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Abstract 

Testosterone esters and clenbuterol are among the most frequently used doping substances in elite and 

recreational sports. Direct detection in urine and blood samples is hampered by the costs of collection, 

transportation and analysis, and the rapid hydrolysis of testosterone esters in blood. Indirect detection of 

testosterone by the ‘Athlete Biological Passport’ (ABP) steroidal module is limited by both the associated costs 

and confounding factors. Therefore, the present thesis aimed to improve the time- and cost-efficiency in doping 

analysis by evaluating 1) the applicability of dried blood spots (DBS) as a complementary sample matrix and 2) 

whether the hematological module of the ABP can be used to indicate doping of testosterone and thereby 

increase detection, given the erythropoietic effect of testosterone, and 3) by determining the most cost-efficient 

anti-doping testing program based on detection windows and performance-enhancing effects.  

In Paper I-III, DBS, urine and blood samples from men receiving two intramuscular injections of 

Sustanon® 250 (n = 9) or placebo (n = 10) in a randomized, placebo-controlled design were analyzed for direct 

and indirect detection of testosterone esters and assessment of serum levels of reproductive hormones.  In 

Paper III, the performances in countermovement jump, 30-s all out cycle sprint and one-arm isometric elbow 

flexion were measured before and 24 h after the first Sustanon® injection. In Paper IV, DBS and urine samples 

from 6 healthy men receiving a single oral dose of 80 µg clenbuterol were collected and analyzed for detection 

of clenbuterol.  

Paper II and IV demonstrated that the DBS assays allow for detection up to 14 days after an intramuscular 

injection of 250 mg Sustanon®, and for at least 3 days after an oral ingestion of 80 µg clenbuterol, with 100% 

specificity. Further, preliminary data suggest that DBS-sampling is well accepted by athletes. Additionally, Paper 

IV showed that clenbuterol can be detected for at least 10 days in urine after ingestion of 80 µg of drug. Paper 

I demonstrated that some hematological biomarkers are affected by testosterone administration, and that the 

largest changes occur 3-10 days after an injection. Paper III showed that a single injection of testosterone esters 

do not enhance human performance acutely in a countermovement jump test, a one-arm isometric elbow 

flexion test nor a 30-sec cycle sprint test. 

In conclusion, the DBS analyses of testosterone esters and clenbuterol appear to have sufficient 

specificity and sensitivity to be implemented in routine doping control in elite and recreational sports. Given 

the longer detection windows for clenbuterol in urine, urine is expected to remain as the preferred sample 

matrix for clenbuterol analysis. However, the implementation of DBS sampling could improve time- and cost-

efficiency while reducing intrusiveness, and thereby allow for higher frequency of testing, or testing of a large 

number of athletes in a short time, with the aim of increasing detection and deterrence. Further, changes in 

markers in the hematological module could be indicative of testosterone doping, and should be considered an 

additional tool for targeted follow-up sample collection and confirmatory analysis. Moreover, since testosterone 

did not have any acute performance-enhancing effects in power/strength exercises, athletes are likely not to 

have an advantage if administering a single dose of testosterone esters immediately before or during a 

competition in power/strength sports. 
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Resumé 

Testosteronestere og clenbuterol er blandt de mest anvendte dopingstoffer i elite- og motionsidræt. Direkte 

detektion i urin- og blodprøver er forbundet med betydelige prøveopsamlingsomkostninger, strenge krav til 

transport og analyse, samt hurtig nedbrydning af testosteronestere i blod. Denne afhandling havde til formål at 

forbedre kosteffektiviteten af anti-dopingtestning gennem undersøgelse af 1) anvendeligheden af en 

komplementær prøveopsamlingsmatrix; dried blood spots (DBS) og 2) hvorvidt det hæmatologiske modul i 

’the Athlete Biological Passport’ (ABP) kan bruges til at indikere testosterondoping og derved forbedre 

detekteringen, givet testosterons stimulerende effekt på produktionen af røde blodceller, og 3) ved at give 

konkrete forslag til testning baseret på sporingstid og præstationsfremmende effekter. 

I Studie I-III blev DBS, urin- og blodprøver fra mænd, der modtog to intramuskulære injektioner af 

Sustanon® 250 (n = 9) eller placebo (n = 10) i en randomiseret, placebokontrolleret design, analyseret for 

direkte og indirekte (ABP) påvisning af testosteronestere og måling af reproduktionshormoner i serum. I Studie 

III blev præstationen i countermovement jump, 30-sekunders cykelsprint og isometrisk albuefleksion målt før 

og 24 timer efter den første Sustanon®-injektion. I Studie IV blev DBS og urinprøver fra 6 raske mænd, der 

modtog en enkelt oral dosis af 80 µg clenbuterol, opsamlet og analyseret for påvisning af clenbuterol. 

Studie II og IV viste, at analyser af DBS kan påvise doping op til 14 dage efter en intramuskulær injektion 

af 250 mg Sustanon® og i mindst 3 dage efter en oral dosis af 80 µg clenbuterol, med 100% specificitet. 

Endvidere viste Studie IV, at clenbuterol kan påvises i mindst 10 dage i urin efter en oral dosis à 80 µg. Studie I 

viste, at de hæmatologiske markører i ABP påvirkes af testosteronadministration, og at de mest markante 

ændringer finder sted 3-10 dage efter en injektion. Stude III viste, at en enkelt injektion af testosteronestere ikke 

forbedrer præstationen akut i countermovement jump, 30-sekunders cykelsprint eller isometrisk albuefleksion. 

Samlet set ser det ud til, at DBS-baserede analyser af testosteronestere og clenbuterol har tilstrækkelig 

specificitet og sensitivitet til at kunne implementeres i dopingkontrol i elite- og motionsidræt. I betragtning af 

den længere detektionstid for clenbuterol i urin, forventes urin at fortsat være den foretrukne prøvematrix til at 

detektere clenbuteroldoping. Dog vil implementering af DBS reducere prøveopsamlingstiden, og derved 

muliggøre en højere testfrekvens samt testning af mange atleter på kort tid. Endvidere kan ændringer i markører 

i det hæmatologiske modul indikere testosterondoping, og bør betragtes som et ekstra værktøj til sporing af 

testosterondoping herunder målrettet testning. Da testosteron ikke havde nogen akut præstationsfremmende 

effekt i styrke-/kraftøvelser, vil atleter sandsynligvis ikke have en fordel, hvis de administrerer en enkelt dosis 

testosteronestere umiddelbart før eller under en konkurrence i styrke-/kraftidrætter. 
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1. Introduction

Many of the performance- and body image-enhancing drugs used by athletes and nonathletes fall 

within the category of lean mass builders that enhance muscle growth, reduce body fat or a 

combination thereof. Specifically, questionnaires, interviews and anti-doping testing figures show that 

anabolic agents are some of the most prevalent substances used by athletes1–3 and people engaging in 

recreational exercise training.3–5 In 2017, 44% of all adverse analytical findings in the in World Anti-

Doping Agency’s (WADA) anti-doping and management system, ADAMS, were substances under 

Section 1, ‘anabolic agents’, on the Prohibited List.2 This includes substances such as the anabolic 

androgenic steroid (AAS) testosterone and its synthetic analogues, as well as the anabolic agent 

clenbuterol. Moreover, anecdotal and empirical evidence indicate that doping, particularly with 

clenbuterol, is an increasing problem among females. In Denmark, 26% of the female fitness 

customers who delivered a positive doping test between January 2014 and 2019 tested positive for 

this substance, which is likely to have particular appeal to women because it does not cause the 

androgenic side effects associated with AAS. Thus, detection of these substances is of high relevance 

within anti-doping. However, the current methods are challenged by the related costs from sample 

collection to analysis, as well as the athletes’ experience of the sample collection process.6 Therefore, 

the present thesis will focus on the further development of both current detection methods and 

alternative methods, with the aims of improving time-and-cost efficiency within anti-doping, making 

the process more athlete-friendly and increasing the likelihood of catching dopers. 

The following sections will introduce possible ergogenic effects and adverse side-effects of 

testosterone and clenbuterol, how doping with these substances can be detected, current challenges 

for doping control sample collection and analysis, as well as future possibilities. 

1.1 Performance-enhancing effects of testosterone 

Long-term testosterone administration has well-known physiological effects such as promoting skeletal 

muscle growth,7 fat loss8 and increasing red blood cell (RBC) production.9,10 The underlying mechanisms 

of testosterone-induced skeletal muscle hypertrophy have been extensively summarized earlier,11,12 

emphasizing the multiple cellular pathways involved, including activation of satellite cells via intercellular 

androgen receptors, IGF1-mediated stimulation of the anabolic AKT-mTOR pathway and inhibition of 

muscle breakdown through repressed myostatin activity.  
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alternative methods, with the aims of improving time-and-cost efficiency within anti-doping, making 

the process more athlete-friendly and increasing the likelihood of catching dopers. 

The following sections will introduce possible ergogenic effects and adverse side-effects of 

testosterone and clenbuterol, how doping with these substances can be detected, current challenges 

for doping control sample collection and analysis, as well as future possibilities. 

1.1 Performance-enhancing effects of testosterone 

Long-term testosterone administration has well-known physiological effects such as promoting skeletal 

muscle growth,7 fat loss8 and increasing red blood cell (RBC) production.9,10 The underlying mechanisms 

of testosterone-induced skeletal muscle hypertrophy have been extensively summarized earlier,11,12 

emphasizing the multiple cellular pathways involved, including activation of satellite cells via intercellular 

androgen receptors, IGF1-mediated stimulation of the anabolic AKT-mTOR pathway and inhibition of 

muscle breakdown through repressed myostatin activity.  
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1.1.1 Ergogenic effects of long-term and short-term testosterone administration 

While the physiological effects of testosterone are well-explored, the number of well-designed 

placebo-controlled studies investigating the ergogenic effects of testosterone administration on human 

exercise performance is limited.13–16 When controlling for the potentially confounding variables 

nutrition and training volume, Bhasin and co-workers showed that supraphysiological doses (600 

mg/wk) of intramuscular testosterone enanthate administered for 10 weeks increased muscle size in 

arms and legs and maximal strength in bench press and squat in healthy eugonadal men with weight-

lifting experience, compared with placebo.13 Moreover, the combination of testosterone 

administration and strength training lead to greater strength improvement in bench press and squat 

than testosterone administration or strength training alone. Further, 12 weeks with weekly 

intramuscular injections of around 300 mg testosterone enanthate, combined with a supervised 

strength training program, improved maximal bench press strength14,17 and 30-m running sprint 

performance17 in 11 weight-trained men compared with the strength-training placebo group (n = 10). 

Interestingly, the majority of strength gain took place in the initial 6 weeks of the 12 weeks 

administration period (14% at week 6 and 22% at week 12), suggesting that short-term testosterone 

administration can have ergogenic effects.14 This was supported by the finding that three weeks with 

intramuscular injections of 200-300 mg/wk testosterone enanthate, but not placebo, combined with 

heavy strength training was sufficient to increase maximal bench press strength and total work in a 

10-s cycle sprint in nine healthy, weight-trained, young men.15 Although neural adaptations account

for the major proportion of initial strength gains, skeletal muscle hypertrophy has been reported to 

occur already after three weeks of resistance training in recreationally active individuals.18 This early 

hypertrophic response is likely to be potentiated by testosterone administration. Therefore, the 

reported strength gains following short-term testosterone administration combined with strength 

training may be attributed to both neural adaptations and muscle hypertrophy.  

Interestingly, 100 mg/week of testosterone propionate for three weeks was insufficient to induce 

consistent administration effects on lower and upper body isokinetic strength, in nine weight-trained 

adults (8 men, 1 woman). However, this might be explained by the administered dose, because the 

effects of testosterone administration on muscle strength, leg power,19,20 muscle size20,21 in healthy, 

young men are dose- and concentration dependent, evident by larger changes in the 300 and 600 

mg/wk groups than in the groups receiving weekly injections of either 25, 50 or 125 mg of testosterone 

enanthate for 20 weeks. In this regard, it should be mentioned that there are ethical concerns related 

to the dose and number of doses when administering testosterone to healthy subjects, due to the 

suppression of the subjects’ reproductive hormone production.22 
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Further, one study has investigated the effect of testosterone on running performance and recovery. 

Baume and co-workers hypothesized that multiple doses of AAS would enhance the recovery and thereby 

the response to endurance training, leading to improved endurance performance.16 No consistent 

treatment effects were observed on running speed at anaerobic threshold or on biomarkers of physical 

stress in healthy, recreationally active men following four weeks of combined endurance training and 

orally administered placebo (n = 9), testosterone undecanoate (80 mg, n = 8) or  19-norandrostendione 

(100 mg, n = 8) three times per week.16 Noteworthy, serum testosterone concentration remained 

unchanged during the intervention, which suggests that the administered dosage was insufficient to 

induce any measurable changes in recovery and physical adaptation to training. Therefore, this single, 

relatively small and short study preclude firm conclusions, especially on testosterone’s effects on 

endurance performance. Interestingly, testosterone administration has been found to stimulate 

erythropoiesis9,10,23 in a dose-dependent manner,24 possibly through a combination of direct and indirect 

androgen effects on the bone marrow erythropoiesis. This includes increased number of erythropoietin-

responsive progenitor cells in the bone marrow,25 increased renal secretion of erythropoietin10,26 and 

increased iron availability through suppressed hepcidin.9,10 Thus, theoretically, it is possible that the 

testosterone administration can enhance endurance performance through increased arterial oxygen 

content, and thereby maximal oxygen uptake relative to body weight  (V̇O2max or V̇O2peak  ), which is an 

important determinant of endurance performance.27,28 Noteworthy, data suggest that four weeks 

administration of the erythropoiesis stimulating agent (ESA) recombinant human erythropoietin 

(rhEPO) is sufficient to increase hemoglobin concentration (HGB), arterial oxygen content, V̇O2peak and 

time trial performance in healthy non-athletes.29 Therefore, more studies addressing the effect of 

testosterone administration on endurance performance are needed.    

Based on the existing literature, supraphysiological doses of testosterone seem to induce measurable 

increases in strength and power, but not in endurance performance, however more empirical evidence 

on the latter is needed. Further, ergogenic effects have been reported after both long-term (months) and 

short-term (weeks) testosterone administration.  

1.1.2 Acute performance-enhancing effects of testosterone 

Noteworthy, limited data are available on whether testosterone administration has acute (seconds to 

hours) ergogenic effects on human exercise performance. In healthy men, an intramuscular injection of 

5000 IU human chorionic gonadotropin (hCG) increased the plasma testosterone levels and reduced the 
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cortical motor threshold to evoke a muscular response 48 hours post-injection.30 Therefore, increased 

plasma levels of testosterone can potentially facilitate the corticospinal pathway and thereby influence 

muscle activity. Further, stimulation with supraphysiological testosterone levels rapidly and transiently 

(seconds to minutes) increased the intracellular calcium concentration in cultured rat myotubes.31 This 

response was mediated trough the inositol triphosphate pathway, and followed by increased 

phosphorylation of extracellular signal-regulated kinases (ERK) 1/2. In another study, stimulation with 

dihydrotestosterone (DHT), the most potent testosterone metabolite, increased the force production by 

more than 20% in intact isolated mice skeletal muscle fibres, accompanied by increased phosphorylation 

of mitogen-activated protein kinase/ERK 1/2.32 Further, in addition to the rapid activation of the Akt, 

ERK and mTOR pathways, testosterone stimulation of incubated human skeletal muscle cells has been 

found to increase glucose transporter (GLUT) 4 mRNA expression and GLUT4 protein translocation,33 

with the potential to promote glucose uptake and recovery in skeletal muscle cells. These results suggest 

that testosterone administration, either directly or via DHT, rapidly can affect skeletal muscle 

contractions, energy metabolism and recovery. 

 

Testosterone therapy rapidly causes vasodilatation in vitro34 and mediates vasodilatation and augments 

cardiac output in heart failure patients.35 Further, high testosterone levels, either naturally or by 

administration, increases the competitive drive and aggressive behaviour in some individuals.36–39 For 

example, Carré and co-workers demonstrated a rapid increase in aggressive behaviour within an hour 

following a single testosterone gel administration in men with dominant or impulsive personality 

styles.38 Based on these studies, acute testosterone administration can potentially increase the 

cardiorespiratory capacity, as well as provide psychological advantages in sports. 

 

The ability to deduce human effects from rodent studies and in vitro studies is unclear. Likewise, 

testosterone-induced physiological changes may not always result in measurable alterations of human 

performance. Hence, until further research on humans is conducted, the effects of single-dose 

administration on human exercise performance remain speculative. Nevertheless, based on the existing 

literature, it is possible that testosterone administration induces acute performance-enhancing effects, 

which may provide testosterone dopers with an acute competitive edge if administering testosterone right 

before or during a competition. Because resting testosterone levels are positively related to vertical jump 

height40,41 and sprinting performance,41 the biological effects of such single-dose administration may 

depend on the initial serum testosterone level, causing a blunted biological effect in individuals with 

naturally high testosterone levels. Studies evaluating these questions are of high relevance both for a 
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physiological understanding of testosterone and for anti-doping authorities aiming to determine the most 

cost-efficient testing programs.  

 

1.2 Performance-enhancing effects of clenbuterol 

Clenbuterol is a sympathomimetic amine classified as a β2-adrenergic receptor agonist. The drug was 

originally marketed as a bronchodilator for asthmatic treatment, but is banned by WADA due to the 

anabolic, anti-catabolic and lipolytic effects observed after long-term clenbuterol administration in several 

rodent studies.42–44 

 

Upon binding to the β2-receptor, several intracellular pathways are activated, including the cyclic 

adenosine monophosphate (cAMP)/protein kinase A (PKA) pathway and the Akt/mTOR pathway.45 

The cAMP/PKA-pathway targets several proteins involved in the regulation of glycolytic activity, Ca2+ 

handling, and Na+/K+-ATPase activity in skeletal muscles.46–48 β2-adrenergic stimulation can, thus, acutely 

alter skeletal muscle metabolism, contractions and fatigue prevention.  In the case of long-term 

stimulation, β2-agonists have been shown to induce skeletal muscle hypertrophy through a combination 

of accelerated protein synthesis and reduced protein degradation, as extensively described in a recent 

review by Hostrup and co-workers.49  

 

Noteworthy, no studies have examined the performance-enhancing effect of clenbuterol administration 

in healthy, non-hospitalized humans. Thus, clenbuterol’s potential ergogenic effects on human 

performance are based on studies on animals and humans with muscle-wasting conditions, as well as 

human studies applying other β2-agonists, and the assumption that these effects are class-specific and not 

limited to the applied drug. 

1.2.1 Ergogenic effects of long-term clenbuterol administration 

In humans, long-term administration of β2-agonists have been shown to enhance muscle strength and 

power output during maximal cycling. Hostrup and co-workers observed increased maximal voluntary 

contraction (MVC) of m. quadriceps, as well as increases in both peak power and mean power during a 

30-s all-out cycle sprint following high-dose oral β2-agonist administration (5 mg/30 kg body weight 

of terbutaline) twice daily for 4 weeks in in 9 trained men.50 The accompanied increase in lean body 

mass, but similar fiber type distribution, suggest that skeletal muscle hypertrophy, rather than changes 

in fiber type distribution, is the primary underlying mechanism for enhanced muscle strength and 

power observed following long-term β2-agonist administration.50 Further, prolonged cycling time to 
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exhaustion at 80-85% of V̇O2peak  was observed after three weeks of 12 mg oral salbutamol (4 mg 

three times daily) administration in 8 trained men compared with placebo,51 whilst, on the contrary, 

two weeks of 8 mg/day oral salbutamol induced no significant effect on cycling time to exhaustion at 

110% of V̇O2peak in 10 endurance-trained athletes.52 These results suggest that long-term 

administration of β2-agonists has the potential to enhanced endurance performance at submaximal 

intensities.   

1.2.2 Ergogenic effects of acute clenbuterol administration 

β2-agonists can also induce ergogenic effects if administered acutely, i.e. right before or during physical 

exercise. These effects appear dose-dependent, as studies applying lower doses (e.g. 8 mg terbutaline) 

have reported no effect on MVC53,54 nor running sprint performance55 in moderately trained to well-

trained men, while the administration of higher dose (15-20 mg terbutaline) or combined inhalation 

of several β2-agonists have shown to be sufficient to enhance quadriceps isometric muscle strength 

and maximal arm ergometer and bike ergometer sprint performance in recreationally active men and 

endurance athletes.47,56 

When excluding the four subjects experiencing side effects, van Baak and co-workers observed an 

acute increase in cycling time to exhaustion at 70% of maximal Watts post-administration of 4 mg 

oral salbutamol in 16 recreationally active men.57 Likewise, cycling time to exhaustion at 80-85% of 

V̇O2peak  was prolonged post-administration of 6 mg oral salbutamol in 9 moderately trained men.58 

On the other hand, 6 mg oral salbutamol induced no significant differences in cycling time to 

exhaustion at 90% of V̇O2peak in 8 moderately trained men.59 Thus, as with long-term β2-agonist 

administration, the potential performance-enhancing effect of acute β2-agonist administration on 

endurance seems dependent on the exercise undertaken and whether the individual experiences side 

effects.  

1.2.3 Summary 

Based on the existing literature, both long-term and acute administration of β2-agonists can, depending 

on dosage and exercise modality, enhance performance in muscle strength,50,57,60 maximal sprinting50,60,61 

and endurance51,57,58 exercises in healthy non-asthmatic, moderately trained to well-trained individuals. 

Because β2-agonists act via the β2-adrenoceptors, it seems likely that clenbuterol-stimulation can induce 

similar effects. However, studies evaluating the ergogenic effects of clenbuterol on exercise performance 

in healthy humans are needed. 
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1.3 Actual or potential health risk 

In the long term, testosterone usage for nontherapeutic reasons have been reported to have adverse 

health consequences such as cardiomyopathy, dyslipidemia and hypogonadism,62 while clenbuterol, 

depending on dosage, can induce adverse effects such as headache, muscle tremor, palpitation, 

hypokalemia, hyperglycemia, rhabdomyolysis and myocardial ischemia.63 Most of the evidence about the 

adverse side-effects are based on case reports and cross-sectional studies, from which causality cannot 

be directly determined. However, based on the potential health risk, detection of testosterone, 

testosterone analogs and clenbuterol appears important not only to protect clean athletes, but also the 

public health. The following sections discusses the existing state-of-the-art methods to detect 

testosterone and its synthetic analogues, as well as clenbuterol.  

1.4 Indirect detection of doping with testosterone and its synthetic analogues 

1.4.1 Steroid profile 

Molecular similarities between the endogenous hormone and the exogenously administered substance 

makes the direct detection of testosterone challenging. Therefore, state-of-the-art detection of AAS 

administration is based on evaluation of so-called ‘urinary steroid profiles’,  by mass spectrometry coupled 

to gas chromatography (GC-MS/MS).64 With the steroid profile, biomarkers for doping with testosterone 

and prohormones are monitored. This includes the concentrations and ratios of glucuroconjugated and 

free urinary compounds related to testosterone (T) and its metabolism (Figure 1), of which the primary 

marker is the T to epitestosterone (E) ratio. Additionally, four secondary urine parameters are included: 

5α-androstane-3α, 17β-diol (5α-diol)/5β-androstane-3α, 17β-diol (5β-diol), 5α-diol/E, androsterone 

(A)/etiocholanolone (Etio) and A/T. Table 1 illustrates the typical behavior of the biomarkers following 

testosterone administration.  

 
Table 1. The influence of testosterone administration and common confounding factors on urine biomarkers. 

T E 5α-
diol 

5β-
diol A Etio T/E A/T 

5α-
diol/5β-

diol 
A/Etio 5α-

diol/E 

Oral/injection of 
testosterone65,66 ↑ ↓ ↑ ↑ ↑ ↑ ↑ ↓ ↑ ↑

Testosterone gel67–69 ↑ ↓ ↑ ↑ ↑ ↑ ↓ ↑ ↑ ↑
Hormonal contraceptives70 ↓ ↑ ↑
Pregnancy71 ↑ ↑ ↓ ↑ ↓ ↓ ↑ ↑ ↓
Ethanol consumption72–74 ↑ ↑ ↓
Homozygote deletion of 
UGT2B1765,75,76 ↓ ↓ ↓ ↓ ↑ ↑
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As illustrated in Table 1, elevated urinary concentrations of T, and, thus, a rise in the ratio of T to E 

is the main indicator of testosterone administration.65–68 Moreover, decreased excretion of E may as 

well occur,65 as a result of testosterone-induced suppression of gonadotropin-releasing hormone 

and/or luteinizing hormone (LH) through the hypothalamic-pituitary-adrenal axis, and consequently 

reduced endogenous production of T and E.22 Interestingly, studies on the administration of topical 

or intranasal testosterone gel have demonstrated augmented 5α-diol/5β-diol, 5α-diol/E and A/Etio, 

probably due to high levels of 5α-reductase in the skin.67–69  
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Figure 1. Pathways of synthesis and metabolism of testosterone. The figure has been modified from Mareck 

et al., 2008.77  
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1.4.2 Evaluation of the steroid profile 

The T/E ratio was introduced already in 1983 to indirectly detect doping with AAS, with a population-

based upper limit set at 6:1.Today, the T/E ratio is still the most sensitive marker for testosterone 

administration, but the threshold has been reduced to 4:1.64 The use of population-based reference 

ranges for the sample’s ratios and concentrations, i.e. the sample’s urinary steroid profile, is still the 

screening method used for individuals tested only once; the first ABP sample in an athlete’s steroidal 

passport.64 However, some markers show high inter-individual variability, and, thus, the screening 

method has been found to lack specificity (specificity = the proportion of clean samples not resulting in 

a positive finding) and sensitivity (sensitivity = the proportion of doped samples resulting in a positive 

finding) in some cases.78  For example, people with homozygous deletions of the UGT2B17 gene, the 

major enzyme for testosterone glucuronidation, show reduced urinary excretion of testosterone 

glucuronide (Table 1).65,75,76 Thus, blunted increases in the T/E urinary ratios can occur when 

testosterone is administered,65,75 which increases the risk of false-negative results. Moreover, data 

indicate that some individuals have naturally elevated T/E ratios, resulting in resources wasted on 

subsequent negative confirmatory analyses.78  

Based on this large inter-individual variability, an individual-based approach was proposed,78 and the 

‘Athlete Biological Passport’ (ABP) steroidal module was introduced in 2014 to longitudinally monitor 

the  urinary biomarkers T/E, A/T, A/Etio, 5α-diol/5β-diol, and 5α-diol/E within an athlete.79 

Initially, before a passport is established, the biomarkers are compared with population-derived 

thresholds. As samples from an individual are collected and incorporated in the ‘adaptive model’, the 

ABP uses Bayesian inference to calculate more narrow individual reference ranges based on the 

individual’s own previous test results.80 A value, or a sequence of values, outside the individual 

thresholds is termed an ‘atypical passport finding’ (ATPF).81 In case of an abnormally high T/E ratio, 

the adaptive model automatically requests a confirmatory IRMS analysis. While in case of an 

abnormality in any of the secondary markers, the Athlete Passport Management Unit evaluates the 

likelihood of doping, and advices the testing authority on follow-up testing strategies and/or 

confirmatory analysis.79 Subsequently, a confirmatory gas chromatography-combustion-isotope-ratio 

mass spectrometry (IRMS) analysis is needed to unequivocally establish the origin (exogenous or 

endogenous) of a steroid and its metabolites, as described in WADA’s technical document for IRMS 

analysis in force at the time of analysis, e.g. TDIRMS2019. 
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1.4.3 Future possibilities 

The implementation of the steroidal module of the ABP has improved the sensitivity and specificity 

for screening for testosterone doping. The superiority of using individualized thresholds was 

illustrated in a study analyzing 432 urine samples from 28 control subjects and 88 samples following 

the administration of 80 mg testosterone undecanoate. The use of a population-based limit of 4.0 for 

T/E resulted in 24 incorrect identifications of suspicious samples (i.e. 94% specificity) and 34 correct 

identifications of suspicious samples (i.e. 39% sensitivity). While the use of ABP, on the other hand, 

lead to two incorrect identifications of suspicious samples (i.e. 99% specificity) and 51 correct 

identifications of suspicious samples (i.e. 58% sensitivity).78 Moreover, the adaptive model in the ABP 

steroidal module has shown promising results for doses as low as 125 mg intramuscular testosterone 

enanthate65 and 100 mg testosterone gel67 in healthy men. However, the passport evaluation is still a 

difficult task due to confounding factors such as pregnancy,71 the use of hormonal contraceptives70 

and alcohol consumption,72–74 (Table 1) along with other pharmaceutical, technical/analytical and 

biological factors that have been extensively reviewed previously.77,82 For example, both small and 

large doses of ethanol have been found to increase the T/E ratio and reduce the A/T ratio in healthy 

volunteers.72–74 Moreover, the reliance on collection of ‘clean’ baseline samples, from which the intra-

individual thresholds are calculated, further complicates the passport evaluation. Therefore, more 

research should be conducted to improve the performance of the ABP.  

Because testosterone stimulates erythropoiesis and alters iron homeostasis,9,10,23 one approach might 

be to look at the already existing hematological module of the ABP, which collects information on 

variables that can indicate blood doping by e.g. ESAs or blood transfusions. The two primary 

physiological markers are the HGB and reticulocyte percentage (RET%), which also are combined in 

the OFF-Score (OFF-Score = HGB (g/L) – 60*(√[RET%])).83 The module also consists of a 

multiparametric marker named the ‘abnormal blood profile score’ (ABPS), which is calculated from 

seven hematological parameters: hematocrit (HCT), HGB, mean corpuscular hemoglobin (MCH), 

mean corpuscular hemoglobin concentration (MCHC), mean corpuscular volume (MCV), RBC count 

(RET#) and RET%.80,84 Abnormal fluctuations in either of the primary markers HGB or OFF-Score 

can trigger an ATPF, while the RET% and the ABPS, among others, are regarded as secondary 

markers.79 Interestingly, studies indicate that RET% and ABPS have great potential in identifying 

doping with ESAs, and in some cases even superior sensitivity compared with the primary markers 

HGB and OFF-Score.84,85 
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research should be conducted to improve the performance of the ABP.  

Because testosterone stimulates erythropoiesis and alters iron homeostasis,9,10,23 one approach might 

be to look at the already existing hematological module of the ABP, which collects information on 

variables that can indicate blood doping by e.g. ESAs or blood transfusions. The two primary 

physiological markers are the HGB and reticulocyte percentage (RET%), which also are combined in 

the OFF-Score (OFF-Score = HGB (g/L) – 60*(√[RET%])).83 The module also consists of a 

multiparametric marker named the ‘abnormal blood profile score’ (ABPS), which is calculated from 

seven hematological parameters: hematocrit (HCT), HGB, mean corpuscular hemoglobin (MCH), 

mean corpuscular hemoglobin concentration (MCHC), mean corpuscular volume (MCV), RBC count 

(RET#) and RET%.80,84 Abnormal fluctuations in either of the primary markers HGB or OFF-Score 

can trigger an ATPF, while the RET% and the ABPS, among others, are regarded as secondary 

markers.79 Interestingly, studies indicate that RET% and ABPS have great potential in identifying 

doping with ESAs, and in some cases even superior sensitivity compared with the primary markers 

HGB and OFF-Score.84,85 
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Recent studies have established that HGB, RET% and RET#, markers which are incorporated in the 

ABP hematological module, can increase already within one to four days following 100 mg 

testosterone gel67 or an intramuscular injection of 500 mg testosterone enanthate.26 Hence, it is 

possible that combining information from the blood passport with that in the steroid passport can 

help evaluating the likelihood of doping in steroidal passport cases, for example in the presence of 

confounding factors that do not affect the hematological module. However, the mentioned studies26,67 

did not apply the adaptive model in the ABP hematological module, repeated administration nor a 

placebo-controlled design to evaluate the biomarkers’ sensitivity over a period of time. Such studies 

are needed to evaluate the potential of the hematological profile as a screening tool to indicate 

testosterone doping and for the selection of suspicious samples for follow-up testing.  

1.5 Direct detection of doping with testosterone and its synthetic analogues 

Following a suspicious single urine sample or an ATPF in the steroidal module, a urine analysis by IRMS 

is needed to directly confirm the origin of the steroids. The principle behind the method is that the carbon 

isotopic ratio (13C/12C) of the endogenously produced steroids, which is determined by the 13C/12C ratio 

of the food in our diet (e.g. grains, corns), differ from that of exogenous anabolic steroids (Figure 2). 

Thus, in IRMS analysis, the 13C/12C of the steroids in the urine sample, expressed in units per thousand 

(‰) relative to the international standard Vienna Pee Dee Belemnite (δ13CVPDB), are compared to the 

δ13CVPDB of endogenous reference compounds.81 However, studies have reported that testosterone 

preparations with isotopic compositions close to or within the range for endogenous urinary steroids 

exist (Figure 2).86,87 The use of these products will not be confirmed according to the sets of criteria 

described in the WADA technical document for IRMS analysis. Furthermore, the use of IRMS analysis 

could confirm doping in only two out of five subjects between 12 and 24 hours after  a single dose of 

100 mg testosterone gel.67 Therefore, further improvement of the IRMS sensitivity, as well as the 

development of supplementary confirmation methodologies to detect testosterone doping, are 

warranted. Because IRMS is a very laborious and expensive technique, especially the latter is of high 

relevance.  
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Figure 2. Carbon isotopic composition δ13C in testosterone preparations,86,87 humans86,88 and plants.89 The figure has 

been modified from Brand, 1996.89 VPDB = the international standard Vienna Pee Dee Belemnite. C3 plants = vegetables, 

fruits, grains, C4 plants = corn, sugarcane. 

Due to the rapid hepatic metabolism of pure testosterone, many testosterone products are provided 

as testosterone esters, with esterification of the 17-hydroxygroup, which makes the molecule more 

hydrophobic in proportion to the length of the side chain. This modification slows down the release 

of testosterone ester from the injection site into the circulation, and, thus, prolongs the duration of 

action.90 Despite rapid hydrolysis into active testosterone in the bloodstream, intact testosterone esters 

can still be present in blood.91–93 Based on  characteristic retention times and  diagnostic mass-to-

charge ratios for the precursor ions and characteristic product ions, Forsdahl and coworkers were able 

to separate steroid esters from endogenously produced testosterone by the use of liquid 

chromatography coupled to tandem mass spectrometry (LC-MS/MS).91 The assay was proofed 

applicable for confirmatory doping analysis by means of an administration study where three 

volunteers received an intramuscular injection of Sustanon® 250, a blend of four testosterone esters. 

It was reported that intact esters could be detected up to 18 days post-injection, depending on the 

length of the ester sidechain.92 Therefore, when both blood and urine samples have been collected, 

confirmatory analysis for steroid ester abuse can be considered done in serum or plasma.64   

1.6 Detection of doping with clenbuterol 

Detection of clenbuterol (4-amino-3,5-dichloro-a-tert-butylaminomethylbenzyl alcohol hydrochloride) in 

urine is a part of routine analysis at the WADA-accredited laboratories. The excreted prodrug is 

detectable in urine, with reliable identification by LC-MS/MS in the low pg/mL range.94 In contrast to 

inhaled β2-agonists such as salbutamol, formoterol and salmeterol, clenbuterol is a non-threshold 
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substance. Nevertheless, accurate estimation of urinary concentrations is necessary since clenbuterol is 

used as a growth promoter in livestock industry in countries such as Mexico, China and Guatemala. A 

positive doping test for clenbuterol at low levels can thus be a result of unintended clenbuterol intake 

through contaminated meat94,95 rather than the tail end of the excretion following intended clenbuterol 

administration. Hence, as of June 2019, findings of < 5 ng/mL clenbuterol in urine should be reported 

as an ‘atypical finding’ (ATF), rather than an ‘adverse analytical finding’ (AAF), and can be investigated 

as a potential meat contamination case.96  

Following single oral administration, clenbuterol is bioavailable after 30 minutes, and achieves a peak 

plasma concentration within 2-3 hours, with a relatively long elimination half-life of 20-35 hours.97,98  The 

long half-life is likely to allow for a long window of detection, however, limited data are available on the 

pharmacokinetics of clenbuterol in human urine. Yamamoto and co-workers97 studied the cumulative 

urinary excretion of clenbuterol after the oral intake of either 20 µg (n = 3), 40 µg (n = 3) or 80 µg (n = 

3) clenbuterol, which are in the low to medium range of the doping practice reported in questionnaires

(20 to 200 µg per administration)4 and discussed in doping forums on the internet (40 to 120 µg per 

administration).49 They found that 10-15% of clenbuterol was excreted within 24 hours, while the 

cumulative urinary excretion rate was around 20% in all three groups at 72 hours post-administration. 

Given a common daily urine volume of two liters, the intake of 80 µg clenbuterol could theoretically 

result in a urinary concentration of 8 ng/mL after three days, which is likely to be detected by today’s 

routine doping analysis. Moreover, Nicoli and co-workers found clenbuterol at low pg/mL levels in urine 

from healthy volunteers up to six days after a single oral intake of 10 µg clenbuterol.99 This gives an 

indication of detection windows for clenbuterol, however, the applied dose was similar to that which can 

be caused by the intake of contaminated food. Therefore, more proof-of-concept studies applying doses 

similar to the suspected practice by clenbuterol dopers are needed to establish evidence-based windows 

of detection for clenbuterol misuse. 

1.7 Biological matrices in doping analysis 

Today, anti-doping testing is based on the collection and analysis of two WADA-approved matrices: 

urine and venous blood, including whole blood and serum. The advantages and limitations of 

conventional test matrices and possible complimentary matrices have been  thoroughly discussed in a 

review by Thevis and co-workers.6 As pointed out in the review, existing state-of-the-art methods for 

doping analyses can efficiently detect a wide variety of doping substances: Urine represents the default 

specimen with easy and noninvasive collection, and allows for long-term identification of drug 
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metabolites and prodrugs of mainly lower molecular mass. Blood complements with the evaluation of 

hematological parameters, identification of higher molecular mass analytes not excreted in urine,6 as 

well as the quantification of the biological activity of drugs. However, the collection and transportation 

of urine and cooled blood samples according to the WADA standards are logistical challenging, 

expensive and time consuming. Further, the low to moderate analyte stability at room temperature in 

the current matrices is an issue of concern.6  Moreover, in a study by Elbe and Overbye, over one 

third of the 400 elite athletes completing the web-based survey had experienced stress and difficulties 

urinating during doping control,100 which illustrates that the urine sample collection in front of a 

Doping Control Officer can be intimidating. Hence, development and validation of new sample 

collection, shipment and analytical methods are warranted. Alternative, complementary matrices 

including saliva, exhaled breath, hair and dried matrices such as dried blood spots (DBS) or dried 

plasma spots (DPS) have been subject of several studies related to sports drug testing.6 The next 

section will focus on the use of dried matrices in doping analysis. 

1.7.1 Microvolume dried matrices 

The above-mentioned challenges can be addressed by the implementation of microvolume sampling 

of whole blood (DBS) or plasma (DPS) on filter paper. In current DBS applications, 20-50 µL of 

capillary blood is collected per spot on a filter paper. DBS has attracted massive research attention 

due to the minimally invasiveness and the wide application possibilities, including newborn 

screening,101 screening of substance abuse102 and proteome wide association studies,103 but further 

development and validation is required for systematic application in specialized fields such as anti-

doping. Of special interest for anti-doping efforts are the reduced costs for collection, transportation 

and storage, including no need for trained phlebotomists, the low invasiveness and discomfort, the 

possibility for automated system for on-line liquid chromatography-high resolution mass spectrometry 

analysis,104,105 as well as a high analyte stability for some compounds compared with liquid matrices.106–

109 For example, the synthetic peptide hormone Synacthen® has been found to be stable in DBS at 

room temperature for at least ten days,106 due to the drying process and the corresponding reduction 

of enzymatic activity. Whilst the analyte is rapidly degraded within hours in urine110 and 

plasma/serum.111 This potential benefit of DBS could simplify sample transportation and allow sample 

collection in geographically remote areas.  

A major limitation of DBS is the limited sample volume available, which influences the assay 

sensitivity. Another challenge relies on the composition of the analyzed blood, especially when 

quantification analyses are performed. In this regard the HCT of the blood is of importance, as it 
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relates to the blood viscosity and consequently the spreading of the sample on the filter card. Data 

indicate that a partial punch-out from a DBS sample with low HCT contains a lower sample volume 

than that from a DBS with high HCT, leading to bias in the quantitative analysis of DBS.112,113 

However, this is likely circumvented by analyzing whole, volumetrically applied DBS or by the use of 

DPS sampling material. In DPS collection, RBCs are trapped on the upper membrane and only plasma 

is transferred to the filter paper,114 resulting in a preparation suitable for analyses of other compounds 

than those possible with a DBS preparation. For example, many drugs do not enter the RBC, and in 

these situations the RBCs act as diluent.115 Therefore, the development of DPS cards is expected to 

have even greater potential than DBS. 

While research in the DPS methodology for anti-doping purposes is in its infancy and only covers a 

limited number of doping substances such as opioids and stimulants,116,117 the portfolio of promising 

DBS applications in sports drug testing is growing and includes both WADA prohibited substances 

and methods (Table 2). However, in the endeavor to have DBS and/or DPS accredited and 

implemented in doping control and analysis, further development of reliable DBS and DPS 

methodologies are needed. Moreover, it is required to evaluate the analyte stability on DBS cards from 

sample collection to analysis, so that the transportation and storage procedures to be used in doping 

control and analysis can be optimized.  Additionally, as illustrated in Table 2, many of the proposed 

assays lack proof-of-principle data via clinical trials and/or real-life testing to demonstrate the assays’ 

applicability for routine sports drug testing. Indeed, some studies have provided data on drug 

monitoring in DBS samples from patients, drug abusers or animals for clinical and forensic purposes 

or due to ethical issues related to human administration studies (Table 2). However, it is unclear 

whether these samples are representative for a healthy athlete population. Therefore, administration 

studies with healthy volunteers, reproducing scenarios of cheating athletes, or real-life testing of 

athletes, are required before the assays can be implemented. Hence, the next step in the development 

of the DBS and DPS methodologies for anti-doping purposes is to compare the specificity, sensitivity 

and applicability of DBS and DPS cards for analysis of frequently occurring doping substances, to 

find the best performing method to be used in routine sport drug testing.   
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Table 2. Promising dried blood spot assays for WADA prohibited substances and methods 
Reference Substance/Method Class Study design 

Antelo-
Dominguez et 
al., 2013118 

Cocaine S6 Stimulants 

Real-life testing of 
polydrug abusers (n = 13) 

Morphine S7 Narcotics 

Codeine 
Narcotics included in 
WADA's Monitoring 
Program 

Antunes et al., 
2015119 Tamoxiphen S4 Hormone and 

metabolic modulators 
Real-life testing of 
patients (n = 91)  

Cox et al., 2013; 
2014120,121 

Insulin-like growthfactor-
1 

S2 Peptide hormones, 
growth factors, related 
substances and mimetics 

Real-life testing for 
endogenous IGF-1 (n = 
8 healthy volunteers) 

Cox et al., 
2017122 

Blood doping monitoring 
(Indirectly via the biomarkers 
CD71, Band 3, CD41, 
CD45)  

M1 Manipulation of 
blood and blood 
components 
S2 Peptide hormones, 
growth factors, related 
substances and mimetics 

Real-life testing of clean, 
non-athletes and athletes 

Cox et al., 
2017123 

Autologous blood 
transfusion (Indirectly via 
the biomarkers CD71 and 
Band 3) 

M1 Manipulation of 
blood and blood 
components 

Placebo-controlled 
administration study (n = 
15 blood, n = 11 
placebo) 

Ferro at al., 
2017124 

rhGH (Indirectly via the 
biomarker fibronectin-1)  

S2 Peptide hormones, 
growth factors, related 
substances and mimetics 

Controlled 
administration study (n = 
10 rhGH, n = 4 control) 

Höppner et al., 
2014125 

Sirtuin-1 activating 
compounds 

S0 Non-approved 
substances 

Administration study 
with rats (n = 9) 

Lange et al., 
2019126 

Sotatercept S2 Peptide hormones, 
growth factors, related 
substances and mimetics 

Spiked samples 
Placebo-controlled 
administration study 
(Bimagrumab, n = n/a) 

Luspatercept 

Bimagrumab S4 Hormone and 
metabolic modulators 

Lawson, Cocks 
and Tanna, 
2012127 

Atenolol P1 Beta-blockers Administration study (n 
= 2 healthy volunteers) 

Kojima et al., 
2016128 

Ephedrine 
S6 Stimulants Administration study (n 

= 5 healthy volunteers) Methylephedrine 
Mommers et al,. 
2013129 Morphine S7 Narcotics Spiked samples 

Möller et al., 
2012130 Peginesatide 

S2 Peptide hormones, 
growth factors, related 
substances and mimetics 

Spiked samples 

Peng et al., 
2000131 

Testoterone undecanoate 
(Indirectly via. blood steroid 
profile) 

S1 Anabolic agents Administration study (n 
= 6 healty volunteers) 

Testoterone propionate 
(Indirectly via. blood steroid 
profile) 
Testosterone enanthate 
(Indirectly via. blood steroid 
profile) 

Protti et al., 
2018132 Oxycodone S7 Narcotics Real-life testing of 

patients (n = 18)  

Reverter-
Branchat et al., 
2016133 

rhGH 
S2 Peptide hormones, 
growth factors, related 
substances and mimetics 

Placebo-controlled pilot 
administration study (n = 
2 rhGH, n = 2 control)  
Administration study (n 
= 8 healhty volunteers) 
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Reverter-
Branchat et al., 
2018134 

rhEPO 
S2 Peptide hormones, 
growth factors, related 
substances and mimetics 

Administration study 
with rhEPO (n = 2 
healthy volunteers) 

NESP 
Real-life testing of 
patients for NESP (n = 
12) 

CERA Spiked samples 

Rosting et al., 
2015135 hCG 

S2 Peptide hormones, 
growth factors, related 
substances and mimetics 

Spiked samples 

Rosting et al., 
2016107 Human insulin S4 Hormone and 

metabolic modulators Spiked samples 

Salamin et al., 
2019136 

Blood doping (Indirectly 
via the biomarker ALAS2) 

M1 Manipulation of 
blood and blood 
components 
S2 Peptide hormones, 
growth factors, related 
substances and mimetics 

Administration study 
with rhEPO (n = 2 
healthy volunteers) 
Placebo-controlled 
administration study with 
blood withdrawal (n = 16 
healthy volunteers) 

Saussereau et al., 
2012137 

Morphine S7 Narcotics 

Spiked samples 
Real-life testing of drug 
abusers (n = 20) 

Codeine 
Narcotics included in 
WADA's Monitoring 
Program 

Cocaine 

S6 Stimulants 

Amphetamine 
Methamphetamine 
MDA 
MDMA 
MDEA 

Thomas et al., 
2011138 

Salbutamol S3 Beta2‐agonists 
Spiked samples 
Administration study 
(Pseudoephedrine, n = 1 
healthy volunteer) 

Cocaine 
S6 Stimulants Pseudoephedrine 

Amphetamine 
JWH-018 S8 Cannabinoids 

Thomas et al., 
2012139 

Metoprolol 
P1 Beta-blockers 

Spiked samples 

Bisoprolol 
Propronalol 
Clenbuterol 

S1 Anabolic agents 
Metandienone 
Andarine 
Stanozolol 
SARM S1 
Salbutamol 

S3 Beta2‐agonists 
Formoterol 
Anastrozole 

S4 Hormone and 
metabolic modulators Clomiphene 

Exemestane 

Hydrochlorothiazid S5 Diuretics and masking 
agents 

MDA S6 Stimulants 

27



MDMA 
Strychnine 
Methylhexaneamine 
Methylphenidate 
Cocaine 
Nikethamide 
Mesocarb 
THC S8 Cannabinoids 
Dexamethasone 

S9 Glucocorticoids 
Budesonide 

Thomas et al., 
2018140 

Human insulin 

S4 Hormone and 
metabolic modulators 

Spiked samples 
Administration study 
(insulin aspart, n = 1 
diabetic patient) 

Insulin lispro 
Insulin aspart 
Insulin glulisine 
Insulin glargine 
Insulin detemir 
Insulin tresiba 
Bovine insulin 
Porcine insulin 

Tretzel et al., 
2014108 

Testosterone 
undecanoate 

S1 Anabolic agents 

Spiked samples 
Administration study 
(Testosterone 
undecanoate, n = 1 
healthy volunteer) 

Testosterone decanoate 
Testosterone 
phenylpropionate 
Testosterone acetate 
Testosterone cypionate 
Testosterone isocaprioate 
Nandrolone 
phenylpropionate 
Trenbolone enanthate 
Nandrolone 

Tretzel et al., 
2015106 Synacthen 

S2 Peptide hormones, 
growth factors, related 
substances and mimetics 

Administration study (n 
= 1 healthy volunteer) 

Tretzel et al., 
2015141 

Stanozolol 
S1 Anabolic agents Administration study (n 

= 2 healthy volunteers) Dehydrochlormethyl-
testosterone 

Pseudoephedrine S6 Stimulants Administration study (n 
= 4 healthy volunteers) 

Tretzel et al., 
2016105 Nicotine 

Stimulant included in 
WADA's Monitoring 
Program 

Real-life testing (n = 23 
smokers/snus users, n = 
10 control) 

Tretzel et al. 
2016142 Meldonium S4 Hormone and 

metabolic modulators 
Administration study (n 
= 2 healthy volunteers) 

Verplaetse and 
Henion, 2016143 

Morphine 
S7 Narcotics Spiked samples 

Adminsitration study 
(Hydrocodone, n = 1 
healthy volunteer) 

Fentanyl 
Oxycodone 
Codeine Narcotics included in 

WADA's Monitoring 
Program Hydrocodone 
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1.7.2 Detectability of testosterone esters and clenbuterol in DBS/DPS 

In the next step, it is of obvious importance to focus on frequently occurring substances such as 

testosterone esters and clenbuterol. Promising methods to detect clenbuterol and intact anabolic 

steroid esters from spiked DBS samples have been proposed, with limit of detection (LOD) of 0.05 

ng/mL for clenbuterol139 and 0.1 ng/mL for the testosterone esters testosterone phenylpropionate 

(TPP), testosterone isocaproate (TI) and testosterone decanoate (TD).108 However, both methods 

showed incomplete extraction of the analytes. For clenbuterol the extraction recovery was 70%, while 

for the testosterone esters TPP, TI and TD only 12.6% to 15.8% were extracted, partly due to the 

adsorption effect of the esters to the sample material.108 Increased sensitivity through improved sample 

preparation and analytical procedures is desirable for prolonged windows of detection, as well as for 

the possibility to detect low administration doses. This might be achieved using alternative extraction 

conditions and derivatization agents (i.e. signal enhancement), as well as sensitive instrumentation 

such as nano-scale LC-MS/MS (NanoLC-MS/MS). Moreover, incomplete elution of the analytes 

from the sampling card might be circumvented by alternative collection materials. One promising 

approach is to use water-soluble materials such as carboxymethyl cellulose (CMC), which can be 

almost completely dissolved in a an aqueous buffer solution, making the entire sample available for 

further processing.107,135,144  

Following method development and validation, only the mentioned testosterone ester assay’s 

sensitivity was evaluated in a proof-of-concept study for doping control purposes. Hence, a DBS study 

on human administration of clenbuterol has yet to be conducted. The testosterone ester assay was 

proofed reliable for detection of orally administered testosterone undecanoate (80 mg Andriol® 

Testocaps) in a healthy subject up to eight hours post-administration,108 despite limited analyte 

recovery and the low bioavailability of oral testosterone undecanoate.145  As a proof-of-concept, a 

sample size of one (n = 1) is often used in the field of anti-doping to demonstrate that a method has 

applicable sensitivity. Notably, due to the large consequences of sanctioning an athlete based on a 

false adverse analytical finding, high specificity is of great importance. This is particularly important 

for direct detection methods such as direct detection of testosterone esters and clenbuterol in 

DBS/DPS, Therefore, and due to the between-subject variability in adsorption/elimination rates,92 it 

is required to collect samples from more than one healthy subject undergoing administration 

resembling the suspected practice by cheating athletes. Clean baseline samples in a clinical trial can be 

used to evaluate the specificity, however, randomized placebo-controlled studies, with samples from 

a placebo group undergoing the same intervention as the drug administration group, is desirable to 

provide extensive information of the assay’s specificity for a period of time. These points should be 
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taken into consideration in the further development and validation of the DBS and DPS 

methodologies for detection of frequently occurring doping substances and methods.  

Before the DBS and DPS methodologies can be implemented in a doping control setting, the transport 

and storage procedures must be optimized and standardized among doping control agencies and 

laboratories. In this regard, it is required to evaluate the stability of analytes on DBS cards under 

varying storage conditions. A 28-76% degradation was observed for anabolic steroid esters on DBS 

after 4 weeks storage at room temperature,108 while clenbuterol was found to be stable on DBS card 

for at least one week when stored at cooled conditions (2-8 °C). Since the long-term stability of 

clenbuterol and testosterone esters on DBS cards at cooled or frozen conditions has yet to be reported, 

studies assessing DBS analyte stability at varying storage temperatures are warranted.   

1.8 Applicability to anti-doping: objectives 

Important elements of an efficient anti-doping system are targeted testing and frequent and 

unpredictable sample collection to maximize detection and deterrence. However, as highlighted in the 

previous sections, the system is limited by challenges including time-consuming and expensive 

collection and shipment, limited analyte stability, labour intensive analysis and, in some cases, 

insufficient sensitivity and specificity of the existing state-of-the-art analytical methods to detect some 

doping substances. Thus, continued research to improve the time- and cost-efficiency and increase 

the likelihood of catching cheating athletes and recreationally active, is warranted. 

The minimally invasive, easy and cost-reduced DBS and DPS techniques have the potential to improve 

the time-and-cost efficiency compared to traditional collection, shipment and analysis. As 

complementary matrices, DBS and DPS can increase deterrence and the capacity to better reveal 

doping practices by allowing more frequent out-of-competition testing and large-scale testing, also in 

geographically remote areas. Therefore, the present PhD project aimed to compare the specificity, 

sensitivity and applicability of DBS and DPS materials for analysis of frequently occurring doping 

substances, to find the best performing method for routine doping analysis.  Additionally, the project 

aimed to evaluate the long-term stability of four different testosterone esters on DBS cards after 

storage at cooled and frozen conditions, to achieve a robust matrix suitable for a doping control 

setting. Moreover, we aimed to evaluate whether the administration of the four testosterone esters 

TD, TI, TPP and testosterone propionate (TP) (Sustanon® 250) or clenbuterol to healthy, male 

volunteers could be detected in DBS/DPS samples. 
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Knowledge about the pharmacokinetics and pharmacodynamics of a doping substance is important 

for targeted testing. Therefore, the present project aimed to evaluate detection windows for 

testosterone esters and clenbuterol in DBS and/or urine samples collected from humans subjected to 

administration resembling the suspected practice by cheating athletes. Moreover, we aimed to examine 

the acute ergogenic effects of a mixed testosterone ester injection (250 mg Sustanon®) on human 

physical performance, and whether the basal serum testosterone concentration influences the 

performance in strength and power exercises, to help anti-doping authorities determine the most cost-

efficient testing programs. 

To further develop already existing detection methods is a cost-efficient way to improve the likelihood 

of revealing doping practices. Based on the erythropoietic-stimulating effect of testosterone, the 

project aimed to evaluate the potential of the adaptive model in the ABP hematological module to 

infer testosterone doping and as a screening tool to identify suspicious samples for subsequent IRMS 

analysis. 

The following hypotheses were investigated: 

I. Single and repeated intramuscular injections of 250 mg testosterone esters (Sustanon® 250)

affect biomarkers in the hematological module of the Athlete Biological Passport.

II. A mix of testosterone esters administered to healthy participants is detectable by

application of a DBS-based analytical method with sufficient specificity and sensitivity to

complement existing analytical strategies while increasing time-cost efficiency. Further,

long-term stability of four different testosterone esters on DBS cards can be achieved by

storage at frozen conditions.

III. One intramuscular injection of 250 mixed testosterone esters enhances physical

performance in strength and power exercises acutely 24 h after injection. Additionally, the

basal serum testosterone concentration influences the performance in countermovement

jump, 30-s all out cycle sprint and one-arm isometric elbow flexion.

IV. Clenbuterol can be detected in DBS and urine samples following single-dose ingestion of

80 µg oral clenbuterol.

The present PhD project was a part of the Innovation Fund Denmark’s Industrial Researcher 

Program.  The Industrial PhD project was a collaboration between Anti Doping Denmark and the 

University of Copenhagen, with the WADA-accredited Norwegian Doping Control Laboratory as a 
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third party. The present Industrial PhD thesis is based on two of the Industrial PhD’s studies, from 

which four papers have been formed –three submitted and one draft. The papers are referred to as 

Paper I, II, III and IV, corresponding to those listed in ‘List of papers’.  Data collection took place in 

Copenhagen, Denmark, under the guidance of Associate Professor Nikolai Baastrup Nordsborg, at 

the University Copenhagen, and Dr. Jakob Mørkeberg, the Senior Science Manager at Anti Doping 

Denmark. The analytical work for Paper I-III was performed at the Norwegian Doping Control 

Laboratory in Oslo, Norway, by the PhD student and laboratory personnel, under guidance of the 

Laboratory Director Dr. Yvette Dehnes. The analytical work for Paper IV was performed at the 

WADA-accredited laboratory in Cologne, Germany. 
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2. Results and discussion

The main results from Paper I-IV are described and discussed in the following subchapters. 

2.1 Acute performance-enhancing effects of testosterone in humans 

As outlined in the introduction, findings indicate that testosterone administration rapidly can affect 

skeletal muscle contractions,30–32 energy metabolism and recovery,33 as well as increase the 

cardiorespiratory capacity34,35 and aggressive behavior in some individuals.38 These physiological and 

psychological effects could potentially provide testosterone dopers with an advantage if administering 

testosterone right before or during a competition, but studies on the acute performance-enhancing 

effect of testosterone administration in humans are lacking. The following sections address potential 

mechanisms by which acute testosterone administration can enhance muscular strength, sprint 

performance and vertical jump performance, and relate the current knowledge to the results of Paper 

III.  

2.1.1 Acute ergogenic effects of testosterone administration on muscular strength 

It is possible that acute testosterone administration can enhance muscular strength. Intracellular 

calcium concentration has been reported to increase within seconds to minutes in cultured rat 

myotubes after testosterone stimulation.31 In skeletal muscles, intracellular calcium regulates 

contraction via binding to troponin C.146 Further, stimulation by the testosterone metabolite DHT has 

been found to rapidly increase force production via phosphorylation of the regulatory myosin light 

chain kinase in fast-twitch mouse muscle fibres.32 In skeletal muscles, phosphorylated myosin light 

chain kinase can increase the sensitivity of the contractile proteins to calcium.147 Thus, acute 

testosterone administration can potentially stimulate increased maximal force production (e.g. 

measured as MVC) in humans by both augmented intracellular calcium release and calcium sensitivity 

for cross-bridge formation.  

Noteworthy, the ability to deduce human effects from rodent studies and in vitro studies is unclear. 

For example, human skeletal muscles appear to have low activity of 5α-reductase, the enzyme that 

converts testosterone to DHT.148 The conversion of testosterone to DHT, and thereby the potential 

DHT-mediated effect of testosterone on human skeletal muscle contractility, might thus be limited. 

In Paper III, we were the first to evaluate the acute effects of testosterone administration on human 

physical performance.  We found that the MVC in a one-arm isometric elbow flexion test remained 
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unchanged 24 hours after an intramuscular injection of 250 mg mixed testosterone esters (Sustanon®), 

as well as compared with placebo administration. Thus, it appears that the potential testosterone-

induced, acute alterations in intracellular calcium release and calcium sensitivity for cross-bridge 

formation,31,32 were not considerably affected by the testosterone administration in  Paper III. This is 

in line with a study on mice: based on in vitro findings in rodents, the authors hypothesized that acute 

androgen administration would enhance muscle performance in mice. However, no effects were 

observed on maximal force production, power or fatigue of the tibialis anterior muscles 30, 60 and 90 

minutes following testosterone or DHT administration.149 

 

Findings suggest that testosterone administration can act acutely on the central nervous system and 

increase the central descending motor drive,30 as well as augment the aggression and competitiveness 

in humans.38,39 This could in theory lead to more rapid muscle activation, and increased motivation to 

perform the task. An elevation in plasma testosterone levels 48 hours after the administration of 5000 

IU hCG reduced the cortical motor thresholds to evoke a muscle response in m. interosseus dorsalis I in 

six healthy men.30 In this respect, it must be noted that no accompanying increase in muscular response 

was observed, evident by unchanged slope of the input-output relationship between the transcranial 

magnetic stimulation intensity and the size of the motor-evoked potential.30 Therefore, it is unknown 

whether this acute effect of testosterone will transfer into faster muscle activation and thereby 

contribute to augmented rate of force development (RFD) in voluntary movements. Notably, we 

observed no acute effect of the administration of 250 mg Sustanon® on RFD in a one-arm isometric 

elbow flexion test. This suggests that the potential improvements in central descending motor drive,30 

following testosterone administration  has no meaningful impact on explosive strength in humans.  

 

2.1.2 Acute ergogenic effects of testosterone administration on sprint performance 

Sprint performances such as 30-sec all-out sprinting has been shown to require a high (~80%) 

anaerobic energy contribution from phosphagens and glycolysis.150 The accompanying accumulation 

of metabolites and ions disturbs the cellular homeostasis, which impairs the excitation–contraction 

coupling of skeletal muscles and can lead to skeletal muscle fatigue. Thus, increased capacity to 

regulate ion homeostasis and thereby sustain power output and attenuate fatigue, is a potential 

mechanism to enhance sprint performance.151 Acute testosterone administration has been found to 

have a vasodilatory effect in vitro and mediate vasodilatation and augment cardiac output in heart 

failure patients.34,35,152 This could potentially increase the O2 delivery to the working muscles as well as 

the removal of metabolites. However, given the small aerobic energy contribution during maximal 

sprinting,150 and that peripheral vasodilation can elevate blood flow to other tissues and organs than 
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the exercising muscles, it is questionable whether these effects are likely to provide any beneficial 

effects on sprint performance. In support of this notion, mean power and fatigue index in a 30-s all-

out cycle sprint remained unchanged after an intramuscular injection of 250 mg mixed testosterone 

esters in recreationally active men (Paper III).  

 

Further, it is possible that the rapid rise in aggression after testosterone gel administration,38 combined 

with the potential effect of testosterone on skeletal muscle contractility,30,31 acutely can improve peak 

power output during a 30-s all-out sprint. However, testosterone administration had no effect on peak 

power in Paper III, which is in line with concomitantly unchanged elbow flexion MVC and RFD (Paper 

III). In this respect, it must be noted that testosterone-induced potentiation in aggressive behavior, 

evaluated in a well-validated decision-making game, was only observed in individuals scoring high on 

trait dominance or low on trait self-control.38 Therefore, it appears that a potential psychological effect 

on sprint performance only would be apparent in individuals with dominant or impulsive personality 

styles. Collectively, our findings suggest that a single testosterone ester injection has no acute ergogenic 

effects on human sprint performance. 

 

2.1.3 Acute ergogenic effects of testosterone administration on vertical jump performance 

Positive relationships have been found between testosterone levels and vertical jump height 40,41 which 

may be due to both acute and long-term effects of testosterone. Therefore, one can speculate that 

increasing serum testosterone levels by testosterone administration acutely will enhance vertical jump 

performance.  

 

Lower-body rate of force development and maximal force production have previously been reported 

to be the main contributors to vertical jump performance.153,154 Thus, testosterone administration 

could potentially increase vertical jump height acutely by increasing maximal muscle force production, 

given the rapid increases in myoplasmic calcium concentration,31 and myofibrillar calcium sensitivity,32 

observed after testosterone or DHT stimulation in rodent studies. Combined with the potential of 

testosterone to increase central descending motor drive,30 this could lead to more rapid muscle 

activation. Thus, acute testosterone administration could theoretically augment RFD. Nonetheless, 

until now it has been unexplored whether these potential effects result in enhanced vertical jump 

performance in humans. In Paper III, we were the first to evaluate the acute effect of a single 

testosterone ester injection on the vertical jump height in a countermovement jump test. Interestingly, 

the vertical jump height remained unchanged in both the testosterone ester group and the placebo 

group after administration. These results imply that the potential testosterone-induced changes in 
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muscle contractility31,32 and muscle activation30 do not meaningfully impact human vertical jump 

performance. 

2.1.4 Serum testosterone and performance capacities 

If the basal serum testosterone concentration influences the performance capacities, it could be 

speculated that the biological effect of a testosterone ester injection would be blunted in individuals 

with naturally high serum testosterone levels. In Paper III, we combined the pre-administration data 

for the placebo group and the testosterone ester group and evaluated the relationships between the 

subjects’ serum testosterone levels and performance outcomes in strength and power exercises. No 

correlations were observed (Paper III). This contradicts the observed positive relationships between 

serum testosterone and vertical jump height40,41 and sprinting performance41 in elite athletes of various 

sports. It must be noted that we included a mixed group of untrained and moderately trained 

individuals (Paper III). Hence, it can be speculated that there is a stronger linkage between testosterone 

and performance in a homogenous group of elite-trained individuals than in a group of recreationally 

active. On the one hand, this is supported by the finding of correlations between testosterone levels 

in saliva and leg strength and sprint performance in individuals with high strength levels but not in 

less strong individuals.155 On the other hand, when evaluating the correlations between salivary 

testosterone concentration and neuromuscular performance in a group of elite rugby players and in a 

group of recreationally active men, no correlations were observed in either cohort156 In line with these 

latter findings, resting plasma testosterone concentrations could not account for the performance 

differences when dividing the subjects in Paper III into two groups based on their MVC measurements 

at baseline. Notably, differences in lean body mass were sufficient to account for the sex differences 

in the performance of 693 elite athletes in various sports, and it was postulated that serum testosterone 

does not determine performance.157 Collectively, it appears that human performance in strength and 

power exercises cannot be predicted solely on testosterone levels.  

2.1.5 Implications for anti-doping 

Information about the pharmacodynamics of a substance is important when anti-doping authorities 

plan cost-efficient testing programs. It is clear that long-term (months) and short-term (weeks) 

testosterone administration have ergogenic effects,13–16 while testosterone dopers, independent on 

baseline testosterone levels, are likely not to have an advantage if administering a single dose of 

testosterone esters immediately before or during a competition in strength and power sports (Paper 

III). Collectively, these results suggest that in case of testosterone doping in strength and power sports, 
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anti-doping authorities should focus on out-of-competition testing. If testing in-competition, it is 

noteworthy that there seem to be no performance-enhancing effects of Sustanon® at a time point 

where it is detectable in DBS (Paper II), plasma92 and urine (Paper I).   

 

 

2.1.6 Study limitations 

One can argue that the applied dose in Paper III was too low to induce marked physiological effects, 

because findings indicate that testosterone-induced effects on muscle strength, leg power19,20 and 

muscle size20 in healthy, young men are dependent on dose. However, we observed a threefold 

increase in mean serum testosterone level from pre to post-injection in the testosterone group, while 

it remained unchanged in the placebo group (Paper III). Moreover, maximal circulatory concentrations 

of the testosterone esters, measured in DBS, occurred during the first one to three days post-injection 

(Paper II). These findings indicate that the performance measurements were carried out in the period 

where acute effects can be expected and that the applied dose was sufficient to elevate serum 

testosterone to supraphysiological levels.  

 

Worth mentioning is the ethical concerns when conducting testosterone administration studies. We 

chose 250 mg Sustanon® because this has previously been safely administered to males in controlled 

studies.92,158 This dose is in the lower range of the doping practice reported by athletes and 

recreationally active in questionnaires and interviews (70 mg to more than 2500 mg per week).5,159,160 

Yet, serum concentrations of LH were reduced post-injection in the testosterone ester group (Paper 

III), which illustrates that the testosterone administration caused a feedback inhibition of endogenous 

testosterone production. As an important note with regards to the safety of participants, one subject 

experienced suppressed testosterone levels compared to baseline at the medical follow-up three weeks 

after the second injection, but the levels had returned to baseline at the additional medical follow-up 

three months later. No additional severe side-effects were reported (Paper III). 

 

Additionally, it can be speculated that a performance-enhancement would have been observed if other 

exercise modalities were applied. Therefore, further research with the use of other exercise 

modalitiesare needed. 
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2.2 Indirect detection of testosterone esters 

2.2.1 The steroid profile 

As highlighted in the introduction, the implementation of the individual-based steroidal module of 

the ABP has improved the sensitivity and specificity for screening for testosterone doping. In Paper I, 

a total of 133 clean urine samples, including all placebo samples and the baseline samples for the 

testosterone ester group, were analyzed. When using population-based cut-off values, the specificity 

was 82% (i.e. 24 incorrect identifications of suspicious samples), while the adaptive model of the ABP 

steroidal module, on the other hand, had a specificity of 87% (i.e. 17 incorrect identifications of 

suspicious samples). On the day following the first and second testosterone ester injection, the T/E 

ratio was suspicious in 5/9 and 6/9 subjects, respectively, when using population-based reference 

ranges. When using the adaptive model, the T/E ratio identified all subjects in the Sustanon® group 

on the first day after both injections. This confirms the superiority of using individualized thresholds. 

 

Similar to the application of transdermal67,69 and intranasal68 testosterone gel in healthy young 

volunteers, T/E and 5α-diol/E were the most sensitive steroidal markers for intramuscular Sustanon® 

injections (Paper I). These markers remained increased compared with both baseline levels and levels 

in the placebo group for ten and fourteen days after the first and second testosterone ester injection, 

respectively. However, the steroidal module has many confounding factors that challenge the passport 

evaluation.77,82 For example, alcohol consumption, evident by the presence of ethyl glucuronide (EtG) 

in the urine sample,73 likely caused the atypical T/E ratio in one placebo sample as this sample had 

the highest measured EtG concentration (318.3 µg/mL). Similarly, alcohol consumption might have 

contributed to the atypical T/E ratios in the ten Sustanon® samples with EtG concentrations above 3 

ng/m, but since the samples simultaneously showed atypical 5α-diol/E ratios they were still evaluated 

as suspicious. 

 

In the presence of confounding factors, the Athlete Passport Management Unit evaluates the sample 

validity and possible ATPFs in the context of the remaining urinary markers. In this regard, it could 

be speculated that combining information from the hematological profile with the steroid profile 

could be helpful in the passport evaluation, as previously suggested by others.26,67 

2.2.2 The hematological profile

Based on the proven erythropoietic-stimulating effect of testosterone,9,10,23,26,67 we evaluated the 

potential of the adaptive model in the ABP hematological module to infer testosterone doping e.g. to 

identify suspicious samples for subsequent IRMS analysis (Paper I). Recent studies have established 

38



2.2 Indirect detection of testosterone esters 

2.2.1 The steroid profile 

As highlighted in the introduction, the implementation of the individual-based steroidal module of 

the ABP has improved the sensitivity and specificity for screening for testosterone doping. In Paper I, 

a total of 133 clean urine samples, including all placebo samples and the baseline samples for the 

testosterone ester group, were analyzed. When using population-based cut-off values, the specificity 

was 82% (i.e. 24 incorrect identifications of suspicious samples), while the adaptive model of the ABP 

steroidal module, on the other hand, had a specificity of 87% (i.e. 17 incorrect identifications of 

suspicious samples). On the day following the first and second testosterone ester injection, the T/E 

ratio was suspicious in 5/9 and 6/9 subjects, respectively, when using population-based reference 

ranges. When using the adaptive model, the T/E ratio identified all subjects in the Sustanon® group 

on the first day after both injections. This confirms the superiority of using individualized thresholds. 

 

Similar to the application of transdermal67,69 and intranasal68 testosterone gel in healthy young 

volunteers, T/E and 5α-diol/E were the most sensitive steroidal markers for intramuscular Sustanon® 

injections (Paper I). These markers remained increased compared with both baseline levels and levels 

in the placebo group for ten and fourteen days after the first and second testosterone ester injection, 

respectively. However, the steroidal module has many confounding factors that challenge the passport 

evaluation.77,82 For example, alcohol consumption, evident by the presence of ethyl glucuronide (EtG) 

in the urine sample,73 likely caused the atypical T/E ratio in one placebo sample as this sample had 

the highest measured EtG concentration (318.3 µg/mL). Similarly, alcohol consumption might have 

contributed to the atypical T/E ratios in the ten Sustanon® samples with EtG concentrations above 3 

ng/m, but since the samples simultaneously showed atypical 5α-diol/E ratios they were still evaluated 

as suspicious. 

 

In the presence of confounding factors, the Athlete Passport Management Unit evaluates the sample 

validity and possible ATPFs in the context of the remaining urinary markers. In this regard, it could 

be speculated that combining information from the hematological profile with the steroid profile 

could be helpful in the passport evaluation, as previously suggested by others.26,67 

2.2.2 The hematological profile

Based on the proven erythropoietic-stimulating effect of testosterone,9,10,23,26,67 we evaluated the 

potential of the adaptive model in the ABP hematological module to infer testosterone doping e.g. to 

identify suspicious samples for subsequent IRMS analysis (Paper I). Recent studies have established 

38

that 100 mg testosterone gel can elevate RET% by 0.1 percentage point and RET# by ~13% within 

24 hours67 and that an intramuscular injection of 500 mg testosterone enanthate can increase the HGB 

by ~3% within four days.26 In contrast to Paper I, these studies did not apply a placebo-controlled 

design. Such design is of importance to exclude the possibility that other factors than the testosterone 

administration caused the observed fluctuations. In Paper I, we demonstrated that both single and 

repeated intramuscular injections of 250 mg mixed testosterone esters elevated the RET% and ABPS 

and decreased the OFF-score three to ten days after the first and/or second injections. Contrary to 

the finding of a 3% increase in HGB four days post-injection of 500 mg testosterone enanthate in 24 

healthy males,26 HGB remained unchanged throughout the intervention in Paper I. This might be 

explained by a lower dose in Paper I, because the testosterone-induced erythropoiesis has been 

reported to be dose-dependent.24 Thus, the relatively low RET% response (0.6 percentage point) 

might have been too small to induce a measurable change in HGB. Secondly, the subjects did not get 

iron supplementation, thus, insufficient iron availability for HGB synthesis cannot be excluded.  

Paper I was the first study to use WADA’s ABP software and a placebo-controlled design to evaluate 

the sensitivity and specificity of the ABP hematological module to infer single and repeated 

testosterone ester injections. In agreement with the hypothesis, we showed that intramuscular 

testosterone ester injections affect not only the steroidal module but also some of the markers in the 

ABP hematological module. Overall, the hematological module identified suspect samples in 6/9 

Sustanon®-treated subjects. The RET% and ABPS identified a larger proportion of doped subjects 

(2/9 and 5/9, respectively) than the HGB and OFF-Score, which both identified 1/9 Sustanon®-

treated subjects. Noteworthy, in the placebo group, ABPS was atypical in 30% of the subjects and was 

elevated from baseline ten days after the second injection. An increase in the ABPS has previously 

been reported as indication of blood doping,161,162 hence, our results show that the ABPS lacks 

specificity in some cases. This is possibly because the score contains blood variables that are influenced 

by pre-analytical conditions such as prolonged storage,163 although, the stable MCV in the placebo 

group indicates that the pre-analytical conditions in Paper I were not sub-optimal. In summary, the 

RET% seemed to be the best marker in the hematological module for indicating testosterone doping.  

As a proof-of-concept, we conducted IRMS analyses based on atypical hematological profiles in Paper 

I. We found that the RET%, ABPS and OFF-Score could, in addition to the T/E ratio, help identifying

suspicious samples for more targeted IRMS testing. Indeed, the steroidal profile is more sensitive to 

testosterone doping than the hematological module. Nonetheless, the use of these markers could be 

beneficial in cases where confounding factors affect the steroid profile. Furthermore, sometimes no 
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urine samples but only ABP blood samples are collected to save the costs related to urinary analysis 

and/or to save time when testing many athletes. In cases of suspicious blood profiles with elevated 

RET% values but stable HGB values, and where subsequent ESA-analysis have shown negative 

results, the ABP hematological module could be used to target follow-up urine sample collection and 

IRMS analysis. This is supported by Paper I, where 5 out of 9 Sustanon®-treated subjects had an atypical 

T/E ratio fourteen days after the second injection, i.e. four days after the RET% was elevated 

compared with baseline and placebo. This implies that the T/E ratio could still be elevated if a follow-

up urine sample was collected 3-5 days after an elevated RET%.  

 

 

2.3 Direct detection of testosterone esters 

Today, doping with testosterone esters is directly detected in urine by IRMS analysis or in 

serum/plasma by steroid ester analysis.64 However, as addressed in the introduction, these test 

methods have some limitations. For example, low administration doses67 or the use of testosterone 

preparations with δ13CVPDB close to or within the range of those for endogenous urinary steroids86,87 

might be difficult to detect by IRMS. Additionally, direct steroid ester analysis is limited by rapid, 

temperature-dependent degradation of esters in serum/plasma, especially in blood collection tubes 

not stabilized with the esterase inhibitor sodium fluoride.92 Further, collection and transportation of 

urine and venous blood samples are subject to strict criteria as described in WADA’s standards and 

can be time-consuming, logistically challenging and require substantial resources.   

 

2.3.1 Further development of DBS analysis of testosterone esters  

DBS and DPS are alternative, low-cost sample matrices which might be applicable for detection of 

doping with testosterone esters, especially because inactivation of the hydrolase enzymes occurs when 

the blood is dried on the sampling material.106,109 In support of this, a promising method to detect 

intact anabolic steroid esters from spiked DBS samples, with a LOD of 0.l ng/mL, has been proposed. 

Nevertheless, the method showed incomplete extraction of the analytes and resulted in double 

chromatographic peaks.108 Thus, we aimed to further develop the method for analysis of the 

testosterone esters TD, TI, TPP and TP by improving sample preparation and analytical procedures 

(Paper II). 

 

Various alternative extraction conditions were tested, including different solvents, temperatures (RT 

and 40°C), incubation periods (15-60 min), sonification and shaking, in order to find the most efficient 

40



urine samples but only ABP blood samples are collected to save the costs related to urinary analysis 

and/or to save time when testing many athletes. In cases of suspicious blood profiles with elevated 

RET% values but stable HGB values, and where subsequent ESA-analysis have shown negative 

results, the ABP hematological module could be used to target follow-up urine sample collection and 

IRMS analysis. This is supported by Paper I, where 5 out of 9 Sustanon®-treated subjects had an atypical 

T/E ratio fourteen days after the second injection, i.e. four days after the RET% was elevated 

compared with baseline and placebo. This implies that the T/E ratio could still be elevated if a follow-

up urine sample was collected 3-5 days after an elevated RET%.  

 

 

2.3 Direct detection of testosterone esters 

Today, doping with testosterone esters is directly detected in urine by IRMS analysis or in 

serum/plasma by steroid ester analysis.64 However, as addressed in the introduction, these test 

methods have some limitations. For example, low administration doses67 or the use of testosterone 

preparations with δ13CVPDB close to or within the range of those for endogenous urinary steroids86,87 

might be difficult to detect by IRMS. Additionally, direct steroid ester analysis is limited by rapid, 

temperature-dependent degradation of esters in serum/plasma, especially in blood collection tubes 

not stabilized with the esterase inhibitor sodium fluoride.92 Further, collection and transportation of 

urine and venous blood samples are subject to strict criteria as described in WADA’s standards and 

can be time-consuming, logistically challenging and require substantial resources.   

 

2.3.1 Further development of DBS analysis of testosterone esters  

DBS and DPS are alternative, low-cost sample matrices which might be applicable for detection of 

doping with testosterone esters, especially because inactivation of the hydrolase enzymes occurs when 

the blood is dried on the sampling material.106,109 In support of this, a promising method to detect 

intact anabolic steroid esters from spiked DBS samples, with a LOD of 0.l ng/mL, has been proposed. 

Nevertheless, the method showed incomplete extraction of the analytes and resulted in double 

chromatographic peaks.108 Thus, we aimed to further develop the method for analysis of the 

testosterone esters TD, TI, TPP and TP by improving sample preparation and analytical procedures 

(Paper II). 

 

Various alternative extraction conditions were tested, including different solvents, temperatures (RT 

and 40°C), incubation periods (15-60 min), sonification and shaking, in order to find the most efficient 

40

extraction procedures for TD, TI, TPP and TP. The use of strong organic solvents was necessary 

because of the adsorption effect of some esters to the cellulose-based DBS card. Since this resulted in 

particles from the sampling material in the supernatant, a filtering step was added to remove unwanted 

particles and protect the instrument. The mixture of acetonitrile and methanol (50:50, v:v) provided 

the best recoveries, without dissolving the spin filters (Paper II). 

The final, optimized extraction conditions resulted in recoveries between 15 and 22% (Paper II), which 

is comparable to those previously reported.108 This suggests that cellulose-based DBS materials are 

not optimal for DBS analysis of testosterone esters. Therefore, we tested if incomplete elution could 

be circumvented by the use of a water-soluble CMC material (Aquacel® HydrofiberTM, ConvaTec, 

Deeside, UK), which has shown great potential for other analytes.107,135,144  Additionally, a DPS card 

(NoviplexTM Duo, Novilytic, North Webster, IN, USA) 114 was evaluated due to the potential influence 

of hematocrit on extraction efficiency, at least at high hematocrit levels.120,130,141 The recoveries of TD, 

TI, TPP and TP from the pure cellulose material were comparable to those from CMC and the DPS 

card, despite the use of an aqueous buffer solution optimized for CMC. Since the DBS card allows 

for collection of multiple spots and is commercially available as a product suited for clinical trials and 

doping control, we went forward with this material.  

The previously reported method for detection of testosterone esters in DBS used methoxime 

derivatization as a mean to enhance ionization and thereby chromatographic signal and assay 

sensitivity.108 However, methoxime derivatization can lead to the formation of two chromatographic 

peaks for some testosterone esters,164 which likely reduces the signal strength compared to a single 

peak. Single chromatographic peaks were obtained by oxime derivatization by hydroxylamine in 

pyridine in the method for testosterone ester analysis in serum/plasma.91 But this derivatization 

reagent can be corrosive and harm the instrument, and thus, requires sample cleanup by online-SPE.91 

The use of 2-hydrazinopyridine improved the signal strength and resulted in single peaks for the 

testosterone esters, directly in line with previously findings for steroid hormones,165 and was therefore 

selected as derivatization reagent in the final method protocol (Paper II). 

Initially, LC-MS/MS analysis was performed by conventional flow ultra-high pressure LC system 

interfaced to a Q Exactive mass spectrometer. This resulted in LODs of 0.5 ng/mL for TP, 3 ng/mL 

for TPP and 1 ng/mL for TI and TD. Noteworthy, the use of nanoflow LC system, with reduced 

mobile phase flow and inner column diameter, combined with a Q Exactive Plus mass spectrometer 

enhanced the method’s sensitivity markedly and resulted in LODs of 0.1 ng/mL for TP and TI, 0.05 
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ng/mL for TPP, 0.2 ng/mL TD (Paper II). This was considered sufficient based on the higher plasma 

concentrations of intact esters following  an intramuscular injection of 250 mg Sustanon®,92 which is 

an administration dose well within the suspected and purported doses used by dopers.5,159,160 

Further, the method validation showed that the final method (Paper II) was specific, with appropriate 

precision for qualitative analysis and no notable carry-over effect. Thus, the developed method 

appeared suitable for analysis of testosterone esters.  

2.3.3 Detection of testosterone ester administration in DBS 

The previously reported DBS method was proven reliable for detection of orally administered 

testosterone undecanoate (80 mg Andriol® Testocaps) between two and eight hours post-

administration in a n = 1 trial.108 In this respect, it must be stressed that the pharmacokinetics  seem 

to differ between subjects after testosterone ester administration.92 Thus, given the importance of high 

specificity in a direct detection method, it is necessary to evaluate the DBS assay’s sensitivity and 

specificity in an administration study with more than one subject. A randomized placebo-controlled 

design, with a setup mimicking a doping control setting, would provide the most applicable 

information of the DBS method’s specificity and sensitivity. Therefore, we analyzed DBS samples 

from nine men receiving 250 mg Sustanon® and ten men receiving placebo, in a randomized, double-

blinded, placebo-controlled design, using the developed nanoLC-MS/MS-based method (Paper II). To 

mimic a doping control setting, the samples were transported from the sample collection site in 

Denmark to the laboratory in Oslo within 48 hours. 

Importantly, the method showed 100% specificity (i.e. no false adverse analytical findings). Further, 

TD, TI and TPP could be detected with 100% sensitivity for five days after injection, and for up to 

14 days in one subject (Subject 16). The shortest chained ester, TP, showed the shortest windows of 

detection (max five days) and was only detectable in all subjects for one day after injection. Moreover, 

the individuals with the highest observed relative abundances were also among the individuals with 

the longest detection times. Hence, the varying detection windows appeared to be due to both the 

length of the ester sidechain and inter-individual variation in absorption/elimination rates. 

Noteworthy, a shorter detection period (2-8 hours) was reported for the long-chained testosterone 

undecanoate in DBS after a single oral ingestion of 80 mg of the drug.108 However, the lower 

detectability was probably a result of the extensive first-pass metabolism and consequently low (7%) 

bioavailability of orally administered testosterone undecanoate.145  
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Our findings are in agreement with the detection windows reported for TD, TI, TPP and TP in human 

serum/plasma after an injection of Sustanon® 250.92 This is of interest since the sample volume in 

DBS is only ~2% of that used in plasma analysis. The explanation is likely the level of enzymatic 

activity, and thus, degradation of testosterone esters in plasma92 compared with dried blood, evident 

by increased stability of testosterone esters when stored on DBS cards, as reported previously108 and 

in Paper II. In this regard, it is of note that the increased analyte stability in DBS likely makes cooled 

transportation redundant, which will reduce the costs compared with shipping of standard blood. 

Collectively, these findings suggest that DBS could be a favorable sample matrix for testosterone ester 

analysis in both elite and recreational sports. 

Interestingly, the detection windows in DBS (Paper II) are comparable to the indirect detection periods 

observed in the ABP steroidal module after single and repeated injections of 250 mg Sustanon® (Paper 

I). In Paper I, we observed that the urinary T/E and 5α-diol/E ratios could indicate testosterone 

doping with 100% sensitivity for at least five days, and in some individuals up to 14 days after the 

injections. This suggests that DBS analysis potentially could be used for unambiguous confirmation 

of doping with testosterone esters based on atypical steroid profiles.  

2.4 Detection of clenbuterol 

Clenbuterol is a widely used doping substance by bodybuilders and athletes seeking to increase lean 

body mass. Its anabolic and lipolytic effects have been observed in several mammalian species,42–44 but 

until now, it is unknown whether clenbuterol has hypertrophic and metabolic effects in healthy 

humans. In a parallel investigation to Paper IV, we were the first to evaluate the effects of acute 

clenbuterol administration on resting metabolism and skeletal muscle signaling in healthy, young men. 

We observed increased energy expenditure, fat and carbohydrate oxidation, as well as skeletal muscle 

signaling of mTOR and PKA around 2.5 hours after the ingestion of 80 µg of clenbuterol in six healthy 

men (Jessen et al., unpublished data, December 2019). The observed effects can potentially translate 

into increased fat free mass. The study was limited by a small sample size and the lack of a placebo 

group. Notwithstanding, the observed changes were of relatively great magnitude, with low inter-

individual variation, and are thus unlikely to be results of random variation. Therefore, this study 

indicates that the detection of doping with clenbuterol, even a single dose, is of relevance. Further, 

based on the potential health risk associated with clenbuterol misuse,63 detection of clenbuterol doping 

is also important for the protection of the health of athletes and recreationally active. 
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2.4.1 Detection of clenbuterol in urine 

Today, urine analysis for clenbuterol is a part of routine doping analysis. However, only a few studies 

have evaluated the detection windows for clenbuterol in urine.97,99 Yamoamoto and colleagues used an 

enzyme immunoassay to evaluate the cumulative urinary excretion after a single administration of 80 µg 

oral clenbuterol, but only for three days post-administration.97 While Nicoli and co-workers applied a 

longer sample collection period following administration (6 days), the administered dose was only 10 µg 

of clenbuterol.99 Ten µg clenbuterol is lower than the suspected and purported doses (20 to 200 µg per 

administration) used by dopers.4 Therefore, in Paper IV, we evaluated whether clenbuterol could be 

detected in DBS samples collected up to 72 hours following single-dose administration of 80 µg oral 

clenbuterol.  

 

As previously reported,166 we observed a large inter-individual variability in urinary concentration profiles, 

likely due to differences in absorption and urine flow rates. Notwithstanding, clenbuterol was detected 

in all samples for at least three days and with 67% sensitivity seven days after administration. The longest 

detection period observed in a subject was ten days. Our results show that clenbuterol can be detected 

in urine with high specificity for at least 7-10 days when administered as a dose within the range of the 

expected use by dopers.  

 

Worth mentioning is that fourteen out of 36 clenbuterol findings in urine were below 5 ng/mL. Of these, 

two samples were collected only 24 hours after ingestion. According to the recent amendment to Article 

7.4 of the World Anti-Doping Code, these findings should be reported as ATF instead of AAF.96 This is 

because low urinary clenbuterol levels have been observed following the ingestion of meat in countries 

where clenbuterol is used to induce muscle growth in livestock.94,95 Our findings indicate that in some 

subjects, urinary clenbuterol concentrations below 5 ng/mL can occur rapidly after administration of 80 

µg clenbuterol, which is a higher dose than what is expected to be inadvertently ingested through 

contaminated meat.95 It must be noted that the drug administration in Paper IV was witnessed by research 

personnel, thus, the possibility that the substance was not received in its entire dose is non-existing. 

Therefore, an ATF for clenbuterol necessitates careful investigation by the Result Management Authority 

to evaluate the likelihood of meat contamination vs intentional clenbuterol administration.  
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2.4.2 Detection of clenbuterol in DBS 

A sensitive method has been developed for detection of clenbuterol in DBS samples,139 but the 

detectability of clenbuterol in DBS samples from humans after clenbuterol ingestion has not been 

evaluated. Such clinical trials are needed to demonstrate the method’s applicability in doping analysis. 

Paper IV was the first study to evaluate the detectability of clenbuterol in DBS samples collected from 

healthy males after clenbuterol ingestion. We observed that clenbuterol could be detected with 100% 

sensitivity for 24 hours and with 50% sensitivity three days after a single oral ingestion of 80 µg 

clenbuterol. Further, the analytical method was 100% specific, which is crucial given the large 

consequences of sanctioning an individual based on a false adverse analytical finding.  

The concurrent evaluation of DBS samples and urine samples in Paper IV allowed for direct 

comparison between detectability of clenbuterol in the two matrices. While the urine matrix allows 

for longer windows of detection for clenbuterol than DBS (Paper IV), the fast DBS sample collection, 

on the other hand, makes frequent and large-scale testing possible, which potentially can increase 

detection and deterrence. Furthermore, DBS seem to be suited for long-term storage, illustrated by 

detectable concentration levels of clenbuterol after storage at 2-8 °C for one week139 and at -80 °C for 

eight months (Paper IV).   

It must be noted that although clenbuterol is a non-threshold substance, accurately estimated 

concentrations are necessary given the risk of inadvertent clenbuterol doping.94,95 In Paper IV, we 

observed substantial differences in the estimated concentrations of clenbuterol in DBS between 

subjects. It could be speculated that the differences in DBS concentration profiles were because all 

subjects received the same absolute dose of clenbuterol. However, the results were the same when the 

DBS concentrations were normalized to body weight (data not shown). Further, the between-subject 

variations were larger than those observed for the urine clenbuterol concentrations (Paper IV). 

Therefore, it is likely that the differences in DBS concentration profiles were mainly attributed to 

reasons other than inter-individual variation in absorption and elimination rates. Based on the fact 

that the blood was non-volumetrically spotted on the DBS cards in Paper IV, and that a whole spot 

was used for analysis, it is reasonable to believe that the main explanation was heterogeneity in the 

spotted volumes of blood. In support of this notion, high accuracy was obtained when analyzing fixed-

volume DBS enriched with clenbuterol.139 This suggests that clenbuterol concentrations in DBS can 

be accurately estimated, but that a correction strategy for hematocrit or a fixed-volume collection 

device should be used.  
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Collectively, our findings imply that DBS is a suitable matrix for long-term storage and routine doping 

analysis of clenbuterol, even after a single-dose administration. However, studies evaluating different 

collection and transportation procedures would be valuable to optimize the procedures for use in 

doping control and analysis. Given the longer detection windows for clenbuterol in urine, urine is 

expected to remain as the preferred sample matrix for clenbuterol analysis, while DBS sampling could 

be useful e.g. when testing a large number of athletes in a short time.   

2.5 Implementation of DBS in doping control 

For DBS to be implemented by WADA in routine doping analysis, standardized and optimized protocols 

for collection, transportation and storage procedures are required. In the following sections, possible 

procedures and benefits of DBS collection are discussed. 

2.5.1 Sample collection procedures 

One of the benefits with DBS is the minimally invasive collection of capillary blood, e.g. from a finger 

prick. In this respect, it must be noted that while finger prick blood sampling is a fast and minimally 

invasive sample collection procedure, it appears to have some limitations. For example, in the work 

with Paper II and Paper IV, we experienced difficulties collecting DBS samples from individuals with 

poor blood circulations in the hands. Excessive squeezing or ‘milking’ of the site to force blood out 

of the finger may cause hemolysis and/or squeeze tissue fluid into the blood drop and affect the 

content of the collected sample.167 Thus, sufficient training of the doping control officers and written 

guidelines, including pre-sampling techniques to stimulate blood flow (e.g. hand rubbing, commercial 

hand warmers or running water) might improve DBS collection. Further, athletes who use their fingers 

in performing their sport, such as in swimming, handball or archery, may be reluctant to provide a 

finger prick blood samples. Alternatively, collection devices and collection of capillary blood from 

other anatomical sites may be used to facilitate the DBS collection. One example is the TAP™ push-

button blood collection device (SeventhSense Biosystems, Medford, MA, USA), which uses 

microneedles and vacuum to collect 100 µL capillary blood e.g. from the upper arm.168 This 

circumvents the potential problem of poor blood flow in the hands. Subsequently, the blood can be 

deposited on the DBS card. In a recent pilot study with ten healthy volunteers, a strong correlation 

was observed between the expression levels of ALAS2, a specific biomarker for heme 

biosynthesis,169,170 in DBS collected by the TAPTM system and in DBS collected by finger prick.136  This 

illustrates the potential of TAPTM in DBS sampling. Nevertheless, other possible collection devices 

should be evaluated in future studies. 
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invasive sample collection procedure, it appears to have some limitations. For example, in the work 

with Paper II and Paper IV, we experienced difficulties collecting DBS samples from individuals with 

poor blood circulations in the hands. Excessive squeezing or ‘milking’ of the site to force blood out 

of the finger may cause hemolysis and/or squeeze tissue fluid into the blood drop and affect the 

content of the collected sample.167 Thus, sufficient training of the doping control officers and written 

guidelines, including pre-sampling techniques to stimulate blood flow (e.g. hand rubbing, commercial 

hand warmers or running water) might improve DBS collection. Further, athletes who use their fingers 

in performing their sport, such as in swimming, handball or archery, may be reluctant to provide a 

finger prick blood samples. Alternatively, collection devices and collection of capillary blood from 

other anatomical sites may be used to facilitate the DBS collection. One example is the TAP™ push-

button blood collection device (SeventhSense Biosystems, Medford, MA, USA), which uses 

microneedles and vacuum to collect 100 µL capillary blood e.g. from the upper arm.168 This 

circumvents the potential problem of poor blood flow in the hands. Subsequently, the blood can be 

deposited on the DBS card. In a recent pilot study with ten healthy volunteers, a strong correlation 

was observed between the expression levels of ALAS2, a specific biomarker for heme 

biosynthesis,169,170 in DBS collected by the TAPTM system and in DBS collected by finger prick.136  This 

illustrates the potential of TAPTM in DBS sampling. Nevertheless, other possible collection devices 

should be evaluated in future studies. 
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In general, analyte concentrations measured in DBS correlate well with those measured in venous 

blood.119,121,132,137 Hence, it appears that DBS can be accurately used for quantitative purposes. In this 

regard, it must be noted that when a partial punch-out from a DBS is analyzed, different hematocrit 

levels, and thereby the distribution of the spot onto the card, can lead to incorrect quantification.112 

Further, inconsistent DBS volumes, particularly when spotting directly from the fingertip, complicates 

the estimation of analyte concentrations (Paper IV) or relative abundances (Paper II) when analyzing the 

entire spot. Accurate determination of analyte concentrations is particularly important in quantitative 

analysis of threshold substances. As illustrated by Tretzel and co-workers, these challenges can be 

overcome by whole-spot analysis of known spot volumes.141 Therefore, it appears that fixed-volume DBS 

sampling should be the procedure of choice in doping control when analyzing for threshold substances. 

When whole blood is not needed for analysis, an alternative is the use of dried plasma, i.e. DPS. During 

the method development preceding Paper II, we observed no differences in the performance of the tested 

materials (i.e. CMC, commercial DBS and DPS), and continued with the product best suited for an 

administration study and doping control. However, DPS might be the best performing sampling material 

for other compounds. Therefore, studies comparing different collection materials for dried matrix 

analysis of other substances are needed. 

In this thesis, we collected two DBS cards with four spots each (i.e. A/B samples) and the collected DBS 

samples dried for a minimum of two hours at room temperature before being packed in individual 

watertight, sealable plastic bags containing two desiccant packets (Paper II and Paper IV). This appears 

preferable in many aspects. The collection of several spots makes it possible to combine 2-3 spots for 

one analysis if sensitivity requires, or the possibility to develop substance-specific pre-analytical 

purification protocols, if necessary, and use one spot for each designated analysis. Further, A/B sample 

collection makes B confirmation analysis possible, while individual, sealable bags with humidity 

absorbents likely enhances analyte stability and reduces the likelihood of sample manipulation. Contrary, 

two hours of drying is unsuitable in a doping control setting when trying to improve the time- and cost-

efficiency. Thus, studies evaluating shorter drying, as well as alternative procedures for packing and 

sealing of DBS samples, are needed. 

2.5.2 Transportation and storage procedures 

Information about analyte stability at varying temperatures is important when optimizing the 

transportation and storage procedures to be used in routine doping analysis.  When stored at room 

temperature for four weeks, a degradation of 28-76% was observed for anabolic steroid esters on 
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DBS,108 while we observed less degradation following storage at -20 °C (Paper II). Concerning 

clenbuterol, the analyte has been reported to be stable for at least one week when stored refrigerated 

(2-8 °C).139 Interestingly, we found that testosterone esters and clenbuterol are highly stable (i.e. >18 

and >8 months, respectively) when stored at -80 °C (Paper II and Paper IV). Based on these 

observations, it appears that DBS samples for analysis of steroid esters and clenbuterol can be 

transported at room temperature but should be stored frozen if subsequent re-analysis is considered. 

2.5.3 Possibilities and benefits with DBS 

Based on the small sample volume in DBS, which may limit the assay sensitivity, and the fact that the 

prodrugs are only momentarily in the systemic circulation, urine will likely continue to be the backbone 

for doping analysis. Notwithstanding, there are many possibilities with DBS sampling in anti-doping 

testing. As highlighted in Paper II, Paper IV and by others,141 the fast collection and simplified logistics 

with DBS sampling make more frequent and/or large-scale testing possible, which may improve 

detection and render deterrence from doping. Further, the improved analyte stability in DBS compared 

with liquid matrices, as reported by others106–109 and in Paper II, as well as the possibility for long-term 

storage (Paper II and Paper IV), could allow for testing in more remote areas and storage of samples for 

future analyses. Moreover, another benefit with DBS sampling is the gender aspect of sample collection. 

Opposed to urine sample collection, where the doping control officer must be of the same gender as the 

athlete, DBS sampling can be performed independent of gender. In addition to the easy setup, i.e. no 

toilet needed, this will likely make doping controls more feasible.  

In a pilot project, we tested the use of DBS collection by a TAP™ device (SeventhSense Biosystems, 

Medford, MA, USA) in real-life doping control with Anti Doping Denmark. Nineteen athletes were 

selected for in-competition testing and provided a pair of A/B DBS samples each, as well as responded 

to a questionnaire concerning their experiences of DBS sample collection. Of the tested athletes, 13 had 

been tested before. In total, 17 would prefer the DBS sampling procedure compared with urine sampling. 

Similarly, 17/19 would prefer this sampling procedure compared with collection of venous blood. The 

average pain score when grading pain sensation from 0 to 9 (i.e. 9 is most painful) was 0.4 ± 0.9. Based 

on these preliminary data, it appears that DBS sampling is very well accepted by athletes. Because DBS 

sampling seems more athlete-friendly than conventional sampling methods, DBS could potentially be the 

preferred sample matrix in anti-doping education programs, e.g. when young athletes are introduced to 

the doping control process. 
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Of interest for anti-doping is also the possibility of automating the entire analytical workflow from sample 

extraction to LC-MS/MS analysis.6,143 This can reduce the manual laboratory workload, analyte loss 

during sample transfer and risk of contamination, as well as increase the sample throughput in routine 

analysis. 

3. Conclusion and perspectives

This thesis demonstrated that DBS analysis allows for detection up to 14 days after an intramuscular 

injection of 250 mg Sustanon®, and for at least three days after an oral ingestion of 80 µg clenbuterol, 

with no false adverse analytical findings. Additionally, preliminary data indicate that DBS sampling is 

very well accepted by athletes and regarded as more athlete-friendly than existing matrices. Thus, DBS-

based analytical methods for detection of doping with testosterone esters and clenbuterol seem to 

have sufficient specificity and sensitivity to complement existing analytical strategies while improving 

time- and cost-efficiency and reducing intrusiveness. This can potentially allow for more frequent 

and/or large-scale testing to increase detection and deterrence in both elite and recreational athletes. 

Further, the high analyte stability on DBS likely makes cooled shipping redundant and makes DBS a 

suitable sample matrix for long-term storage for future analysis. However, future studies should 

evaluate different collection procedures and shorter drying and packing procedures suited for use in 

doping control. 

In the present thesis, it was shown that single and repeated intramuscular injections of 250 mg mixed 

testosterone esters affect markers in the hematological module of the ABP, with the largest detectable 

effects three to ten days after an injection. The RET% seemed to be the most selective marker. Thus, 

the hematological module could help targeting follow-up sample collection and confirmatory analysis 

by IRMS if only ABP blood samples have been collected, or initiate the analysis for testosterone ester 

in DBS, if such samples have been collected. Further, the evaluation of markers in the steroid module 

and hematological module together might improve detectability of testosterone doping, especially in 

cases when steroid markers are affected by confounding factors. 

In contrast to the hypothesis, an intramuscular injection of 250 mg mixed testosterone esters did not 

enhance performance acutely in a countermovement jump test, a one-arm isometric elbow flexion test 

nor a 30-sec cycle sprint test. Further, the serum testosterone levels appeared not to influence 

performance in strength and power exercises at baseline. Thus, when determining the most cost-efficient 
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testing programs in power and strength sports, it appears that anti-doping authorities should focus on 

collecting samples out-of-competition when testing for testosterone esters.  

The present thesis demonstrated that a single oral ingestion of 80 µg clenbuterol can be detected for 

at least 10 days in urine. The longer detection windows in urine compared to in DBS suggest that 

urine is still the preferred sample matrix for clenbuterol analysis, while DBS sampling could be useful 

e.g. when testing a many athletes in a short time. Further, low (< 5 ng/mL) urinary concentrations of

clenbuterol can occur rapidly (≤24 h) after ingestion of 80 µg of drug in some individuals. Thus, an 

atypical finding for clenbuterol necessitates careful investigation to determine the likelihood of food 

contamination. 
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Figure 4. Hematological and steroidal passports for Subject A’s samples selected for IRMS analysis. The red lines mark 

the individual reference range and the blue the individual test result. A shows the Day 5 blood sample (sample no. 5) that 

was flagged atypical for ABPS, and B shows the steroidal profile of the matched urine sample. C shows the Day 10 blood 

sample (sample no. 6) that was flagged atypical for high RET%, and D shows the steroidal profile of the matched urine 

sample.
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Figure 5. Relative abundance of testosterone propionate in DBS (n = 9). The first dose of Sustanon® was administered on day 

0 and the second on day 21. Samples were collected at baseline and on day 1 (22), 3 (24), 5 (26), 10 (31), 14 (35) and 21 (42) 

after administration.
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TABLES

Table 1. Subject characteristics

PLA TE Total

n 10 9 19

Age (years) 25 ± 2 23 ± 1 24 ± 2

Height (cm) 186 ± 6 183 ± 7 185 ± 7

Body weight (kg) 82 ± 14 83 ± 10 82 ± 12

PLA = placebo group, TE = testosterone ester group 

Table 2. Sprint performance

Variable Treatment Pre Post

Peak power (W)
PLA 1124 ± 186 1115 ± 197

TE 1110 ± 186 1119 ± 182

Mean power (W)
PLA 815 ± 109 816 ± 104

TE 811 ± 109 811 ± 106

Fatigue index (%)
PLA 52 ± 5 52 ± 6

TE 50 ± 6 51 ± 6

Performance outcomes (mean ± SD) for the 30-second all-out cycle sprint test before (pre) and after 

(post) placebo (PLA) and testosterone ester (TE) administration. 
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