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a  b  s  t  r  a  c  t

In  order  to overcome  many  limitations  of  immunoassays,  high performance  liquid
chromatography–tandem  mass  spectrometry  (HPLC–MS/MS)  has  the  potential  to find  its  place  in
the  clinical  laboratory  medicine  for  quantification  of  steroid  hormones.  A prerequisite  for  the  application
of  a new  analytical  procedure  in  clinical  diagnostics  is  standardization  to minimize  analytical  intra-
and  interlaboratory  variability  and  inaccuracy.  We  evaluate  a  newly  standardized  HPLC–MS/MS  assay
in kit-format,  developed  for routine  determination  of 16  steroid  hormones  in  human  serum  samples.
Fifteen  metabolites  can  be  measured  quantitatively,  which  include  aldosterone,  androstenedione,
androsterone,  corticosterone,  cortisol,  cortisone,  11-deoxycortisol,  dehydroepiandrosterone  (DHEA),
dehydroepiandrosterone  sulfate  (DHEAS),  17�-estradiol  (E2),  estrone  (E1),  etiocholanolone,  17�-
hydroxyprogesterone  (17OHP),  progesterone,  and  testosterone.  11-Deoxycorticosterone  is  the only
compound  rated  as semi-quantitative  in this  kit.  The  sample  preparation  is  performed  by  solid  phase
extraction  (SPE)  on  a  96-well  plate.  The  standardized  assay  has  been  validated  for  human  serum  in terms
of lower  and  upper  limit  of quantification  (LLOQ 0.01–32  ng/mL,  ULOQ  5–8000  ng/mL),  linear  correlation
coefficient  of calibration  (R2 >  0.9966),  intra-  and  inter-day  precision  (intra-day  1.1–8.8%,  inter-day
5.2–14.8%  and  8.2–18.6%  for 11-deoxycorticosterone),  accuracy  (intra-day  88.3–115.5%  and  109.3–128.2%
for  11-deoxycorticosterone,  inter-day  91.4–117.2%  and  102.3–137.1%  for 11-deoxycorticosterone),  ana-

lytical total  error  (3.6–17.8%),  proficiency  test  accuracy  (85.4–113.4%),  recovery  (68–99%),  and  metabolite
stability  (freeze/thaw  stability  95.5–108.1%,  short  term  stability  86.9–107.2%).  Inter-assay  comparison
with  a routine  reference  HPLC–MS/MS  assay  and  seven  immunoassays  demonstrates  the  outstanding  high
performance  of this  HPLC–MS/MS  based  kit by improvements  in  accuracy  for  progesterone,  androstene-
dione,  and  17OHP.  Finally,  results  of  two  metyrapone  tests  demonstrate  the  potential  of  the  standardized
HPLC–MS/MS  assay  for the  analysis  of  a comprehensive  steroid  hormone  profile  in  clinical  diagnostics.
. Introduction

The reliable and simultaneous analysis of a broad panel of
teroid hormones is a powerful tool for the investigation of the
ormone status, which is relevant for a variety of clinical questions
nd diagnoses (e.g. congenital adrenal hyperplasia, polycystic ovary
yndrome, adrenal insufficiency and metyrapone test).

The high performance liquid chromatography–tandem mass
pectrometry (HPLC–MS/MS) is able to simultaneously analyze
ultiple target analytes within on sample run. It is shown over

he past ten years that HPLC–MS/MS is a reliable standard tech-
ique in clinical application fields like therapeutic drug monitoring

TDM), newborn screening, and toxicological diagnostics. There-
ore, HPLC–MS/MS has the potential to become a strong competitor
or widely used immunoassays for steroid analysis, especially when

∗ Corresponding author. Tel.: +43 512 579 823 4232; fax: +43 512 579 823 4270.
E-mail address: therese.koal@biocrates.com (T. Koal).

960-0760/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jsbmb.2011.12.001
© 2011 Elsevier Ltd. All rights reserved.

more than one steroid hormone has to be analyzed with high selec-
tivity, sensitivity, precision and accuracy. Main disadvantages of
immunoassays, particularly relevant for steroid hormone analysis
[1–22] are as follows:

- Measurement of one analyte at a time in one processed sample.
- Lack of antibody specificity due to cross reactivities with struc-

turally similar metabolites (poor accuracy) especially at low
concentration ranges, which can result in diagnostic errors e.g.
in pediatric range of application.

- Limitation in sensitivity (e.g. testosterone in both premenopausal
and postmenopausal women) [7].

-  Matrix interferences, which cannot be corrected by internal stan-
dards.

- Limited dynamic range.

- High variabilities among different immunoassay kits (resulting

in significant variations in reference intervals) and among differ-
ent laboratories employing the same kit due to poor and diverse
validation and standardization data.

dx.doi.org/10.1016/j.jsbmb.2011.12.001
http://www.sciencedirect.com/science/journal/09600760
http://www.elsevier.com/locate/jsbmb
mailto:therese.koal@biocrates.com
dx.doi.org/10.1016/j.jsbmb.2011.12.001
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However, HPLC–MS/MS needs comprehensive standardization
o become a successfully established technology in clinical rou-
ine laboratories for steroid hormone analysis. Standardization is
eeded to minimize analytical intra- and inter-laboratory variabil-

ties (imprecision and inaccuracy) and therefore, to improve the
uality of the quantitative results [1,3–7,9,13,15,18,23].

Furthermore, a general re-consideration, evaluation and
mprovement of analytical precision and accuracy are manda-
ory, considering the acceptance criteria for precision and accuracy
oday. From the clinical point of view, there is a need to move
rom the FDA guidance performance acceptance criteria for pre-
ision (CV ≤ 15%, 20% at LLOQ) and accuracy (85–115%, 80–120% at
LOQ) valid for all analytes in a bioanalytical assay to specific pre-
ision and accuracy criteria for individual analytes [24]. Analyte
pecific acceptance criteria (Westgard’s criteria) based on clini-
al requirements and biological variation should be in compliance
ith more strict criteria [25,26]. For example, a CV < 10.5%, accuracy

7.5–112.5%, and total error <29.8% were postulated for cortisol.
Standardized HPLC–MS/MS assays in kit format with an exten-

ively validated sample preparation procedure, analytical data
cquisition and quantitation methods and consumables (calibra-
ors, quality control samples, HPLC column) are able to fulfil the
nalyte-specific acceptance criteria, and are important tools for
ntra- and inter-laboratory harmonization.

Among clinical laboratory tests, the determination of reference
anges for hormones is challenging because of several influencing
actors and chronobiological effects. The major challenges coming

long with the HPLC–MS/MS based steroid hormones analysis is
he diversity of the reference values established for the individual
mmunoassay in the past, which are not in concordance in all cases
o HPLC–MS/MS based analysis. However, reference values for
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steroid hormones derived by standardized HPLC–MS/MS analysis
will overcome the need for the use of varieties of reference ranges
for existing individual immunoassays [9,13,14,19,22]. Ongo-
ing population-based studies will hopefully help to harmonize
reference value across all different analysis techniques.

Herein, we  have evaluated and validated a newly developed
standardized HPLC–MS/MS assay in a ready-to-use kit (SteroIDQ®)
enabling the analysis of 16 steroid hormones. The 96-well plate
kit format is qualified to analyze up to 80 human serum sam-
ples in addition to control samples and calibrators. Furthermore,
inter-assay comparison with a reference HPLC–MS/MS method and
immunoassays were performed. The performance of the kit was
tested by serum analysis of two patients undergoing a metyrapone
test to consider the effects in the steroid hormone metabolism.

2. Materials and methods

2.1. SteroIDQ® kit materials

The newly developed SteroIDQ® kit (BIOCRATES Life Sci-
ences AG, Innsbruck, Austria) is a Ready to Use kit and enables
the analysis of 16 steroid hormones; aldosterone, androstene-
dione, androsterone, corticosterone, cortisol, cortisone, 11-
deoxycorticosterone, 11-deoxycortisol, dehydroepiandrosterone
(DHEA), dehydroepiandrosterone sulfate (DHEAS), 17�-estradiol
(E2), estrone (E1), etiocholanolone, 17�-hydroxyprogesterone

(17OHP), progesterone, and testosterone. Fig. 1 shows the target
metabolites in a simplified scheme of the central steroid hormone
metabolism. The kit covers calibrator set, quality controls with
three different concentration levels, internal standard (IS) mixture,

anolone
Pregnanetriol

11-Deoxycorticosterone Corticosterone

Aldosterone

-Deoxycortisol
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sis of 16 steroid hormones of the central steroid hormone pathway. Target analytes
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Table  1
Analytical parameters of the SteroIDQ® kit: 16 analytes and deuterium-labeled internal standards pairs, MRM  of analytes, analyte retention times, calibration ranges and cali-
bration correlation coefficients, calibration with linear regression (except androstenedione, corticosterone, 11-deoxycorticosterone, 17OHP, and testosterone with quadratic
regression) and 1/x  weighting.

No. Analyte Internal standard Analyte MRM  Retention time [min] Calibration range [ng/mL] Correlation coefficient (R2)

1 Aldosterone d7 aldosterone 361.2/343.2 1.77 0.05–5 0.9978
2  Androstenedione d3 androstenedione 287.2/97.1 6.74 0.03–8 0.9994
3  Androsterone d4 androsterone 273.2/255.1 8.05 0.06–6 0.9977
4  Corticosterone d8 corticosterone 347.2/329.1 4.39 0.03–30 0.9989
5  Cortisol d4 cortisol 363.2/345.1 2.34 1–1000 0.9988
6 Cortisone d7 cortisone 361.2/163.1 2.37 0.10–100 0.9968
7 11-Deoxycorticosterone d8 17OHP 331.2/109.1 6.49 0.03–15 0.9997
8 11-Deoxycortisol d5 11-deoxycortisol 347.2/109.1 4.75 0.01–10 0.9995
9  DHEA d4 E1 271.2/253.2 6.75 0.12–30 0.9969

10  DHEAS d5 DHEAS 271.2/253.2 2.78 32–8000 0.9997
11  E2 d3 E2 255.2/159.1 5.84 0.02–20 0.9985
12 E1 d4 E1 271.2/253.2 6.62 0.03–15 0.9984
13  Etiocholanolone d4 androsterone 273.2/255.1 7.86 0.06–6 0.9991
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14 17OHP d8 17OHP 331.2/109.1 

15  Progesterone d9 progesterone 315.2/109.1 

16 Testosterone d5 testosterone 289.2/97.0

alibration matrix, and three ampules containing liquid additives
or the mobile phase. The kit allows the standardized analysis of
p to 80 serum samples. The solid phase extraction (SPE) sample
reparation is scheduled to be performed manually in 96 well plate
ormat. However, this procedure can be adapted to robotic plat-
orms as well. A sample volume of 500 �L serum is needed using
000QTrap® or API4000TM MS/MS  instrument. A system suitability
est is part of the kit and has to be performed before running the
amples to ensure the inter-day performance of the instrument.

A kit specific steroid SPE-plate in 96 well plate design, a
PLC precolumn (Security GuardTM, Phenomenex, Aschaffenburg,
ermany), and a kit specific HPLC column are included in delivery
f the kit. In addition one 96 deep well plate (2 mL  well volume)
or the first sample preparation step (addition of internal standard
nd sample dilution), two 96 capture well plates (1.2 mL well vol-
me) for the subsequent SPE extracts with two  appropriate cover
ates are also included. Acetone, acetonitrile, dichloromethane,

sopropanol, methanol, purified water (Millipore ultrapure water
urification system, Millipore, Vienna, Austria) as solvents for sam-
le preparation and HPLC–MS/MS analysis have to be provided by
he user.

The 96 well plate based SPE sample preparation procedure
eeds a vacuum chamber for 96 well plate (e.g. PlatePrep 96 well,
upelco, Sigma Aldrich, Austria), vacuum pump for SPE (e.g. vac-
um pump 220 V 50 Hz, Waters, Austria), evaporator system for 96
ell plate using nitrogen with thermostat and heating block (e.g.

VA LS1 MT  S with stative, LS1V 130, HBLS1 MT R, VLM GmbH,
ermany), nitrogen supply (minimum 4 bar), shaker for 96 well
lates (e.g. Thermomixer comfort, Eppendorf, Germany) in the lab-
ratory.

16 external standards with 13 deuterium-labeled internal stan-
ards are used for external seven-point calibration, as shown in
able 1. No individual stable isotope labeled IS were available
or 11-deoxycorticosterone, DHEA, and etiocholanolone. Therefore,
lternative IS with close retention times were used. The calibra-
or ranges were optimized with reference to expected endogenous
oncentrations in human serum and analytical feasibility and are
ummarized in Table 1.

.2. SteroIDQ® kit sample preparation

500 �L of blank, calibrators, QC and serum samples were placed

nto individual wells of a 2-mL 96-deep well plate. 10 �L recon-
tituted internal standard mixture (except for blank) and 400 �L
urified water were added to each well. The whole contents of the
-mL 96-deep well plate have to be transferred to the appropriate
 0.05–50 0.9996
 0.06–15 0.9966
 0.01–10 0.9993

positions of the pre-conditioned SPE plate (1 mL  methanol fol-
lowed by 1 mL  purified water). The samples on the SPE plate
were allowed to pass through the SPE material bed. A subsequent
washing step with 500 �L purified water and a vacuum assisted
drying step with nitrogen prepared the SPE plate for the elution
procedure. The elution of the steroid hormones was  carried out in
two subsequent steps using two  individual 96 capture well plates.
The first SPE extract was  obtained by elution twice with 500 �L
dichloromethane, drying of the extract under nitrogen and final
reconstitution with 50 �L 40/60 (v/v) methanol/purified water.
The second extract was  generated by elution with 600 �L ace-
tonitrile and dilution with 400 �L purified water. Both individual
extract plates were covered and placed into the autosampler for
subsequent HPLC–MS/MS analysis. The first extract contained all
15 steroid hormones except DHEAS, which was present in the
second extract. The overall sample processing time for the 96-well
plate based assay (80 samples) comprised around 5 h for SPE
sample preparation, 32 h for HPLC–MS/MS analyses, and around
1 h for data analysis.

2.3. SteroIDQ® kit HPLC–MS/MS

For chromatographic separation a steroid specific HPLC column
and precolumn were used. The HPLC system was  an HPLC 1100
series (Agilent Technologies, Vienna, Austria) consisting of a binary
pump, a micro vacuum degasser, and a column oven (45 ◦C). A tem-
perature controlled HTC PAL autosampler (CTC Analytics, Zwingen,
Switzerland) equipped with a 20 �L sample loop was used for sam-
ple storage at 10 ◦C and sample injection (injection volume 20 �L).
500 mL  mobile phase A (470 mL  purified water plus contents of
additive ampules 1, 2, and 3) and 1000 mL  mobile phase B (85/10/5,
v/v acetonitrile/methanol/purified water) have to be prepared
to run the HPLC–MS/MS assay. 4000QTrap® triple quadrupole
mass spectrometer (AB Sciex, Toronto, Canada) equipped with a
ESI-Turbo V source operating in positive ionization mode and con-
trolled by Analyst 1.5.1 software (AB Sciex, Toronto, Canada) was
used for detection.

Multiple reaction monitoring (MRM)  was applied for highly
selective and sensitive detection of the analytes (summarized
in Table 1) and internal standards d7-aldosterone (368.2/350.2),
d3-androstenedione (290.2/100.1), d4-androsterone (277.2/259.1),
d8-corticosterone (355.2/337.1), d4-cortisol (367.2/121.1), d7-

cortisone (368.2/169.1), d5-11-deoxycortisol (352.2/113.1), d5-
DHEAS (276.2/258.2), d3-E2 (258.2/159.1), d4-E1 (275.2/257.2),
d8-17OHP (339.2/113.1), d9-progesterone (324.2/113.1), and d5-
testosterone (294.2/100.1). HPLC–MS/MS and data analysis method
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ldosterone 0.20 ng/mL, (2) androstenedione 0.13 ng/mL, (3) androsterone 0.24 ng/
eoxycorticosterone 0.60 ng/mL, (8) 11-deoxycortisol 0.20 ng/mL, (9) DHEA 0.48 ng
.24  ng/mL, (14) 17OHP 1.0 ng/mL, (15) progesterone 0.24 ng/mL, and (16) testoster

les containing all relevant parameters were included in the
teroIDQ® kit. Both sample extracts (dichloromethane and ace-
onitrile extract) have to be analyzed in alternating sequence. The
PLC–MS/MS run time is 20 min  including system re-equilibration
er sample (13.5 min  dichloromethane extract, 6.5 min  acetoni-
rile extract). Representative extracted ion chromatograms (XIC)
re shown in Fig. 2. Individual retention times are listed in
able 1.

.4. Reference HPLC–MS/MS assay

The modified online SPE-HPLC–MS/MS assay developed by Rauh
t al., allowing quantitative analysis of steroid hormones in 100 �L
erum [2–4], was used as a reference HPLC–MS/MS assay for inter-
ssay comparison with the SteroIDQ® kit. 11 steroid hormones
aldosterone, androstenedione, corticosterone, cortisol, cortisone,
1-deoxycortisol, DHEA, DHEAS, 17OHP, progesterone, and testos-
erone) were covered in this method.

In brief, the assay sample preparation is based on protein
recipitation with methanol/zinc sulfate solution (50 g/L, 1/1,
/v). The online SPE was  performed by a Chromolith column
50 mm × 4.6 mm),  which was coupled to a Chromolith HPLC col-
mn  (RP-18e, 100 mm × 3.0 mm,  Merck, Darmstadt, Germany). The
utosampler was a HTC PAL (CTC Analytics, Zwingen, Switzerland)
tted with a 250 �L sample loop. The HPLC consisted of a binary
ump (1100 series, Agilent Technologies, Waldbronn, Germany).

or MRM  based mass spectrometric detection a 4000QTrap®

riple quadrupole mass spectrometer (AB Sciex, Toronto, Canada)
quipped with an APCI source in positive mode was used. The total
nline SPE-HPLC–MS/MS analysis time per sample was  8 min.
) corticosterone 0.60 ng/mL, (5) cortisol 20 ng/mL, (6) cortisone 2.0 ng/mL, (7) 11-
0) DHEAS 128 ng/mL, (11) E2 0.40 ng/mL, (12) E1 0.60 ng/mL, (13) etiocholanolone

.20 ng/mL.

2.5. Immunoassay

Cortisol, DHEAS, progesterone and testosterone were mea-
sured by electrochemiluminescence immunoassay on a Cobas e411
immunoassay analyser (Roche Diagnostics, Mannheim, Germany).
Chemiluminescent assay (Immulite 2000 Siemens, Healthcare,
Marburg, Germany) was  used for the analysis of androstenedione.
Aldosterone and 17OHP were measured by radioimmunoas-
say (Siemens Healthcare, Marburg, Germany and IBL, Hamburg,
Germany). All assays were applied according to the instructions
of the manufacturers.

2.6. Serum samples

Methods were compared by Passing/Bablock regression analysis
within specified measuring ranges using left-over routine samples
(children, male, female) which were collected at the university
hospital of Erlangen. Serum samples were stored at −20 ◦C until
randomized analysis. Different n numbers of samples (Table 4, Fig.
3) are either due to missing sample volume or differences in test
ranges.

3. Results

3.1. SteroIDQ® kit validation
The SteroIDQ® kit was  validated for human serum on AB Sciex
API4000TM and 4000QTRAP® instruments according to the FDA
Guidance for Industry – Bioanalytical Method Validation [24].
The analytical selectivity of the developed assay is based on the
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ig. 3. Interassay comparison to immunoassays: The comparabilities in concentra
erone, 17OHP, and progesterone) were investigated between SteroIDQ® kit and 

ormones; aldosterone, DHEAS, cortisol and testosterone (Section 3.3).

omplementary combination of SPE (sample clean-up and matrix
emoval), HPLC (chromatographic separation of isobaric analytes)
nd MS/MS  (MRM as most selective MS/MS  detection mode), which
s challenging especially for steroid hormones in biological sample

atrices. All 16 external and 13 internal standards were inves-
igated. No interferences were observed except for cortisol and
ortisone. A 3.1% of the cortisone concentration was detected as

ortisol and 0.1% of the cortisol concentration as cortisone. In
uman serum samples these interferences are negligible due to the

act that cortisol is typically in 3–10 fold higher concentrations than
ortisone. In addition, the presence of structurally related steroid
r seven steroid hormones (aldosterone, androstenedione, cortisol, DHEAS, testos-
noassays showing acceptable correlation and comparability only for four steroid

hormone drugs can result in interferences as well. Therefore, the
selectivity of synthetic corticosteroid drugs (methylprednisolone,
prednisolone, prednisone) were tested and can be confirmed by
different retention times [27].

The lower (LLOQ) and upper (ULOQ) limits of quantifica-
tion correlate with the calibration range (LLOQ 0.01–32 ng/mL,
ULOQ 5–8000 ng/mL). The assay performance parameters are sum-

marized in Tables 1–3.  Acceptable linear regression correlation
coefficients between 0.9966 and 0.9997 were obtained for calibra-
tion. Intra-day (within batch, n = 6) and inter-day (batch to batch,
n = 8) accuracy and precision were investigated for spiked human
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Table 2
Assay performance parameters: intra-day and inter-day accuracy and precision for spiked serum pool samples at three different concentrations.

No. Analyte Concentration [ng/mL] Intraday (n = 6) Interday (n = 8)

Accuracy [%] Precision [%] Accuracy [%] Precision [%]

1 Aldosterone
0.22 88.3 3.7 98.3 11.5
0.46  102.1 4.4 109.3 9.6
3.1  100.1 4.4 103.4 5.9

2 Androstenedione
1.0  99.8 2.2 98.8 9.9
1.5  104.2 1.7 107.0 9.6
5.7  100.5 1.9 106.6 6.1

3 Androsterone
0.38 96.1 3.2 97.4 12.4
0.66  104.2 4.8 102.1 13.2
3.7  99.7 3.4 98.9 12.1

4 Corticosterone
2.2 102.6 2.5 100.3 16.4
4.3  109.0 5.8 102.4 11.7

19  98.9 2.5 107.3 7.9

5 Cortisol
106 103.0 3.6 98.7 9.0
180  110.1 1.1 107.4 7.9
718  105.1 1.5 104.4 5.2

6 Cortisone
18  99.1 4.7 101.1 8.5
25  103.8 2.3 106.1 9.7
77  101.8 4.2 106.1 8.0

7 11-Deoxycorticosterone
0.79 122.9 2.5 137.1 18.6
1.6  128.2 4.4 134.2 13.7

10 109.3  2.9 102.3 8.2

8 11-Deoxycortisol
0.45 96.6 8.8 98.2 9.5
1.1  105.0 2.0 108.4 9.7
6.2  98.4 5.2 101.2 14.8

9 DHEA
2.2 97.8 3.7 93.0 9.6
4.2  101.9 2.9 98.1 13.4

18  90.7 2.0 94.3 13.3

10 DHEAS
1860 100.8 1.7 97.5 6.8
2492  105.7 1.9 101.7 8.4
7073  108.5 1.4 102.9 7.5

11  E2
0.53 105.7 4.6 106.2 12.3
1.9  109.9 1.8 117.2 12.3

13 105.5  5.6 107.6 7.5

12  E1
0.68 102.7 2.9 100.8 11.5
1.4  110.6 3.2 108.4 5.8
9.1  100.1 3.5 100.2 6.3

13 Etiocholanolone
0.30 100.4 4.7 101.8 14.6
0.62  113.3 2.7 117.1 14.3
4.2  115.5 5.4 109.9 17.4

14 17OHP
1.7 103.0 3.1 102.1 9.4
5.2  110.4 2.6 110.6 9.6

33  106.5 3.7 104.0 6.3

15 Progesterone
1.8  95.9 2.1 95.8 8.7
2.8  97.8 2.5 100.0 9.1
9.4  88.5 3.9 91.4 10.5

16 Testosterone
0.50 90.2 2.6 103.7 10.6
1.1  97.3 2.6 110.6 11.2
6.6  103.3 3.3 105.0 10.5

Table 3
Assay performance parameters: recoveries and stabilities (RT = room temperature).

No. Analyte Recovery,
n = 4 [%]

Stability at low concentration, n = 6 [%] Stability at high concentration, n = 6 [%]

3 freeze–thaw
cycles

Short term 24 h
at 4 ◦C

Short term 4 h
at  RT

3 freeze–thaw
cycles

Short term 24 h
at 4 ◦C

Short term 4 h
at RT

1 Aldosterone 78.2 ± 8.5 100.4 107.2 97.0 99.8 100.3 97.7
2  Androstenedione 87.6 ± 2.5 98.5 99.7 100.3 98.1 97.4 97.9
3  Androsterone 70.7 ± 4.9 96.7 91.2 98.6 96.6 86.9 93.4
4  Corticosterone 89.5 ± 3.5 103.7 104.2 105.0 95.5 96.7 97.0
5  Cortisol 93.5 ± 4.7 97.8 100.4 100.2 96.9 97.5 97.6
6  Cortisone 92.5 ± 3.1 99.0 98.6 100.1 96.4 97.1 98.1
7  11-Deoxycorticosterone 83.0 ± 2.0 108.1 102.6 105.1 104.1 99.2 100.9
8  11-Deoxycortisol 87.8 ± 4.3 96.0 95.3 103.3 96.0 95.4 97.7
9  DHEA 95.8 ± 2.5 100.9 98.9 101.3 100.1 98.2 97.9

10  DHEAS 99.2 ± 3.7 97.0 99.2 100.4 97.7 98.3 99.5
11  E2 90.0 ± 4.3 100.5 104.9 104.5 99.4 101.2 97.1
12  E1 88.7 ± 5.9 99.4 100.0 100.6 102.2 99.6 98.1
13  Etiocholanolone 73.7 ± 4.1 98.8 103.5 99.4 99.7 98.0 100.0
14 17OHP 83.1 ± 0.7 97.9 98.1 99.0 97.3 100.1 97.0
15  Progesterone 68.2 ± 5.3 97.5 103.0 102.4 96.6 100.2 98.5
16 Testosterone 87.6 ± 2.7 101.3 101.2 97.3 101.4 100.8 103.6
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erum (see Table 2). Inter-day experiments were performed by
 different operators and with 2 different HPLC–MS/MS instru-
ents. Excellent accuracy and precision results were achieved

or all analytes except for 11-deoxycorticosterone. The accu-
acy of ∼130% for low and medium concentrations obtained for
1-deoxycorticosterone did not fulfil the acceptance criteria of
00 ± 15% set for this assay. Therefore, 11-deoxycorticosterone was
ated as a semiquantitative analyte.

The total errors were determined for steroid hormones, which
re linked with Westgard’s criteria [25]. In principle (biological and
nalytical) imprecision related with the analytical inaccuracy are
nder combined consideration, which is named as acceptable total
rror in % (total error (TE) = analytical inaccuracy + 1.65 × analytical
mprecision). For example, the maximum within-subject biolog-
cal variation for 17OHP is specified by Westgard as 19.6%. The

aximum analytical imprecision for 17OHP is 9.8% (equivalent
o 50% of within-subject biological variation). The defined limit
or analytical inaccuracy is 14%. A maximum total error of 30.2%
=14% + 1.65 × 9.8%) is calculated for 17OHP. The analytical impreci-
ion of 17OHP in the newly developed assay is 2.6–3.7% (intra-day)
nd 6.3–9.6% (inter-day) as listed in Table 2 and fulfils the accep-
ance criterion of 9.8%. The total errors were between 8.1 and
4.7% and are within the acceptance criterion of 30.2%. Analyte
pecific acceptance criteria were available for aldosterone (TE
7.1%), androstenedione (TE 22.6%), cortisol (TE 29.8%), DHEAS
TE 10.9%), 11-deoxycortisol (TE 27.1%), E2 (TE 21.6%), 17OHP (TE
0.2%), and testosterone (TE 14%) so far. The calculated total errors
f these steroid hormones determined for the newly developed
ssay (aldosterone 7.4–17.8%, androstenedione 3.8–7.0%, corti-
ol 7.6–11.9%, DHEAS 3.6–10.8%, 11-deoxycortisol 8.3–17.9%, E2
2.9–14.7%, 17OHP 8.1–14.7%, testosterone 7.0–14.1%) are within
he individual criteria.

The accuracy performance of the assay was approved by analy-
is of reference proficiency test samples (proficiency test program
t DGKL (Deutsche Vereinte Gesellschaft für Klinische Chemie und
aboratoriumsmedizin e.V.). Seven steroid hormones (aldosterone,
ortisol, DHEAS, E2, 17OHP, progesterone and testosterone) are
overed in the proficiency test program. The target values were
etermined by isotope-dilution gas chromatography–mass spec-
rometry analysis (GC–MS) except for DHEAS (calculated median
f all measurements). Excellent accuracies were obtained for all
nalytes measured in two proficiency test samples (aldosterone
5.2 and 102.8% (valid range 55–144%), cortisol 96.4 and 103.0%
valid range 70–130%), E2 109.2 and 113.4% (valid range 65–135%),
rogesterone 100.0 and 102.3% (valid range 65–135%), testosterone
6.4 and 98.4% (valid range 65–135%), DHEAS 108.5 and 110.0 (valid
ange 65–135%), 17OHP 85.4 and 98.1% (valid range 40–161%)
emonstrating the excellent comparability of HPLC–MS/MS regard-

ng to the GC–MS reference method. The relatively high acceptance
anges are due to the variety of different immunoassays in this pro-
ram. Currently less than 2% (mostly less than 0.5%) proficiency test
articipants are using mass spectrometry methods.

The recovery was determined calculating the ratio between the
eak area of the analyte in the final extract after SPE and the
ppropriate peak area measured without SPE. Highly precise recov-
ries between 68 and 99% with coefficients of variation between
.7 and 8.5% (Table 3) were obtained. Strongly related to recov-
ry are matrix effects, which have to be investigated as well. The
se of appropriate internal standards ideally corrects (sample indi-
idually) matrix effects. The set-up for this validation experiment
as post-extraction spiking of the target analytes at 3 different

oncentrations and internal standards into the final extracts of

uman pooled serum and buffer as reference (n = 4). The uncor-
ected matrix effect was calculated as peak area of the target analyte
n human pooled serum compared to buffer and the corrected

atrix effect by internal standard as peak area ratio of the target
 Molecular Biology 129 (2012) 129– 138 135

analyte and internal standard in human pooled serum compared
to buffer. Corrected matrix effects less than 7% were obtained (data
not shown) demonstrating the benefit of appropriate internal stan-
dards, which were not applied in immunoassay analysis.

Furthermore, several stability experiments were performed for
pooled human serum at two  spiked concentrations investigating
the influence of different sample and sample extracts storage.
Freeze–thaw stabilities were determined for the recommended 3
freeze (−20 ◦C) and thaw (at room temperature) cycles. Similarly,
investigations were carried out for short term temperature stability
(sample 24 h at 4 ◦C, 4 h at room temperature) and post-preparative
sample extract stabilities (72 h at 10 ◦C in the autosampler, 7 days
at −20 ◦C, data not shown). The results demonstrated that no sig-
nificant analyte losses were obtained for all stability tests.

3.2. Interassay comparison to reference online SPE-HPLC–MS/MS

Disease affected and non-affected serum samples from children,
men  and women were included for comparison to the reference
online SPE-HPLC–MS/MS assay. The samples covering the whole
range of relevant concentrations (e.g. congenital adrenal hyper-
plasia with increased 17OHP up to 85 ng/mL) were processed
by both assays. The samples were measured with the reference
method in different batches. The results, summarized in Table 4,
showed excellent comparability, i.e. slopes between 0.829 and
1.185, intercept values between −4.77 and 2.022, correlation coeffi-
cients >0.884, and mean differences ranging from −11.4 up to 20.01
for all steroid hormones.

3.3. Interassay comparison to immunoassays

The performance of the SteroIDQ® kit was compared to
immunoassays for seven steroid hormones in human serum sam-
ples (children, men, women). The sensitivities of both analytical
technologies were comparable (aldosterone 11 pg/mL, androstene-
dione 0.3 ng/mL, cortisol <5 ng/mL, DHEAS 1 ng/mL, 17OHP
0.02 ng/mL, progesterone 0.03 ng/mL, testosterone 0.02 ng/mL).
The results are shown in Fig. 3. Adequate correlation and com-
parability were obtained for aldosterone, DHEAS, cortisol and
testosterone. Progesterone showed a clear concentration depended
comparability with only acceptable comparability for higher con-
centrations. Approximately 2–3 fold higher concentrations were
obtained for progesterone measured by electrochemilumines-
cence immunoassay at low concentrations up to 1 ng/mL. Finally,
inadequate comparability could be detected for androstenedione
between HPLC–MS/MS and chemiluminescence assay and 17OHP
between HPLC–MS/MS and radioimmunoassay over the whole
range of tested concentrations.

3.4. Metyrapone test

Metyrapone (trade name Metopirone) is a drug used in
the diagnosis of adrenal insufficiency and occasionally in the
treatment of Cushing’s syndrome (hypercortisolism) [28–33].
Metyrapone blocks cortisol synthesis (decrease of cortisol) in
healthy humans by inhibiting steroid 11 �-hydroxylase in the
cortex of suprarenal gland. This stimulates adrenocorticotropic
hormone (ACTH) secretion by negative feedback, which results
in an increase of 11-deoxycortisol and 11-deoxycorticosterone
levels. 11-Deoxycortisol and cortisol concentrations in serum
sample are usually measured for the metyrapone test. Cortisol lev-

els below 220–280 nmol/L (80–102 ng/mL) and 11-deoxycortisol
levels above 7 �g/dL (70 ng/mL) indicate a positive metyrapone
test. A negative metyrapone test (insufficient increase of 11-
deoxycortisol) can indicate deficiency of the cortex of suprarenal
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Table 4
Comparison of 11 steroid hormones between SteroIDQ® kit and reference online SPE-HPLC–MS/MS assay.

Steroid n Concentration
range (ng/mL)

Slope (95% confidence
region, P/B)

Intercept (95% confidence
region, P/B)

Correlation
coefficient

Mean difference
(%)

Aldosterone 43 0.005–1.227 1.136 (0.995–1.383) 0.004 (−0.007 to 0.011) 0.993 15.7
Androstenedione 123 0.001–4.386 0.907 (0.852–0.972) −0.018 (−0.036 to −0.002) 0.974 −11.4
Corticosterone 118 0.022–13.74 1.185 (1.094–1.309) −0.074 (−0.156 to 0.020) 0.935 12.5
Cortisol 122 5.24–1011 0.930 (0.897–0.966) 2.022 (−0.203 to 3.677) 0.987 −4.81
Cortisone 124 0.16–51.8 1.035 (0.980–1.098) 0.422 (−0.468 to 1.259) 0.944 7.10
11-Deoxycortisol 93 0.032–6.61 1.183 (1.094–1.330) 0.029 (0.0 to 0.048) 0.968 20.01
DHEA 84 0.066–10.1 0.922 (0.826–1.020) −0.087 (−0.234 to 0.038) 0.884 −9.8
DHEA-S 108 1.1–5618 0.915 (0.893–0.934) −4.770 (−17.042 to 1.644) 0.985 −8.8
17-OH-Progesterone 101 0.064–85.58 1.014 (0.957–1.114) 0.016 (−0.009 to 0.032) 0.972 0.1
Progesterone 42 0.008–19.084 0.829 (0.706–0.957) 0.119 (0.103 to 0.134) 0.986 0.1
Testosterone 99 0.044–10.46 0.927 (0.864–0.981) −0.012 (−0.027 to 0.002) 0.972 −10.0

Fig. 4. Steroid hormone profiles of metyrapone test samples (y-axis in ng/mL): Two positive metyrapone test results (before and after metyrapone treatment) are pictured
demonstrating the same metyrapone effects i.e. increase for and 11-deoxycortisol, 11-deoxycorticosterone, decrease for cortisol and cortisone, and appropriate alleviated
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ffects  for the neighbor metabolites. Additionally the relationship and dependencies
ll  three diagrams contain a section of the pathway. (Final DHEAS concentration m
ultiplied by factor 10.)

land but cannot clarify the cause (pituitary or cortex of suprarenal
lands).

Fig. 4 shows the steroid hormone profiles of two positive
etyrapone tests of two male patients. The analysis and quan-

ification of dihydrotestosterone (DHT) and pregnenolone (not
alidated metabolites) were included into this study covering
ighteen steroid hormones in total. Similiar steroid profiles were
btained for both patients. Cortisol, cortisone, corticosterone,
nd aldosterone showed the expected decrease in concentra-
ions (Fig. 4). Cortisol concentrations before the metyrapone test
ere 130 ng/mL for both patients and 13 ng/mL in patient 1 and

2 ng/mL in patient 2 after the test. 11-Deoxycortisol was  0.7 ng/mL
n patient 1 and 0.6 ng/mL in patient 2 before and 118 ng/mL
n patient 1 and 94 ng/mL in patient 2 after the metyrapone
est. Steroid 11-beta-hydroxylase is responsible for metabolism

f 11-deoxycorticosterone to corticosterone as well. Therefore,
etyrapone is blocking the corticosterone synthesis in parallel to

he synthesis of cortisol. Aldosterone was only detected in the sam-
le of patient 1 before the metyrapone test with a concentration
en the metabolites in the steroid hormone pathway can be followed as well because
ied by factor 1000; final DHEA, androstenedione, and testosterone concentrations

of 0.1 ng/mL and was lower than LLOQ in the sample after the
metyrapone test. However, no significant effects were detected for
E2, testosterone and DHT.

4. Discussion

4.1. SteroIDQ® kit validation

Steroid hormone analyses have always been performed by
chromatographic separation due to many known isobaric tar-
get metabolites as well as isobaric unknown signals in the
chromatogram. Therefore, the selectivity of the assay was one
of the challenging validation issues especially for steroid hor-
mones and structure-related xenobiotics (e.g. methylprednisolone,
prednisolone, prednisone). Insignificant interferences were only

detected for cortisol and cortisone, which plays no role in
naturally occurring concentrations. The intra- and inter-day accu-
racy and precision data fulfilled the acceptance criteria for all
steroid hormones except for 11-deoxycorticosterone, which can be
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xplained by missing a suitable internal standard. However, 11-
eoxycorticosterone could be classified as semiquantitative due
o acceptable precision results. Furthermore, highly precise recov-
ries (68–99%), acceptable corrected matrix effects (using stable
sotope labeled IS) (<7%) and stabilities, which are relevant for sam-
le and sample extracts storage, were obtained. The total errors for
ll investigated steroids are in conformance with clinical require-
ents.

.2. Interassay comparison

The performance of the developed HPLC–MS/MS assay was  com-
ared to a reference online SPE-HPLC–MS/MS. Different sample
lean-up strategies were used for both assays; SPE (SteroIDQ® kit)
nd protein precipitation (online SPE-HPLC–MS/MS). The offline
PE procedure itself and the increased sample volume are the major
easons that 16 steroid hormones can be analyzed by the SteroIDQ®

it instead of 11 with the reference assay. Excellent comparabilities
or all steroid hormones tested were achieved demonstrating the
ow variability of HPLC–MS/MS technique.

Furthermore, the performance of the newly developed
teroIDQ® kit was compared to immunoassays, which are still
tandard analysis techniques in the clinical environment. Four
nalytes (aldosterone, DHEAS, cortisol, testosterone) showed an
dequate agreement of concentrations between both techniques.
ther steroid hormones showed no (androstenedione with chemi-

uminescent assay Immulite 2000, 17OHP with radioimmunoassay
y IBL) or concentration dependent (progesterone with electro-
hemiluminescence immunoassay) comparabilities.

Fanelli et al. compared immunoassays and HPLC–MS/MS
ata among others for cortisol, testosterone, progesterone,
ndrostenedione and 17OHP [19]. Similar discrepancies between
PLC–MS/MS and immunoassay based analysis for progesterone,
ndrostenedione, and 17OHP were obtained by Fanelli et al. con-
rming the limitation of tested immunoassays due to the lack of

mmunoassay specificity by cross-reactivities with matrix compo-
ents resulting in overestimation [19]. An analogous concentration
epended comparability was obtained for progesterone (Elec-
ysE170). Androstenedione was analyzed by Fanelli et al. with an
mmulite 2000 comparable to our investigations [19]. Both RIA
ssays for 17OHP from IBL and Bridge (Fanelli et al.) showed the
ame poor comparability compared to the HPLC–MS/MS results
19]. The more accurate quantification by means of HPLC–MS/MS
ompared to the immunoassay can be attested by proficiency test
ample analysis as reference as described in Section 3.1. Cortisol
as in agreement (ElecsysE170) as well in Fanelli et al. investiga-

ions. Fanelli et al. showed that the comparability of testosterone
ElecsysE170) was only acceptable in males, not in females at low
oncentrations. Rothman et al. investigated levels among others for
estosterone in premenopausal women by HPLC–MS/MS and com-
ared the results to previously reported immunoassay data [22]. In
he result, lower concentrations obtained with HPLC–MS/MS were
eported. Various immunoassays for testosterone were compared
n the past to HPLC–MS/MS by Moal et al. [34] (5 immunoassays),

ang et al. [35] (4 immunoassays) and to GC–MS by Taieb et al.
36] (10 immunoassays) confirming that testosterone at low con-
entrations gives no reliable results for all tested immunoassays.
ack of sensitivity, specificity, and accuracy of many testosterone
mmunoassays has been intensively discussed in an Endocrine Soci-
ty position statement [37]. The Cobas e411 immunoassay, which
as not tested by Fanelli et al. [19], Rothman et al. [22], Moal et al.

34], Wang et al. [35], Taieb et al. [36] showed comparable results

ven for low concentrations down to 0.01 ng/mL in our study.

Several outlier samples could be identified for the interassay
omparison with immunoassays. A single sample was respon-
ible for the cortisol (253 ng/mL immunoassay versus 15 ng/mL
 Molecular Biology 129 (2012) 129– 138 137

HPLC–MS/MS) and androstenedione (2.5 ng/mL immunoassay
versus 0.04 ng/mL HPLC–MS/MS) outlier. Another sample was
the source for the DHEAS (80 ng/mL immunoassay versus
705 ng/mL HPLC–MS/MS) and 17OHP (9.6 ng/mL immunoassay
versus 0.4 ng/mL HPLC–MS/MS) outlier. No clinical background
information is available to help explaining the outlining of these
samples. Significant higher immunoassay concentrations of cor-
tisol, androstenedione, and 17OHP compared to HPLC–MS/MS
results might be due to the overestimation, caused by cross reac-
tivities of the target analyte with structurally related metabolites
(synthetic glucocorticoids such as prednisone, prednisolone and
methylprednisolone used in drug treatment) in the immunoassays.
In the sample, where cortisol and androstenedione are outliers,
additional peaks could be detected on the cortisol, cortisone,
and aldosterone extracted ion chromatogram (XIC) when it was
analyzed with SteroIDQ® kit. One signal could be identified as
methylprednisolone. Similarly, an unknown compound is detected
on the XIC of 17OHP in the sample with the 17OHP outlier. These
additional signals might indicate the presence of compounds with
similar structure leading to the cross-reactivity in immunoassay,
and thus results in overestimation of concentration. The discrep-
ancy for the DHEAS outlier could not be explained. However, these
results showed clearly the lack of accuracy for many immunoassays
for relevant range of concentrations, which can easily be overcome
by HPLC–MS/MS with appropriate sample preparation.

4.3. Metyrapone test

Metyrapone is able to differentiate primary adrenal causes of
Cushing’s syndrome from other causes [30]. Crapo demonstrated
that LC–MS/MS is the analysis technique of choice compared to
immunoassay when monitoring patients undergoing treatment
with metyrapone [31]. Two  independent metyrapone tests sam-
ples were analyzed (male, sampling before and after test) showing
comparable steroid profiles with effects in more or less all steroid
hormone metabolite concentrations except E2, DHT, and testos-
terone. This confirms the fact that a complete overview of steroid
hormones profiles can be easily obtained by employing the newly
developed SteroIDQ® kit. This information is of utmost importance
in providing answers for other clinical questions in endocrinology.
Fig. 4 visualizes the relationship, dependencies, and metyrapone
effects between the neighbor metabolites in the steroid hormone
pathway. Convenient presentation of pathway analysis data is
mandatory to bring such complex results to a simple data inter-
pretation and finally to establish pathway analysis of endogenous
metabolites in the clinical future.

5. Conclusion

The newly developed standardized and validated HPLC–MS/MS
assay in kit format (SteroIDQ®) allows the reliable, sensitive and
simultaneous determination of 16 steroid hormones overcoming
known limitations in accuracy and variations of steroid hormone
immunoassays and is approved as a CE marked in vitro diagnostic
medical device in Germany, Switzerland and Austria. Standardized
HPLC–MS/MS in combination with an adequate sample preparation
is the method of choice for highly accurate, selective, sensitive, and
simultaneous analysis of steroid hormones in the clinical labora-
tory and has the potential to replace immunoassays in the clinical
routine in the future. In addition, the application of HPLC–MS/MS in
a standardized format like in kits is a big step forward in improve-

ments of analytical accuracy, precision (especially if more restricted
acceptance criteria e.g. Westgard’s criteria have to be fulfilled in
the future) and in terms of international harmonization of steroid
hormone reference ranges.
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