as, for example, TB‐500 and its metabolites) was achieved

by using dimethyl sulfoxide (DMSO)‐doped mobile phases, allowing

for ‘dilute‐and‐inject’ analyses of doping control urine samples.91 A

chromatographic system consisting of a 150 × 2.1 mm analytical

column (particle size 5 μm) and operated with 0.2% formic acid

(containing 1% DMSO, solvent A) and acetonitrile (containing 0.2%

formic acid and 1% DMSO, solvent B) was connected via ESI to

HRMS. Full scan and targeted selected ion monitoring (SIM) was

conducted at a resolution of 70,000, and LODs between 0.1 and

1 ng/mL were accomplished for a total of 36 analytes, which was

found competitive to earlier methods using, for example, online‐

trapping LC–HRMS.92
4.4 | Insulin‐like growth factor‐1 (IGF‐1), chorionic
gonadotrophin (hCG), and corticotrophin releasing
factors

A variety of insulin‐like growth factor‐I (IGF‐I) preparations and

derivatives exist. These represent a complex analytical challenge for

doping control laboratories due to several reasons including the high

abundance of natural IGF‐I,93 the largely unknown metabolic degrada-

tion of synthetic IGF‐I derivatives and the supposedly low blood and

urine concentrations of the drugs and drug candidates.94 To approach

these issues, Thomas et al. conducted in vitro metabolism studies with

longR3‐IGF‐I, R3‐IGF‐I, and des1‐3‐IGF‐I employing rat skin S9

fraction, human plasma, or human serum. Further, animal (rat) in vivo

metabolism studies were performed with longR3‐IGF‐I to provide

surrogates for human elimination study samples.95 The rats received

a single subcutaneous or intraperitoneal dose of longR3‐IGF‐I at

0.5 mg/kg, and EDTA plasma samples were collected up to 24 hours.

The plasma specimens were immunoaffinity‐extracted using anti‐

longR3‐IGF‐I and anti‐R3‐IGF‐I antibodies. Extracts were analyzed by

nanoLC‐HRMS(/MS) analysis. The nanoLC was equipped with a C‐18

analytical column (100 mm × 75 μm, 3 μm particle size), and gradient

elution with 0.1% formic acid (solvent A) and acetonitrile (solvent B)

allowed to introduce the target analytes via nanoESI into the

mass spectrometer. At a resolution of 35,000, intact peptidic

analytes were monitored and sequence information was obtained

by targeted product ion scan experiments, allowing to identify

the administered/in vitro‐metabolized substance as well as the

longR3‐IGF‐I metabolites des1‐10‐ and des1‐11‐longR3‐IGF‐I. With

an established LOD of 0.5 ng/mL, drug administration was traceable

in rats for 12 hours by means of the newly detected metabolite

des1‐11‐longR3‐IGF‐I.

In contrast to the non‐natural composition of, for example,

longR3‐IGF‐I, synthetic/therapeutic corticotrophin‐releasing hormone

(CRH) has the identical composition to the endogenously produced

occurring CRH. Human blood concentrations of CRH were found at

low pg/mL levels, while stimulation test injections of 100 μg of CRH

are expected to generate peak blood concentrations of ca. 20 ng/mL.

With these prerequisites, Knoop et al. established a detection method

for serum and plasma samples, employing immunoaffinity purification

of CRH followed by nanoLC–HRMS(/MS) analysis.96 Magnetic
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nanoparticles and monolithic columns coated with IgGs and Protein A/

G, respectively, combined with a polyclonal anti‐CRH antibody allowed

for efficient extraction of the target analyte, which was then

chromatographed under the same conditions as reported above for

the IGF‐I analogs. LODs of 200–500 pg/mL were accomplished,

allowing for detecting CRH in post‐administration samples but did

not yield any signal in blank serum and plasma samples, corroborating

the earlier reported low abundance of naturally produced CRH. As the

target analyte is characterized by a short half‐life and also known to

vary under circumstances such as pregnancy, follow‐up studies are

warranted to assess potential confounding factors and to establish

detection windows for doping control purposes.

For human chorionic gonadotrophin (hCG), threshold levels apply

for the intact heterodimeric version of the hormone with 5 IU/L for

doping control samples collected from male athletes.97 Butch and

Woldemariam compared the performance of different immunoassays

targeting either total hCG (including the intact heterodimer of hCG,

hCGβ, and hCGβ core fragment (cf) or intact heterodimeric hCG only

with an established LC–MS/MS method.98 In a total of 27 routine

doping control samples that returned total hCG levels between 7.1

and 175.6 IU/L, intact hCG was determined ≤ 1.1 IU/L using immuno-

logical test methods and ≤ 1.6 IU/L by means of LC–MS/MS. These

results corroborate the utility of initial testing procedures targeting

intact heterodimeric hCG (with immunoassays), especially in consider-

ation of concentrations observed in clinical settings and elimination

studies that yielded urinary levels > 10 IU/L. For confirmation

purposes, the use of LC–MS/MS is recommended, but the substantial

length and effort associated with the mass spectrometric approach

should be considered.
5 | β2‐AGONISTS

The management of airway hyper‐responsiveness and other upper

respiratory tract diseases amongst elite athletes commonly includes

the use of ®2‐agonists, which necessitates the consideration of regula-

tions established by WADA.99,100 These regulations have been the

subject of intense debate, particularly concerning the use of (inhaled)

salbutamol,101,102 which was recently shown to exhibit no effects on

repeated sprint performance, dribbling, vertical jump, and passing

amongst football players when administering the drug in permitted

dosages.103 Also, detection strategies and potential loopholes were

discussed, emphasizing the availability of enantiopure ®2‐agonists

and the resulting relevance of enantioselective detection methods for

these compounds in sports drug testing.104 To date these are not

routinely applied in doping controls. Further, pharmacokinetics of ter-

butaline following single and multiple inhalative applications were

studied under different conditions, aiming at establishing the scientific

basis for potential future urinary threshold levels. These studies

indicated the accumulation of terbutaline in both blood and urine

when used at therapeutic dosages of 2 mg/day for 7 days via

inhalation105 and that exercise as well as ambient conditions such as

temperature and humidity affect urinary concentrations of terbuta-

line.106 Pharmacokinetic studies with nebulized (4 μg) and ingested

(100 μg) procaterol were conducted in the context of doping controls
by Krogh et al.107 Ten asthmatic and 10 non‐asthmatic individuals

participated in the studies. Blood and urine samples were collected

up to 6 and 12 hours post‐administration, respectively. All specimens

underwent the same preparation protocol consisting of the addition

of a stable isotope‐labeled internal standard (d6‐salbutamol), enzymatic

hydrolysis, and subsequent SPE. Extracts were analyzed by LC–MS/MS

using a C‐8 analytical column (150 × 1.2 mm, 3 μm particle size), 5 mM

ammonium formate (containing 0.05% formic acid, solvent A), and

acetonitrile (solvent B) for the chromatographic separation. Mass

spectrometry was conducted after positive ESI using compound‐

specific precursor/product ion pairs monitored in SRM mode. The

method's LOD and LOQ were 0.2 and 0.5 ng/mL for urine and 0.005

and 0.01 ng/mL for serum, respectively. The obtained results suggest

that asthmatics produce higher urinary procaterol concentrations than

non‐asthmatics (at 4 and 8 hours post administration) and that the

prohibited oral administration of the drug can probably be differenti-

ated from the permitted inhalation on the basis of the observed

concentrations.
6 | HORMONE AND METABOLIC
MODULATORS

While the meldonium's potential to enhance athletic performance has

continued to be the subject of debate,108 its retention, particularly in

muscle tissue following long‐term treatment, has recently been

proven in an animal model.109 Mice received meldonium orally at

400 mg/kg/day over a period of 2 weeks, and the effects of ‐

butyrobetaine (GBB), carnitine, and furosemide on the elimination of

the drug were studied. Further to urine and plasma analyses, heart

and skeletal muscle tissue were tested for meldonium content. The

study demonstrated that high‐dose and long‐term drug administration

results in high muscle content of meldonium (up to 5000 nmol/g or

735 μg/g in heart tissue), and that GBB as well as carnitine signifi-

cantly influence meldonium elimination into urine while diuresis

stimulated, for example, by furosemide did not. These results further

contribute to understanding the observed unusually long elimination

period of meldonium in humans, where detection windows of ca.

4 months were reported.110 The commonly employed analytical strat-

egy is based on hydrophilic interaction LC (HILIC) combined with mass

spectrometric detection. Alternatively, Slampova and Kuban reported

on an approach for a rapid and sensitive analysis for meldonium

using capillary electrophoresis with capacitively coupled conductivity

detection.111 Urine was diluted (1:9, v/v) with deionized water, and

the sample was applied onto a separation capillary (55 cm, 25 μm

inner diameter) operated with 2 M acetic acid as background

electrolyte solution. The total run time for 1 sample was 4 minutes,

and meldonium was detected with an LOD of ca. 15 ng/mL. While

presenting an interesting and cost‐efficient initial testing

approach, for confirmatory purposes or multi‐analyte test methods

(as commonly utilized in sports drug testing), mass spectrometric data

are required.

Identifying the administration of human insulin is still a major chal-

lenge in sports drug testing. The value of further analytical parameters

for improved result interpretation was assessed by Thomas et al., who
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established a nanoLC–HRMS/(MS)‐based test method for the

combined determination of human insulin, desB30 insulin, proinsulin,

and C‐peptide.112 Immunoaffinity extraction of the target analytes

from human plasma was followed by chromatography (analytical

column: C‐18, 100 mm × 75 μm, particle size 3 μm; solvent A: 0.1%

formic acid; solvent B: acetonitrile with 0.1% formic acid) and HRMS

detection (resolution: 35,000). The multiplexed assay allowed for

LODs of 0.05 ng/mL for all 4 analytes, and plasma samples obtained

from healthy volunteers. Type‐I and type‐II diabetics were analyzed

for proof‐of‐concept. Of note, the desB30 human insulin was found

to represent an interesting target analyte as it was observed

exclusively (when degradation processes were excluded) in

specimens collected from individuals using recombinant human insulin.

Translating these results into future anti‐doping applications necessi-

tates larger‐scale studies but the approach of including several

markers, precursors, and metabolites of (pro)insulin appears to be

a viable tool for testing for insulin injections.
7 | DIURETICS AND OTHER MASKING
AGENTS

The athlete's fluid balance is considered an essential factor in

various sports for different reasons. Aggressive strategies leading

to hypohydration (eg, in combat sports) were critically reviewed

recently113 and conversely, in the context of supporting endurance

performance, different approaches for hyperhydration (eg, by sodium

chloride tablets‐induced water uptake and retention) were investi-

gated.114 While neither of these fluid balance manipulations are

currently relevant to doping controls according to the 2017 Prohibited

List,4 the use of diuretics and/or aquaretics such as vaptans is not

permitted. Therefore, implementing phase I metabolic products of

tolvaptan (Figure 3, 8) into routine doping controls was reported by

Rzeppa and Viet who analyzed excretion study urine samples by

‘dilute‐and‐inject’ LC–MS/MS.115 Using a chromatographic system

equipped with a C‐8 analytical column (100 × 2.1 mm, 3 μm particle

size) and 1 mM ammonium acetate (containing 0.1% acetic acid) and

acetonitrile as solvents A and B, respectively, tolvaptan and 3

metabolites were separated and introduced via ESI into a QqQ‐based

analyzer. Precursor/product ion pairs for the metabolic products were

obtained from an earlier rat elimination study, and a carboxylated

metabolite of tolvaptan (Figure 3, 9) was found to allow for an

adequate detection window of ca. 6 days following a single‐dose of

15 mg of tolvaptan.
FIGURE 3 Structure of mitragynine (8, mol wt = 398)
Esposito et al. worked on another potential class of masking

agents, namely liposomes, by means of 2 different approaches. In the

first approach, the composition of commercially available liposome

formulations were studied by LC–MS/MS, employing normal phase

chromatography (150 × 2 mm, particle size 3 μm) with acetonitrile

(containing 0.1% formic acid) and a mixture of methanol, water, ammo-

nium hydroxide, and formic acid (700:296:3:1, v/v/v/v) as solvents A

and B, respectively.116 The mass spectrometer (QqQ) was operated

in precursor ion scan and neutral loss scan modes to provide a compre-

hensive picture of the constituents including phosphatidylcholines,

lyso‐phosphatidylcholines, phosphatidylserines, phosphatidylethanol-

amines, lyso‐phosphatidylethanolamines, and sphingomyelins. This

analysis yielded a total of 28 compounds that presumably enables

a differentiation of the administration of liposome‐containing sub-

stances from natural urinary or plasma‐borne lipids as most of them

were not present in blank urine and plasma specimens. As the

capability of liposomes to act as masking agents is not limited to low

molecular mass drugs (eg, anabolic agents), the option to probe for

liposome‐encapsulated hemoglobin by flow cytofluorimetry was also

assessed.117 Here, the feature of poly(ethylene glycol) (PEG) insertion

into liposomes was exploited enabling targeting of the PEG moiety as

well as the hemoglobin content of a particle (the liposome) by means

of 2 fluorescent antibodies. Measuring plasma spiked with liposomes

containing hemoglobin yielded distinct signals in flow cytofluorimetry

analyes; however, biological “noise” and cross‐reactivities need to be

taken into consideration when targeting low concentrations of the

artificial oxygen carrier.
8 | STIMULANTS, NARCOTICS,
CANNABINOIDS, AND GLUCOCORTICOIDS

While the aforementioned classes of substances are considered

prohibited at all times, the compounds discussed hereunder are banned

in‐competition only. In 2017, WADA's Prohibited List sustained the

existence of 2 groups of stimulants namely non‐specified and specified

compounds. Of note, despite the ever‐growing plethora of “designer”

psychoactive substances (including psychostimulants),118-121 which

have urged forensics and toxicology laboratories to continuously

refine testing capabilities,122-128 the frequency at which such

designer compounds are determined in doping controls is still

comparably low.

Regarding narcotics and (synthetic) cannabinoids, a continuous

debate exists as to whether these compounds are indeed a matter of

doping controls as main concerns focus on a growing list of suspected

as well as proven health risks.40,129,130 Noteworthy, at the same time,

discussions concerning the inclusion of analgesics into the Prohibited

List have occurred131 as well as guidance documents on pain manage-

ment among elite athletes.132 In the context of identifying potential

patterns of misuse of mitragynine (Figure 3, 8), which exhibits opioid‐

like analgesic effects, doping control samples have been analyzed in

sports drug testing laboratories as part of WADA's monitoring program

since 2014, and LC–MS(/MS)‐based test methods were used to detect

this active principle of the Kratom plant in doping control urine

samples.133 The intact substance and its metabolites are readily
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implemented into existing initial testing procedures employing enzy-

matic hydrolysis and LLE followed by LC–MS/MS analysis. Therefore,

a C‐8 analytical column (100 × 2.1 mm, particle size 1.8 μm), 0.2%

formic acid (solvent A), and acetonitrile (solvent B) were used to sepa-

rate the target analytes prior to introduction via ESI into the MS/MS

system, allowing for an LOD of 0.2 ng/mL for mitragynine. While a first

finding was reported in 2015, monitoring program results will be

required to further estimate the prevalence of this compound among

elite athletes.

In a similar way to narcotics and analgesics, the anti‐doping

regulations concerning the class of glucocorticoids have been the

subject of discussion,134 especially since effects of glucocorticoids

on muscle tissue and athletic performance have repeatedly been

reported, but the analytical distinction between permitted and

prohibited routes of administration still represents a complex

issue.135,136
9 | MANIPULATION OF BLOOD AND
BLOOD COMPONENTS

Uncovering attempts at illicit means to increase endurance perfor-

mance, particularly those based on manipulations of the athlete's

blood composition, have been a challenging task for doping control

laboratories. The ABP, with its hematological module, has contrib-

uted substantially to solving the issue, and new data from recent

research indicate additional options for future sports drug testing

programs. For instance, Bejder et al.. demonstrated the utility of

combining the reticulocyte percentage (ret%) with established ABP

parameters such as the hemoglobin concentration ([Hb]) and the

so‐called OFF‐hr score.137 A placebo‐controlled proof‐of‐concept

study with 16 male volunteers was conducted, where either a nor-

mal‐dose (65 IU/kg every other day for 2 weeks) or a high dose

(390 IU/kg for 3 days) of rhEPO was administered. Blood samples

were collected on day 4, 11, and 25 of the study. The results

showed that including ret% into the ABP enhanced the capability

of identifying atypical blood profiles particularly on day 11 of the

study under both drug administration regimens. Leuenberger et al..

presented data suggesting the inclusion of hepcidin as a marker of

rhEPO misuse into the ABP.138 While hepcidin concentrations were

found to vary substantially between individuals, the longitudinal

monitoring particularly in relation to established markers of erythro-

poiesis and iron metabolism was considered as a sensible comple-

ment to the ABP enhancing the sensitivity of this approach. This

was further corroborated by a proof‐of‐concept study including 6

male volunteers, each receiving 3 injections of 5000 IU of Dynepo

over a period of 5 days. Hepcidin concentrations decreased signifi-

cantly over the test period of 7 days, and since hepcidin was

reported to potentially indicate also illicit blood transfusions (in com-

bination with plasma iron concentrations), future strategies allowing

to expand doping control analyses concerning these target analytes

appear warranted.139 Producing ABP data in routine doping controls

necessitates frequent blood sampling, which is associated with sig-

nificant costs arising from sampling and transport requirements.

The blood sample quality must not be compromised, and a blood
stability score (BSS) was suggested by Robinson et al that should

determine the validity of a blood specimen upon arrival in the

doping control laboratory.140 Taking into account the time period

between sample collection and analysis (CAT) and the storage tem-

perature (T) of the sample, the BSS was defined by BSS = CAT +

3xT, and values below 85 were found to guarantee the stability of

parameters relevant for ABP analyses. Alternatively, blood collection

tubes designed for RNA analyses were shown to allow for [Hb]

determinations comparable to conventional EDTA‐containing

sampling devices.141 RNA‐stabilized specimens allowed for reproduc-

ible [Hb] analyses also when stored/shipped at room temperature

over a period of 5 days, which was considered a significant

advantage over commonly employed plasma samples necessitating

controlled cooled conditions. Due to the cell lysis resulting from

the RNA‐stabilizing reagent, no additional parameters currently rele-

vant for the ABP can be obtained from these specimens. However,

the stabilized genomic material was shown to provide complemen-

tary information as blood transfusions were found to trigger the

down‐regulation of genes involved in biological processes inherent

to reticulocytes.142 Especially delta‐aminolevulinate synthase 2,

carbonic anhydrase, and solute carrier family 4 member 1 were

reported to experience significant down‐regulations as observed in

pilot studies with 7 male volunteers being subjected to autologous

blood transfusions. Overall, “omics”‐based strategies have received

substantial attention in respect to blood doping in a broader sense

and various potential markers have been reported.143 Future studies

will need to demonstrate though how these markers perform in

practice when controlled laboratory conditions do not apply during

“manipulation.”
10 | GENE DOPING

Genetic predisposition is an important determinant of athletic per-

formance. Both genetic variants and epigenetic modifications are

known to be heritable, with the latter being malleable by lifestyle,

training and dietary regimens.144 Modifying genetic material by gene

transfer for therapeutic purposes has been pursued in clinical set-

tings for a variety of conditions, and although selected approaches

yielded a promising outcome, a current misuse by athletes as gene‐

based physical enhancement strategy has been considered less likely

than initially suspected.145 Nevertheless, the substantial advances

being made in gene editing technologies necessitate vigilant moni-

toring as well as test method developments and enhancements in

order to cope with the potential misuse of these approaches in

sports. To date, preferably the doping genetic material (eg, the

respective transgene) is targeted in analytical methods, for which

appropriate reference material is needed to allow for the required

method validation. Such synthetic and certified DNA reference

standards were successfully produced concerning human EPO

transgenes, modified in size and sequence to prevent potential mis-

interpretations of transgene and reference material amplicons.146

These reference standards contribute to ongoing efforts in establish-

ing and implementing assays enabling the detection of gene doping

in sports.
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11 | CONCLUSION

The process of updating, improving, and expanding analytical methods

for doping control purposes has continued in 2016/2017, and the

necessity and relevance of these efforts in anti‐doping research has
been, amongst others, corroborated by the results of retesting

programs utilizing most recent testing strategies.147 The emphasis of

contributions published between October 2016 and September 2017

has been focused largely on anabolic agents, specifically on steroid

profiling and isotope ratio mass spectrometry resulting in additional
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target analytes with the potential to extend detection windows for

routine doping controls. Studies aiming at identifying new (bio)markers

for blood doping practices were reported, and the use of modern

analytical instruments (particularly mass spectrometers) in combination

with newly characterized metabolites of peptide‐derived drugs have

been the subject of various publications. Key aspects of this annual

banned‐substance review are summarized in the Info Box in Figure 4.
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