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The GH-2000 and GH-2004 projects have developed a method for detecting GH misuse based on measuring insulin-like growth
factor-I (IGF-I) and the amino-terminal pro-peptide of type III collagen (P-III-NP). The objectives were to analyzemore samples from

elite athletes to improve the reliability of the decision limit estimates, to evaluate whether the existing decision limits needed re-
vision, and to validate further non-radioisotopic assays for these markers. The study included 998 male and 931 female elite ath-
letes. Blood samples were collected according to World Anti-Doping Agency (WADA) guidelines at various sporting events
including the 2011 International Association of Athletics Federations (IAAF)World Athletics Championships inDaegu, South Korea.
IGF-I was measured by the Immunotech A15729 IGF-I IRMA, the Immunodiagnostic Systems iSYS IGF-I assay and a recently devel-
oped mass spectrometry (LC-MS/MS) method. P-III-NP was measured by the Cisbio RIA-gnost P-III-P, Orion UniQ™ PIIINP RIA and
SiemensADVIA Centaur P-III-NP assays. TheGH-2000 score decision limitswere developed using existing statistical techniques. De-
cision limits were determined using a specificity of 99.99% and an allowance for uncertainty because of the finite sample size. The
revised Immunotech IGF-I – Orion P-III-NP assay combination decision limit did not change significantly following the addition
of the new samples. The new decision limits are applied to currently available non-radioisotopic assays to measure IGF-I and
P-III-NP in elite athletes, which should allow wider flexibility to implement the GH-2000 marker test for GH misuse while
providing some resilience against manufacturer withdrawal or change of assays. Copyright © 2015 John Wiley & Sons, Ltd.
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Introduction

It is widely believed that athletes misuse human growth hormone
(GH) for its anabolic and lipolytic properties. The GH-2000 and
GH-2004 research teams developed a method for detecting GH
misuse based on the measurement of the serum GH-sensitive bio-
markers, insulin-like growth factor-I (IGF-I) and the amino-terminal
pro-peptide of type III collagen (P-III-NP), both of which rise in re-
sponse to exogenous GH administration.[1] The measured concen-
trations of the biomarkers are combined in sex-specific and age-
adjusted discriminant functions, which allow for the calculation of
a score (the GH-2000 score) on which basis the compliance of the
sample’s analytical result is determined.[2] Following the publication
of decision limits and approval by the World Anti-Doping Agency
(WADA), the test was introduced at the London Olympic and
Paralympic Games.[3] Two Paralympic powerlifters were disqualified
following adverse analytical GH-2000 marker findings; these ath-
letes were not detected by the GH isoforms test, possibly reflecting
the longer detection period of the GH-2000 marker test.

Since the London Olympic Games, a number of challenges and
opportunities have arisen during the worldwide implementation
of the GH-2000 biomarkers test. First, the Siemens Immulite IGF-I as-
say (Siemens Healthcare Laboratory Diagnostics, Camberley, UK)
Drug Test. Analysis (2015)
was withdrawn by the manufacturer and, although later re-
introduced, is still calibrated against the old International Reference
Reagent 87/518 and will require re-validation for doping control
applications. Second, the three other biomarker assays rely on the
use of radioisotopes, which causes difficulties because of the
Copyright © 2015 John Wiley & Sons, Ltd.
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limited shelf-life of reagents and also because not all WADA-
accredited laboratories hold a licence or are specially furnished to
handle radioisotopes. Third, mass spectrometry (MS) is viewed as
the gold standard for forensic purposes and over the last four years,
a collaboration of four anti-doping and one clinical laboratory has
developed a liquid chromatography-tandem mass spectrometric
(LC-MS/MS) method for IGF-I.[4] Fourth, a recent challenge in the
Court of Arbitration for Sport (CAS) to the GH isoforms test indicates
that the numbers of athletes needed to develop the test’s decision
limits should be increased, particularly for women.[5]

The objectives of this study were: (1) to analyze an increased
number of samples from male and female elite athletes in order
to improve the reliability of the decision limit estimates by reducing
the uncertainty associated with the use of a finite number of
samples; (2) to evaluate whether the existing decision limits need
be revised; and (3) to validate further non-radioisotopic assays for
the markers to help implementation of the GH-2000 biomarker test
in WADA accredited laboratories that do not have the facilities to
use radioactivity while also providing some resilience against
withdrawal or change of the assays by the manufacturers.
Materials and methods

Participants and recruitment methods

Blood samples were obtained from three sources.[3,6] First, samples
were obtained by the GH-2004 team in 2009 from 168 male and 92
female elite athletes from the following sporting disciplines: Rugby
Union, Rugby League, Football, Sailing, Triathlon, Rowing, Hockey,
and Swimming as described previously.[3] Samples were obtained
at the relevant sporting venue after obtaining written informed
consent. No financial compensation was offered for participation
in the study. Participants were required to confirm in writing that
they had not taken performance-enhancing drugs prior to the
venepuncture. The Southampton and South West Hampshire
Research Ethics Committee approved this study.
A further 238 samples were collected from 236 male and 2

female elite athletes in 2010 as part of the UK AntiDoping Testing
Programme.[3] In 2014, another 16 samples were obtained from
female athletes. The protocols for sample collection followed the
International Standard for Testing as defined by WADA.[7] These
athletes had provided consent for their blood samples to be used
for research purposes.
Finally, serum samples were collected for anti-doping purposes

from 859 female athletes and 971 male athletes representing 200
countries and competing in 26 different track and field events at
the biennial International Association of Athletics Federations
(IAAF) World Athletics Championships in Daegu, South Korea from
27 August to 4 September 2011.[6] The samples were collected at
a single location at the doping-control station, which was located
in the same building as the medical centre in the Athlete’s Village.
All of these samples were shipped to the WADA-accredited labora-
tory in Lausanne and were tested for GH misuse using the isoforms
method. One female athlete tested positive and was subsequently
sanctioned for an anti-doping rule violation, and was therefore
excluded from this study. Thirty-seven of the samples from female
athletes had insufficient volume remaining for further analysis
leaving 821 samples that were included in this study. A non-
systematic selection of 597male samples was included in this study
as the aimwas to achieve a representative sample of approximately
1000 for each sex. The sample size was based on two premises: first,
the effect of the sample size on the uncertainty of the estimates
wileyonlinelibrary.com/journal/dta Copyright © 20
diminishes substantially once more than 500 samples are used to
determine the decision limits. Second, in the recent Court of
Arbitration for Sport hearing about the GH isoform test, the Panel
concluded that 352 samples were insufficient to determine the de-
cision limits reliably and so ~1000 samples were chosen to exceed
this number by a comfortable margin.[5]

Blood collection

For the UK samples, venous blood (two 5mL aliquots) was collected
from the antecubital fossa into BectonDickinson Vacutainer SST™ II
Advance (EU ref: 967955) serum separator tubes according to
WADA guidelines.[8] After collection, the tubes remained at room
temperature for 15min to allow clotting to occur. If an appropriate
centrifuge was available, the tubes were then centrifuged at 1300 g
for 15min at 20 °C and the serum transferred to capped-tubes for
storage. All 2009 samples (either serum or whole blood) were
transported at a temperature between 2 and 8 °C to the University
of Southampton or the WADA-accredited laboratory at the Drug
Control Centre, King’s College London. Whole blood was centri-
fuged as above and serum separated within 8h of collection. All
aliquots were anonymized and stored frozen at -80 °C.

Where necessary, serum aliquots were transported frozen on dry
ice from Southampton to the Drug Control Centre for analysis of
serum IGF-I and Orion and Cisbio P-III-NP concentrations or from
Southampton or the Drug Control Centre to the Department of
Clinical Biochemistry, John Radcliffe Hospital, Oxford, UK for the
Siemens ADVIA Centaur P-III-NP assays. Samples were also shipped
in the same manner to the Sports Medicine Research and Testing
Laboratory, Salt Lake City, UT, USA, the David Geffen School of
Medicine at UCLA, Los Angeles, CA, USA, the Department of
Laboratory Medicine, University of Washington, Seattle, WA, USA,
and the Center for Preventive Doping Research, German Sport
University Cologne, Cologne, Germany which each performed
some of the IGF-I LC-MS/MS assays.

All IAAF samples were collected in accordance with a specific
protocol prepared prior to the event in accordance with WADA
and IAAF operating guidelines.[7] Venous blood was collected from
the antecubital fossa into Becton Dickinson Vacutainer SST™ II
Advance (one 5.0mL [Ref. 367955] aliquot and one 8.5mL aliquot
[Ref. 367953]). All samples were stored in refrigerators at
approximately 4 °C for up to 12h until processing. The tubes were
then centrifuged for 15min at 1500g.

After centrifugation, the tubes were placed vertically inside a
refrigerator at approximately 4 °C for a minimum period of 2h
before being inverted and stored vertically in a freezer (~-20 °C)
for a minimum period of 2h before shipment on dry ice to
Lausanne where they were stored at -20 °C.

After six months, the athletes’ A samples were thawed and the
serum was analyzed in Lausanne for IGF-I in the original tube after
a supplementary centrifugation. The samples were then frozen
again and stored for some weeks at -20 °C. Then the samples were
thawed again, still in the original tube, and analyzed for GHwith the
isoform assay. They were stored at 4 °C overnight and then ana-
lyzed in Lausanne for P-III-NP using the Cisbio assay.

After 18months, the athletes’ B samples were thawed for the first
time and the serum separated and divided into aliquots before
freezing again. The serum samples were stored again at -20 °C for
some weeks before transport to London frozen on dry ice.

Throughout this process, the samples were handled carefully to
ensure that the gel separator was not disturbed and to prevent con-
tamination of the serum by the erythrocyte sediment. There was no
15 John Wiley & Sons, Ltd. Drug Test. Analysis (2015)
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evidence of haemolysis on visual inspection. Further information
from themanufacturers on the validation of thismethod is included
in the supplementary material.

After arrival in London, the samples were thawed and divided
into further aliquots before being frozen again prior to analysis.
The samples underwent a maximum of three freeze-thaw cycles
prior to analysis, one of which was within the original collection
tubes and the remaining ones after transfer of the separated serum
into cryovials.
Assays

The IGF-I assays used in this study were: (1) Liquid chromatography-
tandemmass spectrometry (LC-MS/MS),[4] (2) Immunotech A15729
IGF-I IRMA (Immunotech SAS, Marseille, France),[3] and (3) Immuno-
diagnostic Systems iSYS IGF-I (Immunodiagnostics Systems Limited,
Boldon, UK).[9]

The P-III-NP assays used in this study were: (1) RIA-gnost P-III-NP
from Cisbio (Gif-sur-Yvette, France),[3] (2) UniQ™ P-III-NP RIA (Orion
Diagnostica, Espoo, Finland),[10] and (3) Siemens ADVIA Centaur P-III-
NP (Siemens Healthcare Laboratory Diagnostics, Camberley, UK).[11]

The Immunodiagnostic Systems iSYS IGF-I, Siemens ADVIA
Centaur P-III-NP and LC-MS/MS IGF-I assays were performed in
singlicate according to the manufacturers’ recommendations and
all other assays were performed in duplicate, again according to
themanufacturers’ recommendations. Full details of thesemethods
are given in the supplementary material.
Statistical analysis

The statistical analysis had the primary objective of determining ap-
propriate decision limits for each P-III-NP and IGF-I assay combina-
tion. All analyses were tested for Normal distributions using the
Anderson-Darlingmethod as the construction of the decision limits
from the discriminant function formulae is dependent on Normal
distributions. The statistical analysis was performed using the
Minitab software version 16.2. The combined test decision limits
for the GH-2000 score were estimated using themvtnorm package
of the R language[12] by assessing the degree of correlation for the
GH-2000 scores of each assay pair and determining these at the re-
quired level of specificity for the relevant elite athlete population as
previously described.[3]

To investigate the relationship between the different P-III-NP and
IGF-I assays, regression modelling was used where Y denotes one
bioassay and x a second one. The differences in the intercepts
and slopes of the regression lines were tested as follows: suppose
that Y=α1 + β1x is the regression line for the Daegu/UKAD popula-
tion and Y= α2 + β2x for the GH-2004/UKAD population. If

α̂ i; β̂ i i ¼ 1; 2ð Þ denote the associated sample estimates (least-
squares estimates or, equivalently, maximum likelihood estimates)
then a test for the null-hypothesis α1 = α2 is achieved using the

test statistic Z ¼ α̂1 � α̂2ð Þ= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var α̂1ð Þ þ Var α̂2ð Þp

which is ap-
proximately standard normal under the null-hypothesis. Hence
a significant difference (on a 5% level) occurs if the absolute
value of Z is larger than 1.96. A similar test can be constructed
for testing the equality of the slopes.
Statistical methodology for deriving the GH-2000 decision limits

The scoreswere calculated using the following published equations
where log is the natural logarithm:[2]
Drug Test. Analysis (2015) Copyright © 2015 John Wiley
GH-2000 Male Score ¼ �6:586þ 2:905 x log P-III-NPð Þ
þ2:100 x log IGF-Ið Þ � 101:737=age

GH-2000 Female Score ¼ �8:459þ 2:454 x log P-III-NPð Þ
þ2:195 x log IGF-Ið Þ � 73:666=age

For any group of athletes and for any IGF-I and P-III-NP assay
combination, as the GH-2000 scores are Normally distributed, then
a false positive rate of 1 in 10 000 will be achieved if one uses a
decision limit (c) of c=μ+3.72σ where μ is the mean and σ is the
standard deviation of the respective GH-2000 score. This applies
to tests based on each assay pairing separately.

Sample size uncertainty

Each proposed decision limit is based on data from a sample of the
elite athlete population and therefore is only an estimate of the ex-
act limit at which the GH-2000 test would detect GH misuse with a
99.99% specificity. In other words, since neither μ nor σ are known,
they are replaced by the sample mean x and sample standard devi-
ation s, leading to an estimated decision limit ĉ ¼ x þ 3:72s. This
estimated decision limit ĉ carries uncertainty as it depends on the
sample. To adjust for this uncertainty, the upper 95% confidence

limit ĉ + 1.65
ffiffiffiffiffiffiffiffiffiffiffiffiffi
var ĉð Þp

is used instead.[13]

The variance of ĉ can be found as var ĉð Þ ¼ s2

n 1þ k2

2

� �
where k

corresponds to 3.72.
We note first that x and s2 are independent, since the sample is

normal. It follows that also x and s are independent. Hence we have

that var x þ ksð Þ ¼ var xð Þ þ k2 var sð Þ. We know that var xð Þ ¼ σ2=n
where n is the sample size. It remains to calculate var(s). Under

normality, n� 1ð Þ s2

σ2 has a χ2n�1 distribution with n-1 df. Hence

var n� 1ð Þ s2

σ2

� �
¼ 2 n� 1ð Þ since the variance of aχ2n�1 distribution

with n-1 df is 2(n-1). It follows that var(s2) = 2σ4/(n� 1).
We now use the δ–method to calculate the variance of s. The

method allows us to calculate the variance of a transformed random
variable as the variance of the untransformed random variable times
the squared derivative of the transformation at the expected value:

VarT Xð Þ ≈ T ’ E Xð Þð Þ2 Var Xð Þ:

For further details, see Casella and Berger.[13] We use this method

here with T Xð Þ ¼
ffiffiffiffi
s2

p
.

We achieve that Var
ffiffiffiffi
s2

p� �
≈ 1

4
1
σ2 Var s

2ð Þ ¼ 1
4
1
σ2 2σ

4= n� 1ð Þ .

Finally, we estimate σ2 by s2 and find that Var
ffiffiffiffi
s2

p� �
≈ 1

2 s
2=n.

In total, this leads to the result we have used:

var x þ ksð Þ ¼ var xð Þ þ k2 var sð Þ≈ s2

n þ k2 1
2
s2

n ¼ s2

n 1þ k2=2
� �

We refer to the uncertainty term1:65

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2
n 1þ k2

2

� �r
as ‘sample size

uncertainty’. The extent of this uncertainty is inversely proportional
to the square root of the total sample size as is clearly visible from
the formula for the uncertainty term. The larger the sample size
used when estimating these decision limits, the smaller the degree
of uncertainty will be.

In summary, the extent of the possible inaccuracy in the decision
limit estimation is assessed by the standard deviation of each
decision limit. The sampling distribution of each decision limit can
be approximated by a Normal distribution, which is used to give
an upper 95% confidence limit. This upper 95% confidence limit
& Sons, Ltd. wileyonlinelibrary.com/journal/dta
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x þ ksþ 1:65

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2
n 1þ k2

2

� �r
would be appropriate for a test based

on a single assay pair with k=3.72.

Combined test false positive rate

WADA testing requirements state that, for an adverse analytical
finding to be declared, an athlete’s results need to exceed the
calculated decision limit on two assay pairings. Under these circum-
stances the overall chance of a false positive would be less than 1 in
10 000 if the multiplier k = 3.72 were used. To maintain a false pos-
itive rate of 1 in 10 000, the standard deviation multiplier needs to
be reduced appropriately by considering the correlation between
the GH-2000 scores from the two pairings of assays. The reduced
multipliers were estimated from a bivariate Normal distribution to
give decision limits for a ‘combined’ test based on both pairings
of assays, with an estimated overall 1 in 10 000 false positive rate
(99.99% specificity).
More precisely, if S1 denotes the GH-2000 score for the first

assay pairing and S2 the GH-2000 score for the second assay pairing,
then it is possible to calculate P(S1>μ1 + kσ1, S2>μ2 + kσ2) from
the bivariate normal distribution if the correlation coefficient ρ is
known (here μ1, σ1,μ2, σ2 are the mean and standard deviation of
GH scores of the first and second assay pairings, respectively). As
P(S1>μ1 + kσ1, S2>μ2 + kσ2) = 1/10 000, this equation can be used
to determine the multiplier k. If both GH-2000 scores are indepen-
dent then k=2.33, while at the other extreme, if both GH-scores
are linearly dependent, then the previous multiplier k=3.72 re-
mains. For all other situations, themultiplier is uniquely determined
on the basis of an estimate of the correlation coefficient of ρ. Cor-
rection for multiple testing is not needed here because the method
uses a bivariate normal distributional approach in which the two
scores are applied simultaneously instead of twice repeatedly.
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Figure 1. The correlation between the P-III-NP assays using 1929 samples:
(A) Siemens ADVIA Centaur P-III-P vs. the Orion UniQ™ PIIINP RIA; (B)
Siemens ADVIA Centaur P-III-P vs. Cisbio RIA-gnost P-III-P; (C) Orion UniQ™
PIIINP RIA vs. Cisbio RIA-gnost P-III-P. The Daegu/UKAD samples are shown
as circles and the GH-2004/UKAD samples as crosses.
Results

In total 998 male (mean age 25.1 years, range 12–42 years) and 931
female elite athletes (mean age 25.8 years, range 13–47 years)
participated.
402 men (mean age 23.9 years, range 12–37 years) and 94

women (mean 24.5 years, range 18–34 years) who participated in
the study were recruited in 2009/2010 as part of the original deter-
mination of the decision limits for the GH-2000 biomarker test. Sub-
sequently, these samples are referred to as the ‘GH-2004/UKAD’
samples.
Samples from 597 men and 825 women were obtained at the

IAAF Daegu World Athletic Championships and from 16 women
as part of the 2014 UK AntiDoping testing programme. The mean
age of the men was 25.1 years (range 17–42 years) and the mean
age of the women was 25.8 years (range 13–29 years). Subse-
quently, these samples are referred to as the ‘Daegu/UKAD’
samples.

P-III-NP measurements

Paired analysis of the 1929 samples showed that there is a good
correlation (r = 0.88) between the Siemens and Orion P-III-NP
assays, in keeping with expected differences resulting from assay
variation (Figure 1A). Based on natural-scale comparisons, the re-
sults from the Siemens assay were approximately 94% (90–98%)
higher than the Orion assay; the most likely reasons for the
wileyonlinelibrary.com/journal/dta Copyright © 20
numerical differences are the different assay calibrators as
no P-III-NP international reference preparation is available.

The Cisbio P-III-NP assay gave anomalous results in this study.
Unlike the other P-III-NP assays, it showed a markedly higher mean
for the UKAD/Daegu samples compared with the GH-2004/UKAD
samples and the two data sets could not be combined to give a
single population with Normal distribution (Figures 1B and 1C).
The results of the Cisbio assay for the Daegu B samples measured
in London were then compared with the earlier measurements
made in Lausanne on the corresponding A samples; this analysis
showed that the London results were approximately double the
Lausanne results (data not shown).
15 John Wiley & Sons, Ltd. Drug Test. Analysis (2015)
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When the relationship between the Siemens ADVIA Centaur
assay and Orion UniQ™ P-III-NP assays were compared between
the two populations, there was no significant difference between
the slope or intercept of the regression line (Figure 1A). By contrast
when the Cisbio assay was compared, although there was no
difference between the slopes of the regression lines, there was a
significant difference between the intercepts of the regression lines
(Figures 1B and 1C).

In order to assess whether the anomalous Cisbio P-III-NP re-
sults may have been caused by the effect of freeze-thaw cycling,
we measured P-III-NP with each of the assays after up to 8
freeze-thaw cycles. Samples were obtained from 10 healthy indi-
viduals and the serum separated after centrifugation. There was a
rise in the measured P-III-NP but the changes seen in the Sie-
mens ADVIA Centaur assay and Orion UniQ™ P-III-NP assays were
within assay variation; however, the results after the 8th freeze-
thaw cycle with the Cisbio assay were 52% higher than after
one freeze-thaw cycle (Table 1).
IGF-I measurements

Paired analysis of the 1929 samples showed good correlation
between all three assays (LC-MS/MS vs. Immunotech, r = 0.81;
LC-MS/MS vs. Immunodiagnostic Systems iSYS assay, r = 0.83;
Immunotech vs. Immunodiagnostic Systems iSYS assay,
r = 0.90). These results are in keeping with known assay preci-
sion but there were small numerical differences in the results;
the LC-MS/MS was approximately 10.3% (95% CI 8.0–12.5%)
higher than the Immunotech assay and 36.2% (33.7–38.5%)
higher than the Immunodiagnostic Systems iSYS assay
whereas the Immunotech was 23.5% (21.1–25.9%) higher than
Immunodiagnostic Systems iSYS (all percentage changes are
on the natural-scale). When the two population samples were
compared, no statistically significant difference in the slopes
or intercepts for the two regression lines was observed
(supplementary Figures 1A–1C).
Comparison between the P-III-NP and IGF-I concentrations
from the GH-2004/UKAD and Daegu/UKAD samples

There were statistically significant differences in the P-III-NP
and IGF-I concentrations between the GH-2004/UKAD and
Daegu/UKAD samples (Table 2). The magnitude of the differ-
ence in IGF-I was up to 3.3% while there was a greater differ-
ence in P-III-NP. With the exception of the Cisbio assay, the
GH-2004/UKAD samples had a higher concentration. As it is
well recognised that the markers fall with age and the mean
age of GH-2004/UKAD participants were almost two years
younger than the Daegu/UKAD participants, the differences
were reassessed after adjustment for age using a linear regres-
sion approach. With the exception of the Cisbio assay, the dif-
ferences were reduced but remained statistically significant
Table 1. Effect of repeated freeze-thaw cycles on the measurement of P
volunteers. Data are mean± SD

Assay 1 freeze thaw cycle 2 freeze thaw cycles % Change

Siemens (ng/mL) 6.23 ± 2.14 6.67 ± 2.47 +7%

Orion (ng/mL) 3.29 ± 0.98 3.35 ± 1.03 +2%

Cisbio (U/mL) 0.67 ± 0.12 0.71 ± 0.13 +6%

Drug Test. Analysis (2015) Copyright © 2015 John Wiley
(Table 2). By contrast, the difference in Cisbio P-III-NP concen-
trations increased further.
Proposed decision limits and level of uncertainty with current
sample sizes

The development of decision limits based on the GH-2000 discrim-
inant function is dependent on the GH-2000 scores of the popula-
tion having a Normal distribution and so this was tested for all
assay pairings for men and women separately. The GH-2000 scores
involving the Cisbio assay for the GH-2004/UKAD samples and
Daegu/UKAD samples were each normally distributed but when
the populations were combined, the resulting distribution was
not Normal. For this reason, decision limits for GH-2000 scores
involving the Cisbio assay could not be calculated. For all of the
remaining combinations for the male GH-2000 scores, there is no
evidence that these are not Normally distributed. For the
women, however, the distributions of the scores involving the
Orion P-III-NP assays were not Normally distributed. Close exam-
ination of the data indicates that this was because of several low
values that were below the lower calibrant of the assay
(Figure 2). As these were at the lower end of the distribution
they do not affect the calculation of the decision limit of the test
which is predicated by Normality at the upper end of the range.
Removal of the lowest 1 (Orion-LC/MS), 5 (Orion-IDS) or 6 (Orion-
Immunotech) values from the sample population resulted in the
remainder becoming Normally distributed. Removal of the sam-
ples led to a small reduction in the mean and standard deviation
of the whole population and reduction in the decision limits
(albeit by a trivial amount). All samples were therefore included
in the calculation of the decision limits as this provides the most
conservative estimate of the decision limits.

Tables 3 details the distributions and relevant decision limits de-
rived for every assay pairing to detect GH doping with a false pos-
itive rate of 1 in 10 000 (99.99% specificity) in men and women
respectively. Tables 3 also includes the ‘sample size uncertainty
limits’ which reflect the adjustment required to take into account
the finite sample size.

It is noteworthy that the revised decision limit for the
Immunotech IGF-I – Orion P-III-NP assay combination did not
change significantly for men following the addition of the Daegu/
UKAD samples compared with the previously published decision
limit (published decision limit of 9.70 vs. revised decision limit of
9.98). A t-test comparing the GH-2004/UKAD and Daegu/UKAD
samples showed a non-significant result. By contrast, the revised
decision limit for women was lower (published decision limit of
9.25 vs. revised decision limit of 8.62). Again the t-test comparing
the GH-2004/UKAD and Daegu/UKAD samples was non-significant
indicating that the lower revised decision limit resulted from the
increased sample size and much smaller sample size uncertainty.

Supplementary Figure 2 shows the distribution of the GH-2000
scores for each possible assay pairing for men and women,
-III-NP by the three assays in serum samples obtained from 10 healthy

4 freeze thaw cycles % Change 8 freeze thaw cycles % Change

6.67 ± 2.24 +7% 6.90 ± 2.22 +11%

3.40 ± 1.01 +3% 3.41 ± 1.06 +4%

0.75 ± 0.12 +12% 1.02 ± 0.27 +52%

& Sons, Ltd. wileyonlinelibrary.com/journal/dta



Figure 2. Probability plots for the GH-2000 scores for men (A) and women (B) involving the Orion UniQ™ PIIINP RIA and Siemens ADVIA Centaur P-III-P
combined with LC-MS/MS, Immunotech A15729 IGF-I IRMA and IDS iSYS IGF-I assays.
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although because of inadequate sample volume, not all samples
could be measured by all of the assays. The numerical ranges are
different reflecting the numerical differences in measurements in
assays. Two male athletes and two female athletes were above
the decision limit for at least one assay pairing but no athlete was
above the decision limit for all assay pairings.
wileyonlinelibrary.com/journal/dta Copyright © 20
Comparison of the GH-2000 scores between the
GH-2004/UKAD and Daegu/UKAD Samples

When the GH-2000 scores were calculated separately for the
original and new samples, there were small but statistically signifi-
cant differences in the mean GH-2000 scores (Table 4).
15 John Wiley & Sons, Ltd. Drug Test. Analysis (2015)



Table 2. IGF-I and P-III-NP concentrations (on a natural log-scale) in elite sportsmen and women in the GH2004/UKAD Samples and Daegu/UKAD
Samples; log-scales are used since the log-transformed values are more compatible with the normality assumption and also the GH-2000 scores use
log-transformed IGF-I and P-III-NP concentrations; the age adjustment uses a regression approach: two separate regression lines with identical slopes
Y = a1 + b x for the GH2004/UKAD sample and Y = a2 + b x for the Daegu/UKAD sample are fitted; the age-adjusted difference is then simply the difference
between a1 and a2. The final column shows the percentage difference between the GH-2004/UKAD samples and Daegu/UKAD samples. A positive
number indicates that the value is higher in the GH-2004/UKAD samples

Men n GH2004/UKAD
Samples

Log-Mean (SD)

n Daegu/UKAD
Samples

Log-Mean (SD)

95% CI for
the mean
difference

95% CI for the
mean difference
after adjustment

for age

Percentage change
with 95% CI after
adjustment for age

Siemens 375 2.151 (0.334) 596 1.783 (0.313) 0.326, 0.410 0.279, 0.359 14.8 (13.0, 16.7)

Orion 402 1.581 (0.320) 597 1.101 (0.304) 0.441, 0.520 0.392, 0.466 27.1 (24.8, 29.5)

Cisbio 401 �0.494 (0.268) 596 �0.065 (0.298) �0.465, �0.394 �0.514, �0.445 �97.1 (�104.0,-90.1)

LC-MS/MS 371 5.735 (0.276) 595 5.502 (0.300) 0.196, 0.270 0.150, 0.222 3.2 (2.6, 3.9)

IDS 396 5.417 (0.272) 596 5.259 (0.285) 0.122, 0.193 0.071, 0.137 1.9 (1.3, 2.5)

Immunotech 402 5.681 (0.326) 597 5.428 (0.363) 0.210, 0.297 0.148, 0.231 3.3 (2.6, 4.1)

Women n GH2004/UKAD

Samples

Mean (SD)

n Daegu/UKAD

Samples

Mean (SD)

95% CI for

the mean

difference

95% CI for the

mean difference

after adjustment

for age

Percentage change

with 95%CI after

adjustment for age

Siemens 91 2.023 (0.305) 836 1.847 (0.350) 0.081, 0.217 0.052, 0.199 6.2 (2.6, 9.8)

Orion 94 1.483 (0.294) 833 1.144 (0.353) 0.274, 0.403 0.240, 0.385 21.1 (16.2, 26.0)

Cisbio 94 �0.656 (0.265) 837 �0.025 (0.319) �0.689, �0.572 �0.715, �0.582 �98.9 (�109.0, �88.7)

LC-MS/MS 90 5.794 (0.284) 836 5.708 (0.295) 0.023, 0.149 �0.005, 0.116 1.0 (�0.1, 2.0)

IDS 91 5.469 (0.227) 838 5.367 (0.300) 0.051, 0.153 0.008, 0.129 1.2 (0.2, 2.4)

Immunotech 94 5.726 (0.302) 838 5.525 (0.359) 0.135, 0.267 0.088, 0.230 2.8 (1.5, 4.0)

Table 3. The GH-2000 scores’ mean, SD, 99.99% upper threshold and sample size uncertainty limit using an individual assay specificity of 1:10 000 for
each assay pair for male and female elite athletes

Individual test specificity of 1 in 10 000

Men n GH-2000
Score Mean

GH-2000
Score SD

99.99% Upper
Threshold Level

Sample size
uncertainty

Decision
Limit

GH2000 score using Orion & LC-MS/MS 966 4.71 1.29 9.51 0.19 9.70

GH2000 score using Orion & IDS 992 4.16 1.25 8.82 0.18 9.00

GH2000 score using Orion & Immunotech 999 4.60 1.39 9.78 0.20 9.98

GH2000 score using Siemens & LC-MS 947 6.54 1.24 11.16 0.19 11.34

GH2000 score using Siemens & IDS 970 5.99 1.19 10.43 0.18 10.61

GH2000 score using Siemens & Immunotech 971 6.43 1.32 11.34 0.20 11.53

Individual test specificity of 1 in 10 000

Women n GH-2000

Score Mean

GH-2000

Score SD

99.99% Upper

Threshold Level

Sample size

uncertainty

Decision

Limit

GH2000 score using Orion & LC-MS/MS 921 4.04 1.17 8.38 0.18 8.56

GH2000 score using Orion & IDS 924 3.30 1.16 7.61 0.18 7.79

GH2000 score using Orion & Immunotech 927 3.67 1.28 8.42 0.19 8.62

GH2000 score using Siemens & LC-MS/MS 923 5.78 1.12 9.96 0.17 10.13

GH2000 score using Siemens & IDS 926 5.04 1.11 9.18 0.17 9.35

GH2000 score using Siemens & Immunotech 927 5.40 1.21 9.91 0.18 10.10
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Combined test decision limits

We have calculated the decision limits to produce a ‘combined’ test
with an estimated overall 99.99% specificity (Tables 5). The stan-
dard deviation multiplier (k) is determined by considering the
unique correlation between the GH-2000 scores. Correlations of
the GH-2000 scores range typically between r = 0.85 and r = 0.89
with associated multipliers of 3.40 to 3.46, respectively (Tables 5).
This means that the decision limit for each individual pairing is
Drug Test. Analysis (2015) Copyright © 2015 John Wiley
determined in part by the other pairing with which it is combined.
Under the combined approach, a sample can only be declared as
positive if it exceeds the decision limit using both pairs of assays.
These decision limits are shown in Tables 5.

Suspicious samples

Figures 3 and 4 show scatterplots of the individual data points for two
selected assay combinations involving the Siemens ADVIA Centaur
& Sons, Ltd. wileyonlinelibrary.com/journal/dta



Table 4. The mean GH-2000 score for the GH2004/UKAD Samples and Daegu/UKAD Samples and 95% Confidence interval for the mean difference be-
tween the two samples for men and women

Mean GH-2000 score 95% CI for the mean difference

Men n GH2004/UKAD Samples n Daegu/UKAD Samples

GH2000 score using Orion & LC-MS 371 5.63 595 4.13 1.36 - 1.63

GH2000 score using Orion & IDS 396 4.97 596 3.62 1.21 - 1.48

GH2000 score using Orion & Immunotech 402 5.52 597 3.98 1.39 - 1.68

GH2000 score using Siemens & LC-MS 353 7.26 594 6.11 1.00 - 1.28

GH2000 score using Siemens & IDS 375 6.61 595 5.61 0.86 - 1.14

GH2000 score using Siemens & Immunotech 375 7.17 596 5.96 1.06 - 1.36

Women n GH2004/UKAD

Samples

n Daegu/UKAD

Samples

GH2000 score using Orion & LC-MS 90 4.83 831 3.95 0.64 - 1.11

GH2000 score using Orion & IDS 91 4.12 833 3.21 0.69 - 1.13

GH2000 score using Orion & Immunotech 94 4.68 833 3.55 0.89 - 1.36

GH2000 score using Siemens & LC-MS 89 6.15 834 5.74 0.17 - 0.64

GH2000 score using Siemens & IDS 90 5.43 836 5.00 0.22 - 0.66

GH2000 score using Siemens & Immunotech 91 5.98 836 5.34 0.40 - 0.88

Table 5. Decision limits for different assays combinations for male and female athletes

Pair 1 Decision limit Correlation k Pair 2 Decision limit

Men

Orion - LC-MS/MS 9.35 0.89 3.46 Siemens - IDS 10.29

Orion - LC-MS/MS 9.35 0.89 3.46 Siemens - Immunotech 11.18

Orion - IDS 8.63 0.87 3.43 Siemens - LC-MS/MS 10.97

Orion - IDS 8.71 0.91 3.49 Siemens - Immunotech 11.22

Orion -Immunotech 9.52 0.85 3.40 Siemens - LC-MS/MS 10.93

Orion - Immunotech 9.61 0.89 3.46 Siemens - IDS 10.29

Women

Orion - LC-MS/MS 8.18 0.85 3.40 Siemens - IDS 8.98

Orion - LC-MS/MS 8.21 0.87 3.43 Siemens - Immunotech 9.73

Orion - IDS 7.40 0.85 3.40 Siemens - LC-MS/MS 9.76

Orion - IDS 7.48 0.89 3.46 Siemens - Immunotech 9.77

Orion - Immunotech 8.18 0.84 3.39 Siemens - LC-MS/MS 9.74

Orion - Immunotech 8.22 0.86 3.42 Siemens - IDS 9.00
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P-III-P and the Orion UniQ™ PIIINP RIA and LC-MS/MS and IDS iSYS
IGF-I assays for the male and female participants together with the
proposed decision limits. It can be seen that the majority of samples
lie well below the decision limits. One male athlete had GH-2000
scores that were above the decision limits and would have been de-
clared an adverse analytical finding had the samples been used for
anti-doping purposes. Three women were above the decision limit
for one assay pair but not the other and so their samples would have
been considered suspicious but would not have been declared as an
adverse analytical finding. Nevertheless the result might lead anti-
doping authorities to undertake further investigation or surveillance.
Discussion

The GH-2004 team have previously published the scientific ratio-
nale and background to the development of decision limits for
the GH-2000 biomarker detection method in 2012.[3] This study
has refined these decision limits by increasing the sample size
wileyonlinelibrary.com/journal/dta Copyright © 20
and reducing the sample size uncertainty. Furthermore, it has devel-
oped decision limits involving two new methods for assaying IGF-I
and one for P-III-NP.[4,9,11] These new decision limits have been calcu-
lated using samples from the elite athlete population, as this is the
population in which the test will be used. The study has shown that,
while there is a good correlation between the different methods of
measuring IGF-I and P-III-NP, each method produces numerically dif-
ferent results, which supports the use of assay specific decision limits.

When the original decision limit paper was published, it was
always envisaged that a dynamic approach would be taken to-
wards refining the decision limits as more data became avail-
able, as increasing the numbers reduces the uncertainty related
to a finite sample size allowing an improvement in the precision
of the decision limit estimates. It is reassuring that the revised
decision limit for the Immunotech IGF-I – Orion P-III-NP assay
combination, which appeared in the original decision limit paper,
fell for women as a result of a large increase in sample number
and consequently a much smaller sample size uncertainty. In
men, although the sample size uncertainty fell as a result of
15 John Wiley & Sons, Ltd. Drug Test. Analysis (2015)
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Figure 3. Scatterplot of the GH-2000 scores for each of the two selected assay combinations involving the Siemens ADVIA Centaur P-III-P and the Orion
UniQ™ PIIINP RIA and LC-MS/MS and IDS iSYS IGF-I assays for the 946 male and 917 female participants. The upper 99.99% thresholds for the assay single
assay pairs including the sample size uncertainty are drawn using dashed lines. The upper 99.99% thresholds for the combined assay pairs including the
sample size uncertainty are drawn using solid lines. The solid lines are the proposed decision limits for use in an anti-doping test. (A) Shows the
combination of Siemens ADVIA Centaur P-III-P and IDS iSYS IGF-I assay on the x axis and Orion UniQ™ PIIINP RIA and LC-MS/MS IGF-I on the y axis in male
participants. (B) Shows the combination of Siemens ADVIA Centaur P-III-P and LC-MS/MS IGF-I on the x axis and Orion UniQ™ PIIINP RIA and IDS iSYS IGF-I
assay on the y axis in male participants. These diagrams include one male subject whose sample would be declared an adverse analytical finding. (C)
Shows the combination of Siemens ADVIA Centaur P-III-P and IDS iSYS IGF-I assay on the x axis and Orion UniQ™ PIIINP RIA and LC-MS/MS IGF-I on the y
axis in female athletes. (D) Shows the combination of Siemens ADVIA Centaur P-III-P and LC-MS/MS IGF-I on the x axis and Orion UniQ™ PIIINP RIA and
IDS iSYS IGF-I assay on the y axis in female athletes. These diagrams include three female athletes whose samples are above the decision limit for one
assay pairing but not the other. This would be considered as suspicious and warrant further investigation or surveillance.
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the larger numbers, the decision limits for Immunotech IGF-I –
Orion P-III-NP assay combination increased, albeit non-
significantly. This is because the effect of the increased numbers
on the sample size uncertainty has a much smaller effect on the
male GH-2000 scores than for women because of the much
larger initial sample size while the increased heterogeneity of
athletes from a wider number of sports increased the variance
of IGF-I and P-III-NP (mean and SD) and consequently affected
the variance of the GH-2000 score and its decision limit.

It is well recognised that professional sportsmen and women are
heterogeneous and there are differences in body habitus and phys-
ical demands between sports. Previous studies have shown that
there are small differences in IGF-I and P-III-NP between sports. For
example, Nelson et al. reported that IGF-I was significantly lower in
team ball sports than in power or power/endurance sports (by 22
and 19%, respectively) and also lower in combat sports than in
power or power/endurance sports (by 21 and 19%, respectively).[2]

P-III-NP was 13–28% higher in combat sports than in most of the
other sporting groups. Despite these differences, the authors were
able to conclude from a multiple linear regression model that in-
cluded age, gender, BMI, and ethnicity, that sporting type accounted
for only 2–5.5% of the total variation of IGF-I and collagen markers.
The GH-2000 team also found significant differences in many
Drug Test. Analysis (2015) Copyright © 2015 John Wiley
hormones including IGF-I and P-III-NP between sporting
disciplines.[14] In this study, there was very little difference in IGF-I be-
tween the different samples (<3.4%) but there was a greater
difference in P-III-NP, perhaps reflecting the greater proportion
of sportsmen and women competing in contact sports in the
GH-2004 sample.

Given that it is neither desirable nor feasible to develop deci-
sion limits for each individual sporting discipline, these small dif-
ferences in analyte measurements between sports argue for the
inclusion of a wide variety of sports in the population from
whom the decision limits are developed. The addition of the
samples from the IAAF World Championship to the previous
GH-2004 samples has greatly expanded the number of disci-
plines included in the population and should be seen as a
strength of the study. It was also reassuring that when the two
populations of samples were combined, the resulting GH-2000
scores were Normally distributed, implying that, while there
may be differences between sports, there was no statistical rea-
son why the athletes could not be considered together and pro-
vides evidence that separate decision limits for each individual
sporting discipline are unnecessary. Furthermore, by increasing
the diversity of sporting disciplines, the new decision limits take
account of the small difference in GH-2000 score between the
& Sons, Ltd. wileyonlinelibrary.com/journal/dta
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two populations and incorporates this into the performance of
the test. The performance of the new decision limits is further
justified by the distribution of GH-2000 scores in the combined
populations as illustrated in Figure 3.
A major challenge to the implementation of the GH-2000 marker

method has been the reliance on radioimmunoassays. Many
WADA-accredited laboratories do not have the facilities to use ra-
dioactivity and so cannot perform the test if it involves radioiso-
topes. Although the Orion P-III-NP assay is a competitive
radioimmunoassay, at least one pairing of immunoassays (Siemens
P-III-NP and IDS IGF-I) does not involve radioisotopes, allowing the
performance of screening at potentially all laboratories. However,
the development of a test that uses solely non-radiometric
methods remains a long term goal.
The study has also developed decision limits for the use of the

new LC-MS/MS methodology.[4] Generically, LC-MS is considered
to be the best reference approach for bioassays because of
the specificity of the method and information content, which
better identifies any assay difficulty. The LC-MS/MS method used
for IGF-I determines the concentrations of two tryptic peptide
fragments using 15N-labelled IGF-I as an internal standard and
several selected reaction monitoring transitions. A comparison
of the concentrations of each tryptic fragment confirms the reli-
ability of the reported concentration.
It is appreciated that both the Siemens and IDS assays require

specific platforms and this may prove financially difficult for
some laboratories. Therefore, one pairing of assays employs
two radioimmunoassays (Orion UniQ™ PIIINP RIA and
Immunotech A15729 IGF-I IRMA) that could be implemented
using a standard gamma counter in laboratories that have the
facilities to use radioactivity. Increasing the number of available
assays provides a safeguard against the sudden withdrawal or
change of an assay by the manufacturer, as happened to the
Siemens Immulite IGF-I assay after the London 2012 Olympic
and Paralympic Games.
Although all assay pairings are possible and the choice of assays

may be logistical, it is interesting that some assay pairings appear
more sensitive than others. Thismay reflect differences in assay per-
formance, for example reproducibility.
Suspicious samples

One limitation of our study is that we cannot be sure that all sam-
ples came from clean (non-doped) athletes; however, in the event
of any samples coming from volunteers who had been doping,
the decision limits presented here may have a reduced sensitivity.
Using a dynamic approach, where the decision limits are continu-
ously refined with the inclusion of more elite samples, will enable
us to diminish the impact of including any potentially ‘doped’ sam-
ples in the calculations.
The abnormal male sample was obtained through the UK Anti-

Doping testing programme. The P-III-NP value was markedly ele-
vated but the IGF-I result was within the normal range, which would
be compatible with those expected from an athlete who had been
doping with GH but discontinued treatment several days prior to
the test. This sample was identified as suspicious in our original
study but, with the improvement in assay performance and sensi-
tivity afforded by the increase in sample numbers with reduction
in sample size uncertainty this sample would now be declared an
adverse analytical finding. As this result was discovered during a re-
search project, it was not communicated formally to UK Anti-
wileyonlinelibrary.com/journal/dta Copyright © 20
Doping. Similarly, the P-III-NP values for the three suspicious female
athletes were markedly elevated while the IGF-I results were within
the normal range, again compatible with a recent discontinuation
of GH use prior to the test.

As we have no definitive evidence that either of the three female
athletes or the male athlete who were above the decision limit for
several assay pairings had been doping, all their results were in-
cluded in the development of the decision limits as this provides
the most conservative estimate of the decision limits. This is impor-
tant because of the pressing need to give the athlete the benefit of
the doubt. It is worth highlighting, however, that our analysis
showed that the impact of excluding outliers only had a trivial
effect on the decision limits.

Assays

The differences in the Cisbio results between the London and Lau-
sanne laboratories and between the GH-2004/UKAD and
Daegu/UKAD samples were a concern. When the two populations
were combined, the resulting GH-2000 scores were not normally
distributed and therefore decision limits could not be determined
for any assay pairing including the Cisbio assay. There are several
possible explanations for the observed differences. The first is that
the GH-2004/UKAD and Daegu/UKAD samples were so different
that they could not be combined. This explanation seems unlikely
because for all other assay pairs, when the data were combined,
the GH-2000 scores were normally distributed. Furthermore, this
reason does not explain why the results between the London and
Lausanne laboratories on the same samples were different. The sec-
ond possible explanation is that there was a marked shift in the
Cisbio assay. Although possible, it is worth noting that this assay
has performed well in our laboratory for over 10 years with remark-
ably consistent QCmeasures and we were not notified by theman-
ufacturer that any change to the assay had been made. The third
and most likely explanation relates to the pre-analytical handling
of the samples and the effects of the freeze-thaw cycles in-
volved with the Daegu samples. We have previously shown
that non-optimal storage can lead to alterations in the mea-
sured P-III-NP.[15,16] While a single freeze-thaw cycle, storage
of serum at 4 °C for one day and at -20 ° C for up to three
months has no significant effect on P-III-NP results,[15] the mea-
sured Cisbio P-III-NP concentrations rises by approximately
6.5% per day when stored at room temperature either as serum
or whole blood.[16] In parallel to the work described in this pa-
per, we evaluated the effects of repeated freeze-thaw cycles
on the performance of the various assays described in this study. Un-
like the Orion and Siemens assays (and the IGF-I assays), repeated
freeze-thaw cycling leads to an apparent rise in P-III-NP measured
with the Cisbio assay. As the IAAF Daegu samples were frozen on
the gel separator of the Becton Dickinson collection tube, this may
also have affected the Cisbio measurement. This technique of freez-
ing is not standard but the manufacturer recommends that special
considerations are required for optimum performance. However, this
freezing procedure is necessary in anti-doping laboratories to pre-
serve the integrity of the athlete’s B sample. The effect of this freezing
method has been studied independently on 33 commonlymeasured
serum analytes and with the exception of 1,25-dihydroxyvitamin D
and retinol-binding protein, no clinically significant changes were ob-
served, although neither IGF-I nor P-III-NP were measured.[17] The
Lausanne laboratory has, however, previously demonstrated that this
technique of freezing has no effect on the measurement of GH
isoforms after a single freeze-thaw cycle (unpublished data).
15 John Wiley & Sons, Ltd. Drug Test. Analysis (2015)
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As the results for all the other assays were consistent between dif-
ferent pre-analytical storage conditions, this implies that the ob-
served discrepancy was limited to the Cisbio assay. The divergent
effects on the P-III-NP assays may reflect the different epitopes
recognised by the different assays. When serum is separated by
gel chromatography, four distinct peaks of immunoreactive P-III-NP
are found representing aggregates of intact P-III-NP and large mole-
cules such as lipoproteins or fibrinogen, dimers of P-III-NP, mono-
meric P-III-NP and a fraction of P-III-NP that corresponds to the Col
1 domain of P-III-NP. The Cisbio assay is specific for the Col 1 domain
but will also detect intact P-III-NP whereas the Orion assay detects
intact P-III-NP and aggregated P-III-NP.[18] It is therefore possible that
repeat freeze-thaw cycles may reveal epitopes that are not detected
before freezing affects the protein structure. Although the current
data show that the Cisbio assay is unsuitable for anti-doping
purposes at present, it may be possible to include the Cisbio assay
in future but different samples from elite athletes that have not been
through repeated freeze-thaw cycles would be needed to determine
the decision limits for this assay.

By contrast, there was a good agreement between the Siemens
ADVIA and Orion assays, albeit with different numerical values
which probably reflect the different standards or assay epitope
specificity. The results from the LC-MS/MS and IDS iSYS IGF-I assays
are remarkably similar. Although there is a clear correlation be-
tween each of these assays with the Immunotech assay, the num-
bers are different, most likely reflecting the different standard
against which the assay is calibrated.

In conclusion, we have developed updated decision limits for the
GH-2000 biomarker method of detecting GH misuse in elite ath-
letes. We have increased the number of samples used to determine
the decision limits and have validated additional non-radioisotopic
assays to measure IGF-I and P-III-NP in elite athletes that will facili-
tate the wider implementation of the GH-2000 biomarker test for
doping control purposes.

Acknowledgements

This project has been carried out with the support of the World
AntiDoping Agency (WADA), Partnership for Clean Competition,
UK AntiDoping and the International Association of Athletics
Federations. We would like to acknowledge Professor Martial
Saugy, Dr Neil Robinson and his team at the Lausanne WADA-
accredited laboratory. We thank Osquel Barroso and Larry
Bowers for their helpful comments on the manuscript. We are
indebted to the GH-2000 team for conceiving the GH biomarkers
method and giving us access to all their data and publishing the
results of the project in peer reviewed journals. We are grateful
to all the volunteers who kindly agreed for their samples to be
considered in this study. We would like to acknowledge the staff
at the Sports Medicine Research and Testing Laboratory, Salt
Lake City, UT, the David Geffen School of Medicine at UCLA,
Los Angeles, CA, the Department of Laboratory Medicine, Univer-
sity of Washington, Seattle, WA, and the Center for Preventive
Doping Research, German Sport University Cologne, Cologne,
Germany who each performed some of the IGF-I LC-MS/MS as-
says on the GH-2004/UKAD samples.

References
[1] R.I. Holt. Detecting growth hormone abuse in athletes. Anal. Bioanal.

Chem. 2011, 401, 449.
Drug Test. Analysis (2015) Copyright © 2015 John Wiley
[2] J.K. Powrie, E.E. Bassett, T. Rosen, J.O. Jorgensen, R. Napoli,
L. Sacca, J.S. Christiansen, B.A. Bengtsson, P.H. Sonksen.
Detection of growth hormone abuse in sport. Growth Horm. IGF
Res. 2007, 17, 220.

[3] I. Erotokritou-Mulligan, N. Guha, M. Stow, E.E. Bassett, C. Bartlett,
D.A. Cowan, P.H. Sonksen, R.I. Holt. The development of decision
limits for the implementation of the GH-2000 detection
methodology using current commercial insulin-like growth factor-
I and amino-terminal pro-peptide of type III collagen assays.
Growth Horm. IGF Res. 2012, 22, 53.

[4] H.D. Cox, F. Lopes, G.A. Woldemariam, J.O. Becker, M.C. Parkin, A. Thomas,
A.W Butch, D.A. Cowan, M. Thevis, L.D. Bowers, A.N. Hoofnagle.
Interlaboratory agreement of insulin-like growth factor 1 concentrations
measured by mass spectrometry. Clin. Chem. 2014, 60, 541.

[5] Court of Arbitration for Sport. CAS 2011/A/2566 Andrus Veerpalu v.
International Ski Federation. Available at: http://www.tas-cas.
org/fileadmin/user_upload/256620FINAL20Award20_internet_.pdf
[5 January 2015].

[6] N. Robinson, G. Dolle, P.Y. Garnier, M. Saugy. 2011 lAAF World
Championships in Daegu: Blood tests for all athletes in the
framework of the Athlete Biological Passport. Bioanalysis 2012, 4, 1633.

[7] World Anti-Doping Agency. The World Anti-Doping Code. International
Standard for Testing. Available at: https://wada-main-prod.s3.
amazonaws.com/resources/files/WADA_IST_2012_EN.pdf [5 January
2015].

[8] World Antidoping Agency. World Anti-Doping Program Guidelines for
hGH Isoform Differential Immunoassays for anti-doping analyses.
Available at: https://wada-main-prod.s3.amazonaws.com/resources/
files/WADA-Guidelines-for-hGH-Differential-Immunoassays-v2.1-2014-
EN.pdf [5 January 2015].

[9] M. Bidlingmaier, N. Friedrich, R.T. Emeny, J. Spranger, O.D. Wolthers,
J. Roswall, A. Korner, B. Obermayer-Pietsch, C. Hubener, J. Dahlgren,
J. Frystyk, A.F. Pfeiffer, A. Doering, M. Bielohuby, H. Wallaschofski, A.
M. Arafat. Reference intervals for insulin-like growth factor-1 (igf-i)
from birth to senescence: results from a multicenter study using a
new automated chemiluminescence IGF-I immunoassay conforming
to recent international recommendations. J. Clin. Endocrinol. Metab.
2014, 99, 1712.

[10] D.A. Cowan, C. Bartlett. Laboratory issues in the implementation of the
marker method. Growth Horm. IGF Res. 2009, 19, 357.

[11] C.S. Knudsen, L. Heickendorff, E. Nexo. Measurement of amino terminal
propeptide of type III procollagen (PIIINP) employing the ADVIA
Centaur platform. Validation, reference interval and comparison to
UniQ RIA. Clin. Chem. Lab. Med. 2014, 52, 237.

[12] R Development Core Team. The R Project for Statistical Computing. R
Foundation for Statistical Computing, Vienna, Austria, 2011.

[13] G. Casella, R. Berger. Statistical Inference, 2nd Edn, Duxbury Press, Pacific
Grove, 2002.

[14] M.L. Healy, J. Gibney, C. Pentecost, M.J. Wheeler, P.H. Sonksen.
Endocrine profiles in 693 elite athletes in the postcompetition
setting. Clin. Endocrinol. 2014, 81, 294.

[15] N. Guha, I. Erotokritou-Mulligan, C. Bartlett, D.A. Cowan, E.E. Bassett,
M. Stow, P.H. Sonksen, R.I. Holt. The effects of a freeze-thaw cycle and
pre-analytical storage temperature on the stability of insulin-like
growth factor-I and pro-collagen type III N-terminal propeptide
concentrations: Implications for the detection of growth hormone
misuse in athletes. Drug Test. Anal. 2012, 4, 455.

[16] R.I. Holt, I. Erotokritou-Mulligan, S.A. Ridley, C.M. McHugh, E.
E. Bassett, D.A. Cowan, C. Bartlett, P.H. Sonksen. A determination
of the pre-analytical storage conditions for insulin like growth
factor-I and type III procollagen peptide. Growth Horm. IGF Res.
2009, 19, 43.

[17] G. Mathew, S.R. Zwart, S.M. Smith. Stability of blood analytes
after storage in BD SST tubes for 12 mo. Clin. Biochem. 2009,
42, 1732.

[18] L.T. Jensen. The aminoterminal propeptide of type III procollagen.
Studies on physiology and pathophysiology. Dan. Med. Bull. 1997,
44, 70.

Supporting information

Additional supporting information may be found in the online ver-
sion of this article at the publisher’s web site.
& Sons, Ltd. wileyonlinelibrary.com/journal/dta

https://wada-main-prod.s3.amazonaws.com/resources/files/WADA-Guidelines-for-hGH-Differential-Immunoassays-v2.1-2014-EN.pdf
https://wada-main-prod.s3.amazonaws.com/resources/files/WADA-Guidelines-for-hGH-Differential-Immunoassays-v2.1-2014-EN.pdf
https://wada-main-prod.s3.amazonaws.com/resources/files/WADA-Guidelines-for-hGH-Differential-Immunoassays-v2.1-2014-EN.pdf



