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Objectives: Highly selective and sensitive multi-analyte methods for the analysis of steroids are attractive for the
diagnosis of endocrine diseases. Commercially available kits are increasingly used for this purpose. These
methods involve laborious solid phase extraction, and the respective panels of target analytes are incomplete. We
wanted to investigate whether an improvement of kit solutions is possible by introducing automated on-line solid
phase extraction (SPE) and combining originally separate analyte panels.

Methods: Sample preparation was performed using automated on-line SPE on a high-pressure stable extraction
column. Chromatographic separation, including isobaric compounds, was achieved using a 0.25 mM ammonium
fluoride-methanol gradient on a small particle size biphenyl column. Standard compounds and internal standard
mixtures of two panels of a commercially available kit were combined to achieve an optimized and straight-
forward detection of 15 endogenous steroids. Validation was performed according to the European Medicines
Agency (EMA) guidelines with slight modifications.

Results: Validation was successfully performed for all steroids over a clinically relevant calibration range. De-
viations of intra- and inter-assay accuracy and precision results passed the criteria and no relevant matrix effects
were detected due to highly effective sample preparation. External quality assessment samples showed the
applicability as a routine diagnostic method, which was affirmed by the analyses of anonymized clinical samples.
Conclusions: It was found possible to complement a commercially available kit for quantitative serum steroid
profiling based on isotope dilution LC-MS/MS by implementing automated on-line SPE, thereby improving the
practicality and robustness of the measurement procedure.

1. Introduction

Endogenous steroids, which play a pivotal role as biomarkers in
medical diagnosis, are interconverted into each other during meta-
bolism within the body. This is enzymatically catalyzed by reactions,
such as oxidation, hydroxylation and/or reduction [1]. As a result, the
individual steroids within subclasses are structurally very similar. Be-
sides isobaric structures, such as 17a-hydroxyprogesterone and 11-deox-
ycorticosterone, structurally similar steroids can be transformed into
isobaric ones by, e.g., the loss of water during mass spectrometric

analysis [2]. As a result, highly selective methods are required for the
separation of steroids and especially in case of isobaric compounds. Due
to low circulating concentrations and poor ionization efficiencies of
some steroids, such as estradiol and dihydrotestosterone, methods have
to also be very sensitive [3]. With regard to the diagnosis of certain
diseases, such as adrenocortical adenoma or congenital adrenal hyper-
plasia (CAH) [4,5] a fingerprint of several steroids (steroid profiling) is
helpful, for which multiplex steroid panels, covering a wide concen-
tration range (pg/ml - pg/ml), are needed. Considering all above
mentioned points, stable-isotope dilution (SID) LC-MS/MS is the current
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gold standard and preferable to the use of immunoassays, which criti-
cally lack specificity [6-8]. This is supported by the Endocrine Society,
which appealed in 2014 for “high-quality, well-validated steroid assays
to improve quality” [9]. Keevil et al. provided a review of published
steroid LC-MS/MS methods that are applicable for routine analyses [10].

Nevertheless, inter-laboratory agreement is still not satisfactory due
to methodological differences, e.g., the application of differently
labelled internal standards or calibration [11]. Olesti et al. summarized
these limitations in steroid analysis over the recent years, focusing on
LC-MS/MS [12].

During recent years, commercial LC-MS/MS steroid kits have been
introduced from several manufacturers, containing different and vary-
ing numbers of target analytes. These kits may be helpful to improve
inter-laboratory agreement, as they include all steps of LC-MS/MS
analysis, as well as calibration. However, time-consuming manual
sample preparation techniques involving liquid-liquid extraction or off-
line solid-phase extraction (SPE) are typically used. Notably, these
methods are, in general, non-transparent in terms of the use of column,
mobile phases or even internal standards.

Our aim was to investigate whether an improvement of two panels of
a kit solution is possible by combining both panels and introducing
automated on-line solid phase extraction instead of applying off-line
extraction. In addition, the laboratory-developed test (LDT) is ex-
pected to bring practicality and high robustness, thus contributing to the
standardization of multiplex steroid methods.

2. Materials and methods
2.1. Chemicals and reagents

Water and methanol (both UHPLC quality) were purchased from
Biosolve (Valkenswaars, the Netherlands). A 0.1 mol/L zinc sulfate so-
lution was obtained from Merck (Darmstadt, Germany). Ammonium
fluoride used as a mobile phase additive was purchased from Sigma-
Aldrich (Steinheim, Germany). Tuning mix solutions, system check so-
lutions, an internal standard mix, calibrators and quality controls were
individual obtained from the MassChrom® Steroid kit (Panel 1 and 2
including 15 steroids) by Chromsystems (Grafelfing, Germany; subse-
quently referred to as manufacturer C). Additional quality control
samples (ClinChek® controls for steroids) were purchased from Recipe
(Munich, Germany; subsequently referred to as manufacturer R). All
commercial calibrators and quality controls are based on human serum.

2.2. Calibrator samples, quality control samples and internal standards

Commercially available lyophilized serum-based calibrator and
quality control material was used from a a certified in-vitro diagnostic
(CE-IVD) kit kit from manufacturer C. Panel 1, including 11-deoxycorti-
sol, 21-deoxycortisol, aldosterone, corticosterone, cortisol and corti-
sone, and panel 2, including 11-deoxycorticosterone, 17-OH-
progesterone, androstenedione, dehydro-epiandrosterone (DHEA), de-
hydroepiandrosterone sulfate (DHEA-S), dihydrotestosterone (DHT),
estradiol, progesterone and testosterone, were combined. This was
achieved by dissolving the lyophilized material in only 1.5 ml water
instead of 3 ml. After 20 min of shaking on a roller shaker, 1.2 ml of each
panel were combined, whereby the desired concentration was obtained.
Afterwards, this was again shaken for 15 min and vortexed before ali-
quoting. Six calibrators, one blank and three quality control samples,
were prepared as described above. Additionally, quality control samples
at three different levels were used from manufacturer R, including an-
drostenedione, cortisol, DHEAS, 11-deoxycortisol, 21-deoxycortisol, 17-
OH-progesteron, and testosterone. Individual concentrations of all 15
analytes can be found in Table 1. All reconstituted samples were stable
at —20 °C for up to three months, according to the manufacturer.

Internal standard mix was used from manufacturer C. This included
internal standards for all target steroids that were stable-isotope labeled
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(11-deoxycortisol-ds, 21-deoxycortisol-dg, aldosterone-d4, corticoste-
rone-dg, cortisol-d4, cortisone-dg, 11-deoxycorticosterone-dg, 17-OH-
progesterone-13C3, androstenedione-13C3, DHEA-ds, DHEA-S-d6, DHT-
ds, estradiol-ds, progestesteron-13C3 and testosterone-ds).

2.3. Sample preparation

One hundred pL aliquots of each serum sample (calibrator, quality
control or unknown) were mixed with 100 uL of a daily prepared pre-
cipitation solution including all stable-isotope labeled internal standards
(97.75 % of a methanolic 15 mM zinc sulfate solution + 2.25 % of the
internal standard mix). The blank sample was only mixed with 100 uL of
the methanolic 15 mM zinc sulfate solution. After vortexing, the samples
were shaken for 15 min at room temperature at 1400 rpm using a
ThermoMixer C (Eppendorf, Germany). After centrifugation (15 min,
15 °C, 14,000xg), 120 uL of the clear supernatant were transferred to
glass vials with micro-inserts and placed into the UHPLC autosampler
(4 °C sample cooling).

2.4. UHPLC and MS/MS conditions

For sample analysis, a 1290 Infinity I LC system equipped with two
binary pumps (Agilent, Santa Clara, California, USA), a thermostatted
column compartment and a 10-port switching valve coupled to a Tri-
pleQuad 6500 + mass spectrometer (Sciex, Framingham, Massachusetts,
USA) were used. Analyst 1.6.3 (Sciex) was available for instrument
control and data acquisition. On-line solid phase extraction (SPE) was
achieved on a recently established UHPLC applicable Strata C8 online
extraction column (20x 2.1 mm) from Phenomenex (Aschaffenburg,
Germany) using water and methanol as mobile phases A1 and B1. The
extraction column was kept at 20 °C and 20 uL were injected. A Kinetex
Biphenyl column (150 x 2.1 mm, 1.7 ym, Phenomenex) was used for
chromatographic separation. The column oven was kept at 50 °C. As
eluents, a 0.25 mM ammonium fluoride in water solution was used as
mobile phase A2 and methanol as B2. Applied valve positions and gra-
dients can be seen in Fig. 1.

All target analytes and their corresponding internal standards were
tuned for MS/MS parameters. For this purpose, the Tuning Mix Mass-
Chrom® Steroid Panel 1 and 2 was diluted fivefold with methanol/water
1/1 (v/v). Most analytes were analyzed in positive ion mode (ESI + )
with the exception of DHEAS, Estradiol and the qualifier of aldosterone,
which were analyzed in the negative ion mode (ESI-). In addition, an
advanced schedule multiple reaction monitoring (MRM) method from
SCIEX was used to improve sensitivity of all analytes. Data processing
was performed using MultiQuant 3.0.3 (Sciex). Peak integration was
automatically performed using the retention times, and different
smoothing was applied to each compound (Table 2). The following ion
source settings were used: curtain gas 35 psi, collision gas 8 (medium),
source temperature 600 °C, ion spray voltage 5000 V (respectively,
—4500 V for the negative ion mode), ion source gas 1 55 psi (atomizing
gas) and ion source gas 2 50 psi (heating gas), using nitrogen as gas. To
verify the ideal collision energy in matrix, collision energy-breakdown
curves were acquired for all mass transitions used for quantification in
a matrix-based sample (calibrator 4 from manufacturer C). For this
purpose, we applied a protocol previously published by our group [13].
All selected mass transitions, parameters and retention times can be
found in Table 2.

2.5. Method validation

The characteristics of the presented bioanalytical method were
validated essentially according to the European Medicines Agency
(EMA) [14]. Each measurement series consisted of two system suit-
ability solutions (SST, panel 1 and panel 2) for checking the retention
times and performance of the LC-MS/MS, a blank sample, a zero sample
(containing internal standards, but no analytes), calibrators measured at
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Table 1

Concentrations [ng/mL] of calibrator and quality control samples from manufacturer C and R for all steroids.

Manufacturer C

Manufacturer R

Compound
[ng/mL] Cal1 Cal 2 Cal 3 Cal 4 Cal 5 Cal 6 QC1 QC 2 QC3 QC1 QcC 2 QC3
Cortisol 10.10 20.40 40.30 80.50 149.0 285.0 25.10 59.80 174.0 5.24 14.80 79.90
Cortisone 1.04 2.61 5.17 10.30 20.10 40.00 2.05 11.70 29.20
21-Deoxycortisol 0.065 0.145 0.239 0.485 1.48 4.83 0.096 0.383 2.33 0.247 0.708 4.07
11-Deoxycortisol 0.108 0.530 1.06 2.12 5.16 15.10 0.304 1.49 9.71 0.229 0.719 3.94
Corticosterone 0.535 1.13 2.81 5.77 16.30 48.90 0.821 4.1 28.40
Aldosterone 0.027 0.075 0.147 0.295 0.728 2.88 0.097 0.239 0.946
DHEA 1.01 4.94 9.55 14.50 27.80 54.60 2.00 12.00 39.50
DHT 0.053 0.102 0.232 0.458 0.890 1.35 0.078 0.365 1.10
Testosterone 0.047 0.248 0.959 2.94 5.78 11.50 0.199 1.46 7.92 0.186 0.513 2.84
17-OH-Progesterone 0.106 0.499 0.957 1.98 3.83 22.10 0.286 1.42 8.61 0.238 0.658 3.53
11-Deoxycorticosterone 0.051 0.098 0.139 0.286 0.713 2.83 0.076 0.193 0.954
Androstenedione 0.204 0.394 0.744 1.42 4.55 13.40 0.275 1.09 8.92 0.206 0.584 3.27
Progesterone 0.137 0.740 1.94 4.93 9.65 24.00 0.311 2.98 14.90
DHEAS 119.0 580.0 1072 2072 3829 5675 268.0 1535 4857 97.0 256.0 1396
Estradiol 0.040 0.101 0.248 0.513 1.50 4.99 0.083 0.420 2.64

Concentrations printed in grey are outside the calibration range. Calibrator, Cal; Quality control, QC; dehydroepiandrosterone; DHEA; dihydrotestosterone, DHT; dehydroepiandrosterone

sulfate, DHEAS.

Concentrations printed in grey are outside the calibration range. Calibrator, Cal; Quality control, QC; dehydroepiandrosterone; DHEA; dihydrotestosterone, DHT; dehydroepiandrosterone sulfate, DHEAS.
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Fig. 1. UHPLC settings for the 10-port switching
A valve and both binary pumps. A, on the left side, po-
sition 1 of the 10-port switching valve is shown. The
o extract is injected and loaded from the autosampler
/b \5 (ALS) to the extraction column, and afterwards
// ® o) \m washed (yellow line, time 0.0 — 1.5 min). On the right
/ \ side, position 2 is visible. showing the elution of the
:@ O} analytes from the extraction column to the analytical
\ / column, where the chromatographic separation take
\Q 5/ place (blue line, time 1.5 — 11.0) and detected in the
\@ Q \ mass spectrometer (MS). B, UHPLC gradients for the
T \7777{\ autosampler (Pump ALS) and second pump (Pump 2),
Aol u % n each with methanol as mobile Phase B, with the
Position 1 Position 2 selected valve positions. (For interpretation of the
references to colour in this figure legend, the reader is
B Gradient Pump ALS Gradient Pump 2 referred to the web version of this article.)
Time [min]  B[%] Flow [mL/min] Time [min]  B[%]  Flow [mL/min]

0.0 10 1.5 0.0 100 0.3

1.0 10 1.5 1.0 30 0.3

1.05 30 1.5 1.5 30 0.3

1.5 30 1.5 1.6 70 0.3

2.5 90 0.3 2.6 70 0.3

3.0 90 0.3 5.8 85 0.3

31 100 0.3 6.8 85 0.3

8.0 100 0.3 7.8 100 0.3

9.0 10 0.3 11.0 100 0.3

9.5 10 1.5
11.0 10 1.5

the beginning and end of each sequence, and quality control samples.
Besides using the quality controls from manufacturer C, those from
manufacturer R were included for additional verification. Considering in
particular that panel 1 and panel 2 from manufacturer C were combined
(section 2.2.), an additional quality check is useful.

The calibration range for all steroids can be found in Table 1, with
calibrator 1 indicating the lowest concentration limit (lower limit of
quantification, LLOQ). A signal-to-noise ratio (S/N) of at least 10,
combined with an inaccuracy and imprecision of < 20 % was necessary
for the LLOQ. The linearity of the method was tested by recalculating the
concentrations of at least five calibration standards, which should be
within + 15 % (for the LLOQ =+ 20 %). In addition, a 1/x (for DHEAS and
corticosterone a 1/x?) weighting function was used and the correlation
coefficient was determined.

Accuracy and imprecision (indicated by the coefficient of variation
CV) was evaluated as intra- and inter-assay on three separate days
covering quality controls from manufacturer C (n = 5 each day) and
manufacturer R (n = 3 each day). All results should be within deviations
of + 15 % (for the LLOQ + 20 %) according to the EMA guideline. In
each series of measurements, MultiQuant automatically calculated the
ion ratios of the mass transitions (qualifiers/quantifiers) of the calibra-
tion standards, the quality controls and the unknown samples. The mean
value of the calibration standards was used as the expected ion ratio. The
ion ratios of all other samples should not deviate from this by more than
20 %, as larger deviations would indicate interferences in the sample
[15].

To investigate potential carry-over, a methanol/water (1/1, v/v)
solution was analyzed after the injection of the highest calibrator (upper
limit of quantification, ULOQ). Signals should be < 20 % of the LLOQ
and < 5 % of the internal standard.

Due to the implementation of on-line solid phase extraction, matrix
effects were only investigated by post-column infusion experiments [16]
as a deviation from the EMA validation protocol [14]. This was realized
by infusing each of the system check solutions (concentration unknown)
from manufacturer C into the mass spectrometer while analyzing a blank
serum sample, also from manufacturer C, or a solvent solution (neat).
Ideally, both chromatograms are congruent.
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Dilution experiments were performed for the highest quality control
from manufacturer C. More specifically, samples were diluted three
times for every dilution factor with water (1 + 1, 1 + 2, 1 + 4), pro-
cessed, analyzed and concentrations back-calculated to undiluted con-
centration levels. Inaccuracy and imprecision should not exceed 15 %
according to the EMA guideline.

With reference to the manufacturer’s stability recommendations for
calibrator and quality control samples, only 24 h autosampler stability
of processed quality control samples (three concentrations and n = 5)
was investigated.

2.7. Method applicability

As detailed standardized description, beyond validation, is receiving
increasing attention in routine diagnostics [17], a measurement series
was defined and acceptance criteria set, which were applied for the
following measurements. To proof the method applicability for routine
diagnostic, two samples of an external quality assessment (EQA) from
the Reference Institute of Bioanalytics (Referenzinstitut fiir Bioanalytik,
RfB) were measured (HM4/21), including aldosterone, cortisol, estra-
diol, progesterone, testosterone, DHEAS and 17OH-progesterone. In
addition, randomized and fully anonymized leftover samples from 40
serum patient samples were analyzed. As only discarded, fully anony-
mized patient samples were used, neither informed consent nor IRB
review were required.

3. Results
3.1. Method development

Method development was based on an existing SID UHPLC-MS/MS
method in our laboratory [18]. Improved selectivity, especially for
isobaric steroids, was achieved due to the application of a 150 mm
Kinetex Biphenyl column from Phenomenex. Since all analytes present
in this method are also part of the new method and three more steroids
(estradiol, DHT and Androstenedione) were added, this column was
selected as the analytical column as well. Chromatographic separation
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Table 2
Multiple reaction monitoring transitions and parameters for the target steroids and their corresponding internal standards.

Group ID Q1 [m/z] Q3[m/z] RT [min] Window [sec] P TH DW DP[V] EP[V] CEV] CXP[V] ST

Cortisol QN 363.2 121.1 4.70 40 1 2000 1 48 10 28 11 0
QL 363.2 309.1 4.70 2 48 10 22 19
dg 367.3 121.1 4.68 1 48 10 30 16

(1) Cortisone QN 361.2 163.1 4.91 40 1 3000 2 50 10 31 25 0
QL 361.2 121.1 4.91 2 50 10 35 14
dg 369.2 168.1 4.88 1 50 10 34 23

(2) 21-Deoxycortisol QN 347.2 311.3 5.06 40 1 6000 2 54 10 22 12 0.5
QL 347.2 121.0 5.06 2 54 10 38 20
dg 355.3 319.1 5.03 1 54 10 22 18

(2) 11-Deoxycortisol QN 347.2 97.0 5.79 40 1 2500 1 54 10 28 20 1.0
QL 3472 109.0 5.79 2 54 10 34 21
ds 352.3 100.0 5.75 1 54 10 29 21

(2) Corticosterone QN 347.2 121.1 6.09 40 1 5000 1 54 10 29 21 1.0
QL 347.2 293.2 6.09 2 54 10 26 16
dg 355.3 125.1 6.02 1 54 10 35 16

(1) Aldosterone QN 361.3 315.1 5.29 40 1 10,000 5 49 10 27 20 1.5
QL 359.2 189.0 5.29 2 —40 10 —26 -14
dy 365.2 319.3 5.29 1 49 10 27 20

DHEA QN 271.2 213.2 6.40 40 1 5000 1 70 10 23 19 1.0
QL 289.3 253.1 6.40 2 43 10 12 22
ds 276.2 218.1 6.36 1 70 10 23 19

DHT QN 291.3 255.2 7.02 40 1 5000 5 25 10 21 10 1.0
QL 291.3 159.2 7.02 2 25 10 29 13
ds 294.2 258.3 7.00 1 25 10 21 10

Testosterone QN 289.3 97.0 6.58 40 2 8000 1 66 10 27 14 1.0
QL 289.3 109.1 6.58 1 66 10 31 14
ds 292.3 97.0 6.56 1 56 10 27 12

(3) 17-OH-Progesterone QN 331.3 109.1 6.69 40 1 5000 1 10 10 32 16 1.0
QL 331.3 97.0 6.69 2 10 10 29 14
3¢y 3344 112.0 6.69 1 10 10 32 16

(3) 11-Deoxy-corticosterone QN 331.3 97.1 7.32 40 1 1500 1 38 10 58 14 1.0
QL 331.3 109.0 7.32 2 38 10 31 14
dg 339.4 113.0 7.32 1 38 10 33 16

Androstenedione QN 287.3 109.0 7.44 40 1 5000 1 67 10 30 14 0
QL 287.3 97.1 7.44 2 67 10 27 14
Bc; 2903 112.1 7.44 1 67 10 30 16

Progesterone QN 315.3 109.0 8.61 40 1 8000 1 10 10 30 18 0
QL 315.3 97.0 8.61 2 10 10 27 14
B¢ 3182 112.0 8.61 1 10 10 30 14

DHEAS QN 367.1 97.0 3.77 40 1 3000 1 —55 -10 -12 -7 0
QL 367.1 367.1 3.77 2 —-55 -10 -50 -7
de 373.1 97.9 3.77 1 -55 -10 -20 -11

Estradiol QN 271.0 145.1 5.30 40 2 150 10 —182 -10 —51 -13 3.0
QL 271.1 143.0 5.30 1 —182 -10 —68 -15
ds 276.1 145.0 5.30 1 —182 -10 —67 -13

(1), (2), (3) Respective isobaric compounds. Precursor ion, Q1; product ion, Q3: retention time, RT; priority, P; threshold, TH; dwell weight, DW; declustering potential,
DP; entrance potential, EP; collision energy, CE; collision cell exit potential, CXP;
Quantifier, QN; qualifier, QL; dehydroepiandrosterone, DHEA; dihydrotestosterone, DHT; dehydroepiandrosterone sulfate, DHEAS.

was adapted through a slightly modified gradient. Different additives in
the aqueous mobile phase, as well as different ionization techniques, ESI
and atmospheric pressure chemical ionization (APCI), were tested to
achieve the best sensitivity, especially for estradiol. As also stated in the
previously mentioned study, ESI in combination with an aqueous 0.25
mM ammonium fluoride solution was selected. Since the column has a
particle size of only 1.7 um, it may rapidly clog with residual matrix
components. To avoid sensitivity loss, further purification by an auto-
mated on-line SPE extraction was the method of choice. As chromato-
graphic separation took place in the ultra high pressure range, a
pressure-stable extraction column was essential. For this purpose, we
could test a recently introduced extraction column from Phenomenex,
the Strata C8 online extraction column (20 x 2.1 mm), which can
withstand high backpressures. For the loading and washing of the
extraction column, different water/methanol ratios were tested for the
gradient, based on the logP values of the individual steroids. As
mentioned previously, selected ratios are described in Fig. 1B.

Once the method was developed, CE-breakdown curves were
generated in matrix to verify the method, especially all mass transitions
used for quantification.

The CE with the highest relative response (100 %) was selected for
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most steroids to be used in the method. Due to an oversaturation at
higher concentration levels for cortisol, 11-deocycorticosterone, and
DHEAS, these were detuned along the CE curve. Another application of
the CE-breakdown curves is the differentiation of isobars, especially if
the same mass transitions are used [13]. This was not necessary for this
method, since all structures and hence the isobaric ones were chro-
matographically separated (Fig. 2).

Along the retention time axis, a total ion current chromatogram for
all 15 analytes is shown. A multiple reaction monitoring chromatogram
of each analyte is depicted at the top of the figure. Analytes: Cortisol, F;
cortisone, E; 21-deoxycortisol, 21-DF; aldosterone, ALDO; 11-deoxycor-
tisol, S; corticosterone, B; dehydroepiandrosterone sulfate, DHEAS;
estradiol, E2; dehydroepiandrosterone; DHEA; testosterone, T; 17-OH-
progesterone, 17-OHP4; 11-deoxycorticosterone, DOC; androstenedi-
one, A4; progesterone, P4.

3.2. Method validation

Linearity was attained over the entire calibration range with a cor-
relation coefficient of R > 0.998. The S/N of the LLOQ (calibrator 1)
was at least 10 for all steroids. In addition, the mean accuracy and
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Fig. 2. Total ion current chromatogram for all 15 analytes of a UHPLC-MS/MS analysis of calibrator 4.

imprecision values were within 4+ 10 % for the three inter-assay days.
Accuracy and imprecision (intra- and inter-assay) for all quality controls
tested were within the limits of the EMA guideline (+15 %). In addition,
95.5 % of the accuracy values were even within + 10 %. Maximum
accuracy deviation was found for 11-deoxycortisol with 112.9 % (inter-
assay, QC 1, manufacturer R) and imprecision for 21-deoxycortisol with
7.4 % (inter-assay, QC 1, manufacturer C). Table 3 shows the accuracy
and imprecision values of all quality controls tested. Mean intensity
values and retention times were calculated with the SST solutions for all
analytes over the three inter-assay days, with deviations within + 10 %
(exception: progesterone with 12.6 %). Ion ratios were within the
required 20 % for most of the compounds. For Aldosterone, 21-deoxy-
cortisol and DHEA ion ratios at, and near, the LLOQ were higher.
Highest carry-over signal was found for aldosterone with 6.2 % of the
LLOQ. Dilution integrity could be demonstrated as deviations of all
steroids for QC 3 were below the 15 % suggested by the EMA (between
0.1 % and 13.7 % across the three-dilution steps). All analytes were
stable in the processed samples for at least 24 h stored in the autosam-
pler, with a maximum accuracy deviation of 10.7 % for 17-OH-
progesterone.

The result of the post-column infusion experiment indicated no
relevant matrix effect (Fig. 3). An ion enhancement could be suspected
for progesterone, showing a kind of peak in the blank serum line
compared to the solvent. This can be disproved by the fact that the used
blank serum from manufacturer C shows a recovery of progesterone of
up to 70 % of the LLOQ defined herein.

On the left side, results of the post-column infusion experiment are
shown for steroid panel 1, and on the right side for steroid panel 2 (both
from manufacturer C). The infusion chromatogram of a solvent solution
(methanol/water, 1/1) injection (blue line) and the one of a serum blank
sample injection (red line) are lapped, with all analytes being post-
column infused.

Analytes: Cortisol, F; cortisone, E; 21-deoxycortisol, 21-DF; aldoste-
rone, ALDO; 11-deoxycortisol, S; corticosterone, B; dehydroepiandros-
terone sulfate, DHEAS; estradiol, E2; dehydroepiandrosterone; DHEA;
testosterone, T; 17-OH-progesterone, 17-OHP4; 11-deoxycorticoster-
one, DOC; androstenedione, A4; progesterone, P4.

45

3.3. Method applicability

The proposed and applied structured measurement series with
defined acceptance criteria for additional standardization can be found
in Table 4.

All acceptance criteria were met for the following measurement re-
sults. Accuracies for all included analytes of both EQA samples from the
RfB were < 15 % and the values were within the validated calibration
range. All geometric mean concentrations for the 40 measured anony-
mized and randomized leftover serum samples were within the litera-
ture reference ranges (Table 5). Concentrations below the LLOQ were
not included in the calculations.

4. Discussion

In this article, we have demonstrated the improvement of two panels
of a CE-IVD kit by introducing an automated on-line SPE. The improved,
validated multiplex steroid SID UHPLC-MS/MS method resulted in one,
short 11 min run for the detection of 15 endogenous steroids in human
serum, instead of two separate runs (of 10 min and 11.7 min each) as
part of the original method. Since sample preparation is an important
and critical issue, we reduced both time and physical effort during
sample preparation by upgrading from a manual off-line SPE to an
automated on-line SPE. Protein precipitation in combination with on-
line SPE is resource efficient, powerful and helps to extend the life-
time of the analytical column. Moreover, especially for routine tasks,
rapid analysis is mandatory to achieve high-throughput. Even though
the setup of on-line SPE may seem complex, once installed it can be used
automatically over a long period of time. In our routine laboratory, we
have already had decades of positive experience with this technique, e.
g., in the high-volume analysis of immunosuppressive drugs. On-line
SPE has been published frequently for steroids in combination with
tandem mass spectrometry [19-21]. This shows the increasing impor-
tance of this technique in the field of laboratory medicine where it is
already used for endocrinological diagnostics [22-24].

Within validation, all criteria proposed by the EMA were met for the
described measurement procedure. Intra- and inter-assay accuracy de-
viations for all 15 steroids were < 12.9 % for all tested quality control
samples (manufacturer C and R). Imprecision values were < 7.4 %. Ion
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Table 3

Intra- and inter-assay accuracy and imprecision (CV) results for manufacturer C and R.

QC 1 (C) QC 2 (C) QC 3 (C) QC 1 (R) QC 2 (R) QC 3 (R)
Steroid Intra- Inter- Intra- Inter- Intra- Inter- Intra- Inter- Intra- Inter- Intra- Inter-
Assay Assay Assay Assay Assay Assay
¢ [ng/mL] 25.10 59.80 174 5.24 14.80 79.90
Cortisol Accuracy [%] 100.2 99.5 101.2 100.3 101.8 100.4 99.1 100.9 102.1 102.3 104.9 104.1
CV [%] 0.9 1.5 2.1 1.6 2.3 1.8 1.1 1.4 0.3 0.7 0.7 1.2
¢ [ng/mL] 2.05 11.70 29.20
Cortisone Accuracy [%] 98.3 98.0 100.6 99.9 100.3 99.8
CV [%] 1.3 1.6 1.6 1.4 1.2 1.2
¢ [ng/mL] 0.096 0.383 2.33 0.247 0.708 4.07
21-Deoxycortisol Accuracy [%] 101.2 98.6 97.4 96.9 95.7 97.0 105.0 105.1 99.3 100.5 103.2 101.5
CV [%] 6.6 7.4 3.0 4.6 3.4 5.2 5.3 5.3 4.1 5.2 1.1 5.9
¢ [ng/mL] 0.304 1.49 9.71 0.229 0.719 3.94
11-Deoxycortisol Accuracy [%] 102.6 102.0 100.1 100.3 100.7 100.5 111.0 112.9 102.4 103.2 104.0 103.9
CV [%] 3.2 2.4 3.5 2.2 2.5 1.6 2.4 1.9 0.8 1.0 2.2 1.4
¢ [ng/mL] 0.821 4.11 28.4
Corticosterone Accuracy [%] 102.9 101.0 97.9 97.9 105.5 105.5
CV [%] 2.3 2.1 3.1 2.1 1.4 1.4
¢ [ng/mL] 0.097 0.239 0.946
Aldosterone Accuracy [%] 99.1 99.3 101.8 102.3 105.9 103.6
CV [%] 3.9 5.5 4.2 3.3 1.5 3.1
¢ [ng/mL] 2 12 39.5
DHEA Accuracy [%] 103.1 106.0 93.6 94.3 95.1 95.0
CV [%] 3.1 3.5 2.3 2.0 1.7 1.8
¢ [ng/mL] 0.078 0.365 1.1
DHT Accuracy [%] 101.6 101.4 98.0 98.4 96.1 98.0
CV [%] 4.0 4.5 1.1 1.6 1.9 2.8
¢ [ng/mL] 0.199 1.46 7.92 0.186 0.513 2.84
Testosterone Accuracy [%] 101.2 101.1 99.9 99.1 96.4 96.3 109.3 110.4 107.6 107.8 106.7 105.6
CV [%] 2.3 1.8 1.1 1.2 1.7 1.4 0.9 1.1 0.8 1.2 0.6 1.0
¢ [ng/mL] 0.286 1.42 8.61 0.238 0.658 3.53
Pm‘gz‘s?:r;ne Accuracy [%] 1085  108.4 102.8 1033 992 99.2 1079 108.6 1085 1106 1095 1095
CV [%] 3.0 3.2 2.1 2.0 1.5 1.3 2.9 2.6 1.2 2.0 0.4 1.1
¢ [ng/mL] 0.076 0.193 0.954
11-Deoxy- Accuracy [%] 105.8 1071 1041 1043 1042 1042
corticosterone
CV [%] 2.6 2.7 1.9 1.6 1.8 1.3
¢ [ng/mL] 0.275 1.09 8.92 0.206 0.584 3.27
Androstenedione Accuracy [%] 103.9 103.2 97.4 97.8 97.7 98.2 104.5 105.7 100.9 100.9 98.4 98.2
CV [%] 14 1.5 1.2 1.1 0.4 0.9 0.6 1.3 1.0 1.1 0.5 0.5
¢ [ng/mL] 0.311 2.98 14.9
Progesterone Accuracy [%] 97.6 97.8 95.7 96.8 93.1 94.7
CV [%] 1.6 2.4 1.1 1.9 0.6 1.5
¢ [ng/mL] 268 1535 4857 97 256 1396
DHEAS Accuracy [%] 96.9 96.6 91.8 90.3 89.3 89.8 109.4 108.8 107.0 107.3 97.2 96.9
CV [%] 2.4 1.8 4.3 3.1 1.8 1.7 0.9 1.4 1.1 1.0 0.9 1.1
¢ [ng/mL] 0.083 0.42 2.64
Estradiol Accuracy [%] 102.6 95.7 96.0 94.8 92.3 92.9
CV [%] 4.0 7.5 5.3 4.5 3.6 3.3

Concentrations and results printed in grey are outside the calibration range.
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Fig. 3. Chromatograms of the post-column infusion experiment.
ble 4 difficult to select a second mass transition for the qualifier because no
Table

Overview of the defined acceptance criteria for routine analyses.

Sample Acceptance criteria

SST Retention time + 10 %; intensity + 20 %

Solvent

Blank Area < 20 % of Calibrator 1

Zero No analyte signal > Blank

Calibrator 1-6 R? > 0.995, minimum of 5 with + 15 % accuracy

Solvent Carry over < 20 % of Calibrator 1

Quality control 1-3 +15 % accuracy

Solvent

Unknown samples If more than 4 series of unknown samples are measured,
(max. 15) another series of quality controls should be measured in

between; QL/QN < 20 %

Solvent

Unknown samples
(max. 15)

Solvent

Solvent

Quality control 1-3 +15 % accuracy

Solvent

Calibrator 1-6

Solvent

ratios for aldosterone, 21-deoxycortisol and DHEA at and near the LLOQ
were partially higher than the maximum 20 % expected by the EMA. For
the first two steroids, this is related to insufficient sensitivity of the
qualifier in the LLOQ region. For aldosterone, in particular, it was

Table 5

second mass transition was sensitive enough in the positive ion mode. As
a result, a negative ion mode had to be selected, which also did not
match the transition for the internal standard. For DHEA, different ad-
ducts were used for quantification ([M—H,0]") and qualification ([M +
H]™), and only one internal standard transition was used, which fits to
the quantifier. This can lead to different physicochemical properties of
qualifier and internal standard and imperfectly compensated matrix
effects, especially in the low concentration range. However, this would
only be an issue for unknown concentrations near the LLOQ and would
then need to be reviewed on a case-by-case basis. Carry over was far
below the maximum tolerance of 20 % of the LLOQ for all analytes
studied and was, therefore, negligible.

Results of the two EQA samples showed the applicability of the
method for routine diagnostic use.

With well-defined acceptance criteria of each measurement series,
such as intensity and retention time of the SST or carryover, important
method characteristics can be routinely checked (Table 4). This will
contribute to improved standardization in addition to the applied
commercial material. The analysis of the 40 anonymized samples
showed the suitability of the method for a wide concentration range
described in the literature and, hence, the routine use in endocriono-
logical diagnostics. This was demonstrated by the fact that all samples
were evaluable, no overlap of analyte and internal standard occurred
and no additional peaks were visible.

The procedure described herein represents the modification of IVD-

Results for anonymized test samples. Geometric mean results of anonymized test samples of 40 patients and reference ranges obtained from adults based on the
literature (1) [29-34], (2) [35] and (3) [36]. Samples below the lower limit of quantification (LLOQ) were not included in the calculation of the geometric mean.

Compound Geometric mean [ng/mL] Minimal ¢ [ng/mL] Maximum c [ng/mL] Reference range [ng/mL]
Cortisol 142.1 10.2 970.5 7.20-216 ¥
Cortisone 13.0 1.12 84.48 10.1-32.5 @
21-Deoxycortisol 0.193 0.073 0.559 <0.103 @
11-Deoxycortisol 0.427 0.105 8.66 0.082-1.35 @
Corticosterone 1.76 0.068 44.14 0.45-12.60
Aldosterone 0.095 0.038 0.255 0.029-0.31
DHEA 4.15 1.50 11.58 0.80-27.00 &
DHT 0.130 0.050 0.548 0.05-1.10
Testosterone 0.293 0.040 5.14 0.077-8.18 @
17-OH-Progesterone 0.805 0.112 4.69 0.152-2.54 ®
11-Deoxycorticosterone 0.101 0.050 1.74 <016 @
Androstenedione 0.948 0.205 2.57 0.20-2.60
Progesterone 0.529 0.140 2.30 0.078-17.82 ®
DHEAS 718.6 131.6 2598 441-3749 @
Estradiol 1.01 0.172 2.93 0.01-4.00 @

(1) Lexikon der Medizinischen Laboratoriumsdiagnostik (2019)
(2) Eisenhofer et al. (2017)
(3) Fanelli et al. (2011)

47



S. Rakete et al.

CE certified products beyond their intended purpose / intended use —
which, thereby, represents in vitro diagnostics from in-house
manufacturing. In the European Union this has to comply with the re-
quirements of the EU In Vitro Diagnostic Regulation (IVDR) [25-27].

Fanelli et al showed, in a recent study (HarmoSter) involving nine
European centers, that the use of commercially available calibrators can
improve interlaboratory agreement, supporting the use of these cali-
brators to harmonize steroid analyses. However, the authors also noted
that LDTs can be as powerful as kits and that methods with high HPLC
resolution are required for specificity [28]. The method presented here
addresses both of these important considerations by using commercial
calibration and high-resolution chromatography.

All analytes covered by the method have well-established diagnostic
significance. The availability of a multi-analyte measurement method,
as described, is attractive to diagnostic laboratories and much more
convenient from a practical point of view compared to separate methods
addressing single analytes.

In conclusion, we describe an innovative validated stable-isotope
dilution UHPLC-MS/MS measurement procedure for the simultaneous
quantification of 15 steroids in serum with good sensitivity and selec-
tivity. The use of commercially available calibrator and quality control
samples and an internal standard solution in combination with the
automation by on-line SPE improved practicability and robustness
substantially.
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