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Detection of formestane abuse by mass
spectrometric techniques
Xavier de la Torre,a* Cristiana Colamonici,a Davide Curcio,a Daniel Jardines,a
Francesco Molaioni,a Maria Kristina Parrc,d and Francesco Botrèa,b
Formestane (4-hydroxy-androstenedione) is an aromatase inhibitor prohibited in sports and included, since 2004, in the list of
prohibited substances updated yearly by the World Anti-Doping Agency (WADA). Since the endogenous production of formestane
has been described, it is mandatory for the anti-doping laboratories to use isotope ratio mass spectrometry (IRMS) to establish the
exogenous origin before issuing an adverse analytical finding. The described IRMS methods for formestane detection are timeconsuming, requiring usually two consecutive liquid chromatographic sample purifications in order to have final extracts of adequate purity before the mass spectrometric analysis. After establishing a procedure for the determination of the origin of
formestane by IRMS without the need of derivatization, and integrated in the overall analytical strategy of the laboratory for
pseudo-endogenous steroids, a mass spectrometric analysis by gas chromatography–mass spectrometry (GC-MS) and gas
chromatography-tandem mass spectrometry (GC-MS/MS) of formestane metabolites was carried out in order to investigate
whether other biomarkers of formestane abuse could be integrated in order to avoid time-consuming and expensive IRMS confirmations for formestane. From the metabolic studies performed, the inclusion of 3β,4α-dihydroxy-5α-androstan-17-one (4αhydroxy-epiandosterone) in the routine GC-MS procedures has demonstrated to be diagnostic in order to reduce the number
of unnecessary confirmations of the endogenous origin of formestane. Copyright © 2014 John Wiley & Sons, Ltd.
Keywords: formestane; isotope ratio mass spectrometry (IRMS); doping in sports

Introduction

Drug Test. Analysis 2014, 6, 1133–1140

* Correspondence to: Dr Xavier de la Torre, Scientific Vice-Director, Laboratorio
Antidoping FMSI, Largo Giulio Onesti, 1, 00197 Rome RM. E-mail: xavier.
delatorre@gmail.com
a Laboratorio Antidoping, Federazione Medico Sportiva Italiana, Largo Giulio
Onesti 1, 00197, Rome, Italy
b Dipartimento di Medicina Sperimentale, ‘Sapienza’ Università di Roma, Viale
Regina Elena 324, 00161, Rome, Italy
c Institute of Pharmacy, Freie Univeristät Berlin, Königin-Luise-Str. 2 + 4, 14195,
Berlin, Germany
d Center for Preventive Doping Research, Institute of Biochemistry, German Sport
University Cologne (DSHS), Am Sportpark Müngersdorf 6, 50933, Cologne, Germany

Copyright © 2014 John Wiley & Sons, Ltd.

1133

Formestane (4-hydroxy-4-androstene-3,17-dione) is an antiestrogenic drug used for the treatment of breast cancer. It is a type
I aromatase inhibitor acting as a ‘suicide substrate’. In women it
suppresses the formation of estrogen and then can be used therapeutically in those pathologies that are estrogen dependent (i.e.,
breast cancer).[1] In humans, estrogens are strong pituitary inhibitors of gonadotropin-releasing factors. The inhibition of estrogen
production causes an increase of luteinizing hormone in males,
and then a net increase of testosterone production is observed.[2,3]
In addition, the combined administration of testosterone and/or its
precursors (i.e., androstenedione) reduces the side effects linked to
androgens aromatization, like gynecomastia. For these reasons,
anti-estrogenic substances including aromatase inhibitors were included, in 2004, in the World Anti-Doping Agency (WADA) List of
Prohibited substances in sports.[4]
The human metabolism of formestane has already been described in treated patients[1,5] and in the context of anti-doping
analysis studied by Kohler et al.[6] in a single male volunteer. It
appears that among the high number of described metabolites,
3β,4α-dihydroxy-5α-androstan-17-one (4α-hydroxy-epiandrosterone; 4OH-EA) presents the longest detection window.
The basic analytical methodologies developed so far, for their application in sports drug testing, are based on gas chromatography–
mass spectrometry (GC-MS) or liquid chromatography-mass spectrometry (LC-MS), targeting formestane itself or 4-hydroxytestosterone (in horses[7]). It has been demonstrated that traces of
formestane can be produced endogenously in humans and found
in urine samples in concentrations as low as 0.5–20 ng/mL[8,9] or as
a result of a pathological process.[10] Thus, since 2011, it is man-

datory according to WADA rules to perform a confirmation based
on isotope ratio mass spectrometry (IRMS) in order to assess the
synthetic origin of formestane for samples presenting a concentration below 150 ng/mL before releasing an adverse analytical
finding.[4,11] Formestane has also been described as a good marker
of andostenedione abuse.[12]
Different IRMS methods have been already described in the
literature,[8,9] but not all laboratories are currently able to perform
such analyses for formestane, especially at low concentrations.
The published methods usually require two consecutive liquid
chromatographic purifications (HPLC) and/or the acylation of
formestane before obtaining an extract of adequate purity for the
subsequent IRMS analysis.[8,9]
We present here a method for the selective and specific detection of formestane abuse in sports based on both the metabolic
profile of formestane and the purification of urine samples without
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the need of the derivatization step for subsequent IRMS confirmation of the origin of the detected formestane. This purification
procedure is included in our laboratory’s overall sample preparation
strategy for the confirmation of the origin of compounds with a
similar chemical structure.[13]

Experimental

RT
(min)

MT (ISTD)

Standards and reagents
The standard of pregnanediol (5α-pregnane-3α,20α-diol, PD) was
from Steraloids (Newport, RI, USA), 4-hydroxy-androst-4-ene-3,17dione (formestane; F) and 17α-methyltestosterone (MT) were from
Sigma-Aldrich (Milan, Italy) and 4-hydroxy-androst-4-ene-17β-ol-3one (4-hydrosxytestosterone, 4OH-T) was from (NMIA, Pymble,
Australia). 3β,4α-dihydroxy- 5α-androstane-17-one (4α-hydroxyepiandrosterone; 4OH-EA), 3α,4α-dihydroxy-5α-androstane-17-one
(4α-hydroxy-androsterone; 4OH-A), 1,2-dehydroformestane (1,2DHF) and 6,7-dehydroformestane (6,7-DHF) were synthesized in
the Institute of Biochemistry, German Sport University Cologne as
previously described.[6]
All reagents and solvents (sodium bicarbonate, potassium carbonate, sodium phosphate, sodium hydrogen phosphate, tbutylmethyl ether, acetonitrile, methanol, n-pentane, cyclohexane
and isopropanol) were of analytical or HPLC grade and provided
by Carlo Erba (Milan, Italy). β-Glucuronidase from Escherichia coli
K12 was from Roche Diagnostic (Mannheim, Germany). Water was
from a Milli Q water purification system (Millipore S.p.A, Milan, Italy).
CO2 reference gas (Solgas, Monza, Italy) for the instrument calibration was calibrated against underivatized steroids (CU/
USADA34-1) with δ13C values calibrated against NIST RM-8559, obtained from Prof Brenna (Cornell University Ithaca, NY, USA).[14]
Urine samples
Three healthy male volunteers (44, 42, and 30 years old, respectively, 82 ± 5 kg weight and normal BMI) were administered orally
(after informed consent approval) with a single capsule of the
prohormone dietary supplement Formastat® (Molecular Nutrition,
Cambridge, MA, USA) claiming to contain 50 mg of 4-hydroxyandrost-4-ene-3,17-dione (formestane). Before the administration,
the composition of the capsule was examined and the δ13C value
of the present formestane was determined. By using the instrumental conditions described in the next section, the presence of
formestane could be confirmed and the occurrence of other substances in the formulation could be excluded. Blank urine
samples were collected before administration and spot samples
were collected for the next three days. Samples were stored at
20 °C until analysis.
Sample preparation
GC-MS analysis
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For the urine samples preparation a method previously described[15] with some minor changes, was followed. Briefly, to 2 mL
of urine 750 μL of phosphate buffer (0.8 M, pH 7), 50 μL of βglucuronidase from E. coli and 50 μL of ISTD (17α-methyltestosterone at a final concentration of 200 ng/mL) were added. The
samples were incubated for 1 h at 55 °C. After hydrolysis, to alkalinize the sample 0.5 mL of carbonate/bicarbonate buffer (20% w/w),
was added and liquid-liquid extraction was carried out with 5 mL
of t-butylmethyl ether for 6 min on a mechanical shaker. After

wileyonlinelibrary.com/journal/dta

Table 1. GC-MS(MS) method characteristics. Retention times, selected
ions or transitions and collision energy (CE) applied in the MS/MS
analyses

15.3

4OH-EA

16.1

Formestane

15.9

GC-MS

GC-MS/MS

Selected
Ions (m/z)

MRM Transitions
(m/z)

CE (V)

446
301
391
393
522
518
503

446/301
301/169
393/213
391/211
522/507
518/333
518/385
503/321

5
20
10
10
10
30
30
20

centrifugation, the organic layer was transferred and evaporated
to dryness. The residue was then derivatized, at 70 °C for 20 min,
using 50 μL of the derivatizing mixture to form the trimethylsilyl
(TMS) derivatives and an aliquot of 1 μL was injected directly into
the GC-MS. The analyses were performed in full scan mode (m/z
50–650) with a single quadrupole (GC-MS) and in multiple reaction
monitoring (MRM) with a triple quadrupole GC-MS/MS using the instrumental conditions described in Table 1.
GC-C-IRMS analysis

Urine samples (3 to 6 mL for pseudo-endogens and 21 mL (3x7 mL)
for formestane) were extracted with 10 mL of t-butylmethyl ether
after the addition of 1 mL of phosphate buffer (0.8 M, pH 7) to separate the free from the conjugated fraction. Once the free fraction
was discarded, the hydrolysis was initiated by the addition of
50 μL of β-glucuronidase from E. coli. The hydrolysis was performed
at 55 °C during 60 min; after cooling, pH was adjusted to 9–10 with
carbonate buffer (20%) and extraction performed with 10 mL of tbutylmethyl ether. Once the solvent was separated and taken to
dryness, the final residue was dissolved in 50 μL of a mixture
water/methanol (50/50 V:V) containing 17α-methyltestosterone
(100 μg/mL) for subsequent high performance liquid chromatography (HPLC) purification of the extract.
HPLC sample purification. All separations were performed on an
Agilent 1100 Series liquid chromatograph (Agilent Technologies
SpA, Cernusco sul Naviglio, Milan, Italy) and the selected fractions
collected in an Agilent 1100 fraction collector. Separation conditions were established by monitoring the signal of a UV lamp at
192 nm (Agilent 1100 UV DAD detector). Fractions before and after
the fractions containing the substances of interest were collected
and analyzed in order to verify that all the peak of interest was
completely collected, otherwise an isotopic fractionation may occur and false δ13C values might be obtained during GC-C-IRMS
analysis.

The purification of the
pseudo-endogens has been previously described.[13] Briefly, sample
purification was performed using a Discovery C18 column from
Supelco (Sigma-Aldrich Italia, Milan, Italy) (25 cm, 4.6 mm, 5 μm) at
38 °C. Separation was programmed with a mobile phase composed
of water (solvent A) and acetonitrile (solvent B). For compounds
separation, an isocratic program was set up set up at 38% B for
26 min then increasing to 55% B in 0.01 min, then to 65% B in
4 min and kept at 65% B for additional 4 min. The column was
Purification of pseudo-endogenous androgens.

Copyright © 2014 John Wiley & Sons, Ltd.
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flushed for 6 min at 100% B and finally re-equilibrated at 38% B for
5 min for a total run time of 45 min. The flow rate was set at
1 mL/min. This procedure was also applied for the collection of purified extracts of the endogenous reference compounds (ERCs; i.e.,
PD), compounds which delta values are not modified by the exogenous administration of synthetic pseudo-androgens.
A first HPLC purification is performed following the same routine conditions for the normal routine
androgens analysis as described before. Since some interfering
peaks appeared from time to time in the initial fraction of the previously described procedure, a second purification, of the fraction
containing formestane, using an Ascentis phenyl column from
Supelco (Sigma-Aldrich, Milan, Italy) (15 cm, 4.6 mm, 3 μm) and a
Supelguard Ascentis phenyl precolumn Supelco (Sigma-Aldrich, Milan, Italy) (2 cm, 4 mm, 5 μm) at 60 °C was performed in the
following conditions: an isocratic program was set up at 38% B
for 15 min then increasing to 100% B in 0.01 min. The column was
flushed for 7 min at 100% B and finally re-equilibrated at 38% B
for 8 min for a total run time of 30 min. The flow rate was set at
1 mL/min.
After the HPLC procedures for sample purification were
applied, the collected fractions were taken to dryness under a nitrogen stream. Before their analysis by GC-C-IRMS or GC-MS, the
fractions were dissolved with an adequate volume of a mixture
cyclohexane/isopropanol (4/1) containing 5α-androstane-3β-ol
(20 μg/mL), according to the estimated concentration in the original sample, in order to get adequate signal for the IRMS analysis.
Purification of formestane.

Instrumental analysis

The Thermo Isolink-Conflow IV interface was used with an oxidation furnace at 960 °C. Generated CO2 was dried on a NafionTM
membrane before entering the mass spectrometer. High purity oxygen gas was flushed trough the furnace for 3 s every single
injection of the analysis sequence.
The calibration of the CO2 tank gas was performed by the analysis of traceable reference material (CU/USADA34-1), a value of
23.3 ‰ was assigned.
GC-MS conditions for IRMS extracts confirmation
The purity of the extracts analyzed by GC-C-IRMS was verified by
their parallel analysis in a HP6890 gas chromatograph coupled
to HP5973 mass spectrometer (Agilent Technologies SpA,
Cernusco sul Naviglio, Milan, Italy) equipped with the same type
of column and under the same chromatographic conditions
used for IRMS analysis. The chromatographic profile was equivalent to the one obtained for the isotopic analysis except for the
retention time lag due to the longer non chromatographic path
of the IRMS system. The extracts (1 to 2 μL) were injected in
splitless mode and the analyses were performed in full scan
(range m/z 50–550).
GC-MS conditions for capsule content
For the capsule content identification the same instrumental conditions described for the GC-MS/MS urinary screening were used,
except that the acquisition was performed in full scan (m/z 50–650).

Validation parameters

GC-MS/MS conditions for formestane screening
For the mass spectrometric screening analysis of formestane and
4OH-EA, the chromatography was performed in a HP1MS (Agilent
J&W, CPS Analitica, Milano, Italy) methyl fused-silica capillary column (17 m x 0.2 mm i.d., 0.11 μm film thickness). The Initial
temperature 188 °C for 2.5 min, was increased at 3 °C/min to
211 °C maintained 2 min, increased at 10 °C/min to 238 °C then at
40 °C/min to 320 °C and kept 3.2 min at the final temperature.
Helium was used as carrier gas at 0.8 mL/min and injection, 2 μL
of extract, was performed in split (1:20) mode. The analyses were
carried out on an Agilent 7890A gas chromatograph coupled to
an Agilent 7000 triple quadrupole mass spectrometer (Agilent
Technologies SpA, Cernusco sul Naviglio, Milan, Italy). Both the injector and transfer line operated at 280 °C. Specific MRM
transitions were selected as described in Table 1.

The parameters considered for the validation of formestane by GCC-IRMS were: instrumental linearity, selectivity, recovery, within and
between assay precision.
The instrumental linearity of formestane in the GC-C-IRMS system was assessed by the analysis of serial dilution of standards
in triplicate in a range of 4 to 0.2 V response. A maximum standard deviation of 0.5 delta units for the three measurements was
accepted.

GC-C-IRMS conditions

Drug Test. Analysis 2014, 6, 1133–1140

Figure 1. Formestane and metabolites detection time of the main
formestane metabolites excreted as glucuronides, analysed by GC-MS in
scan mode. Mean and SD of the detection observed in three male
volunteers.

Copyright © 2014 John Wiley & Sons, Ltd.
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GC-C-IRMS analyses were performed on an HP6890 gas chromatograph connected to a combustion furnace linked to a Thermo Delta
Advantage isotope ratio mass spectrometer through an IsolinkConflow IV interface (ThermoElectron, Bremen, Germany). The chromatography was performed in a HP5MS (Agilent J&W, CPS
Analitica, Milano, Italy) 5% phenylmethyl fused-silica capillary column (30 m x 0.25 mm i.d., 0.25 μm film thickness).
The oven temperature program was the following: initial temperature 150 °C for 1 min, increased at 25 °C/min to 260 °C maintained
4 min, increased at 25 °C/min to 310 °C and kept 2.7 min at the final
temperature. Helium was used as carrier gas at 2.1 mL/min and injection, 2 μL of extract, was performed in splitless mode at 280 °C.
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The selectivity for formestane was evaluated by the analysis of 10
different pools of blank urines samples (5 male and 5 female) on
both the GC-C-IRMS and GC-MS instruments. The recovery was
established by comparison of blank urine samples spiked at different concentrations (n = 3) analyzed through the whole procedure
and the same blank urine samples once extracted added with the

same amount of standards on the last evaporation step before
the GC-C-IRMS analysis.
The within assay precision was determined by the analyses of different blank male urine samples spiked at 150 ng/mL (n = 5). The
between assay precision was determined by repeating the previous
experiment in two additional experimental sessions on different days.

1136

Figure 2. Exctracted chromatograms at selected ions or transitions of two QC samples at 2 and 150 ng/mL of formestane and additional six urine samples,
detected by GC-MS (A) and GC-MS/MS (B); and Exctracted chromatograms at selected ions or transitions of two QC samples at 5 and 30 ng/mL of 4OH-EA and
additional six urine samples, detected by GC-MS (C) and GC-MS/MS (D).

wileyonlinelibrary.com/journal/dta

Copyright © 2014 John Wiley & Sons, Ltd.

Drug Test. Analysis 2014, 6, 1133–1140

Drug Testing
and Analysis

Detection of formestane abuse by mass spectrometric techniques

Results and discussion
GC-C-IRMS validation
The GC-C-IRMS instrument showed an acceptable linearity between
350 mV and 4 V (SD <0,5 ‰, n =3), corresponding to 30–160 ng
injected on column (splitless mode). A limit of detection (LOD) verified in fortified urine samples of 30 ng/mL (starting from 21 mL

urine) was estimated as being the lowest concentration with a SD
<0,5 ‰ (n = 3). The first approach for the analysis of formestane
by GC-C-IRMS consisted of applying the previously developed
method for pseudo-endogenous steroids that is presently the
followed standard procedure in our laboratory.[13] Unfortunately
the obtained extracts of the HPLC purification required as in a previously published work[8] an additional purification step. A second
HPLC purification using a phenyl column, as in the case of
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Figure 2. (Continued).
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boldenone,[16] permitted to obtain extracts of adequate purity for
the subsequent IRMS analysis. The purity of the extracts was confirmed by GC-MS analysis.
After the application of the procedure on fortified samples, no
significant differences (<0.5 ‰) were observed for the δ13C
values of formestane compared with the direct analysis of the
pure standard, confirming that no isotope fractionation was
produced during sample preparation. The overall recovery of
the method was 60 ± 13% (n = 9) measured at 50, 40, and
30 ng/mL.
The within-assay precision estimated by the analyses of 5 control
samples spiked at 150 ng/mL and analyzed through the whole process on the same day was 0.09 ‰ expressed as the standard
deviation (SD) of the measurements (δ13C = 29.86 ‰, SD 0.09
‰). The application of the procedure over three independent experimental sessions showed an adequate precision (δ13C = 29.72
‰, SD 0.20 ‰, n = 15).
Previously published methods include the acetylation of
formestane before the HPLC purification. This certainly reduces
the reactivity of the hydroxy group on the C4 position and permits
to reach lower LODs. However, considering that the proposed
method fulfills the WADA requirements, that some disadvantages
linked to derivatization are avoided and that the overall strategy
in our laboratory for IRMS analysis circumvents the derivatization
step, we consider the proposed method as fit for purpose for the investigation of formestane origin.

Figure 4. Detection of 4OH-AED (Formestane) and of 4OH-EA urinary
concentrations after the oral administration of 50 mg of formestane to a
healthy volunteer at time 0 h. Red lines indicate the concentration interval
of formestane in which IRMS confirmation is mandatory according to
WADA rules.

Table 2A. Summary of the analitycal results on samples showing concentrations of formestane below 150 ng/mL for the three volunteers
Sample

Timea
(h)

Conc.
(ng/mL)
F

Formastat® capsule analysis
The content of a Formastat® capsule was dissolved in methanol,
sonicated for 10 min and then centrifuged. The GC-MS analysis of
the obtained solution demonstrated the presence of formestane.
The identification was based on the retention time on the chromatographic system and mass spectrum compared to a pure
standard. After the GC-C-IRMS analysis, a value of δ 13C (‰) of
29.9 ± 0.2 (n = 3) was assigned.
Excretion studies
The qualitative analyses of the urinary extracts by GC-MS in full
scan mode permitted the detection of several formestane
metabolites already described by Kohler et al.[6] and the results
for three volunteers are presented in Figure 1. The identification

VOL 1_11
VOL 1_12
VOL 2_8
VOL2_9
VOL3_8
VOL3_9

1475
1067
424
350
237
228

11.3
7.8
6.8
4.7
2.1
4.1

F

PD

28.4
28.4
28.4
28.4
28.2
28.1

23.6
23.1
22.2
22.7
21.8
22.4

IRMS
Result b

4.8
5.3
6.2
5.7
6.4
5.7

Positive
Positive
Positive
Positive
Positive
Positive

13

Urine sample collection time after Formastat® (δ C = 29.9 ± 0.2 ‰;
n = 3) administration.

b

IRMS results evaluated according to WADA rules[11]

Table 2B. Summary of the analytical findings in four formestane cases
detected by the screening method and where IRMS confirmation was
applied

1
2
3
4
a
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130
136
62
74
113
55

4O 4OH
H-EA -EA/F

Δδ

a

Case
#

Figure 3. Time course of 4OH-AED (Formestane) and of 4OH-EA urinary
concentrations after the oral administration of 50 mg of formestane to a
healthy volunteer at time 0 h.

44
48
38
42
30
36

13

δ C‰

Ratio

Athlete’s
Sex

M
F
M
M

13

δ C‰

Conc.
(ng/mL)
F

4OH-EA

F

PD

80
55
40
40

<2
ND
ND
<2

21.9
23.9
24.2
23.4

22.7
23.4
23.5
22.7

Δδ

IRMS
Result a

0.8
0.5
0.7
0.7

Negative
Negative
Negative
Negative

IRMS results evaluated according to WADA rules[11]

was assigned based on the comparison of the retention times
and mass spectra with reference standards. The detected main
metabolites were formestane, 3β,4α-dihydroxy-5α-androstane17-one (4-hydroxy-epiandrosterone; 4OH-EA), 3α,4α-dihydroxy5α-androstane-17-one (4-hydroxy-androsterone; 4OH-A), 3β,17β-
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dihydroxy-5α-androstane-4-one, 3β-hydroxy-5α-androstane-4,17dione, 4,17β-dihydroxy-4-androsten-3-one (4-hydroxy-testosterone; 4OH-T), 4-hydroxy-1,4-androstadiene-3,17-dione (1,2dehydroformestane; 1,2-DHF), 4-hydroxy-4,6-androstadiene-3,17dione (6,7-dehydroformestane; 6,7-DHF), and 5α-androstane3α,4α,17β-triol. In all three volunteers, the long lasting metabolite
was 4OH-EA and all subsequent investigations focused on the potential use of this metabolite as a specific marker of formestane intake.
The detection of formestane by GC-MS using a single quadrupole
is apparently an easy task and low detection limits can be reached,
since the mass spectrum of the per-TMS derivative shows an intense peak at m/z 518 and low fragmentation is obtained.
However, the elution time on the GC system, an instrument frequently used by the anti-doping community, overlaps with the
elution time of several other hydroxylated androgens metabolites
with the same molecular weight (i.e., 6β-hydroxy-androstenedione
or 16α-hydroxy-androstenedione) and other hydroxylated reduced
metabolites that may compromise the selectivity of the method.
To reach the required WADA performance levels for some
synthetic anabolic steroids of 2013,[17] most anti-doping laboratories have moved their traditional GC-MS methods to GC triple
quadrupole instruments operating in MRM. By the use of such analyzers, and by selecting the appropriate transitions, it has been
possible to improve the selectivity of the detection of formestane
and 4OH-EA. As shown in Figure 2, peaks that could be
misinterpreted as belonging to formestane have been better identified after MS/MS analysis.
Since the beginning of 2013, 4OH-EA has been included in the
GC-MS/MS routine procedure and more than 10 000 samples have
been analyzed without the detection of any relevant signal,
confirming the selectivity of the method and the absence of 4OHEA at the detection level reached (ca. 2 ng/mL). This finding supports the potential use of 4OH-EA as a diagnostic marker to
disclose the origin of formestane detected in urine samples.
4OH-EA as a diagnostic marker
The urinary excretion profile of formestane and 4OH-EA after the
administration of Formastat is presented in Figure 3. The concentrations of the analytes were estimated by comparison of the relative
responses with the ISTD obtained from a calibration sample prepared by adding pure formestane and 4OH-EA to a blank urine at
a final concentration of 100 and 50 ng/mL, respectively, and analyzed in every analytical batch.
It can be noticed, formestane shows a very rapid absorption with
a maximum peak concentration 5–6 h after the administration it is
detectable for 60–75 h, showing concentrations below 150 ng/mL
after ca. 30 h. Formestane metabolite 4OH-EA shows a delayed
formation and excretion, presenting a maximum urinary

concentration peak at 20–24 h and it is detectable for a longer time,
until 70–90 h (Figure 3). During the time interval when formestane
concentrations are between 150 ng/mL and 50 ng/mL, the interval
when the IRMS confirmation is mandatory, the concentrations of
4OH-EA are 6–10 times higher (Figure 4 and Table 2A).
Samples collected from the laboratory routine analyses showing
formestane concentrations below 150 ng/mL (n = 4) were analyzed
by IRMS according to WADA rules in order to confirm the exogenous origin of the formestane. After the application of the IRMS
method previously described all the samples confirmed the endogenous origin of the formestane detected. Interestingly, the 13C
value of formestane in the excretion studies samples ( 28.4 until
28.1 ‰) does not reach the 13C value of the administered preparation ( 29.9 ‰) as was also reported previously.[7,8,12] It is
remarkable that in all the excretion studies samples the 13C values
of formestane are almost identical, independent of the volunteer
and the collection time, meaning that an almost identical kinetic
fractionation effect has had to be taken place. Additionally, in all
the samples where endogenous formestane was confirmed by
IRMS, and opposite to the observation made for the controlled administrations, the presence of 4OH-EA was much lower than
formestane itself, or undetectable (Table 2B).

Potential sources of formestane detected in urine
Formestane can be detected in urine samples endogenously or
arising from the administration of formestane, 4-hydroxytestosterone, and/or androstenedione (and/or testosterone, given
the reversible nature of the androstenedione – testosterone conversion). In order to evaluate the diagnostic capacity of 4OH-EA in
other circumstances where formestane is detectable, the detection
in samples obtained from previous excretion studies has been
reviewed. Table 3 summarizes the observations collected until
now. As mentioned before 4OH-EA permits clearly to distinguish
between an endogenous production of formestane and the one
excreted after formestane administration. In the case of an androstenedione administration (AED; 100 mg p.o., Androstenedione
ASN®, OR, USA), the )concentrations of 4OH-EA are lower than
those of the produced formestane and there are other biomarkers
(testosterone, T; epitestosterone, E; androsterone, A; or etiocholanolone, Et) with their excretion highly increased and easily
confirmable by IRMS, that permit to link the formestane finding
to an androstenedione administration. Finally, after the administration of 4OH-T (100 mg p.o., Hydroxytest-Ester Gels®; Molecular
Nutrition, MA, USA) some is metabolized to formestane but only
trace amounts of 4OH-EA have been generated in the cases analyzed so far. Further excretion studies should be performed for a
definitive confirmation of these observations.

Table 3. Summary of the potential origins of formestane detection in urine and the more relevant analytical finfings observed
Administrations

Finding

4OH-T

AED

+++++
++
+++++++
—
4OH-EA/Formestane > 2

++++
++
+
—

++++
+++
+
++
A; Et, T; E

+
—
+/ ?
4OH-EA/Formestane < 0.1

[11]
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a

Formestane
4OH-T
4OH-EA
AED
Other

Formestane

Endogenous a
(<150 ng/mL)
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Conclusions
An IRMS method for the confirmation of formestane origin without
any additional derivatization step has been developed and validated fulfilling WADA requirements, and has been included in the
overall sample preparation strategy developed in our laboratory.
The method requires the application of two consecutive HPLC
clean-up steps in order to obtain extracts of adequate purity.
The detection of formestane and metabolites is drastically improved using GC-MS/MS. The detection of formestane as TMS
derivative using a single quadrupole mass spectrometer may lead
to incorrect evaluation of the detected peaks due to co-elutions.
After formestane administration, and during the time interval
where IRMS should be applied according to WADA criteria, the
concentration of 4OH-EA is 2–10 times higher than formestane itself while in the cases of endogenous production found so far,
the concentration of 4OH-EA is much lower or irrelevant. So, we
propose the monitoring of 4OH-EA (and its ratio with formestane
itself) in routine screening analysis as a diagnostic biomarker able
to the number of samples that require confirmation by IRMS. By
doing so, we can reduce the application of a complex and timeconsuming confirmation method, and the analytical costs to the
Testing Authorities.
In all cases where IRMS is still considered necessary, targeting the
δ13C values of 4OH-EA is most likely an easier approach.
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