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a  b  s  t  r  a  c  t

Manipulation  of urine  specimens  provided  by  elite  athletes  for doping  control  purposes  has  been
reported  several  times  in  the  past,  and  in  most  of  these  cases  urine  substitution  was  eventually  proven.
Recent  findings  of  suspected  and  substantiated  manipulation  have  outlined  the  complexity  and  diver-
sity  of  tampering  options,  sample  appearance  alterations  resulting  from  non-manipulative  influence,
and  the  analytical  challenges  arising  from  these  scenarios.  Using  state-of-the-art  mass  spectrometric
and  immunological  doping  control  and  forensic  chemistry  methodologies,  four  unusual  findings  were
observed.  One  sports  drug  testing  specimen  was  found  to contain  an  unusually  high content  of  sac-
charides  accompanied  by  hordenine  and  Serpine-Z4,  while  no  endogenous  steroid  (e.g.  testosterone,
epitestosterone,  androsterone  and  etiocholanolone)  was  detected.  This  specimen  was identified  as  non-
alcoholic  beer  filled  into  the  doping  control  sample  container,  constituting  an undisputed  doping  offense.
A doping  control  sample  of  bright  green  color  was  received  and  found  to  contain  residues  of  methylene
blue,  which  is not  considered  relevant  for  doping  controls  as  no masking  or  manipulative  effect  is  known.
In  addition,  the  number  of  urine  samples  of  raspberry  to  crimson  red coloration  received  at  doping  con-
trol laboratories  has  constantly  increased  during  the  last  years,  attributed  to the  presence  of  hemoglobin

or  betanin/isobetanin.  Also  here,  no  doping  rule  violation  was  given  and  an  impact  on routine  analytical
results  was  not  observed.  Finally,  a total  of 8  sports  drug  testing  samples  collected  at  different  compe-
tition  sites  was  shown  to contain  identical  urine  specimens  as  indicated  by  steroid  profile  analysis  and
conclusively  proven  by  DNA-STR  (short  tandem  repeat)  analysis.  Here,  the  athletes  in question  were  not
involved  in  the  urine  substitution  act but  the  doping  control  officer  was  convicted  of  sample  manipulation.
. Introduction

In modern human sports drug testing, urine is by far the most
requently collected doping control specimen complemented by
lood or serum samples for selected analytical approaches. Despite
tringent regulations concerning the urine sampling procedure,
2 incidences of physical or chemical manipulation of doping
ontrol samples were uncovered between 2006 and 2009 [1–4],
ost of which resulted from urine substitution [5] or (attempted)

ampering, e.g. by the addition of proteases [6–9] to interfere
ith the determination of prohibited peptide hormones such as

rythropoiesis-stimulating agents. Consequently, doping control

uthorities (including the laboratories and national/international
nti-doping organizations) have paid particular attention to
nusual visual appearances of specimens and atypical analytical
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results. The latter refers especially to the detection of rare and
uncommon substances as well as to conspicuous urinary steroid
profile data using population-based statistics as well as individ-
ual reference ranges of the tested athletes [10–18],  which allowed
for the identification of most of the urine substitutions. In the fol-
lowing, four recent cases of suspected, purported or proven urine
sample manipulation are presented and the importance of com-
prehensive analytical approaches to provide evidence for as well
as against a doping rule violation by the athlete is discussed.

2. Experimental

Routine doping controls were conducted according to estab-
lished and accredited methods [19]. Specific follow-up experi-
ments included 1-dimensional gel electrophoresis (1D-GE) with

bottom-up identification of Coomassie-stained proteins, ethanol
determination, DNA-typing, and liquid chromatography–high res-
olution/high accuracy (tandem) mass spectrometry (LC–MS/MS)
analyses.

dx.doi.org/10.1016/j.jpba.2011.09.002
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
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.1. 1D-gel electrophoresis

1D-GE was performed in agreement with commonly used pro-
ocols for doping controls [7,8]. In brief, 4 mL  of urine were
oncentrated employing a centrifugal filter device (10 kDa cut-off)
o a final volume of approximately 50 �L. Denaturation of pro-
eins and reduction of disulfide bonds was subsequently achieved
y dithiothreitol (DTT) and lithium dodecyl sulphate (LDS) sample
uffer, and SDS-PAGE was conducted with 12% Bis–Tris gels. The
els were eventually stained with Coomassie Blue according to the
anufacturer’s instructions. For protein identification, gel bands
ere excised, destained, and subjected to trypsin digestion. The

enerated tryptic peptides were extracted into 50% ACN/1% TFA,
ried under reduced pressure, and resolved in 2% acetic acid for
C–MS(/MS) analysis.

.2. Ethanol determination

The determination of ethanol in suspicious doping control
amples was conducted by the Institute of Legal Medicine at
he University of Cologne using accredited/validated GC-based

ethods. Samples were analyzed in duplicate and average values
eported.

.3. DNA typing

Urinary DNA was analyzed at LGC Forensics (Cologne, Germany)
sing accredited/validated procedures focusing on 12 different
hort tandem repeat (STR) loci as outlined in Table 1. DNA typ-
ng was conducted in duplicate using two separate assays (SEfiler
lus Kit, Applied Biosystems, Darmstadt, Germany, and Nonaplex
S-Kit, Biotype, Dresden, Germany).

.4. LC–MS/MS analysis

For the determination of low molecular mass analytes, normal
ow liquid chromatography was accomplished using an Agilent
260 HPLC system (Waldbronn, Germany) equipped with a Pyra-
id  C-18 analytical column (50 mm  × 2.1 mm,  1.9 �m particle size,
acherey-Nagel, Düren, Germany). Solvent A was 0.1% formic acid

nd solvent B was acetonitrile. The gradient started at 100% solvent
, increased to 100% solvent B within 8 min, maintained for 0.5 min
t 100% B, and re-equilibrated at starting conditions for 3.5 min. The
ow-rate was set to 300 �L/min. The LC was interfaced to either

o an AB Sciex API4000 QTrap (Toronto, Canada) or an AB Sciex
600 TripleTOF (quadrupole-time-of-flight, QqTOF) mass analyser
perated in positive electrospray ionisation mode at 500 ◦C. Nitro-
en obtained from an N2-generator (CMC, Eschborn, Germany)

able 1
esults of DNA-STR typing of doping control urine samples presumably delivered by eigh

Locus Urine sample number

13969/2009 13970/2009 13971/2009 13972/

Amelogenin X/X X/X X/X X/X 

D18S51 14/14 14/14 14/14 14/14 

D3S1358 16/17 16/17 16/17 16/17 

D2S1338 21/24 21/24 21/24 21/24 

D8S1179 15/15 15/15 15/15 15/15 

D16S539 11/13 11/13 11/13 11/13 

D19S433 12/14 12/14 12/14 12/14 

D21S11 28/32.2 28/32.2 28/32.2 28/32.2
FGA 22.2/25 22.2/25 22.2/25 22.2/25
SE33  21/31.2 21/31.2 21/31.2 21/31.2
TH01 6/9 6/9 6/9 6/9 

vWA  17/17 17/17 17/17 17/17 
d Biomedical Analysis 57 (2012) 26– 32 27

was  used as collision and auxiliary/sheath gas in both systems,
and collision energies employed in product ion scan experiments
were optimized for each individual target analyte. The QqTOF mass
spectrometer was  calibrated (auto-calibration following every 5th
injection using the manufacturer’s reference compound mixture
and calibrant delivery system) in MS  and MS/MS  mode to ensure
mass accuracies <5 ppm.

Peptide and protein analyses were conducted using a Waters
(Eschborn, Germany) Acquity nanoUPLC connected via nanospray
source to a Thermo (Bremen, Germany) LTQ-Orbitrap mass spec-
trometer. The nanoUPLC was equipped with a Waters BEH-130
C18 (75 �m × 100 mm,  1.7 �m particle size) and Waters Symmetry
C18 (180 �m × 20 mm,  5 �m particle size) analytical and trapping
column, respectively. Solvent A consisted of purified water acid-
ified with 0.1% of formic acid and solvent B was  acetonitrile also
containing 0.1% of formic acid.

After injection of 1 �L of sample solution, the target analytes
were pre-concentrated on the trapping column with 97% of solvent
A and a flow rate of 5 �L/min. After 3 min, the flow was diverted
to the analytical column at 750 nL/min, and the gradient started
with an isocratic step for 1 min  with 97% of A. The rate of sol-
vent B increased to 90% in 21 min, followed by a re-equilibration
phase at starting conditions for 13 min. The overall runtime was
35 min. The mass spectrometer featured a nanospray source with
a coated fused-silica emitter (New Objective, MA,  USA) operated
in positive ionisation mode. Accurate mass measurement (<3 ppm)
was  ensured through calibration with the manufacturer’s calibra-
tion mixture (consisting of caffeine, the tetrapeptide MRFA, and
Ultramark), and the gas supply consisted of nitrogen (N2-generator,
same as mentioned above) and helium (purity 5.0). The ionisation
voltage was set to 1.5 kV and the temperature of the transfer cap-
illary was  adjusted to 150 ◦C. The resolution was set to 30,000 @
m/z  400 (FWHM), and the collision energy for automated data-
dependent MS/MS  experiments was  35% (arbitrary units, Xcalibur
software version 2.0).

2.5. Data analysis (bottom-up protein identification)

Proteome Discoverer (Version 2.0) including the
Swissprot/Uniprot database (2010, Thermo, Bremen, Germany)
was  used for the evaluation of LC–MS/MS-generated data. The
database search was  restricted to trypsin digestion but not to any
particular species. The identification of proteins was  considered
successful if at least two peptides were detected and protein

sequence coverage of more than 10% was achieved with peptide
masses not deviating more than 10 ppm from theory. The mass
tolerance for product ions (recorded in low resolution mode) was
set to 0.5 Da.

t different athletes.

2009 0154/2010 0155/2010 0156/2010 0157/2010

X/X X/X X/X X/X
14/14 14/14 14/14 14/14
16/17 16/17 16/17 16/17
21/24 21/24 21/24 21/24
15/15 15/15 15/15 15/15
11/13 11/13 11/13 11/13
12/14 12/14 12/14 12/14

 28/32.2 28/32.2 28/32.2 28/32.2
 22.2/25 22.2/25 22.2/25 22.2/25
 21/31.2 21/31.2 21/31.2 21/31.2

6/9 6/9 6/9 6/9
17/17 17/17 17/17 17/17
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ig. 1. Doping control sample (a) of physically unremarkable appearance but identi
s  determined by GC–MS (b).

. Case vignettes

.1. Case 1

In 2010, a urine specimen of physically unremarkable appear-
nce (Fig. 1a) was received and forwarded to routine doping control
nalyses according to the regulations applicable to in-competition
esting. Steroid profile analyses as well as GC–MS/NPD mea-
urements however returned highly suspicious (since extremely
nusual) results. The steroid screening procedure demonstrated
he absence of all commonly observed human urinary steroids
uch as testosterone, epitestosterone, androsterone and etio-
holanolone, which disproved the sample’s composition as urinary
atrix of human origin. This finding as such represented a viola-

ion of anti-doping rules concerning manipulation. In the course
f answering the question regarding the specimen’s true nature,
he determination of comparably high amounts of hordenine
4-(2-dimethylaminoethyl)phenol, Fig. 1b) provided supporting
vidence. Hordenine, also referred to as N,N-dimethyltyramine
nd structurally elucidated in 1907 [20], is a plant alkaloid being
roduced, e.g. in germinating barley [21]. Consequently, the con-
umption of beer brewed from barley has been a major source
f hordenine in human urine [22] and is observed frequently
n routine doping controls. Further, also olfactometry suggested
he admixture or bottling of a brewing product or beverage
nto the sports drug testing sample, and the specimen was sub-
ected to 1D-GE followed by bottom-up identification of separated
nd Coomassie-stained proteins. With a total of 8 (proteotypi-
al) peptides contributing to a sequence coverage of 22%, a major
omponent of the endosperm albumin referred to as Serpin-Z4
composed of 399 amino acids exhibiting an average molecu-
ar weight of 43276.4 Da) from barley (Hordeum vulgare, UniProt
ccession #P06293) was identified as the predominant protein
n that particular sample. Moreover, the specimen was ana-
yzed concerning its ethanol content revealing a concentration of
20 mg/kg (or 0.015 vol.%), which is in agreement with ethanol
esidues commonly found in alcohol-free beer ranging between
.02 and 0.5 vol.%, and the pH of the sample was determined with
.5.

All these aspects led to the conclusion that a sample manipula-

ion had occurred by substituting the requested urine specimen by
n aliquot of alcohol-free beer, which unequivocally represented

 doping rule violation according to M2.1 of the WADA prohibited
ist [23].
 alcohol-free beer containing amongst other indicators high amounts of hordenine

3.2. Cases 2 and 3

Between 2009 and 2011, several sports drug testing samples
of noticeable coloration, particularly green and raspberry/crimson
red, were received at the doping control laboratory in Cologne
(Fig. 2a). Despite the peculiar appearance, routine doping controls
did not reveal any unusual test result concerning, e.g. anabolic
agents, stimulants and masking agents. Nevertheless, since no par-
ticular medication [24] that might cause such an eye-catching look
(e.g. chlorpromazine, thioridazine and amitriptyline) was declared
in the sample documentation sheets, the origin of the colors was
investigated.

A common source of reddish discoloration of athletes’ urine
is hemoglobin resulting, e.g. from intravascular hemolysis (also
referred to as march or footstrike hemoglobinuria) as observed
after strenuous exertional exercise [25–27].  Moreover, contact
sport such as karate was reported to occasionally lead to an
increased hemoglobin excretion [28]. In addition to hemoglobin,
also myoglobin liberated in the course of severe myopathy can
lead to a dark-red dyeing of urine [29,30]. Hence, commercial dip-
stick tests (Combur 9, Roche Diagnostics, Mannheim, Germany)
for hemoglobin were performed on three reddish urine samples,
and one returned a positive result. The remaining two speci-
mens were subjected to LC–MS(/MS) analysis (following a 1:10
dilution with deionized water) in order to screen for known as
well as potentially unknown substances presumably causing the
reddish coloration. As illustrated in Fig. 2b, the two major beta-
cyanins of beetroot referred to as betanin (1) and isobetanin (2)
[31], which represent natural dyes of beetroot, were detected
in both samples. The protonated molecule of each stereoisomer
was  observed at m/z 551.1509 (C24H27O13N2, error: 0.2 ppm),
which generates the product ion at m/z 389.0982 (representing
the aglycon with C18H17O8N2, error: 0.7 ppm) [32] that subse-
quently eliminates formic acid (46 Da) to yield the low abundant
product ions at m/z 343.0931 (C17H15O6N2, error: 1.6 ppm) and
297.0870 (C16H13O4N2, error: 0.1 ppm) as shown in Fig. 2c. An
additional characteristic product ion was found at m/z  150.0545,
which was  assigned to an elemental composition of C8H8NO2
(error: −2.4 ppm) and suggested to represent the charged residue
of 4-ethylidene-1,4-dihydropyridine-2-carboxylic acid. The phe-

nomenon of ‘beeturia’, the excretion of pink or raspberry-red urine
following the ingestion of beetroot, has been observed and elu-
cidated since the 1950s [33–35].  After initially attributing the
fact that only 10–14% of humans produce a reddish urine after
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ig. 2. Doping control samples (a) with eye-catching discoloration. The reddish ap
olor  (#2) to methylene blue. The chromatographic separation of the betacyanins a

onsumption of beetroot or its juice to genetic and thus metabolic
easons, it was eventually proven that the interindividual variations

n urinary excretion of betanin and isobetanin are predominantly (if
ot exclusively) determined by their gastronintestinal absorption
35–37]. A possible reason for the comparably frequent obser-
ation of reddish urine samples in sports drug testing might be
nce was  attributed to hemoglobin (#1) and betanin/isobetanin (#3) and the green
 ESI product ion mass spectrum of betanin are shown as (b) and (c), respectively.

the recently increasing interest in dietary nitrate supplementation,
which was  described to improve exercise performance [38], and the

fact that beetroot juice in particular is naturally rich in nitrate. In
summary, both scenarios of red urine are not due to sample manip-
ulation and are readily characterized by routine sports drug testing
methods.
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Fig. 3. ESI product ion mass spectrum of the charged molecule M+ = 284 of methylene blue (a) and extracted ion chromatograms of a greenish urine specimen demonstrating
the  presence of methylene blue (b). In (c) the EI mass spectrum of methylene blue is shown resulting from a routine doping control analysis employing GC–MS.
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Table 2
Routine screening results of the urine specimens 13969/2009–13972/2009 and 0154/2010–0157/2010 with regard to pH, specific gravity and selected steroid profile
parameters.

Sample lab code pH Density (g/mL) Steroidprofileparameters

T/EpiT A/E A/T Adiol/Bdiol

13969/2009 5.8 1.018 0.440 0.897 337.172 0.489
13970/2009 5.8 1.018 0.418 0.865 341.788 0.514
13971/2009 5.7 1.018 0.426 0.902 346.017 0.501
13972/2009 5.8 1.018 0.421 0.893 344.188 0.497
0154/2010 7.0 1.018 0.501 1.039 272.388 0.642
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0155/2010 7.0 1.018 

0156/2010 7.0 1.018 

0157/2010 7.0 1.018 

Compared to the red coloration of urine, green specimens
Fig. 2a) are rarely received in doping control laboratories; how-
ver, one sample was obtained in 2008 and submitted to routine
est methods. Since all analyses returned inconspicuous data, fur-
her measurements were conducted to reveal the origin of the
nusual discoloration. In agreement with literature data [24],
C–MS/MS analysis (following a 1:10 dilution of a urine aliquot
ith deionized water) outlined the presence of methylene blue

Fig. 3a). The positively charged molecule was  found at m/z
84.1227 (error: 3.9 ppm) that eliminates two methane molecules
o yield the product ions at m/z  268.0905 (error: 0.8 ppm) and
52.0599 (error: 3.6 ppm). Moreover, the consecutive losses of N-
ethylenemethanamine (C2H5N, 43 Da) and methane from the

recursor ion gave rise to m/z 241.0725 (error: 3.3 ppm) and m/z
25.0488 (error: 3.1 ppm), respectively, while the release of the
adical composed of C2H6N (44 Da) produced the diagnostic ion at
/z 240.0725 (error: 3.9 ppm). By means of five characteristic ion

ransitions, the target compound was detected in a doping control
pecimen as depicted in Fig. 3b. In addition to the dedicated anal-
sis of methylene blue by LC–MS/MS, also routine doping control
creening procedures employing GC–MS allow the detection of this
ubstance. In the absence of LC–MS(/MS), the presence of methy-
ene blue was confirmed by the electron ionization mass spectrum
Fig. 3c) of an artifact (attributed to the reduced form of methy-
ene blue) [39] in a doping control specimen in 1990, where the
ubstance was supposedly originating from a drug referred to as
DeWitt’s pill”, which contained approximately 10 mg  of methy-
ene blue per capsule.

The multifaceted drug methylene blue was the first fully syn-
hetic therapeutic agent, which was employed for the treatment of

alaria as early as 1891 [40], before its utility in cases of inherited or
cute methemoglobinemia as well as ifosamid-induced neurotox-
city was observed. Moreover, its application to virus inactivation
n medicinal plasma products [41] or as bacteriostatic genitouri-
ary antiseptic [42] is well established, and recent studies were
onducted as to its therapeutic properties in Alzheimer’s disease
40]. In addition, methylene blue’s potential to act as monoamine
xidase A inhibitor was  demonstrated [43]. Despite all of these
roperties, the use of methylene blue did not constitute a dop-

ng rule violation and the sample returned (except for a peculiar
ppearance) unremarkable doping control analytical data.

.3. Case 4

Late 2009/early 2010 two sets of 4 in-competition doping
ontrol samples were analyzed following routine screening
rotocols, which include amongst others a comprehensive
teroid profile and full scan GC–MS/NPD analysis. Common

teroid profiling in sports drug testing considers various urinary
oncentration ratios, and a selected subset consisting of testos-
erone/epitestosterone (T/epiT), androsterone/etiocholanolone
A/E), androsterone/testosterone (A/T), and 5�-androstane-3�,
531 1.040 254.788 0.638
610 1.045 240.268 0.639
586 1.044 245.711 0.650

17�-diol/5�-androstane-3�,17�-diol (Adiol/Bdiol) is routinely
applied due to their comparably high intra-individual stability [12].
In the present case, each batch of 4 specimens returned conspicu-
ously similar steroid profiles (Table 2) although all samples were,
according to the accompanying documents, provided by different
individuals. The first set of samples (13969/2009–13972/2009) had
a pH of 5.7–5.8, identical densities of 1.018 g/mL, and all steroid
profile ratios deviated less than 5% from their average value, indi-
cating a mutual donor for all 4 specimens. In a comparable manner,
the second batch yielded data for pH (7.0), density (1.018 g/mL),
and steroid profiles that suggested one rather than four individuals
as the producer of the doping control samples. Moreover, the
similar patterns of steroid profiles measured in both batches led to
the assumption that all 8 specimens were provided by one person
only. The supposition was  verified by DNA-STR typing using
12 loci (Table 1), which unequivocally determined the identical
origin of the 8 doping control specimens. Since the only common
denominator of all supposedly tested athletes and locations of
doping control sampling was  the doping control officer (DCO), an
investigation was  conducted that eventually proved the DCO guilty
of having filled all doping control containers with her own urine
(her DNA was identical to those of the urine specimens), having
forged documents and sent these samples as the athletes’ doping
control specimens to the laboratory. In consequence, the athletes
were not sanctioned for the offense of urine substitution. This case
represents another aspect of manipulation that must be considered
in sports drug testing: was the athlete de facto visited by the DCO.

4. Conclusions

The question whether doping control urine samples are authen-
tic or tampered is of particular importance to sports drug testing
authorities. Numerous measures are taken to ensure the integrity
of such specimens including visual inspection during sample deliv-
ery, use of sealed urine containers, documentation of the entire
sampling process, etc. Nevertheless, manipulation has obviously
occurred and doping control laboratories in particular are urged
to follow-up suspicious results that might indicate attempted or
successful tampering. As presented in this overview, urine dis-
coloration is not necessarily an indication for manipulation while
sophisticated methods are required to identify urine substitution
by non-human liquids (e.g. beverages) or other person’s urine.
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