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Abstract

Performance and image enhancing drugs are misused by top athletes,  young people and amateurs like 

bodybuilders. Their misuses lead to adverse analytical findings in sport but also physical and mental health  

risks.

Anti-doping laboratories must set up analytical strategies and develop precise, robust and sensitive methods 

to detect all analytes prohibited by the World Anti-Doping Agency (WADA). In recent years, high resolution  

mass spectrometry (HRMS) systems have emerged and are gradually replacing more traditional systems for 

screening and quantification. The targeted compounds in this review are the drugs prohibited by the WADA  

in-and out-of competition and glucocorticoids. Advanced technologies were applied for anti-doping, forensic 

and clinical purposes.

The contribution of HRMS in the analysis of doping products allows a retrospective analysis to detect new 

metabolites in order to increase the detection windows and to identify new synthetic products.

These systems are also used for new applications like study of metabolomics, characterisation of metabolites  

and applications in alternative matrices (hair, dried blood spots). Moreover, the misuses of these substances 

lead the consumers to purchase on the black market.
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1. Introduction

In human sport, lots of products are prohibited because of their misuse to enhance physical and/or 

psychological performance. After the scandal that took place in the world of cycling with the Festina case, 

the World Anti-Doping Agency (WADA) was created in 1999. WADA is an independent international 

foundation. It is responsible for promoting, coordinating, and monitoring the fight against doping in sport, 

the management of scientific research, education, anti-doping development and the supervision of 

compliance with the World Anti-Doping Code.

The Code is a document that harmonizes doping-related practices and prohibited substances across 

countries and sports. The prohibited substances are classified by ban period and by family of substances. The 

first category includes six families that are permanently banned and classified in section S0 up to S5 (non-  

approved substances, anabolic agents, peptide hormones, beta-2-agonists, hormones, and diuretics). The 

second includes four families,  S6 to S9,  which are only prohibited in competition (stimulants,  narcotics,  

cannabinoids, and glucocorticoids). And finally, there is a third category in which beta-blockers are banned 

in-and out-of-competition or only depending on the sport [1].

Concerning animal sports, all products are prohibited in-and out-of-competition. Moreover, some products  

are prohibited by the European Union (EU) as growth promoters [2].

Anti-doping laboratories work on urine for screening drugs and blood for testing peptide hormone. In urine,  

the  main  analytes  present  are  the  transformation products  or  metabolites.  Metabolites  are  not  always  

commercially available and/or can be very expensive. Moreover, false negative tests are not allowed by 

WADA. In general, all substances were detected and quantified by liquid or gas chromatography coupled 

with tandem mass spectrometry (LC-MS/MS or GC-MS/MS). In recent years, high resolution mass 

spectrometry (HRMS) systems have emerged and are gradually replacing more traditional systems for 

screening [3]. Today, there are two types of high-resolution technologies widely used: the time-of-flight 

(TOF) and the orbitrap, launched by ThermoFisher Scientific.

These systems allow precise mass measurements with an accuracy of less than 5 ppm. In addition, they 

allow full scan acquisitions and avoid the optimization of multiple reaction monitoring transitions required in  

LC-MS/MS and GC-MS/MS. Finally, it is easy to add new substances in the libraries and it is possible to make 

retrospective analyses. Furthermore, for some products, there is no information in literature especially for 

new compounds such as designer steroids. Moreover, in terms of doping, samples are kept for up to 10 

years [4].

The misuse of performance drugs can lead to severe health problems. For example, this is  the case for 

anabolic steroids for which their misuse can lead to severe health effects like cardiac diseases. The issues 

and  the interest  of HRMS are also stackable to clinical and  forensic laboratories issues for which  it is 

necessary to know the cause of a disease or death.



All these products are therapeutic indications but no clinical approval for all, therefore the authors focused 

on applications in anti-doping, forensic and clinical toxicology in humans and animals.

Method

The authors review the state of the art in the use of HRMS systems for doping products analysis. In this 

study, products that are prohibited only in-competition (i.e., stimulants), are not included because they will  

be the subject of another bibliographic review excluding glucocorticoids. Therefore, the authors are 

interested in the analysis of doping substances by HRMS systems and more particularly in those permanently  

prohibited by the WADA and glucocorticoids banned only in competition. For each family, we sought to 

know what existed for their analysis in the doping, clinical and forensic fields, and what place HRMS 

occupied. Therefore, we used open access articles on Pubmed, Web of Science or Science Direct.

2. Actual applications in anti-doping, forensic and clinical toxicology

2.1. Screening for anabolic steroids

Anabolic androgenic steroids (AAS) are a class of steroidal hormones developed from a natural and 

endogenous human hormone: testosterone. Testosterone is secreted by the gonads, the testes in males and  

the ovaries  in  females,  in  smaller  quantities.  Initially,  they were developed for  therapeutic purposes  to 

stimulate bone growth, increase muscle mass, and induce male puberty in cases of hypogonadism. Because  

of their anabolic properties, AAS are used for doping purposes. Indeed, WADA has prohibited these 

substances and classified them as S1 class. The number of adverse analytical findings (AAFs) is more 

important for this class than the other class. In 2019, anabolic agents represented 44 % (1825 on 4180) of all  

AAFs in all sports [5]. Moreover, their easy access through the internet has attracted a larger public. Indeed,  

amateurs also use these products for aesthetic purposes. The misuse of these substances can lead to health 

problems such as cardiac arrest but also mental problems such as the increasing of violence. Therefore, the 

interest  to identify them is  multiple. S1 class  includes  endogenous and  exogenous AAS  but  also other 

anabolic agents. These substances are cited in the non-exhaustive list of the Code [1].

The authors have reviewed the literature related to high resolution for these three groups of substances in 

the fields of human and animal doping, clinical and forensic. The applications described in this paragraph are 

only applications in biological fluids (blood, urine), and meat.



2.1.1. Exogenous AAS

In sport, top athletes misuse AAS to increase muscle mass, decrease recuperation time or to increase their  

aggressiveness in fight sport, i.e., boxing. To fight these misuse, anti-doping controls in urine are set up in-an 

out-of-competition period. Anti-doping laboratories must follow two important rules. The first is to identify 

all exogenous AAS (including metandienone, trenbolone, testosterone esters, steroid esters...). The 

prohibited list of WADA is updated every year. The second is to be able to identify them at low 

concentrations in the urine. These concentrations, called minimum required performance level (MRPL) are 

described in the WADA Technical Document – TD2019MRPL [6]. For exogenous AAS, MRPL is fixed at 5 

ng/mL in urine for all AAS excluding dehydrochlormethyltestosterone, metandienone, 17- 

methyltestosterone and stanozolol for which MRPL is fixed at 2 ng/mL.

Mass spectrometry is the technique of choice for the analysis of these small molecules. The triple 

quadrupole systems were chosen and used by several laboratories for decades. Nevertheless, these 

techniques have a big disadvantage. Indeed, it is a targeted approach that can only include a limited number  

of compounds to safeguard a good sensitivity. Therefore, laboratories are turning to HRMS to be able to add 

new substances in libraries and do retrospective analysis. Retrospective analysis showed its strength after 

the 2008 Beijing Olympics. Moreover, HRMS enables continuous scan and to detect non-target compounds  

compared with tandem MS methods.

Many studies in scientific literature describe the screening of doping products namely exogenous AAS in  

urine. Indeed, there are several articles that mention the development of screening methods for 

performance substances by liquid chromatography coupled to high resolution mass spectrometry (LC-HRMS) 

[7- 8,  10] and gas chromatography coupled to high resolution mass spectrometry (GC-HRMS) [8,  9,  11]. 

Concerning sample preparation, methods such as solid phase extraction (SPE) [9], dilute-and-shoot [7] and 

liquid-liquid extraction (LLE) [8-9, 11] are widely used.

Novel  approaches are  also developed to enhance the specificity  and sensitivity.  For  example,  He  et  al. 

analysed 13 steroids, including trenbolone, by liquid chromatography coupled to quadrupole-orbitrap mass 

spectrometry (LC-Q-Orbitrap)  coupled with parallel  reaction monitoring (PRM).  This  method allowed to 

reach limits of detection (LOD) lower than 25 times the MRPL required by the WADA and showed that the 

use of this coupling allowed increasing the specificity of the method [12]. Raro et al. compared two analytical 

methods: liquid chromatography coupled to quadrupole time-of-flight mass spectrometry (LC-Q-TOF) and 

LC-Q-Orbitrap to study metabolomics related to the misuse of testosterone cypionate (T cypionate). Two 

methods gave different mass characteristics but the same conclusion and the same marker of T cypionate: 1-  

cyclopentenoylglycine [13].

Concerning GC-methods, the derivatization step is needed. Chemical modification with TMS is the most used 

derivatization and is known to improve sensitivity and selectivity. In another study performed by Cha et al. a



new method was presented to analyse TMS derivatives of AAS by gas chromatography coupled to linear 

trap quadrupole- Orbitrap (GC-LTQ-Orbitrap) .  This study was applied to spiked urine and showed good 

sensitivity and selectivity. It could be applied to the simultaneous detection of AAS [14].

Otherwise, due to the short half-life of most AAS, a great interest has been shown by anti-doping 

laboratories  to the research of  long-term metabolites  in  urine.  For  that,  several  laboratories  developed 

different strategies.

The first study is about stanozolol. Stanozolol remains the most widely used AAS by athletes. It is therefore 

important for laboratories to increase the specificity and the detection window. In this study, Göschl et al. 

present an online SPE method coupled with LC-Q-Orbitrap. This method allows the identification of 

glucuronide metabolites of stanozolol until 28 days without derivatization step [15].

In another study, it has been shown that longer detection times can be achieved by focusing on the sulfated  

metabolites of AAS rather than the gluco-conjugates. The authors presented an analytical method capable of  

identifying  unhydrolyzed  sulfated  metabolites  and  precursor  AAS  with  GC-Q-TOF [16].  Another  strategy 

consists of the use of the hydrogen isotope ratio mass spectrometry and LC or GC - high resolution/high  

accuracy mass spectrometry. This method was applied for the identification of metandienone and 

trenbolone metabolites [17-18].

Another issue is the identification of the new synthetic steroids. Some authors have developed strategies to 

identify designer steroids without reference material. Nielen et al. described an androgenic bioactivity/LC-Q- 

TOF mixed method to test for synthetic steroids in urine [19].

The use of  AAS is  also prohibited in  animal  sports  and is  closely  monitored,  especially  in  horse racing. 

Furthermore, the use of growth-promoting compounds (such as AAS that increase muscle mass) has been 

strictly prohibited in the EU since 1986 [2]. Several authors described the identification of AAS by LC-HRMS. 

Methods were applied in several matrices such as equine testis, bovine bile, urine and equine plasma [20-  

23].

On the other hand, long-term abuse of anabolic agents can lead to adverse health effects. Physical health 

problems have been noted in the literature: necrosis due to injections of anabolic esters [24], cardiovascular  

problems and even death [25]. Because of the hazardous nature of these products, forensic and clinical 

laboratories must test for these drugs. Screening for the analysis of AAS in forensic context was described. 

For example, Fabresse et al. developed a method in whole blood by LC-Q-Orbitrap to test for 11 AAS with 

limit of quantification (LOQ) at 5 ng/mL. Method was applied to two forensic cases in blood and urine [26].



2.1.2. Endogenous AAS

Endogenous AAS are derived from testosterone and are physiologically present in the human body. In view 

of the difficulties associated with the determination of these compounds, WADA has advised anti-doping 

laboratories to use the ratio testosterone/epitestosterone (T/E). T/E ratio is evaluated to assess testosterone 

misuse (T/E > 4) as dosage of testosterone is not sufficient. However, there are factors that influence these  

values such as inter-individual variation, so anti-doping laboratories have introduced the steroid profile assay 

[27]. The analysis of these substances (testosterone, epitestosterone, androsterone, etiocholanolone, 

dehydroepiandrosterone (DHEA)...) allows to establish the athlete’s biological passport (APB) and to follow 

the fluctuation of their value throughout their careers. Identification and quantification of endogenous AAS 

is also an indirect approach to detect exogenous AAS use. Indeed, it has been shown that the administration 

of exogenous AAS can suppress the excretion of endogenous AAS [28]. Moreover, these substances are also  

consumed exogenously. The analysis of the steroid profile is therefore important for the follow-up of the 

APB, to detect new products such as designer steroids and endogenous AAS. The screening and 

quantification of endogenous substances in urine has been described in GC-HRMS [29-30] and LC-Q-Orbitrap 

[31].

Abushareeda et al. presented in 2017 a comparison between GC-Q-TOF and GC-MS/MS. They showed that 

methods of analysis were similar in terms of LOD [29]. In a second study of the same group two types of GC- 

HRMS are evaluated and compared: Q-Orbitrap and Q-TOF systems [30]. The Q-Orbitrap generally produces 

higher resolution spectra at a lower scan rate and higher dynamic range. This study showed very good 

results for both systems (low LOQ, below MRPL). Nevertheless, the Q-Orbitrap presented better mass 

accuracies due to its  higher resolution and less matrix  effect [29].  The use of  full  scan HRMS allows to  

decrease the background noise coming from the urine matrix, to increase the resolution power and the mass  

accuracy.

While anti-doping laboratories perform routine analyses on urine, serum could be an alternative because it 

is less prone to manipulation or contamination. The use of serum has been described by Elmongy et al. using 

LC-Q-Orbitrap for which LOQ ranged from 0.006 and 7.904 ng/mL for non-conjugated, and gluco-and sulfato- 

conjugated endogenous  AAS [32].  Ponzetto  et  al.  also  described a  quantitative method in  serum for  5 

endogenous AAS using LC-LTQ-Orbitrap with targeted selected ion monitoring (t-SIM) mode and presented 

lower LOQ ranging from 50 to 1000 pg/mL [27].

The analysis of these substances also has clinical relevance. Indeed, the measurement of steroid hormones  

including endogenous AAS can help in the diagnosis of endocrine disorders (hirsutism, infertility...) [33]. For 

example, Kaabia  et al.  have developed a comprehensive steroid profile in urine using SPE and LLE steps 

followed by analysis with LC-Q-Orbitrap with LOQ at 0.01 ng/mL [31].



In addition, an alteration in endogenous AAS (DHEA, testosterone, androstenedione) levels may be caused 

by exposure to environmental pollutants such as dioxin, which appears to cause endocrine disruption. In this  

respect endogenous AAS could be analysed to indirectly test exposure to dioxin.

Two studies have described analysis in human serum and breast milk for testing testosterone and DHEA by 

GC-HRMS [34-35]. In the first study described by Dong  et al.  in 2020 [34], the authors showed that the 

perinatal exposure to dioxins results in a change in steroidogenesis. The results of their study suggested that  

an increase of dioxins in breast milk was associated with a reduction in testosterone levels in boys’ serum 

samples and progesterone levels in girls.

2.1.3. Screening for other anabolic steroids

Class S1 also includes other anabolic agents classified as S1.2 by the WADA [1]. The following molecules are  

included in this class: clenbuterol, tibolone, zeranol, zilpaterol and selective androgen modulator receptors  

(SARMs). MRPL is fixed at 2 ng/mL for all compounds of this class excluding clenbuterol for which MRPL is at

5 ng/mL [6]. Tibolone and zilpaterol were added to the prohibited list in 2005 and SARMs in 2008. 

Clenbuterol is a -2 agonist and will be discussed in section 2.3.

SARMs are the new anabolic steroids and are considered as designer steroids. They are derivatives of AAS 

and of bicalutamide, an anti-androgen. Due to their anabolic properties, they are misused by top athletes 

and amateurs to enhance physical performance (fat burning, increase muscle mass). Anti-doping 

laboratories have developed analytical  methods for testing SARMs in urine.  Stacchini  et al.  presented a 

method to test for SARMs in urine. The big challenge was to analyse all SARMs simultaneously because there  

are many different structures [36]. In another study, Thevis et al. presented the search of mass 

characteristics for YK-11, a steroidal SARM; HRMS is used as a tool of elucidation of mass characterisation 

[37]. Other publications related to SARMs and HRMS concern the research and characterisation of 

metabolites in vivo and in vitro. This part will be the subject of the following paragraph (section 3.1.).

Only one article was published for testing zilpaterol in a screening for β-agonists (including clenbuterol).  

Method was applied in feed and animal body fluid and tissues with LC-Q-Orbitrap but no zilpaterol was 

found in biological or feed samples [38].

Tibolone is a synthetic steroid which mimics the activity of estrogen and progesterone. Only Son et al. have 

presented a study about the pharmacokinetic of tibolone and have shown that the use of GC-HRMS enabled 

to detect  3α-hydroxytibolone and 3β-hydroxytibolone,  collected at  15 and 24h after oral  administration 

which was not detected by GC-MS [39]. In the literature, there is no application in HRMS for zilpaterol.



2.2. Screening for peptides hormones, growth factors, related substances, and mimetics

In recent years, peptide hormones have gained an important role in pharmaceutical research. Although 

these drugs have been developed for  specific therapeutic uses,  some of  them can be used to improve 

performance in both human and animal sport. Hence, the list of substances banned by the WADA nowadays 

also includes substances of higher molecular weight described under the section S2: “Peptides hormones, 

growth factors and related substances” [1].

Advances in molecular biology, particularly DNA recombination techniques, have led to a misuse of peptide 

hormones and related substances. This has challenged doping control laboratories, which have found 

themselves developing methods to identify and quantify peptides that may be structurally identical to their  

endogenous counterparts or differ slightly in their peptide sequence or glycosylation pattern.

These substances may be either of natural origin, when extracted and purified from human tissues or fluids,  

or produced by DNA recombination techniques.

Additional difficulties are related to the identification of peptide hormones whose release is stimulated by 

other substances, and which often have a very short half-life that greatly reduces the time to detect them in 

body fluids [40-41].

Another issue is the misuse of peptides purchased on the black market. As these peptides were originally 

synthesized for therapeutic purposes, their use by healthy individuals may lead to adverse effects. Some of  

these preparations are not clinically approved and others are simply of poor quality [42].

To enforce the ban on these substances in the athlete's world and given the health risk they pose, it was  

necessary  to  implement  identification and quantification procedures  using sensitive methods which can 

identify proteins in picomolar concentrations with unequivocal specificity.

While the analysis of low molecular weight compounds has been successfully carried out using methods 

based on mass spectrometry, progress is starting to be made for peptides [41].

However,  the identification and quantification of peptides is  in most cases still  carried out by means of  

immunological tests developed primarily for clinical purposes [43-44]. These tests differ in the 

instrumentation used, the specificity of the antibodies and the quality of the standards.

These variations lead to a high variability in the results of the tests, which triggers the need to develop  

uniform analytical procedures.

Several methods for the analysis of various matrices such as plasma, serum and urine have been developed  

to identify  and quantify numerous drugs  of  peptide nature.  These substances  represent  a  considerable  

challenge for doping control laboratories with regard to the ability to distinguish the synthetic substance 

from the natural  analogue as  well  as  the  ability  to  provide  the  analytical  sensitivity  required to  reveal  

pharmacologically relevant concentrations in control samples.



HRMS allows peptides and proteins with high peptide sequence homology to be distinguished by its ability 

to measure very small mass differences.

This section of the paper reviews the HRMS methodologies used for the identification of peptide hormones 

and their releasing factors described in section S2 of the WADA Prohibited Substances List (Table 1).

2.2.1 Erythropoietins and agents affecting erythropoiesis

The first category in section S2 concerns erythropoietins and agents affecting erythropoiesis.

Erythropoietin (EPO) is  a glycoprotein hormone that regulates the production of red blood cells,  whose 

release is stimulated by a reduction in oxygen in the blood. Since the 1980s, the development of synthetic 

recombinant EPO (rHuEPO) for therapeutic purposes has allowed the treatment of various types of anaemia  

as well as renal and tumour diseases. Because of their ability to increase oxygen transport in the blood and 

thus increase muscle oxygenation, they have been misused by athletes, especially to boost their physical 

endurance.

The high similarity between human and equine EPO (84 % identical at the protein level) has also led to the  

use of these substances in horse doping [45].

Detection methods for these substances are mainly based on immunological methods such as enzyme-linked 

immunosorbent assay (ELISA), electrophoresis and western blotting [46-49].

As the use of these substances implies an increase in certain blood parameters, such as hematocrit, 

erythrocyte count and hemoglobin, the dosage of the latter is used to indirectly trace the administration of 

an erythropoiesis-stimulating agent.

Nevertheless, the methods need high sensitivity and specificity. For this purpose, several methods using 

HRMS have been described and applied to both humans and animals [45, 50-54].

In 2017 Joré et al. [45] described a metabolomic approach to prove CERA (Continuous erythropoietin 

receptor activator) intake in horses 74 days after administration.

The authors' hypothesis was that most ESAs (Erythropoiesis-stimulating agents) have an effect on the 

metabolome, and the study of the variations in the metabolome following the intake of ESAs could prove 

their use. After administration of CERA on horses, the latter was analysed by a LC-Q-TOF, following protein 

precipitation of the plasma and filtration and dilution of urine. This technique enabled the detection of CERA 

up to 31 days after administration, and using urine and plasma metabolomic fingerprints, it was possible to  

discriminate between pre- and post-CERA administration samples up to 74 days (43 days longer than with an 

ELISA method). A new generation of ESAs is represented by EPO-mimetic peptides, of which peginesatide is  

the major representative. This protein has a completely different structure compared to EPO but a high 

affinity for the EPO receptor.



Since it is structurally different from human EPO, its detection would not be compatible with classical EPO 

detection tests using anti-EPO antibodies that would not recognize peginesatide [40].

Knowing that conventional doping control assays for EPO will fail in detecting peginesatide, a sensitive assay  

was developed by Möller et al. [54]. A pegylated EPO-mimetic peptide was synthesised as a model 

compound and based on the latter, a detection method employing an enzymatic digestion with subtilisin and 

a mass spectrometric detection of a pentapeptide fragment was developed.

A LOD of 1 ng/mL was accomplished using a LC-Q-Orbitrap instrument with a small volume of plasma (100 

µL).

2.2.2 Peptide hormones and their releasing factors

2.2.2.1 Chorionic gonadotropin (CG) and luteinizing hormone (LH) and their releasing factors in males

In the second category of section S2 of the substances prohibited in sport (for males only),  one of the  

representatives is the human chorionic gonadotropin (hCG).

hCG is a peptide hormone produced during pregnancy by the placenta. Consequently, it  is not normally 

present in healthy subjects, except in certain tumour diseases. Its use for indirect androgenic doping is well  

known, since like other hormones such as luteinising hormone (LH), it acts on the pituitary gland by inducing  

the release of testosterone by testicular Leydig cells [41]. hCG is composed of two subunits: alpha and beta.  

The alpha subunit is common to many hormones such as the thyroid stimulating hormone (TSH) and LH,  

while the beta subunit is characteristic only of hCG. Having highly homologous primary structures, hCG and 

LH bind to the same receptor [55].

The recombinant version of the LH hormone (rLH) has recently come available on the market, but it is not 

investigated in the anti-doping world because injections of high doses of rLH results in negligible levels of LH.  

Unlike the latter, hCG has a longer half-life and a single dose of its recombinant form causes a high 

stimulation of testosterone levels in blood and urine [41].

hCG is  commonly determined in urine by immunoassays,  but  recently,  methods involving tandem mass 

spectrometry analysis following an immunopurification step have also been used [56-57].

The post-translational glycosylations which exist in  the recombinant version of the LH hormone (rhCG) 

results in the presence of residues which are not present in endogenous hCG, making it useful to test an  

exogenous administration of hCG. [41].

WADA requires a specific test in which intact hCG is detected. Recently, a method based on the analysis of  

hCG glycoforms at the intact level by nanoLC- Q-TOF was presented [55].



An improvement of this method has recently been described by Al Matari et al. [58] which allowed for the 

first time the identification of 33 glycoforms of hCG beta at the intact level and 42 glycoforms of the alpha  

subunit. This method involves a pre-concentration step on the trapping column to increase the injected 

volume and an acidification of the mobile phase to promote ionisation.

The developed method also allows its use for the semi-quantification of these isoforms. The LOQ, 

determined as a function of the overall concentration of rhCG, has been defined at 12.5 µg/mL for the alpha  

subunit and 25 µg /mL for the beta subunit and is proposed by the authors for rapid quality control to detect  

and compare the glycoforms present in recombinant synthetic hCG.

The secretion of gonadotropins such as LH and the follicle stimulating hormone (FSH) is regulated by GnRH 

(Gonadotropin-Releasing Hormone), a decapeptide secreted by the hypothalamus which controls the 

secretion of gonadotropins by the pituitary gland. Synthetic GnRH agonists are now used in the form of long- 

acting depot injections to treat prostate cancer.

Although the long-acting form would be deleterious to athletic performance, administration for short 

periods triggers a temporary increase in serum of LH and testosterone levels that persists for 5-10 days [41]. 

The dosage of GnRH analogues is performed by means of immunological tests, but these are not applicable 

for anti-doping detection due to their lack of specificity [41]. Given the low concentrations to be found in 

complex biological matrices, sensitive and specific methods are required.

Several mass spectrometry-based methods have been reported for the identification of GnRH and its 

agonists [59-60].

In  2020, a  method is reported  [61]  that allows  the detection of  40  bioactive peptides including  GnRH 

analogues at  low pg/mL level  in  horse urine using LC-Q-Orbitrap.  Analytes  are  extracted from urine by 

mixed-mode cation exchange SPE cartridges. In fact, most methods use SPE technology as sample clean-up,  

as the polar nature of these peptides does not allow for LLE. The assay allowed for LODs between 5 and 10 

pg/mL.

A second approach is reported by Judák et al. in 2017 [62], which involves a method based on simple dilute-  

and-shoot of urine prior to analysis by a LC-Q-Orbitrap system. As there is no pre-clean-up, nor initial sample  

concentration, the ability to identify small concentrations depends on the efficiency of ionization. The 

addition of DMSO reagent to the mobile phase enhances peptide ionization and allows applying a dilute-and- 

shoot strategy, making this method advantageous in time and cost-saving by the omission of the sample  

preparation step.

The applicability  of  the  method was  demonstrated by  the  analysis  of  urine  from patients  treated with 

desmopressin and leuprolide, the presence of which was demonstrated in all the urines analysed.



2.2.2.2 Corticotropins and their releasing factors

In elite sport “Corticotropins and their releasing factors” are also banned by the WADA.

Corticotropin releasing hormone (CRH) is a peptide hormone with a molecular weight of approximately 4.7  

kDa composed of 41 amino acids. This hormone is released by the hypothalamus as an adaptive response to 

stress. CRH in turn promotes gene transcription and the synthesis of the precursor of the 

adrenocorticotropic hormone (ACTH), which in turn stimulates the adrenal gland to produce glucocorticoids  

such as cortisone and cortisone [63].

CRH and analogues are commonly analysed by immunological analysis,  in particular radio-immunological 

analysis (RIA).

In a 2017 study [63], a method for identifying CRH in plasma and serum using a nanoLC-Q-Orbitrap was  

presented. Sample preparation involved immunopurification followed by analysis in HRMS.

The accomplished LOD was 200 pg/mL and allowed for detection in plasma of 3 patients after intravenous  

administration of 100 µg of CRH finding concentrations between 7.6 and 18.9 ng/mL.

2.2.2.3 Growth Hormone (GH), its fragments and releasing factors

One of the first-generation peptide hormones that has received the most attention in terms of efforts by 

anti-doping authorities is the human growth hormone (hGH).

hGH is a polypeptide hormone consisting of 190 amino acids and secreted by the pituitary gland. It is present  

in two isoforms: a 20 kDa isoform and a 22 kDa isoform.

The 22 kDa isoform is the most abundant and is responsible for most of hGH biological activity. The 

development of molecular biology technologies has led to large-scale production of recombinant growth 

hormone (rhGH) to treat mainly hGH deficiencies in humans. Because of its properties as a promoter of  

muscle and bone growth and its ability to accelerate healing processes,  it  is  used not only as a doping  

substance in human and animal sports, but also to increase meat production in farms.

Consequently, various analytical methods have been developed in order to demonstrate short- and long- 

term rhGH abuse.  The identification of rhGH is carried  out by means of two methods.  The first is an 

immunological method which measures the two main isoforms of hGH. As the synthetic version presents 

only the 22 kDa isoform, exogenous administration of hGH would lead to an increase in the ratio of the two  

isoforms. The second approach is based on the dosage of two biomarkers: insulin-like growth factor I (IGF-I)  

and procollagen III amino-terminal propeptide (P-III-NP).

However, the increase in these markers proves manipulation of the hypothalamic-pituitary axis regardless of  

the substance used [41, 64].

Over the last decade, various methods have been developed in MS and HRMS [64-66].



In 2016, a method has been described [65] in which three recombinant GHs of different species (human,  

porcine and equine) are simultaneously identified using a SPE method following precipitation with 

ammonium sulphate and proteolysis by trypsin. The proteotypic peptides obtained were then analysed by a  

nanoLC-Q-Orbitrap. The fully validated method resulted in LODs ranging from 0.5 to 1.25 ng/mL.

Some authors consider that in order to highlight the long-term effect of a hormone treatment, it is necessary  

to evaluate the metabolic changes associated with the administration of a given hormone. In some studies, a  

metabolomic approach is used to measure the global biological effect following GH treatment. Traditionally,  

nuclear magnetic resonance (NMR) has been used for this purpose, but recent advances in mass 

spectrometry have contributed to the expansion of its use. HRMS allows detection of low concentrations 

and accurate mass measurement for efficient subsequent structural elucidation.

HRMS methods have been developed and applied to animal matrices  mainly to highlight metabolome 

changes after hGH administration [64, 66].

The release of GH is regulated by the growth hormone-releasing hormone (GHRH). This hypothalamic 

hormone of 44 amino acids has an enhancing effect on the physical performance of athletes and is therefore  

included in the S2 section of substances prohibited by WADA along with its analogues.

The problems associated with its analysis relate to its instability in matrices such as blood and urine and the 

very low concentrations at which it is present (around pg/mL).

LC-MS is the preferred technique for the analysis of GHRH analogues in doping control but requires 

concentration and immunopurification steps of the sample [67-72].

In a recently published study [67], GHRH analogues are analysed after immunopurification of human urine  

using magnetic beads and subsequent analysis with a LC-Q-Orbitrap system. The method provides a LOD of  

200 pg/mL.

In 2015, Knoop  et al.  [68] developed a method involving immunoaffinity purification using multichannel 

pipettes equipped with protein A/G mass spectrometric  immunoassay (MSIA)-Tips and conditioned with 

polyclonal anti-GHRH antibodies and subsequent LC-Q-Orbitrap analysis for the identification of 4 GHRH 

analogues (sermorelin, CJC-1293, CJC-1295 and tesamorelin).

The method not only provided a better LOD than the previous method (< 50 pg/mL), but also allowed the 

identification of intact GHRH analogues up to 4 hours after intravenous administration.

Other substances included in the same section are the ghrelin receptor agonists to which the growth 

hormone secretagogues (GHS) and growth hormone releasing peptides (GHRPs) belong. These substances 

were mainly developed for the treatment of growth hormone deficiency [73]. Because they stimulate GH 

secretion, they are considerably abused in sport, as evidenced by the 26 AAFs reported in 2019 for GHRPs  

and GHS by the WADA [5] and for this reason there is a need to develop and improve analytical methods for  

these substances.



The identification and quantification of these substances is carried out by anti-doping laboratories using 

both matrices such as blood and urine and alternative matrices such as dried blood spots (DBS) as a 

preliminary analysis. Subsequently, either 'dilute-and-shoot' approaches or purification and concentration 

using SPE prior to mass spectrometry analysis are used.

In order to improve the detection of this type of substances by offering a wider detection window, particular 

attention has been given to the detection of metabolites. This part is discussed in section 3.1.

2.2.3. Growth factors and growth factor modulators

Due to  the  short  half-life  of  hGH,  its  measurement  after  exogenous  administration results  in  a  narrow  

detection window. For this reason, WADA has implemented tests for hGH biomarkers to increase the 

detection window.

IGF-I is the primary mediator of the effects of GH. An increase in IGF-I corresponds to an increase in GH  

levels. Its detection in serum is carried out in anti-doping laboratories, due to its direct use either as an  

anabolic or as a marker of GH use, since serum concentrations remain elevated for several days after hGH  

intake, and in the clinical field for the follow-up of patients with hypothalamic-pituitary growth hormone axis  

disorders. The measurement of IGF-I is based both on immunological approaches and more often on mass 

spectrometry [41]. However, immunological methods require rather demanding standardisation between 

different anti-doping laboratories, thus mass spectrometric methods are preferred. The latter can use two 

types of approach, the bottom-up, approved by WADA, and the top-down. The bottom-up approach involves 

enzymatic digestion using trypsin and quantification of the peptides obtained. However, this approach is 

very laborious, time-consuming and induces high analytical variability between laboratories [74]. Due to the  

relatively low molecular weight (7.6 kDa) and the improved performance of the recent mass spectrometers,  

tryptic digestion has become an unnecessary step. For this reason, most laboratories prefer the top-down 

approach where the protein is found intact. Several top-down approaches have been developed in different 

matrices [74-76]. Recently, Coppieters et al. [74] developed a method for the quantification of intact IGF-I in 

serum prior to analysis by LC-Q-Orbitrap.

Detection of intact protein in serum prior to mass spectrometry analysis requires sample preparation, in this  

case by precipitation combined with SPE. This type of preparation minimises the workload and provides a  

method that can be used for anti-doping or clinical purposes to handle the large sample numbers.

Considering that IGF-I is found in the bloodstream at fairly high concentrations (> 100 ng/mL), the method  

developed provides an interesting LOQ of 50 ng/mL.

Since peptide drugs reach low concentrations in blood and urine, information about their metabolism may 

increase their window of detection.



However, there are some peptide hormones such as TB-500 that are not approved and for which there are 

no excretion studies in humans. TB-500 is a peptide isolated in 1981 from the thymus with an anabolic  

effect, as it regulates actin synthesis in muscle. It has often been used in racehorses where  it has been 

shown to increase physical performance, but it has not been tested on humans [40]. As WADA prohibits any  

type of substance that affects muscle growth, this substance is nevertheless included in the S2 section of 

prohibited substances. For this type of product, blood tests are the only proof of intake. Several methods  

have been developed for this purpose in low resolution mass spectrometry and some also in HRMS. Notably,  

Esposito  et al.  [77] developed a HRMS method involving extraction by precipitation followed by SPE for 

blood and SPE only for urine. HRMS was used only for the identification of the intact molecule, and later also  

for the identification of 5 metabolites produced by TB-500 following incubation with HLM [78].

2.3. Screening for β-2 agonist

β2-adrenergic agonists are among the oldest therapeutic agents most prescribed for the treatment of 

asthma but also for numerous respiratory diseases such as the chronic obstructive pulmonary disease   due 

to their bronchodilator activity. Their action is mediated by binding β2-adrenergic receptors which are 

present in airway smooth muscle. β2-adrenergic agonists are derivatives of the phenyl-β-ethanol amines with 

different substituents in the aromatic ring or in the terminal amine group.

They exist in two pharmaceutical classes: short-acting- β2-agonists and long-acting-β2-agonists. β2-agonists 

belong to a class of drugs that is widely abused both as a therapeutic agent and for their possible anabolic  

effects for doping purposes [79].

WADA has prohibited the use of this class of drugs and set MRPL for β2-agonists at 20 ng/mL in urine, except 

for formoterol and salbutamol for which a finding of their presence is considered an AAF if their 

concentration exceeds 1000 ng/mL for salbutamol and 40 ng/mL for formoterol [1, 80].

In 2019, WADA reported 153 cases of AAFs for β2-agonists, with terbutaline accounting for 52 % of its group 

and being the most abused [5].

Possible anabolic effects in humans are linked to their ability to cause fatty mass loss through acceleration of  

the fatty acid degradation process and inhibition of protein degradation, which would contribute to muscle 

mass gain.

Due to their ability to redistribute nutrients, these drugs are used illicitly in the livestock industry to reduce 

fat mass and increase muscle mass in farm animals such as pigs and ruminants [81].

Recent studies have also shown an increased risk of unintentional doping following the consumption of meat 

contaminated mainly with clenbuterol [82].

In addition, β2-agonists have several adverse effects when consumed orally, in particular irritation of the 

throat, cardiovascular effects measurable in terms of increased blood pressure and pulse.



In order to control the illicit use of these drugs, several methods have been developed for the identification  

and quantification.

Concerning sample preparation, methods such as SPE and purification using immunoaffinity cartridges (IAC) 

are quite efficient and widely used.

Regarding analytical methods, RIA and enzymatic tests have been developed and are still used today. 

Different types of biosensors have also been developed as an alternative approach in livestock meat.

These sensors usually contain an antibody that interacts with the analyte. The binding is then measured 

optically and converted into an electronic signal. This method allows multiple residues to be identified in  

several samples simultaneously.

However, the sensitivity  of these tests is  lacking and is often not  compatible with  the very  low levels 

required in urine and tissue.

For this purpose, various methods have been developed in GC or LC/MS often with high-resolution 

configurations that have been found to be the most powerful approaches to measure β2-agonists [79].

Recently, HRMS has received more attention for their sensitivity and ng/mL quantification capability.

This type of technology has proven to be very powerful for screening and quantifying trace amounts of β 2- 

agonists in some livestock meats and fluids to ensure food safety and public health [81, 83-85].

Using one of the latest HRMS technologies (Q-Orbitrap), Li et al. [81] achieved a LOD of 0.02-1.2 ng/mL and 

0.07-12.85 µg/kg for solids.

Although the use of β2-agonists is banned in some countries such as China and Europe, they are still abused 

by some breeders, illegally.

Guo et al. [83] in 2015 developed a method using the same technology to detect β2-agonist residues in some 

farm meat samples which tested positive for salbutamol, clenbuterol, ractopamine and chlorprenaline. The 

method exhibited a LOD in the range of 0.0033-0.01 g/ kg.

Given the short half-life of these drugs, some studies have exploited HRMS technology for the determination 

of metabolites and degradation products [86-87].

Georgakopoulos et al. [86] performed a study of reproterol excretion in equine urine. Following 

administration of 20 mg of reproterol in a horse, only the main metabolite is detected in the urine but not  

the parent drug. Using gas chromatography coupled to a reverse geometry double focusing mass 

spectrometer (GC-HRMS), the presence of the metabolite was confirmed after accurate measurement of 

diagnostic ions.

2.4. Screening for hormone and metabolic modulators

According to the WADA list of the prohibited substances in sports, the hormone section is composed of  

aromatase inhibitors, anti-estrogens and selective estrogen receptor modulators (SERMs) and agents



preventing activin receptor IIB activation. With metabolic modulators (adenosine monophosphate-activated 

protein kinase (AMPK), peroxisome proliferator-activated receptors (PPAR-δ), insulins, and insulin-mimetics, 

meldonium and trimetazidine) they constitute the S4 class of prohibited substances [1].

2.4.1. Hormone

Hormones count numerous compounds with various masses, properties, and metabolism. HRMS has been 

used in various fields for different goals. Kollmeier et al. reported LC-Q-TOF use for structural confirmation 

of fragments ions of formestane and its fragment ion pathway elucidation [88].

In biological matrices, HRMS had demonstrated its interest to formally identify compounds, as in case of 

agents preventing activin receptor IIB activation, for which differentiation from endogenous antibodies 

consists of a detection challenge. In a first analytical step, this kind of compounds have to be reduced to be 

observed as their molecular weight is too high. In case of follistatin, bimagrumab and domagrozumab, tryptic 

digestion was required before analysis [89-91]. Then, using LC-HRMS or nanoLC-HRMS, two or three 

peptides related to the hormone were monitored to formally identify the compounds. In case of 

bimagrumab, addition of ion mobility as orthogonal separation technique has facilitated unambiguous 

detection of the hormone. For a more sensitive detection and to facilitate isolation of compound from 

serum, combination of immunoaffinity purification using antigen coated magnetic beads, tryptic digestion 

and detection by HRMS was performed.

With the accurate mass data, HRMS was also used in metabolism studies. Mainly in urine, as it is the major 

matrix used in doping control, metabolism studies were conducted for several compounds with HRMS such 

as tamoxifen [92-93], toremifene [92-93], cyclofenil [94], clomiphene [93, 95], arimistane [96]. Most of these  

studies were performed in human matrices and some in animals such as horses [94].  Dahmane et al. 

reported identification of tamoxifen metabolites in serum in 20 clinical samples [97]. Instrumentations used  

were Q-Orbitrap [92] or Q-TOF [93, 95-96] coupled to liquid [92-93, 95] or gas [96] chromatography. In all  

cases, spectrometric accurate information was obtained, offering the possibility to identify new metabolites, 

which could be potential biomarkers for monitoring compound administration in matrices.

To highlight the presence of hormones in real biological samples, HRMS were already largely used for its high 

sensitivity.  First,  in a qualitative way as reported by Ameline  et al.  who used LC-Q-TOF as confirmation 

technique to highlight presence of letrozole in hair samples (LOD 1 pg/mg) [98]. Thus, in a quantitative way,  

as Favretto et al. who demonstrated that LC- LTQ-Orbitrap was recommended to detect weak 

concentrations of the same compound in hair samples (LOD 5 pg/mg) and to discriminate a chronic use to an 

occasional administration [99].   In both cases, samples were analysed in the context of doping. Fabresse et 

al. reported a validated LC-Q-Orbitrap method for numerous compounds applied to whole blood and hair



samples [26]. Tamoxifen LOD of 1 ng/mL and 10 pg/mg respectively in blood and hair allowed to highlight it 

in two forensic postmortem cases. Deaths were not related to tamoxifen, but doping products were 

expected and confirmed thanks to HRMS.

2.4.2. Metabolic modulators

AMPK activators and PPAR-δ agonists activate the transcriptional receptors which are involved in processes 

enhancing aerobic capacity and increasing mitochondrial genesis. Administration of this kind of substances 

could improve physical performances and endurance. Thus, these compounds are monitored by doping labs.  

The endogenous substance 5-aminoimidazole-4- carboxamide-1-β-D-ribofuranoside (AICAR) is an AMPK 

activator. This polar compound was studied by HRMS after dilute-and-shoot injection whatever the 

biological matrix plasma [100] or urine [100-101]. As AICAR is an endogenous substance, a reliable 

quantification is required to distinguish between endogenous concentrations and illicit application. Görgens 

et al. validated LOD inferior to 10 ng/mL in urine using LC-Q-Orbitrap and a HILIC column [101], whereas 

Kwok et al reported LOD of 2.1 ng/mL and 13.7 ng/mL in plasma and urine, respectively, using LC-Q-Orbitrap 

[100].

Further applications of this family of substances concern the study of in vitro and in vivo metabolism which 

will be described in section 3.1.

2.4.3. Insulins

Human insulin is an endogenous anabolic hormone essential to regulate carbohydrate metabolism, leading 

to regulation of blood glucose level. Insulin therapy is required for type 1 and many type 2 diabetic patients.  

Two types of insulin analogues were synthesised according to onset and half-life: the rapid-acting analogues  

such as aspart, glulisine and lispro; and the long-acting analogues such as glargine, detemir and degludec. In 

addition to use in a medical context, insulins were misused in years following their commercialization as in 

doping to provide energy reserves as glycogen and to decelerate catabolism [102-103]. Therefore, use of 

insulins in sports has been forbidden since 1999 [103]. The MRPL is 50 pg/mL in human urine [6]. Moreover, 

insulins have also been used for suicidal or criminal purposes. Identification and quantification of insulins are 

complex in biological matrices. In doping the most analysed matrix is urine. However, as insulins are 

reabsorbed at 99% by proximal tubular cells, a small amount of protein is urinary excreted. In case of blood  

analysis (doping/clinical/forensic context),  insulins undergo a rapid degradation in presence of hemolysis 

which requires a specific sample management and leads to low concentrations.

To formally identify insulins, the use of mass spectrometry is required as only few amino acids modifications 

exist  between human insulin and their  analogues.  Last  years,  development  of insulin  analysis  by  mass 

spectrometry has extended, particularly in doping. Recently, reviews of literature dedicated to insulins



presented the used technologies to analyse these compounds: quadrupole, orbitrap or TOF [102, 104]. The 

limitation of  TOF  systems is  their  limited  resolution generally around 40,000 FWHM, whereas  Orbitrap 

systems could rise resolution until > 400,000 FWHM. This point is interesting as to distinguish glulisine form  

aspart a minimum resolution of 400,000 FWHM is required [102]. Without this resolution, distinction could 

be done by comparison of product ions after fragmentation. In the same way, as the difference between 

lispro and human insulin is only a switch between two aminoacids, they share the same molecular mass.  

Thus, no distinction in full-scan or SIM mode is possible and fragmentation must be performed to distinguish 

the first from the second. The product ion m/z 217.118, corresponding to fragment B (y2), is specific to 

lispro.

In doping,  the most  recent methods reach very low concentrations of  insulins.  Thomas  et  al.  proposed 

insulins quantification in plasma using an LC-Q-Orbitrap method with LODs between 0.2 to 0.5 ng/mL [105] 

or  using an LC-Q-TOF method presenting LODs between 0.1 to 0.8 ng/mL [106].  As long-acting insulins 

detemir and degludec have a different structure with a fatty acid group acylated to their peptic chain, LODs  

are generally more important for these two insulins. In urine samples, LODs of 10 pg/mL were validated for  

rapid-acting insulins by coupling nanoLC with a Q-Orbitrap [107] or an LTQ-Orbitrap [108].  To reach these 

concentrations several milliliters of samples were extracted. Concerning forensic context, a LOD was 

validated at 1.0 ng/mL for rapid-acting insulins (2.5 ng/mL and 10 ng/mL for degludec and detemir, 

respectively) in  postmortem  blood (250 µL) by LC-Q-Orbitrap [109]. Using the same system, a qualitative 

method was validated in  postmortem tissues with a LOD between 25 to 80 ng/g according to insulins and 

matrices (kidney, liver, muscle, injection site) [110]. Insulins were also quantified in vitreous humor (500 µL)  

by an LC-Q-Orbitrap method with LOD of 0.2 ng/mL [111].

Using HRMS coupled with sample pretreatment such as immunoaffinity or immunopurification, LOD were 

considerably diminished. Thus, insulins are ever better detected in all  contexts. Finally,  HRMS offers the 

possibility to some authors to study insulin metabolism particularly in urine samples in doping [112].

2.4.4. Insulin mimetics

Among metabolic modulators, some compounds are considered as insulin mimetics as they mimic the action 

of insulins by activation of tyrosine kinase domain of the insulin-receptor or by inhibition of the protein  

tyrosine phosphatases [113].  Some of them were synthesised from plants or fungal  extract  such as the 

benzoquinone derivative L-783,281 [113] or generated from screening of phage display peptide libraries 

such as s597 [114]. These compounds are not authorized in sports because they have properties enhancing  

athlete’s performances. Globally, HRMS have been used to identify structure of these compounds and to  

monitor their presence in samples in the laboratory as they are potential doping agents [114].



2.4.5. Meldonium

Meldonium was synthesised in the 1970s as a growth-promoting agent for animals. Later, the drug was  

approved for its medical indications such as its anti-ischemic properties [115]. It has been then misused in  

sports for its positive effect on the endurance performance of athletes, its enhancement of rehabilitation 

after exercise,  its  protection against  stress  and its  activation of  central  nervous system functions [115]. 

Meldonium has been included in the WADA list of prohibited substances since 2016. MRPL is 200 ng/mL in 

human urine [6]. As meldonium is a highly polar compound its extraction from biological samples 

simultaneously with other major doping agents presenting different properties is a real challenge. However,  

its excretion in urine under unchanged form makes it an ideal compound for “dilute-and-shoot” analytical 

process. Thus, recently, a screening method of meldonium and over 300 doping agents was published. To 

detect meldonium at a satisfactory concentration, 10 µL of fresh urine was added to an SPE (C18) extract  

before injection on a LC-Q-Orbitrap, resulting in a LOD of 100 ng/mL [116]. In 2015, Görgens et al. reported a 

simple dilution of urine sample before injection on LC-MS/MS (initial testing assay) and on LC-Q-Orbitrap 

(confirmatory analysis). The use of HRMS allowed validation of a LOD of 10 ng/mL from 270 µL of urine 

sample,  compared  to  200  ng/mL with  LC-MS/MS [115].  The disadvantage  of  the simple dilution is the 

presence of endogenous interferences which could interfere with analysis and lead to false positives as  

experienced by Kim et al. with acetylcholine [117]. However, product ions of meldonium can be separated in  

HRMS. Indeed, positive mode is used to analyse meldonium and the monitored ions are the precursor ion  

m/z  147.1128 [115-116]  and the most abundant  product ion  m/z  58.0654 [115,  117]. A  LC-Q-Orbitrap 

method was also used to determine urinary detection windows of meldonium for doping control purposes 

after single or multiple oral administration [118].

2.4.6. Trimetazidine

Trimetazidine is a coronary vasodilator and was prescribed from 1963 for the treatment of angina pectoris  

[125]. It has been then misused in sports for its mechanism of action, which imply a decrease on demand for 

oxygen when glucose is used instead of free fatty acids [119]. Thus, trimetazidine has been included in the 

WADA list of prohibited substances since 2014. To perform its analysis several types of urine sample pre- 

treatment were reported: a simple dilution [120] or a direct injection after addition of internal standard and  

centrifugation [119] or a SPE extraction from 5 mL of sample [121]. Sigmund  et al. used an LTQ-Orbitrap 

method to measure accurate mass of trimetazidine and its urinary metabolites. The method was applied to  

four real samples from athletes and the authors obtained elemental composition and structure information 

on main trimetazidine metabolites in urine [119]. They observed that the most abundant signal was 

generated from the unchanged drug rather than its metabolites. Apart following trimetazidine intake, the



compound could be detected after lomerizine administration. This substance is permitted in sports. Thus, in 

doping laboratories it is essential to distinguish lomerizine from trimetazidine intake.

2.5. Screening for diuretics and masking agents

Masking agents modify urine excretion or induce hemodilution and thus, could be used in sports to falsify 

the results of doping controls. The substance class of masking agents comprises primarily diuretics but also  

includes probenecid and  plasma expanders, as well as substances with a similar chemical structure or 

biological effect.

Diuretics family is composed of substances which increase urine flow and volume and decrease body mass 

[122]. These characteristics have for consequence to dilute residues of potential sport doping agents; thus, 

diuretics are included in the WADA list of prohibited substances in sports (S5 class) [1]. The MRPL is 250  

ng/mL for this class of substances [6]. Giancotti et al. tried  to elucidate the fragmentation pattern  of 

diuretics by using Q-Orbitrap. In this class of substances, all compounds have not the same chemical 

properties and acid-base behavior, as amiloride which contains no acid function conversely to ethacrynic 

acid [123].  These differences required specific  method adjustments. Indeed,  intensity  of  amiloride  was 

better with a positive ionization whereas intensity of ethacrynic acid, furosemide and bendroflumethiazide 

was better with negative ionization. This particularity was also described by Peters  et al.  [122]. Diuretics 

analyses have been developed by using HRMS in plasma [124], DBS [125], and urine [126], as well as in 

human [123, 125] and animal [124, 126] matrices. Wasfi et al. studied pharmacokinetic and metabolism of 

furosemide in camels after intravenous administration, as this substance is prohibited in camel racing. None  

of the expected metabolites were detected in plasma suggesting a possible urine excretion as unchanged or  

metabolized with a small extent [124]. Metabolism of bumetanide was also studied by using LC-Q-TOF in 

urine of rat and only 6 metabolites were identified [126].

Excepted plasma expanders and diuretics, desmopressin is to our best knowledge the masking agent the  

most studied by HRMS. Desmopressin induces haemodilution by decreasing haematocrit and haemoglobin 

concentration [127]. During numerous years, desmopressin was detected by immunoassay. Even if the risk 

of  cross-reaction with its  endogenous analog,  vasopressin,  was weak,  it  became mandatory  to  formally 

identify compounds in doping control. Thus, several methods were developed in HRMS to analyse 

specifically desmopressin in urine [125, 128-130] and in plasma [131]. LODs ranged from 50 pg/mL [128] to 

500 pg/mL [130]. In order to formally identify desmopressin and to discriminate its detection from those of 

vasopressin, it was required to perform analysis on the reduced peptide which allowed to target specific ions 

[128]. With desmopressin analysis by using Q-TOF, it was demonstrated that HRMS was a reliable technique  

for large molecules such as peptides quantification [132].



Plasma expanders significantly increase plasmatic volume. They prevent dehydration and decrease 

hematocrit  values to conceal erythropoietin abuse [133].  Hydroxyethyl  starch (HES) and dextran are the 

major representative compounds of this class of substances and have been the most studied by using HRMS 

to this day. HRMS methods have been developed for this type of substances because with other detection 

techniques it was impossible in matrix to discriminate oligosaccharides and glucose from endogenous 

compounds. For example, in diabetic patients, concentration of glucose is often abnormally high [134]. 

HRMS allowed to  formally  distinguish  the  different  polysaccharides.  These  large  substances  were  easily 

fragmented and produced protonated charged fragments [135]. Nevertheless, due to their high molecular  

weight, these compounds produce numerous precursor ions in the source. To overcome this issue, a strategy 

based on in-source collision-induced dissociation (CID) has been developed [133, 135]. This technique leads 

to specific fragments in source that could be used to formally identify substances. More recently, Wang et al. 

observed that using the maximum energy of 100 eV in ionization source, HES and dextran induced large  

fragments (> m/z 1000 )  implying a weak intensity.  The authors developed a technique coupling all  ion 

fragmentation (AIF) and in quadrupole fragmentation to achieve high fragmentation efficiency (HCD). 

Obtained fragments were lighter (< m/z 1100 ) and peak intensity was 100 times higher. By coupling in-  

source CID at 100 eV and HCD fragmentation (NCE 40%), Wang et al. improved intensity of plasma 

expanders detection to reach a LOD of 3 µg/mL for dextran in rat plasma [136].

2.6. Screening for glucocorticoids (prohibited only in competition)

Glucocorticoids are a group of low molecular weight lipophilic drugs belonging to the steroid hormone class, 

a category of hormones produced by the adrenal cortex under stress conditions.

These substances have an analgesic and anti-inflammatory effect and are therefore used to treat 

inflammatory diseases such as arthritis, asthma or rhinitis. However, in some areas they may be misused in 

livestock feed  as growth  promoters  or as  doping  substances in  the  world  of  sport  to improve  athletic 

performance.

Thus, glucocorticoids promote gluconeogenesis by stimulating the breakdown of fatty acids and proteins and 

suppress the feeling of tiredness and pain [137].

These drugs have a wide range of adverse effects on the cardiovascular system, bone tissue and central  

nervous system, and  therefore uncontrolled  use  of  these drugs could  be harmful to human health.  In 

addition,  some hormone-regulated tissues,  such as  the breast,  ovaries  and prostate,  may respond with 

abnormal cell proliferation leading to hyperplasia [138].

Glucocorticoids are tested by a wide variety of analytical methods including immunological methods such as  

RIA, but also methods such as GC and LC - MS or UV.



Although immunoassays are sensitive and characterised by ease and speed of use, their disadvantages are 

their lack of specificity and the risk of cross-reactions with precursors or metabolites.

As confirmatory methods, GC and LC - MS are preferred. However, GC is not optimal for measuring 

glucocorticoids in complex biological matrices due to the lack of suitable derivative agents [139].

Due to their sensitivity and selectivity, LC-MS is considered the gold standard for the analysis of 

glucocorticoids in complex biological matrices.

However, glucocorticoids have to be researched in trace amounts in biological matrices due to their short  

half-life. For this reason, in recent years HRMS is gaining interest in research laboratories and laboratories  

performing routine analyses.

Herrero et al. in 2014 [140] compared triple quadrupole mass spectrometry and orbitrap for the 

determination of 9 glucocorticoids in complex matrices such as wastewater and obtained a good correlation 

between the two methods. However,  HRMS prevented false results due to full-scan acquisition, so that 

interferences from the matrix can be identified and evaluated. Parameters such as LOD and LOQ proved to  

be similar. For some analytes, LOD and LOQ were even better using the HRMS. The methods developed 

provided a LOD of 5 pg/mL and a LOQ of 20 ng/mL for most of the substances researched.

Because of their abuse in the field of sport, WADA has published a list of substances belonging to this class 

that are prohibited [1].

Due to their  short  half-life,  finding these substances  in  blood and urine samples  is  very  difficult  and if 

detected they are found in very low concentrations.

For this purpose, various methods have been developed for the identification and dosage of these 

substances in serum, plasma and urine samples using high-resolution analysers [141-145].

The preferred extraction method for serum samples is generally LLE using MTBE as extraction solvent. Some 

authors using Q-TOF as detection systems have obtained LOQs of 5 ng/mL for molecules such as prednisone 

and prednisolone [142], while others using Q-Orbitrap have achieved LOQs of less than 1 ng/mL for 

substances such as cortisone, corticosterone and cortisol [141].

The misuse of  these substances in  farmed meat has raised several  fears  about the presence of  steroid 

hormones in foods of animal origin.

To ensure the safety and health of consumers, it has been necessary to develop  methods capable of 

identifying both these substances and their degradation products in the meat of various animals consumed 

by humans.

For the qualitative and quantitative determination of these substances, GC and LC-MS are the most widely 

used.  However,  due to the difficulties associated with the derivatization reaction,  LC has become more  

popular for the analysis of these compounds.



The need to search for traces has led in recent years to the expanded use of HRMS, which not only allows 

retrospective data analysis but also the identification of residues of these substances at very low 

concentrations.

Lopez et al. [138] developed a method based on a LC-Q-Orbitrap for the determination of steroid hormones 

and their metabolites in three types of animal meat. Using the QuEChERS extraction method, good results  

and  recovery were  obtained.  The authors achieved  LOQs ranging  from 1.0 to 2.0  µg/kg.  To prove  the 

suitability of the method, it was applied to samples of farm animal meat to see if there was any misuse of  

these substances. Two steroids were found in two different meat samples. The development of sensitive 

methods provides information on the misuse of these substances and since most glucocorticoids have many 

fragments in common, this can be used to identify new compounds not present in the databases.

In fact, the ban on the use of glucocorticoids for non-medical purposes has led to the search for counterfeit  

products on the black market that pose a risk to public health [146-147].

Another important analytical challenge in the anti-doping field is the efficient separation of isomers which  

are often the cause of legal arguments

In this respect, HRMS allows the discrimination of each isomer at very low concentrations from complex  

biological matrices [148-150].

Karatt  et al. [148] have discussed the issue of three glucocorticoids: dexamethasone, betamethasone and 

paramethasone. The first two are mainly used to treat metabolic and inflammatory diseases, while the last  

one is used to treat asthmatic diseases and allergies. The similarity of these molecules also results in similar 

behaviour at chromatographic level, which is the reason for the difficulty in separating the isomers using a  

classical chromatographic system.

In the study, they were able to distinguish these isomers on the fragmentation pattern of each isomer, which  

represents the fingerprint of a molecule, and the ratios between the various ions formed, using a LC-Q-  

Orbitrap.

The fragmentation pattern they proposed was then applied to complex matrices such as blood and horse  

urine, treated with LLE for the first one and SPE for the second.

The authors have demonstrated that they can distinguish these co-eluting isomers even in samples in which  

all three are present at very low concentrations.



3. Innovative approaches

3.1. In vitro and in vivo drug metabolism studies

The increasing variety of HRMS techniques based on soft ionization and TOF single/triple-stage or hybrid MS- 

instruments, gives precious information to propose or assign structures to supposedly generated 

metabolites. In recent years, an increasing number of research projects have been carried out focusing on 

the structural elucidation of presumed metabolites of doping substances using HRMS. Considering the huge  

amount of data produced by these contributions, only an overview of these studies is presented below. The  

analytical workflows used in the reviewed studies were summarized in Table 2.

In a research focused on the detection and characterization of stanozolol metabolites in human urine, Pozo 

et al.  reported the application of a LC-Q-TOF method to mice and human excretion studies. A total of 19 

stanozolol metabolites were detected and a possible structure for each metabolite has been proposed on 

the basis of the product-ion spectra with accurate TOF mass measurements [151]. Another excretion study  

based on the urine analysis from four volunteers receiving the aromatase inhibitor exemestane was carried  

out to detect new exemestane metabolites in human urine by GC-HRMS, after derivatization with 

methoxyamine and MSTFA/TMS-imidazole [152]. The metabolism of the stimulant benfluorex was 

investigated in 2010 by Thevis et al. LC-Q-Orbitrap experiments were carried out for the characterisation of 

four metabolites detected in urine samples coming from a patient treated with a single oral dose of 300 mg 

benfluorex [153].

In vitro models simulating human, or animal metabolic pathways were used to obtain information on drug 

metabolism in the early stages of clinical studies. These methodologies have been applied to the so-called  

new designer drugs under clinical approval.

For example, the metabolism of the drug candidate S107 (a substance tested for the treatment of cardiac  

arrhythmia that improves cardiac and skeletal muscle functions) was investigated using in vitro models, and 

numerous generated phase I and II metabolites were characterised by LC-LTQ-Orbitrap experiments [154].  

Another class of non-approved drugs with an increasing appeal in the sports doping community is SARMs. 

Arylpropionamide-derived SARMs were investigated using human liver microsomal (HLM) preparations and 

the structures of the metabolites were identified by HRMS [155-156].  In vitro generated metabolites were 

confirmed by in vivo experiments, and several metabolites were selected as target analytes for sports drug 

testing [157]. Similarly, the metabolism of LGD-4033 (Ligandrol), a SARM with a pyrrolidinyl-benzonitrile 

core,  was  extensively studied  by in  vitro  metabolism experiments  employing  HLM and Cunninghamella 

elegans (C.elegans) preparations, as well as electrochemical metabolism simulations [158]. Five mono and 

bis-hydroxylated metabolites were identified and structurally confirmed by LC-HRMS experiments. In 

following studies, some of these metabolites were detected and characterised by LC-HRMS in human and



equine urine samples, after the controlled administration of LGD-4033 [159-160]. The in vivo metabolism of 

the steroidal SARM YK-11 and the anabolic steroids methylstenbolone and trenbolone was investigated by  

Piper  et al. by analysing post-administration urine specimens. Several metabolites, relevant to sports drug 

testing, were characterised using GC-HRMS (as trimethylsilyl derivatives) and/or LC-HRMS instruments [18, 

161-162]. Moreover, GC-HRMS and GC-MS/MS techniques were recently employed for detecting novel A- 

Ring reduced metabolites of the anabolic steroids methyltestosterone and metandienone [163].

Regarding the development of analytical methods able to detect small peptides for anti-doping purposes, 

the in  vitro  metabolism of GnRH was  studied  by HRMS [61,164].  Ten  synthetic analogs  of  GnRH were 

investigated using human kidney microsomes (HKM), and the structures of the metabolites were identified 

by LC-Q-Orbitrap [164]. In the same study, the in vitro obtained metabolites were added into UPLC-MS/MS 

method for GnRH analogs determination, and the presence of one of these was confirmed in the real urine  

sample.

Several in vitro studies have been carried out on HLM to investigate in vitro metabolism of GHS and GHRPs,  

and various methods have been developed for this purpose, particularly using HRMS [62, 73, 165-167].

Guan et al. [166] describe an approach using liquid chromatography coupled to a quadrupole- orbitrap mass 

spectrometer, in which they highlight the interest of using a HILIC column instead of classical reversed-phase 

chromatography columns due to the high hydrophilicity of metabolites that are poorly retained in this type 

of column. For the same purpose Lange et al. [167] performed an in vitro study for metabolites of 3 ghrelin 

mimetics and identified 76 metabolites.

SR-9009 is a synthetic AMPK activator. HRMS was used to study its metabolism in urine [168-169]. Cutler et 

al. identified in vitro SR-9009 metabolites in horse plasma and urine. The metabolites were confirmed by in 

vivo analysis of the same matrices in real samples after SR-9009 administration. The authors described HRMS 

as an important tool to metabolism investigation [169].

PPAR-δ agonists potentially used in sports are synthetic compounds such as adiporon and 112254 for which 

in vitro and in vivo metabolism was studied in rat urine. Characterisation of metabolites was possible thanks 

to HRMS use [170]. The most studied PPAR-δ agonist by HRMS is GW1516 or GW501516. Its detection by 

MS is possible with a positive [171-172] and a negative mode [173].  However,  Ishii  et al.  reported that 

addition of 10 mmol/L of glycerin in acetonitrile to the final extract could facilitate yield of [M-H]-. Then, 

using the negative ionization mode with this modification, MS intensities were 10-fold higher than those  

obtained in the positive mode [173]. The two major identified metabolites of GW1516 are the sulfoxide and  

the sulfone. In addition, metabolism study by HRMS allowed to identify seven other metabolites in horse  

plasma and urine [174].

Okano et al. developed an LC-Q-TOF method to determine lomerizine metabolites structures in urine. They 

concluded that trimetazidine was only detected in in vivo samples [121]. More recently, using a LC-Q-



Orbitrap the same team developed a very sensitive method to detect lomerizine, trimetazidine and another 

specific metabolite of lomerizine (M6) in human urine. From 0.5 mL, LOD and LOQ of trimetazidine were 

assessed at 0.02 ng/mL and 0.05 ng/mL, respectively. Their previous method without high resolution could  

not reach these limits. The proof of concept was performed on ten real doping cases, concluding that after  

lomerizine intake trimetazidine is systematically detected in association with the M6 [120].

3.2. Alternative matrices: hair and dried blood spots (DBS)

The study of alternative specimens (e.g., oral fluid, hair, exhaled breath, DBS, nails) has gained significant 

relevance in  forensic  and clinical  chemistry,  including  sports  drug  testing.  In  the  last  years,  among the 

alternative matrices, hair and DBS have received particular attention in doping analyses, showing advantages 

but also exhibiting limitations if compared to the currently employed routine doping control samples 

consisting principally of urine and blood.

Supporting urine and blood analysis, hair testing demonstrated to provide complementary information in 

selected cases of AAFs with banned substances, differentiating the misuse of the drug from a single 

inadvertent and/or accidental intake [175]. On the other hand, the speed and ease of sampling of DBS, 

together with its low invasiveness, intrusiveness, risk of adulteration, and low transportation and storage 

costs, make the DBS attractive for the application in sports drug testing [176]. Therefore, several analytical  

methods were recently developed for the detection of doping agents in hair and DBS, including methods  

based on HRMS detection. Today, HRMS able to scan all masses in a predefined m/z mass range for the 

duration of the analysis at high resolution without loss of sensitivity are present on the market. This makes it  

possible to search a very large number of compounds simultaneously and allows for retrospective analysis of 

compounds that were not originally included in the method.

3.2.1 Hair

One of the first applications of HRMS for the analysis of anabolic steroids in hair samples was presented by  

Strano-Rossi  et al. in 2013 [177]. The procedure for the detection of 25 among anabolic steroids and their 

esters consisted of an overnight methanolic extraction of the hair sample (30 mg) by sonication, followed by  

a LC-HRMS screening using a Q-Orbitrap mass spectrometer operating in full scan mode (m/z 110–800) in 

APCI under positive ionization mode, with nominal resolving power of 100,000 FWHM. In case of screening 

positive results, a confirmation method based on in-source CID was developed, acquiring ions from 70 to 500 

m/z with a resolving power of 50,000 FWHM, and obtaining the accurate masses of both precursor and 

fragment ions.  The characteristic fragmentation of  the analytes,  the exact  masses of  the precursor  and 

fragment ions (mass error within ± 1 ppm) together with the characteristic isotopic cluster allowed the



correct identification of the analytes. Moreover, the method was validated for quantitative purposes with  

LODs values in the interval  0.01-0.05 ng/mg and a LOQ of 0.5 ng/mg for all  analytes.  The method was  

successfully applied to a real-life case, resulting in the identification of testosterone undecanoate (measured  

accurate mass of 457.3678; mass error < 0.5 ppm) in the hair of a suspect at a 5 ng/mg concentration.

A similar study on the detection and quantification of 11 anabolic steroids in the blood (androstenedione, 

dihydrotestosterone, boldenone, epitestosterone,  mesterolone, methandienone, nandrolone, stanozolol, 

norandrostenedione, testosterone, trenbolone) and eight more in hair samples (nandrolone 

phenylpropionate,  nandrolone  decanoate,  testosterone  propionate,  testosterone  benzoate,  testosterone 

cypionate, testosterone decanoate, testosterone phenylpropionate, testosterone undecanoate) using a Q- 

Orbitrap mass spectrometer was published by Fabresse et al. in 2017 [26]. Again, the ionization was carried 

out with an APCI ion source operating in positive ionization mode, and the protonated molecular ions of the 

steroids were identified with exact mass (mass error < 3 ppm for all analytes) and retention time. Data were  

acquired in full scan mode over a mass range of 100–800 m/z at the maximal resolving power of 140,000  

FWHM. The method was also validated for the quantification of the steroids in different matrices. LODs  

values in the hair matrix were in the interval 2-20 pg/mg and LOQs were between 10 and 100 pg/mg, with  

the higher LOD/LOQ values obtained for the esters. The method allowed the detection and quantification of  

testosterone (18 pg/mg), trenbolone (10 pg/mg), and nandrolone (23 pg/mg) in two postmortem hair 

samples.

Favretto et al. published an HRMS method for the detection and quantification of the aromatase inhibitor 

letrozole in hair  [99].  The hair  analysis was performed on an LC-LTQ-Orbitrap system with the scope of  

discriminating voluntary doping vs inadvertent ingestion of letrozole in a real case. The detection was carried 

out with the mass spectrometer operating in positive ESI mode and the mass acquisition in the range of  m/z 

80–600 using a target mass resolution of 60,000 FWHM and a scan time of 0.65 sec. The detection of the  

analytes (letrozole and its main metabolite bis(4-cyanophenyl)methanol) was based on accurate mass 

measurements of the protonated ions (286.1087 and 235.086), the correspondence between the observed 

isotopic pattern and the calculated one, and the relative retention time. Starting from 10 mg of hair sample,  

values of 5 pg/mg and 15 pg/mg were calculated for LOD and LOQ, respectively, for letrozole. The sensitivity  

of this method made possible the detection of letrozole in head hair, after a single intake of 0.62-2.5 mg of  

letrozole, at a 16 to 60 pg/mg concentration. No presence of letrozole metabolite was revealed in the real  

samples.

An analogous study concerning the detection of letrozole in hair samples by LC-MS/MS and LC-HRMS was  

recently published by Ameline et al. [98]. LC-Q-TOF technique was employed as a confirmatory method after 

the LC-MS/MS analysis. Letrozole was extracted from hair (20 mg) after 1 h methanolic extraction at room 

temperature and solvent evaporation. The HRMS system consisted of a Q-TOF mass spectrometer operating



in ESI positive ion mode. The data were acquired in full-scan mode from m/z 50 to 1000, at 6 eV, while for  

MS/MS fragmentation of target ions, collision energy ranging from 10 to 40 V was applied. Letrozole was  

correctly identified with a mass error less than 5 ppm from its exact mass. The combination of two 

independent methods for the detection of a substance (LC-MS/MS and LC-HRMS) is a requested 

requirement by the doping authorities to consider a valid hair test, as WADA accredited laboratories do the 

same for the confirmation of any adverse analytical findings.

Following this approach, several  doping real-case studies regarding the application of the LC-HRMS as a 

confirmation method  after  the LC/MS-MS detection  in  the hair  of  stanozolol  [178],  ostarine [179]  and 

cardarine [171] were presented by Kintz  et al. In all studies, the HRMS detection was based on a Q-TOF 

instrument. Conditions for the TOF spectrometer scan mode were as follows: scan range m/z 50-1000 at 6 

eV (low energy) and m/z 50-1000 with a collision energy ramp from 10-40 eV (high energy). Stanozolol was  

detected after that 30 mg of decontaminated hair were incubated in 1 mL of 1M NaOH for 10 min at 95°C  

and extracted with diethyl ether. The presence of stanozolol (73 pg/mg) was confirmed in real head hair 

samples detecting the mass at m/z 329.2580, with a mass error of – 2.2 ppm, when compared to a reference 

standard (m/z 329.2588). The presence of the SARM ostarine (S22 or MK-2866) was confirmed in real hair  

samples after incubation of 50 mg of the matrix in a pH 9.5 buffer, followed by extraction with organic 

solvents. The detection was carried out with the mass spectrometer operating in negative ESI mode. The 

correct  identification of  the analyte was achieved by monitoring the exact  masses of  the deprotonated 

molecule at m/z 388.0909 together with three diagnostic ions at m/z 269.0536, 118.0294, and 185.0323. The  

LOD was estimated at 0.5 pg/mg. The presence of ostarine was confirmed in real hair samples at 

concentrations between 12 and 168 pg/mg. Moreover, in the same context, the method was successfully  

applied for the detection  of ostarine in real nails  samples at concentrations of 111 and 61 pg/mg, in 

fingernails and toenails, respectively.

Likewise, the PPAR-δ agonist cardarine (also known as GW501516 or GW1516) was identified by LC-MS/MS 

and LC-Q-TOF in two 2-cm hair segments of a frequent user of the drug at a concentration of 32 and 22  

pg/mg, after methanol incubation of 20 mg of hair with ultrasound for 1 hour [171].

Due to their capabilities to increase physical and endurance performances, PPAR-δ agonists were considered 

to have a high potential  for  use also in  animal  doping,  including horse racing doping [173-174].  In  this  

context, a study about the detection of cardarine and its metabolites in equine hair by LC-HRMS, after a  

controlled administration, was recently published by Ishii  et al. [174]. The pulverized equine hair samples 

(200 mg) were extracted with methanol, followed by further purification, and the extracts were analysed 

using a Q-Orbitrap instrument equipped with a heated ESI source operating in both positive and negative ion  

mode. In order to reveal also the presence of cardarine metabolites, full MS experiments were carried out in 

the scan range m/z 50–750 with a nominal resolving power of 60,000 FWHM. In case of positive results, a



further parallel reaction monitoring protocol based on in-source CID was developed, acquiring product ion 

spectra from the following precursor ions:   m/z 452.0607 (cardarine), m/z 468.0557 (cardarine sulfoxide),  

and m/z 484.0506 (cardarine sulfone), plus other three precursor ions from minor metabolites. The method  

was fully validated and the estimated LODs and limits of confirmation (LOCs) for the three target analytes  

were 0.02 pg/mg and 0.03 pg/mg, respectively. After a single nasoesophageal dose of cardarine (150 mg) 

administered to a thoroughbred female horse (mare), the hair samples collected from 2 weeks post- 

administration turned out positive to cardarine and its metabolites, proving that an administration of a 

single low dose of cardarine can be detected by hair analysis.

In racehorse or greyhound doping the administration of AAS is often carried out by intramuscular injection 

of esterified forms, to allow a slow release resulting in extended half-life and prolonged effect. Therefore, 

the ability to detect intact esterified forms of endogenous steroids in hair is appealing as it can provide  

unequivocal proof of their exogenous origin. For this scope, Choi  et al.  developed a comprehensive LC-Q- 

Orbitrap method for the detection of 72 AAS and/or their esters in equine hair [180], as an update of a  

previous work on the detection of 48 AAS [181]. In order to allow more target analytes to be covered in a 

single injection, the Q-Orbitrap mass spectrometer operated in targeted MS/MS mode, making use of the 

idling time during parallel the MS acquisition for filling of several precursor ions into the collisional cell for 

the next experiment. Starting from 50 mg  of equine hair sample, and employing a combined  LLE/SPE 

extraction procedure,  LODs values were estimated between 0.25 and 80 pg/mg. The method was then 

applied for the analysis of two real samples coming from horse racing doping controls, allowing the 

detection of anabolic steroids at ppb levels, namely boldione (2 pg/mg), 4-androstenedione, and 

testosterone propionate (3 pg/mg).

A similar LC-HRMS approach for the detection of testosterone esters in dog hair following LLE combined with 

SPE clean up with Bond-Elut amino cartridges was proposed by Devi  et al. [182]. In order to enhance the 

sensitivity of the method, testosterone esters were added with methoxyamine hydrochloride to form the  

methyloxime derivatives. The method was validated for the detection and quantification of the propionate, 

phenylpropionate, isocaproate, decanoate, and enanthate esters of testosterone in Greyhound hair.  The 

LODs for the three testosterone esters, phenylpropionate, isocaproate, and decanoate was 0.05 pg/mg and 

the LOD for the propionate was 0.025 pg/mg while for the testosterone enanthate was 0.5 pg/mg. The Q-  

Orbitrap mass spectrometer was operated in heated electrospray ionization positive mode with an ion spray  

voltage of 3000V. The acquisition was carried out in targeted MS/MS mode with a resolution of 35,000 

FWHM. The method was applied to hair samples collected from male greyhounds before and after a single  

administration of a mixture of testosterone esters (3-4 mg/kg). Concentrations of testosterone esters in the 

interval 0.03-0.60 pg/mg were measured in dogs' hair from 35 to 91 days post-administration.



β2-agonists such as clenbuterol can be detected in blood and urine for a relatively short period after 

administration. In order to improve the detection window for these substances and to know the history of 

consumption, some studies have been carried out on the analysis of hair matrices [183-184].

Schlupp et al. [183] administered 0.8 µg of clenbuterol to horses for 10 days. Up to 360 days after 

administration, mane and tail hair were analysed in addition to blood and urine. After 30 days, clenbuterol 

was no longer detectable in either blood or urine, while already on the 5th day, clenbuterol was detected in  

the hair. A method was developed using GC-Q-Orbitrap following extraction of the analyte by ultrasounds  

followed by SPE, which provided an  LOD of 0.2 pg/mg and resulted in concentrations ranging from a 

minimum of 0.5 pg/mg to a maximum of 21 pg/mg.

In a study by Machnik  et al. [184], better results were obtained by analysing hair collected from pregnant 

women under Spiropent (clenbuterol-HCl) treatment. The hair samples were digested by incubation in KOH 

at 70°C, after LLE, purification by IAC, the sample was derivatized with MSTFA. Using a double focusing mass  

spectrometer with reversed geometry, a LOD of 0.8 ng/ng was obtained and concentrations in the range of 2  

to 236 ng/g were found in the hair of the analysed women.

3.2.2 Dried Blood Spots (DBS)

One of the first  approaches for the determination of prohibited drugs in  DBS for doping  controls was 

presented by Thomas  et al.  in 2012 [185].  In this study, the MS detection was carried out combining a 

quadrupole mass filter,  an HCD cell  and an ion trap analyser and acquiring the single product ion mass 

spectra for previously selected precursors of 26 model compounds (THC, THC-COOH, methylhexaneamine,  

methylphenidate, cocaine, nikethamide, MDMA, MDA, strychnine, mesocarb, salbutamol, formoterol, 

clenbuterol, methandienone, stanozolol, bisoprolol, propranolol, metoprolol, anastrozole, clomiphene, 

exemestane, dexamethasone, budesonide, andarine, SARM S1, and hydrochlorothiazide), at a resolution of 

17,500 FWHM. The method also included a full  scan data acquisition in positive and negative mode at 

resolving powers of  70,000 FWHM each,  making possible a non-targeted analysis  for retrospective data 

evaluation. Starting from 20 L of blood sample spotted on Sartorius TFN DBS card and following a double 

LLE with methanol/tert-butyl-methyl-ether/acetone, LODs in the range 0.05-0.5 ng/mL were obtained, 

making the method suitable for an initial  testing procedure for prohibited substances in doping control 

analysis.

A multi-target approach for the screening of eight AAS esters (nandrolone phenylpropionate, trenbolone 

enanthate, testosterone acetate, testosterone cypionate, testosterone isocaproate, testosterone 

phenylpropionate,  testosterone decanoate,  and testosterone undecanoate)  plus  nandrolone in  DBS was 

developed by Tretzel et al. [186]. Again, the identification and determination of the target compounds was 

conducted by a Q-Orbitrap operating in targeted MS/MS mode. From 20 L of blood on a Whatman DBS



sampling card, LODs in the ppb range (0.5 ng/mL for nandrolone phenylpropionate and 0.1 ng/mL for the 

other analytes) were accomplished by the preparation of the methyloxime derivatives of the target 

compounds, as the analysis of the derivatized analytes showed a 10-fold increase of the peak area ratios if  

compared to the not derivatized 3-oxo-steroids. The method was then applied on DBS specimens collected 

after a single oral dose of 80 mg of testosterone undecanoate. The positivity of authentic samples in the 

time period 2-8 h post-administration substantiates the suitability of the DBS sampling technique for the 

analysis of intact anabolic steroids, allowing an unequivocal proof of the administration of conjugates of  

exogenous testosterone and its derivatives.

Another study proving the suitability of the DBS sampling coupled to HRMS detection for the analysis of  

anabolic steroids esters was recently proposed by Solheim et al. [187]. For the extraction, 20 µL of blood 

were spotted on the DBS sampling cards (FTA® DMPK-C), and 1 mL of a mixture of ACN:MeOH (50:50 v/v) 

was added to the punched spot. After filtration and derivatization with 2-hydrazino pyridine, the extracts 

were analysed by LC-HRMS/MS. The nanoflow LC system was combined with PRM using a Q-Orbitrap mass 

spectrometer. The resolution of the PRM experiments was set to 35,000 FWH, monitoring the protonated 

precursor ions in a m/z 2 mass window. The method was validated and the LODs were estimated between

50 and 200 pg/mL. The method was successfully applied on DBS samples from men receiving two 

intramuscular injections of a mixture of testosterone esters, some of which were detected for at least five 

days in all subjects receiving testosterone ester injections.

Regarding other anabolic agents, stanozolol, dehydrochloromethyltestosterone (DHCMT, oral Turinabol), 

and clenbuterol were detected in DBS by LC-HRMS/MS with an LOD of 0.1, 2.5, and 0.03 ng/mL, respectively  

[188-189].  To qualify the developed methods for doping control  purposes,  authentic DBS samples were  

analysed after a single oral dose of 5 mg stanozolol, 5 mg DHCMT, or 80  g clenbuterol. The analysis of 

stanozolol and DHCMT in DBS resulted in peak levels of approximately 10 and 11 ng/mL in blood, 

respectively. Measurable concentrations of the drugs occurred within 3 days after the application. Similarly,  

clenbuterol was detected in DBS samples up to 24 h to 72 h after administration. These results showed that 

DBS could be a useful supplemental sample matrix for anabolic agents also in out-of-competition testing.

In light  of  the considerable blood  concentrations  of some therapeutic  proteins, several  studies  on  the 

detection of peptide hormones and growth factors in DBS by LC-HRMS were published in the last decade. In  

2012, Moller  et al. demonstrated that peginesatide can be analysed from DBS samples with a LOD of 10 

ng/mL [190]. The method was based on the extraction, proteolytic digestion and cation exchange 

purification of DBS followed by a LC-HRMS/MS analysis monitoring the precursor ion at m/z 584.31 related 

to the target peptide GPIT (1-nal) resulting from the enzymatic digestion. Similarly, Lange et al. proposed the 

detection of the stimulating protein sotatercept and bimagrumab (myostatine inhibitor) from DBS samples 

by protocols like those applied to serum, with LODs between 250 and 500 ng/mL [191].  DBS (20 L of blood)



were extracted into an aqueous buffer solution supported by ultrasonication, and immunoaffinity 

purification was carried out by magnetic nanoparticles equipped with either immobilized Protein-G (initial 

testing procedure) or immobilized activin A (confirmation procedure). LC-HRMS/MS analysis, conducted on a 

Q-Orbitrap mass spectrometer operating in both full scan and targeted MS/MS mode, enabled the detection  

of the target analytes in spiked as well as authentic post-administration samples.

Another example demonstrating the suitability of the LC-HRMS technique for the analysis of higher 

molecular mass drugs, like insulin and its synthetic or animal analogues (human, lispro, aspart, glulisine,  

glargine, detemir, degludec, porcine and bovine insulin) in DBS was presented by Thomas et al. [192]. 

Starting from blood spots of 20 μL, the extraction protocol consisted of a double LLE with a mixture of 

acetonitrile/3% acetic acid (60/40, v/v) followed by a SPE and immunoaffinity purifications. Mass 

spectrometric  detection was accomplished using either an ion mobility/Q-TOF or a Q-Orbitrap-equipped 

instrument, in full MS and MS/MS mode or targeted MS/MS mode, respectively. The assay validation 

demonstrated adequate  sensitivity  (LOD of  0.5  ng/mL for  most  insulins:  1.5  ng/mL for  insulin  detemir) 

allowing the detection of normal non-fasting levels of human insulin and eight synthetic analogs in DBS.  

Moreover, authentic DBS collected from a type-I diabetic individual using insulin Aspart were successfully  

analysed providing proof-of concept data.

A simple and effective procedure based on a fast methanolic extraction and a LC-HRMS detection of the  

growth hormone secretagogue ipamorelin in DBS was recently proposed by Gerace  et al.  [193]. MS and 

MS/MS data were collected by a Q-TOF mass spectrometer operating in the positive ESI mode. A double  

data-independent acquisition procedure for MS acquisition was carried out, namely, i) TOF-MS scan (m/z 

230-800) and ii)  TOF-MS/MS scan,  monitoring all  the fragments in a mass range 50-720 m/z.  The mass 

spectrometer acquired a full  scan and MS/MS data at a resolving power of 35,000 FWHM. The positive  

electrospray ionization of ipamorelin resulted in the predominant doubly protonated ion at m/z 356.7001. 

To increase the sensitivity of the method, CID experiments of the precursor ion were performed, giving 

fragment ions derived from the y-series at m/z 146.1292 (y1), 490.2820 (y3), 627.3396 (y4), and the b-series  

at 223.1191 (b2), 420.2041 (b3) and 567.2720. Starting from 40 μL of blood, LOD and LOQ values, calculated 

using the Hubaux-Vos algorithm, were 2.5 ng/mL and 5.0 ng/mL, respectively.

Lange et al. developed a comprehensive LC-HRMS method for the quantitative detection of 46 low molecular 

mass (<2 kDa) peptide/non-peptide drugs and drug candidates, after a fully automated DBS sample 

preparation [194]. For the sample extraction, a robotic multi-purpose sampler was used for the automatic 

sampling, purification (SPE and strong-cation exchange cartridges) and concentration of the DBS extracts. 

The MS was carried out on a Q-Orbitrap analysis comprising alternating full scan MS experiments (m/z 300 -  

1500) and targeted MS/MS mode with an inclusion list of 53 precursor ions. The lower molecular mass



peptides < 2 kDa were predominantly observed as doubly-charged molecules; LODs were in the range 0.5-20 

ng/L. This procedure proved effective by testing GHRP-2 and GHRP-6 post-administration study samples.

Meldonium (classified in the section Hormone and Metabolic Modulators) was quantitatively detected in 

DBS by LC-HRMS [195]. Meldonium was tested in urine, plasma, dried plasma spots (DPS), and DBS samples,  

in the context of a controlled administration pilot study, by a validated LC-HR-MS/MS method with a LOD of  

20 ng/mL.

The study revealed that the concentrations of meldonium in DBS were 30-times higher than those detected  

in DPS samples, showing that meldonium may be incorporated into erythrocytes and gradually released to 

plasma [195].

3.3. Black market

The desire to improve physical and mental performance has given rise to an illegal traffic on the Internet of 

food and dietetic supplements that can be supplemented with AAS, metabolic modulators or even peptide 

hormones. It is therefore necessary to analyse them to know the products in circulation. Several studies  

describe the identification of dietary supplements by HRMS.

Four studies in the literature describe the identification of performance products in dietary supplements 

over a long period.

In France, 75 pharmaceutical products were seized and analysed by LC-Q-Orbitrap over a 3 year-period from  

2016 to 2019, but quantified by LC-MS/MS. The following products were identified: AAS (72%), PDE5 

(tadalafil, sildenafil), 2-mimetic, peptide hormones, SERMs, aromatase inhibitors, diuretics [196].

The following analytical strategy was developed and applied in Switzerland and Germany. The identification 

was done by LC-Q-TOF then on GC-Q-TOF and then by nanoLC-HRMS, but the quantification was done by LC-  

MS/MS [42, 197].

In Switzerland, 1190 supplements were analysed following this strategy and 75% were identified as AAS, 12% 

as peptide hormones, 9% as hormones and metabolic modulators. Anastrozole, aromatase inhibitor product,  

presenting a higher product quality compared to other seizures [197].

In Germany, 337 supplements were analysed following the same strategy. 288 were identified as AAS and 56 

were other performance products.  It  is  interesting to note that in this study, 55% of the AAS were not  

correctly labelled [42].

In Italy, a similar study was conducted from 2017 to 2019. Here the samples were identified and quantified 

by LC-Q-Orbitrap [198].

For some new compounds, like designer steroids, it is necessary to use multiple analytical tools 

simultaneously to accurately identify the compound, namely the liquid chromatography-high resolution



accurate mass-mass spectrometry (LC-HRAM-MS). This was the case for the identification of two designer 

steroids, androsta-3,5-diene-7,17-dione and 2-chlorotestosterone, in dietary supplements [199-200]. First, 

LC-MS screening allowed the detection of unknown compounds with steroid characteristics. Then, thanks to  

the simultaneous use of HRMS and NMR methods, unknown compounds have been identified.

Thevis  et  al  have identified thanks to LC-HRMS and comparison with reference material,  S4 (Andarine), 

SARM, in oil solution purchased as tea extract [201]. More recefntly, Leaney et al. have analysed 20 SARMs 

marketed online by LC-HRMS. 60% of products were adulterated with other SARMs [202].

HRMS is very useful for testing large molecules as hormones and peptides. The hormone GHRP-2 has been 

identified by LC-HRMS offered as an over-the-counter food supplement [203]. The use of a LC-Q-Orbitrap 

allows the identification not-conjugated CJC-1295 in a sealed powder.  Despite the absence of reference 

standards, the authors were able to characterise the peptide using HRMS, combining the mass spectrum 

with knowledge of its structure [72].

Another new rapid and versatile approach was presented by Doué et al.  , allowing the identification of 21 

anabolic steroid esters in supplements by direct analysis in real  time-high resolution mass spectrometry  

(DART) [204].

Finally, in a recent study, Chen  et al.  have elucidated two new corticoids (betamethasone dibutyrate and 

betamethasone tributyrate) thanks to the determination of exact mass using LC-Q-Orbitrap mass 

spectrometer [205].

To conclude, one molecule per family of dopants mentioned in this review has been identified in dietary 

supplements by HRMS. Nevertheless, it seems that AAS remain the most identified substances and the most 

popular by consumers.

4. Conclusions

Within the last decade, advances in mass spectrometry have promoted the introduction of more and more 

sensitive detectors and particularly HRMS. This technology counts several benefits as accurate 

measurements (m/z < 5 ppm), simultaneous untargeted screening with effective targeted accurate masses 

acquisition and time saving assay with possibility of retrospective data analysis. In the context of doping  

products analysis, HRMS has demonstrated its usefulness by formally identifying compounds from 

endogenous analogs and by easily distinguishing peptides and proteins with high sequence homology. With 

the constant evolution of prohibited substances list, another positive point of HRMS is its ability to easily add 

new compounds in  spectral  libraries  and to search a  very  large number of  compounds simultaneously.  

Moreover, structural elucidation of peptides and fragmentation patterns of various compounds is facilitated 

with these new spectrometers. With recent advances, both quantitative and qualitative analysis of doping



agents and their metabolites could be performed on a single run. Methods coupling untargeted and targeted 

acquisition allow to enhance sensitivity without loss of spectral information. Globally, the same LODs have 

been observed compared to tandem mass spectrometry but the crucial point of HRMS is its higher dynamic  

range of detection. With their increasing sensitivity, actual high resolution mass spectrometers discriminate 

some isomers at very low concentrations from complex biological matrices such as urine, blood, DBS or hair  

samples. Moreover, the use of full scan HRMS allows to decrease the background noise coming from the  

matrix, reducing sample preparation steps without losing specificity. Thereby, HRMS is more and more used 

for metabolism studies in urine or to determine urinary detection windows of numerous compounds. Alone 

or in association with other techniques such as tandem mass spectrometry, HRMS is nowadays a method of  

choice for both research and routine analyses.
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Table 1. Summary of methods’ characteristics for peptide and protein analysis by HRMS

Peptides Matrix LOD/LOQ Sample preparation MS instrument Reference

ESAs

rHuEPO Plasma 500 pg/mL Immunopurification MS/MS + Q-Orbitrap [50]

Sotatercept Serum 10 ng/mL Immunopurification MS/MS + Q-Orbitrap [51]

Peginesatide Whole blood 1 ng/mL Precipitation /digestion MS/MS + Q-Orbitrap [53]

Gnrh

Buserelin, 

Deslorelin 

Gonadorelin 

Goserelin 

Leuprorelin 

Nafarelin 

Triptorelin

Urine 10 pg/mL

12.5 pg/mL 

25 pg/mL 

10 pg/mL 

10 pg/mL 

50 pg/mL 

10 pg/mL

Precipitation/SPE WCX MS/MS + Q-Orbitrap [61]

Buserelin 

Desloretin 

Goserelin 

Nafarelin 

Triptorelin

Urine 0.125 pg/mL

0.125 pg/mL

0.125 pg/mL

0.25 pg/mL

0.25 pg/mL

Dilute and shoot MS/MS + Q-Orbitrap [62]



Corticotrophins

CRF 

CRH

Plasma 

Plasma

0.5 ng/mL 

200 pg/mL

SPE MCX

Immunopurification

Full MS + TOF 

MS/MS + Q-Orbitrap

[78]

[63]

GH

rhGH Plasma 2.5 ng/mL Precipitation/SPE C4 

SPE C4

MS/MS + Q-Orbitrap [65]

GHRH

Sermorelin, Tesamorelin, CJC-1295 

Semorelin, CJC-1293, CJC-1295

Tesamorelin

Urine 

Blood/urine

0.2 ng/mL

< 5 pg/mL / 0.2ng/mL

Immunopurification 

Ultrafiltration/ 

Immunopurification

MS/MS+ Q-Orbitrap 

MS/MS + Q-Orbitrap

[67]

[71]

GHRPs

Alexamorelin 

GHRP-1 

GHRP-2 

GHRP-3 

GHRP-4 

GHRP-5 

GHRP-6

Hexarelin

Blood- DBS 1 ng/mL

10 ng/mL

2 ng/mL

5 ng/mL

2 ng/mL

2 ng/mL

2 ng/mL

10 ng/mL

SPE MS/MS + Q-Orbitrap [167]



GHS

Ipamorelin 

Anamorelin

Urine 0.05 ng/mL

0.125 ng/mL

Dilute-and-shoot MS/MS + Q-Orbitrap [62]

Growth     Factors     and     modulators  

IGF-1 

IGF-1

Blood 

Serum

50 ng/mL

15 ng/mL

SPE C18

Ultracentrifugation

MS/MS + Q-orbitrap 

MS/MS + Q-Orbitrap

[74]

[76]

Table 2: Overview of metabolism studies on doping agents using HRMS

Compounds Prohibited class Sample Pretreatment MS-instrument Ionization mode Reference

Stanozolol S1 Mice urine 
Human urine

Enzymatic hydrolysis 
LLE (pH 9.2)

LC-QTOF ESI+/- [151]

Exemestane S4 Human urine Enzymatic hydrolysis 
LLE (pH 10)
Derivatization (TMS)

GC-QTOF EI [152]

Benfluorex S6 Human urine Dilute and shoot LC-Q-Orbitrap ESI+ [153]

S-107 S0 HLM and S-9 Enzymatic hydrolysis 
SPE (Oasis HLB)

LC-LTQ-Orbitrap ESI+ [154]

4 Aryl-Propionamide 
derived SARMs

S1 HLM and S-9 LLE (acidic pH) LC-LTQ-Orbitrap ESI- [155]



Ostarine 
Andarine

S1 HLM and S-9 
Dog urine

LLE (pH 4.5-5.0) 
SPE (PAD-1)

LC-Q-Orbitrap ESI- [156]

Andarine S1 Human urine Enzymatic hydrolysis 
SPE (PAD-1)

LC-LTQ-Orbitrap ESI- [157]

LGD-4033 (Ligandrol) S1 HLM
C. Elegans
suspension

Dilute and shoot LC-Q-Orbitrap ESI- [158]

LGD-4033 (Ligandrol) S1 Human urine Enzymatic hydrolysis 
Dilute and shoot

LC-QTOF ESI- [159]

LGD-4033 (Ligandrol) S1 ELM
Equine urine

Enzymatic hydrolysis 
LLE (pH 6.8)

LC-LTQ-Orbitrap ESI- [160]

YK-11 S1 Human urine Enzymatic hydrolysis
SPE (C18) + LLE (pH 7-10)
HPLC Clean-up 
Derivatization (TMS)

GC-QTOF
GC-Q-Orbitrap

EI [161]

Methylstenbolone S1 Human urine Enzymatic hydrolysis
SPE (C18) + LLE (pH 7-10)
HPLC Clean-up 
Derivatization (TMS)

GC-QTOF
GC-Q-Orbitrap

EI [162]

Trenbolone S1 Human urine Enzymatic hydrolysis
SPE (C18) + LLE (pH 7-10)
HPLC Clean-up 
Derivatization (TMS) for GC

LC-Q-Orbitrap 
GC-QTOF
GC-Q-Orbitrap

ESI+ 
EI

[18]

Methyltestosterone 
Metandienone

S1 Human urine Enzymatic hydrolysis 
LLE (Basic pH) 
Derivatization (TMS)

GC-QTOF EI [163]

10 GnRH S2 HKM
Human urine

SPE (Oasis WCX) LC-Q-Orbitrap ESI+ [164]

27 bioactive peptides S2 Equine plasma SPE (anion exchange) HILIC-Q-Orbitrap ESI+ [166]



Capromorelin 
Macimorelin 
Tabimorelin

S2 Rat urine 
Human serum 
HLM

Dilute and shoot/SPE (urine) 
Protein precipitation (serum, HLM)

LC-Q-Orbitrap APCI+ [167]

SR-9009 
SR-9011

S4 HLM Dilute and shoot LC-Q-Orbitrap ESI +/- [168]

AdipoRon 
112254

S4 HLM and S-9 
Rat urine

Protein precipitation and 
evaporation     (HLM,     S-9)  
Direct     injection     (urine)  

LC-Q-Orbitrap ESI+ [170]

GW1516 S4 HLM Protein     precipitation     +     LLE  LC-Q-Orbitrap ESI+ [172]

Lomerizine/ 
Trimetazidine

S4 HLM
Human urine

SPE LC-QTOF ESI+ [121]

HLM: Human Liver Microsomes, HKM: Human Kidney Microsomes, ELM: Equine Liver Microsomes, LLE: Liquid-Liquid Extraction, SPE: Solid-Phase Extraction, S-9: S9 Fraction, ESI: 
Electrospray Ionization, EI: Electron Ionization, TMS: Trimethyl-silylation,
LTQ: Linear Trap Quadrupole, QTOF: Quadrupole time-of-flight



AICAR 5-aminoimidazole-4- carboxamide-1-β-D-ribofuranoside

AASAnabolic androgenic steroids

AAS Anabolic androgenic steroids

CRH Corticotropin releasing hormone

DBS Dried blood spots

ESAs Erythropoiesis-stimulating agents

FWHM Full width at half maximum

GHS Growth hormone secretagogues

HES Hydroxyethyl starch

HRAM High resolution accurate mass spectrometry

LC Liquid chromatography

Table     of acronyms  

AAFs Adverse analytical findings

ACTH Adrenocorticotropic hormone
AIF All ion fragmentation

APB Athlete’s biological passport
AAFs Adverse analytical findings

CID Collision-induced dissociation
DART Direct analysis in real time-high resolution mass spectrometry

DHEA Dehydroepiandrosterone

EPO Erythropoietin
ESI Electrospray ionization

FSH Follicle stimulating hormone
GC Gas chromatography

GHRPs Growth hormone releasing peptides
GnRH Gonadotropin-Releasing Hormon

hCG Human chorionic gonadotropin
hGH Human growth hormone

HKM Human kidney microsomes
HRMS High resolution mass spectrometry

IGF- I Insulin-like growth factor I
LH Luteinising hormone

LOD Limit of detection

AMPK Adenosine monophosphate-activated protein kinase

CERA Continuous erythropoietin receptor activator

ELISA Enzyme-linked immunosorbent assay

EPO Erythropoietin

GHRH Growth hormone-releasing hormone

HCD High – energy C-trap dissociation

HLM Human liver microsomes

IAC Immunoaffinity cartridges

LLE Liquid-liquid extraction



MS Mass spectrometry

NMR Nuclear magnetic resonance

Q-Orbitrap Quadrupole-orbitrap mass spectrometry

rhGH Recombinant human growth hormone

SERMs Selective estrogen receptor modulators

LOQLimit of quantification

WADAWorld Anti-Doping Agency

MRPL Minimum required performance level
MS/MS Tandem mass spectrometry

NCE Normalized collision energy
P – III -NP Procollagen III amino-terminal propeptide

PRM Parallel reaction monitoring
Q-TOF Quadrupole time-of-flight mass spectrometry

rHuEPO Recombinant Eryhtropoietin
RIA Radioimmunoassay

SARMs Selective androgen modulator receptors
SPE Solid-phase extraction

UV Ultraviolet

MSIA Mass spectrometry immunoassay

PPAR-δ Peroxisome proliferator-activated receptors

QuEChERS Quick, Easy, Cheap, Efficient, Rugged and Safe

rLH Recombinant luteinizing hormone

TSH Thyroid stimulating hormone


	Interest of HRMS systems in analytical toxicology: focus on doping products
	Abstract
	1. Introduction
	Method
	2. Actual applications in anti-doping, forensic and clinical toxicology
	2.1.1. Exogenous AAS
	2.1.2. Endogenous AAS
	2.1.3. Screening for other anabolic steroids
	2.2. Screening for peptides hormones, growth factors, related substances, and mimetics
	2.2.1 Erythropoietins and agents affecting erythropoiesis
	2.2.2 Peptide hormones and their releasing factors
	2.2.2.2 Corticotropins and their releasing factors
	2.2.2.3 Growth Hormone (GH), its fragments and releasing factors
	2.2.3. Growth factors and growth factor modulators
	2.3. Screening for β-2 agonist
	2.4. Screening for hormone and metabolic modulators
	2.4.1. Hormone
	2.4.2. Metabolic modulators
	2.4.3. Insulins
	2.4.4. Insulin mimetics
	2.4.5. Meldonium
	2.4.6. Trimetazidine
	2.5. Screening for diuretics and masking agents
	2.6. Screening for glucocorticoids (prohibited only in competition)
	3. Innovative approaches
	3.2. Alternative matrices: hair and dried blood spots (DBS)
	3.2.1 Hair
	3.2.2 Dried Blood Spots (DBS)
	3.3. Black market
	4. Conclusions
	Reference
	ACTH Adrenocorticotropic hormone
	APB Athlete’s biological passport
	CID Collision-induced dissociation
	DHEA Dehydroepiandrosterone
	ESI Electrospray ionization
	GC Gas chromatography
	GnRH Gonadotropin-Releasing Hormon
	hGH Human growth hormone
	HRMS High resolution mass spectrometry
	LH Luteinising hormone
	MRPL Minimum required performance level
	NCE Normalized collision energy
	PRM Parallel reaction monitoring
	rHuEPO Recombinant Eryhtropoietin
	SARMs Selective androgen modulator receptors
	UV Ultraviolet

