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Abstract

Objectives: Liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) is recommended for measuring
circulating steroids. However, assays display technical
heterogeneity. So far, reproducibility of corticosteroid
LC-MS/MS measurements has received scant attention.
The aim of the study was to compare LC-MS/MS mea-
surements of cortisol, 17OH-progesterone and aldoste-
rone from nine European centers and assess performance
according to external quality assessment (EQA) materials
and calibration.

Methods: Seventy-eight patient samples, EQA materials
and two commercial calibration sets were measured twice
by laboratory-specific procedures. Results were obtained
by in-house (CAL1) and external calibrations (CAL2 and
CAL3). We evaluated intra and inter-laboratory impreci-
sion, correlation and agreement in patient samples, and
trueness, bias and commutability in EQA materials.
Results: Using CAL1, intra-laboratory CVs ranged between
2.8–7.4%, 4.4–18.0% and 5.2–22.2%, for cortisol,
17OH-progesterone and aldosterone, respectively. True-
ness and bias in EQA materials were mostly acceptable,
however, inappropriate commutability and target value
assignment were highlighted in some cases. CAL2 showed
suboptimal accuracy. Median inter-laboratory CVs for
cortisol, 17OH-progesterone and aldosterone were 4.9, 11.8

*Corresponding author: Flaminia Fanelli, Junior Assistant Professor,
Department of Medical and Surgical Sciences, Unit of Endocrinology
and Prevention and Care of Diabetes, Center for Applied Biomedical
Research, University of Bologna, S. Orsola Policlinic, Via Massarenti
9, Bologna 40138, Italy, Phone and Fax: +39 051 2143902,
E-mail: flaminia.fanelli2@unibo.it. https://orcid.org/0000-0003-
2601-2694
Marco Cantù, Laboratory of Clinical Biochemistry and Pharmacology,
Institute of Laboratory Medicine EOLAB, Ente Ospedaliero Cantonale,
Bellinzona, Switzerland
Anastasia Temchenko, Marco Mezzullo and Uberto Pagotto,
Department of Medical and Surgical Sciences, Unit of Endocrinology
and Prevention and Care of Diabetes, Center for Applied Biomedical
Research, University of Bologna, S. Orsola Policlinic, Bologna, Italy.
https://orcid.org/0000-0001-6748-3041 (M. Mezzullo)
Johanna M. Lindner and Michael Vogeser, Institute of Laboratory
Medicine, Hospital of the University of Munich (LMU), Munich, Germany
Mirko Peitzsch and Graeme Eisenhofer, Institute of Clinical Chemistry
and Laboratory Medicine, University Hospital Carl Gustav Carus,
Technische Universität Dresden, Dresden, Germany. https://
orcid.org/0000-0002-8601-9903 (G. Eisenhofer)

James M. Hawley and Brian G. Keevil, Department of Clinical
Biochemistry, University Hospital SouthManchester,Manchester NHS
Foundation Trust, Manchester, UK
Stephen Bruce and Pierre-Alain Binz, Clinical Chemistry Laboratory,
University Hospital of Lausanne (CHUV), Lausanne, Switzerland.
https://orcid.org/0000-0002-0045-7698 (P.-A. Binz)
Mariette T. Ackermans, Department of Clinical Chemistry, Endocrine
Laboratory, Amsterdam UMC, University of Amsterdam, Amsterdam,
The Netherlands
Annemieke C. Heijboer, Department of Clinical Chemistry, Endocrine
Laboratory, Amsterdam UMC, University of Amsterdam, Amsterdam,
The Netherlands; and Vrije Universiteit Amsterdam, Amsterdam, The
Netherlands
Jody Van den Ouweland, Department of Clinical Chemistry, Canisius-
Wilhelmina Hospital, Nijmegen, The Netherlands
Daniel Koeppl and Manfred Rauh, Department of Pediatrics and
Adolescent Medicine, University Hospital, Erlangen, Germany
Elena Nardi, Department of Experimental, Diagnostic and Specialty
Medicine, University of Bologna, Bologna, Italy
Finlay MacKenzie, University Hospitals Birmingham NHS Foundation
Trust, Birmingham, UK

Clin Chem Lab Med 2022; 60(5): 726–739

Open Access. © 2022 Flaminia Fanelli et al., published by De Gruyter. This work is licensed under the Creative Commons Attribution 4.0
International License.

https://doi.org/10.1515/cclm-2021-1028
mailto:flaminia.fanelli2@unibo.it
https://orcid.org/0000-0003-2601-2694
https://orcid.org/0000-0003-2601-2694
https://orcid.org/0000-0001-6748-3041
https://orcid.org/0000-0002-8601-9903
https://orcid.org/0000-0002-8601-9903
https://orcid.org/0000-0002-0045-7698


and 13.8%with CAL1 and 3.6, 10.3 and 8.6%with CAL3 (all
p<0.001), respectively. Using CAL1, median bias vs. all
laboratory-medians ranged from −6.6 to 6.9%, −17.2 to
7.8% and −12.0 to 16.8% for cortisol, 17OH-progesterone
and aldosterone, respectively. Regression lines signifi-
cantly deviated from the best fit for most laboratories.
Using CAL3 improved cortisol and 17OH-progesterone
between-method bias and correlation.
Conclusions: Intra-laboratory imprecision and perfor-
mance with EQAmaterials were variable. Inter-laboratory
performance was mostly within specifications. Although
residual variability persists, adopting common traceable
calibrators and RMP-determined EQA materials is
beneficial for standardization of LC-MS/MS steroid
measurements.

Keywords: 17OH-progesterone; aldosterone; calibration;
cortisol; external quality control; harmonization; inter-lab-
oratory performance; liquid chromatography-tandem mass
spectrometry; method comparison; steroid hormones.

Introduction

Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) is recommended for steroid measurement in
high-throughput settings thanks to its analytical specificity
and large dynamic range [1–5]. However, LC-MS/MS com-
bines different pre-analytical, analytical and post-analytical
strategies, resulting ina heterogenous spectrumofmethods.
The harmonization of LC-MS/MS methods has previously
been investigated for testosterone, a few other sex steroids
and 25OH-vitamin D [6–13]. Cortisol, 17OH-progesterone
and aldosterone are routinely measured in the work-up of
hypercortisolism, endocrine hypertension, congenital ste-
roidogenesis defects, adrenal insufficiency and female
hyperandrogenism; however, little is known concerning
LC-MS/MS reproducibility for these measurements [14, 15].

Due to the abundance of isobars within the steroid
family, chromatographic separation is critical for LC-MS/
MS specificity. Using stable isotope-labeled analytes as
internal standards (IS) minimizes procedural variability
and matrix interference. However, IS with different iso-
topes and substitutions may influence measurement ac-
curacy [15–17]. Therefore, LC-MS/MS methods may display
different susceptibilities to isobaric and matrix-related in-
terferences. Whether performance of LC-MS/MS methods
differs according to serum or plasma sample matrix and

associated anticoagulants or coagulation supports has
received limited examination [18].

Calibration is a major determinant of accuracy.
Solvent-based certified reference materials (CRMs) are
currently available for most steroids. However, to prepare
calibrators, CRMs need to be diluted in solvents or sur-
rogate matrices, introducing procedural and matrix vari-
ability. Adopting common calibrators was found to
improve inter-laboratory performance in some studies
[7, 13] but not in others [9].

External quality assessment (EQA) programs are
crucial tools for harmonization [19]. EQAmaterials differ in
the assignment of target values, including reference mea-
surement procedures (RMPs) or mean/median of survey
results, and experimental evidence on their commutability
by LC-MS/MS remains scarce [20].

The extent to which the aforementioned factors impact
LC-MS/MS results and reproducibility can be significant.
International initiatives promoting harmonization and
traceability, and databases of RMPs and CRMs are now
available [21, 22]. Based on these, standardization of clin-
ically relevant steroids by LC-MS/MS appears to be a real-
istic goal.

The high quality of the assays is a prerequisite for
achieving harmonization of laboratory tests [23]. However,
even when methods are validated by recommended
guidelines, actual performance is hardly inferable from
publications. Consequently, there is increasing attention
toward applying strict validation requirements and per-
formance reporting protocols [24, 25]. Moreover, aiming at
easing the harmonization process, the incoming EU in vitro
diagnostic regulation (IVDR) [26] states that commercial
tests with appropriate analytical and clinical performance
should be preferred to equivalent laboratory developed
tests (LDTs). However, comparing LDTs and commercial
kits based on the reported performance can be cumber-
some [25].

The HarmoSter initiative aims to evaluate the harmoni-
zation status of LC-MS/MS measurement of ten circulating
steroids (cortisol, 17OH-progesterone, aldosterone, dehydro-
epiandrosterone, dehydroepiandrosterone-sulfate, andro-
stenedione, testosterone, corticosterone, 11-deoxycortisol and
cortisone) by nine European centers (Supplemental Table 1).
Authentic samples collected by three different vacuum tubes,
EQA materials and commercial calibrators were tested. The
present work focuses on the impact of calibration on intra-
and inter-laboratory variability for three of the ten steroids
of the HarmoSter initiative: cortisol, 17OH-progesterone and
aldosterone.
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Materials and methods

Consortium and methods

The Bologna ethics committee approved the HarmoSter study (n° 141/
2017/U/Tess). Laboratory A coordinated the study, recruited patients
and collected samples. Laboratories B to Lweremeasuring centers: all
measured cortisol and 17OH-progesterone; five also measured aldo-
sterone (Supplemental Table 1 and Table 1). Eleven LDTs (Laboratories
B to I) and two panel MassChrom® kit (Chromsystems; Munich,
Germany; https://chromsystems.com) (Laboratory L) were involved.
Among LDTs, 6PLUS1® Multilevel Serum Calibrator set (Chromsys-
tems) was used for in-house calibration for cortisol and aldosterone by
Laboratories D and E, and for 17OH-progesterone by Laboratories D, E
and F. Technical details and in-housemeasurement ranges are shown
in Table 1 and Table 2.

Study samples

The sample set included authentic samples, EQA materials and
calibrators.We recruited 26 volunteers (women/men: 13/13; age: 20–
69 years) following informed consent. Nine subjects were healthy
and medication-free. Six women had hyperandrogenism and one
had an estroprogestogen patch; two men had hypogonadism and
one inhaled budesonide; others were taking one or more medica-
tions (cholecalciferol, thyroxine, folic acid, insulin sensitizers,
cholesterol-lowering, anti-hypertensive, expectorants and antibi-
otics). Blood was taken at 7:30–8:30 am after overnight fasting. For
each subject, three types of tubes were randomly alternated, con-
taining gel separator (Vacutainer™ SST™ II Advance, cat.366468,
Becton Dickinson, Milan, Italy), lithium-heparin (Vacutainer™, 102
IU, cat.368886, Becton Dickinson) or beads clot activator (Vacutest,
cat.10636, KIMA S.R.L., Azergrande, Italy). After 30 min settling,
samples were centrifuged (2000 rcf, 10 min, room temperature).
Supernatants of each specimen were mixed, aliquoted and stored
at −80 °C. Seventy-eight samples were obtained.

EQAmaterials were sent to Laboratory A and stored according to
manufacturers’ specifications. TheReference Institute for Bioanalytics
(RfB; Bonn, Germany; www.rfb.bio) donated fourmaterials (HM40121,
HM40122, HM40123 and HM40124; lyophilized human recalcified
plasma spiked with steroids and no preservatives), and assigned with
cortisol, 17OH-progesterone and aldosterone RMP target values. The
United Kingdom National External Quality Assessment Service
(UKNEQAS; Birmingham, UK; https://ukneqas.org.uk) donated eight
liquid materials (off-the-clot minimally manipulated human serum),
four with cortisol (C568 and C532), 17OH-progesterone (H408, spiked
with 17OH-progesterone) and aldosterone (L125, spiked with aldoste-
rone) target values determined as means of all MS-based methods in
the survey. Instand e.V (Düsseldorf, Germany; https://www.instand-
ev.de). donated three low/high concentration paired materials
(human serum spiked with steroids and no additives), two with target
values assigned byRMP for cortisol (N°302, liquid), and asmeans of all
methods in the survey for aldosterone (N°304, lyophilic). None of the
EQA materials were directly tested for commutability.

The Biological Sales Network (BSNSrl, Castelleone, Italy; https://
www.bsn-srl.it) donated seven level serum-based liquid calibrators for

a ten-steroid panel (EUM01041, lot.M01411808VEQ) traceable to the
Royal College of Pathologists of Australasia Quality Assurance Pro-
grams (RCPAQAP). Target values of RCPAQAP materials were deter-
mined by LC-MS/MS by the National Measurement Institute Australia
(traceable to CRM-6007a) for cortisol, and by all laboratory medians
for 17OH-progesterone and aldosterone. Freshly prepared calibrators
were delivered to Laboratory A, immediately aliquoted and stored
at −80 °C. Chromsystems donated serum-based lyophilic calibrators
for a fifteen-steroid panel (6PLUS1® Multilevel Serum Calibrator set,
lot.5016, different from lots used for in-house calibration by Labora-
tories D, E, F and L). Cortisol was traceable to NIST SRM-971 – frozen
human serum; 17OH-progesterone and aldosterone were traceable to
CRMs – methanol – from ISO 17025 and 17034 certified supplier. At
Laboratory A, calibrators of each level were reconstituted according to
manufacturer’s instructions, mixed together, aliquoted and stored
at −80 °C. BSN and Chromsystems measurement ranges were 11.92–3,
182 and 25.6–806 nmol/L for cortisol, 0.61–166.2 and 0.27–43.9 nmol/
L for 17OH-progesterone, and 0.11–25.68 and 0.075–12.5 nmol/L for
aldosterone, respectively.

Running scheme and quantitation

Two aliquots from 110 samples were shipped to measuring centers on
the same day and stored at −80 °C. EQA materials were stored and
handled according to manufacturers’ indications. All were measured
within 4months by two identical runs, each including 110 singlets and
an independent in-house calibration set, according to protocols ordi-
narily used by each laboratory. Results by in-house calibration (CAL1)
were sent to Laboratory A before measuring centers received external
calibrators’ nominal values. They were then asked to use BSN (CAL2)
and Chromsystems (CAL3) sets for re-quantification of results.
External calibrators were included in the curve calculation if their
nominal concentration was within each method’s range. Calibration
curves displayed R2>0.98.

Data analysis and statistics

Hormone values are reported in nmol/L. To convert cortisol,
17OH-progesterone and aldosterone to ng/mL, multiply by 0.362, 0.33
and 0.36, respectively. Results were excluded if below the lower limit
of quantification (LLOQ) or above the upper LOQ (ULOQ) of CAL1.
Moreover, resultswere excluded fromCAL2 or CAL3 datasetswhen out
of the respective measurement range. Duplicate means and CVs were
calculated (Supplemental Tables 2–4). Within-subject (CVi) and
between-subjects (CVg) biological variabilities [27] were used to assess
the maximum allowable imprecision (MAI; 0.5 × CVi) and bias
(MAB; 0.25 × (CVi2 + CVg2)0.5) and total allowable error (TAE;
0.25 × (CVi2 + CVg2)0.5 + 1.65 × (0.5 × CVi)) (cortisol: 11.6, 13.5 and
32.5%; 17OH-progesterone: 14.2, 12.0 and 35.3%; aldosterone 18.3, 12.6
and 42.8%; respectively) [28].

Intra-laboratory performance: Within-method imprecision was
calculated in authentic samples according to the formula intra-

laboratory CV :

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅{[∑(a − b)2]/2N}(N/∑x)
√

(Σ: sum; a and b: dupli-

cate measures of each sample; N: total number of duplicates; x:
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duplicate (a and b) mean), and compared with the MAI. Within-
method impact of calibration was evaluated by the Friedman test and
Passing-Bablok regression. Within-method trueness and bias were
estimated in EQAmaterials as%difference of RMP ormean/median of
the surveys as target values, respectively, andwere comparedwith the
MAB. Least-squares regression lines were calculated in authentic
sample CAL1 results from each laboratory vs. all laboratories-
medians; 95% prediction intervals were used to test EQA materials
commutability [29].

Inter-laboratory performance: Analyses were performed in authentic
samples measured with duplicate-CV <30% and within both CAL1 and
CAL3 ranges (Supplemental Tables 2–4). Between-method reproduc-
ibility, valued by the inter-laboratory CV, was comparedwith the MAI.
Between-method regressionwas assessed by Passing-Bablok analysis.
Between-method agreement was valued by %-bias vs. all methods
median and Bland-Altman; results were compared with the TAE.
Wilcoxon and F tests were used to compare CAL1 and CAL3 inter-
laboratory CV and bias. Statistics were performed by SPSS (v.20, IBM
Co., Somers, NY) and MedCalc (v.18.2.1; Mariakerke, Belgium).

Results

Cortisol

Authentic sample results ranged from 221 to 994 nmol/L
(median of all laboratories by CAL1). Three to nine samples
were above CAL1 ULOQ in three laboratories. The highest
CAL2 calibrator was above the in-house measurement
range of all laboratories. Conversely, three samples were
above the CAL3 measurement range (Supplemental Ta-
ble 2). The intra-laboratory CVs ranged from 2.8 to 7.4%, all
below the MAI (Table 2). Calibration influenced the mea-
sures within all laboratories (p<0.001). Laboratory D re-
sults were largely lowered when using CAL2 (−40.2%) and
CAL3 (−31.8%) compared to CAL1. For other laboratories,
when compared with CAL1, CAL2 determined −18.8
to −9.7% deviation, while CAL3 yielded modest deviations

Table : Assays’ pre-analytical, liquid chromatography and mass spectrometry features.

Lab Ref In-house calibration Sample
volume,

Sample
preparation

Instrument Run
time,

Purification
column

LC column; temperature Mobile phases (A; B) Source

µL min

B [] Cerilliant CRMa in

% BSA


a PP: ZnSO

in MeOH;

SPE: C

Series , Perkin Elmer;

API QTrap, Sciex

 POROS R/ Luna RP-C  × . mm,

 µm;  °C
%MeOH in HO; MeOH APCI

C [] Gravimetric in

charcoal stripped

serum

 PP: ZnTFA

in MeOH

Acquity UPLC; Xevo TQ-S,

Waters

 Kinetex Biphenyl

 × . mm, . µm

. mM NHF in HO; MeOH ESI

D [] PLUS®a,b,

Chromsystems

 SPE: Oasis

HLB

Acquity UPLC, Waters;

API Qtrap, Sciex

 Kinetex C  × .mm,

. µm

 mM NHF in HO; MeOH ESIa

E [] PLUS®a,b,

Chromsystems

 PP: ZnSO

in MeOH

 Infinity, Agilent;

API Qtrap, Sciexa
 Chromolith

SpeedRod C

. ×  mm

Chromolith performance

C,  × . mm,  °C
 mM NHHCO in HO;

 mM NHHCO in MeOHa

ESIa

n.a. PLUS®a,b,

Chromsystems

 SPE HR-X,

 mg

 Infinity, Agilent;

API Qtrap, Sciex

 Chromolith

SpeedRod, C

. ×  mm

Chromolith performance

C,  × . mm,  °C
. mM NHF in HO; ACN ESI

F [] Cerilliant CRMa in

PBS .% BSA

 PP: ZnSO

in MeOH

Acquity UPLC; TQD,

Waters

. Kinetex C,  × . mm

 °C
mM CHNO + .% FA in

HO;  mM CHNO + .%

FA in MeOH

ESI

[] PLUS®a,b,

Chromsystems

 SLE: Isolute



Acquity UPLC; TQS,

Waters

. Acquity T C

 × . mm,  °C
mM CHNO + .% FA in

HO; ACN

ESI

G [] Cerilliant CRM in

steroid free plasma

 PP: ACN Acquity-Xevo TQ-S,

Waters

. HSS T . ×  mm,

. μm
.% FA in HO; .% FA in

ACN

ESI

[] Cerilliant CRM in

ACN

 SLE: DCM Acquity-Xevo TQ-S,

Waters

. Protein BEH

C  Å,

. ×  mm,

. μm

BEH phenyl . ×  mm,

. μm
HO;

MeOH

ESI

H n.a. Cerilliant CRM in

% MeOH

, PP: ZnSO

in MeOH;

SPE: C

Acquity-Xevo TQ-S,

Waters

 BEH C . ×  mm,

. μm
.% FA in HO; .% FA

in MeOH

ESI

I ,



Gravimetric in char-

coal stripped serum

 PP: HPO;

SPE: Oasis

MCX

I-class Acquity; TQS,

Watersa


a C Zorbax Eclipse plus

. ×  mm, . μma

HO; MeOH ESI

L c
PLUS®b,

Chromsystems

 Patented  series HPLC

, Agilent

. Patented Patented ESI

c
PLUS®b,

Chromsystems

 Patented  series HPLC

, Agilent

. Patented Patented ESI
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(Supplemental Table 5). Comparing CAL1 vs. CAL3 by
Passing-Bablokwithin laboratories using Chromsystems’ as
in-house calibration, confirmed the large proportional
overestimation of the former in Laboratory D and the con-
sistency of results in Laboratories E and L (Supplemental
Figure 1)

EQA material target values ranged from 265.0 to
948.5 nmol/L; two were above CAL1 and CAL3 measure-
ment ranges in Laboratories D, E and L (Supplemental
Table 2). Trueness and bias by CAL1 and CAL3 were mostly
within MAB, except Laboratory D, displaying a large pos-
itive biaswith CAL1. CAL2 determined anegative deviation,
with several cases exceeding the MAB, especially for Lab-
oratories D and F (Figure 1). Commutability was demon-
strated except for some high level EQA materials slightly
outside the interval for three laboratories (Supplemental
Figure 2).

Given the large deviation shown by Laboratory D,
inter-laboratory analyses were performed both with and
without data from that laboratory, the latter reported as
follows. Median inter-laboratory CV by CAL1 was 4.9%,
and it was significantly reduced to 3.6% with CAL3
(p<0.001). No cases were detected with CV >MAI (Figure 2
and Supplemental Table 6).

At Passing-Bablok analysis, slopes were similar to 1
in two laboratories with CAL1 and in six with CAL3
(Table 3).

Median bias ranged from −6.6 to 6.9% for CAL1
and −2.3 to 5.5% for CAL3, with all results within the TAE
(Figure 3). Compared to CAL1, CAL3 significantly reduced
the bias median within six and variance within three
laboratories (Supplemental Table 7). Bland-Altman
analyses per laboratory are shown in Supplemental
Figures 3 and 4.

Table : (continued)

Lab Ref Cortisol OH-Progesterone Aldosterone

Analyte (ion
mode) mass

transition

IS IS (ion mode)
mass

transition

Analyte (ion
mode) mass

transition

IS IS (ion mode)
mass

transition

Analyte (ion
mode) mass

transition

IS IS (ion mode)
mass

transition

B [] (+)
/a

cortisol-

[,,,-D]

(+)
/

(+)
/

OH-progesterone-

[,,,,,,,-D]

(+)
/

C [] (+)
/

cortisol-[, ,

-D]

(+)
/

(+)
/

OH-progesterone-

[,,,,,,,-D]

(+)
/

D [] (+)
/

cortisol-

[,-D]

(+)
/

(+)
/

OH-progesterone-

[,,,,,,,-D]

(+)
/

(+)
/

Aldosterone-

[,,,,,,-D]

(+)
/

E [] (+)
/

cortisol-

[,,,-D]

(+)
/

(+)
/

-OH-progesterone

[,,-C]

(+)
/

n.a. (−)
/

Aldosterone-

[,,,,,,-D]

(−)
/

F [] (+)
/

D-cortisol

[,,,-D]

(+)
/

[] (+)
/

-OH-progesterone

[,,-C]

(+)
/

G [] (+)
/

cortisol-

[,,,-D]

(+)
/

(+)
/

OH-progesterone-

[,,,,,,,-D]

(+)
/

[] (−)
/

Aldosterone-

[,,,-D]

(−)
/

H n.a. (+)
/

cortisol-

[,,,-D]

(+)
/

(+)
/

OH-progesterone-

[,,,,,,,-D]

(+)
/

(+)
/

Aldosterone-

[,,,,,,-D]

(+)
/

I ,



(+)
/

cortisol-

[,,,-D]

(+)
/

(+)
/

OH-progesterone-

[,,,,,,,-D]

(+)
/

L c (+)
/

Patented (+)
/

(−)
/

Patented (−)
/

c (+)
/

Patented (+)
/

aModified from original publication. bLots different from the one distributed in the study. chttps://chromsystems.com/en/products/steroids/
masschromr-steroids-in-serum-plasma-with--spe-well-plate-lc-ms-ms--%&%-.html. CRM, certified reference
material; IS, internal standard; PP, protein precipitation; ZnSO, zinc sulfate;MeOH,methanol; SPE, solid phase extraction; RP, reversedphase;
ZnTFA, zinc trifluoroacetate; HLB, hydrophilic-lipophilic balance; FA, formic acid; ACN, acetonitrile; PBS, phosphate buffered saline; HSS, high
strength silica; SB, selectivity for base; SLE, supported liquid extraction; DCM, dichloromethane; BEH, ethylene bridged hybrid; HPO,
phosphoric acid; MCX, mixed-mode strong cation-exchange.
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17OH-Progesterone

Authentic sample results ranged from 0.34 to 6.63 nmol/L
(median of all laboratories by CAL1). Valueswere below the
CAL2 measurement range in 33 authentic samples (Sup-
plemental Table 3). The intra-laboratory CV ranged from
4.4 to 18.0%, exceeding the MAI in Laboratory H and L
(Table 2). Duplicate-CV increased at values <1.0 nmol/L.
Calibration influenced results within all laboratories
(p<0.001). Compared to CAL1, CAL2 determined −20.3
to −5.7% lower values, while CAL3 determined modest
variations (Supplemental Table 5). CAL1 vs. CAL3 Passing-
Bablok analysis within laboratories using Chromsystems’
as in-house calibration detected small deviations in Labo-
ratory D and E, but substantial consistency in Laboratories
F and L (Supplemental Figure 1).

EQA materials target values ranged from 2.41 to
12.73 nmol/L. Trueness and bias by CAL1 and CAL3 were
mostly within the MAB, except for Laboratory G (−22.2
to −12.3%), and Laboratory H, showing higher values at
lower levels (−25.8 to 109.1%). CAL2 increased the negative
biases, with several cases exceeding the MAB (Figure 1). A
slight deviation from the commutability interval was

observed in high level EQA materials in two laboratories.
Moreover, HM materials lacked commutability in Labora-
tory H (Supplemental Figure 2).

The 11.8% median inter-laboratory CVs observed with
CAL1 reduced to 10.3% with CAL3 (p<0.001), while cases
with inter-laboratory CV>MAI were 33.3 and 7.7%, respec-
tively. Notably, CAL1 CVs increased at levels <1 nmol/L
(Figure 2 and Supplemental Table 6).

Passing-Bablok slopes were similar to 1 in two labo-
ratories with both CAL1 and CAL3. Laboratory G and H
displayed the lowest slope coefficients (95CI) when using
CAL1 (0.844 (0.789–0.896) and 0.777 (0.738–0.809),
respectively). Laboratory H also showed a large intercept
(95CI) (0.318 (0.274–0.363)). CAL3 improved Laboratory H
(slope: 0.922 (0.868–0.954); intercept: 0.066 (0.014–0.112))
but not Laboratory G regression (Table 3).

Median bias vs. median of all laboratories ranged
from −17.2 to 7.8% for CAL1 and -20.9 to 10.3% for CAL3
(Figure 3).With both calibrations, LaboratoryG showed the
largest negative median and Laboratory H the largest
variance of bias. Compared to CAL1, CAL3 significantly
reduced the bias median within four and variance within
three laboratories (Supplemental Table 7). Moreover, CAL3

Table : Intra-laboratory measurement range, measures and imprecision.

Analyte Lab LLOQ-ULOQ, n Mean (min-max), Intra-lab CV%
nmol/L nmol/L (min-max)

Cortisol B .–,   (–) . (.–.)
C –,   (–,) . (.–.)
D –a

  (–) . (.–.)
E .–a

  (–) . (.–.)
F .–   (–) . (.–.)
G –,   (–) . (.–.)
H .–,   (–,) . (.–.)
I –,   (–,) . (.–.)
L –a

  (–) . (.–.)
OH- B .–  . (.–.) . (.–.)
Progesterone C .–  . (.–.) . (.–.)

D .–a
 . (.–.) . (.–.)

E .–a
 . (.–.) . (.–.)

F .–.a
 . (.–.) . (.–.)

G –  . (.–.) . (.–.)
H .–  . (.–.) . (.–.)
I .–  . (.–.) . (.–.)
L .–a

 . (.–.) . (.–.)
Aldosterone D .–a

 . (.–.) . (.–.)
E .–.a

 . (.–.) . (.–.)
G .–  . (.–.) . (.–.)
H .–  . (.–.) . (.–.)
L .–a

 . (.–.) . (.–.)

Data from in-house calibration. Intra-laboratory imprecision was calculated as duplicate measurement CV. aIn-house calibration material from
Chromsystems. n, number of samples.
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Figure 1: Trueness and bias of steroid measurement in external quality assessment materials as function of the calibration system.
% Difference = ((laboratory value – target value)/target value) × 100. Trueness vs. target values determined by reference measurement
procedure was evaluated in materials HM40121, HM40122, HM40123, HM40124 for all analytes and in material N°302 for cortisol. Bias vs.
target values determined as mean/median of the EQA survey was evaluated in materials C568 and C532 for cortisol, H408 for
17OH-progesterone, N°304 and L125 for aldosterone. Lines: zero ±maximum allowable bias (cortisol: 13.5%, 17OH-progesterone: 12.0% and
aldosterone: 12.6%). Black dots: in-house calibration (CAL1); gray dots: BSN calibration (CAL2); white dots: Chromsystems calibration (CAL3).
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reduced the opposite systematic bias shown by Laboratory
D and H at lowering concentrations with CAL1 (Supple-
mental Figure 5), almost eliminating cases exceeding the
TAE (Figure 3).

Aldosterone

Authentic sample results ranged from 0.07 to 1.22 nmol/L
(median of all laboratories by CAL1). Valueswere below the
CAL2 measurement range in 32 authentic samples for most
of the laboratories (Supplemental Table 4).

The intra-laboratory CV ranged from 5.2 to 22.2%, with
Laboratory L exceeding the MAI (Table 2). Duplicate-CV
increased at values <0.2 nmol/L. Calibration influenced
results within all laboratories (p<0.001). Compared to CAL1
values, the deviationwas −13.1 to 25.2% for CAL2 and −10.0
to 22.1% for CAL3 (Supplemental Table 5). CAL1 vs.
CAL3 Passing-Bablok analysis within laboratories using
Chromsystems’ as in-house calibrators detected deviations

in Laboratory D and E, but consistent results in Laboratory
L (Supplemental Figure 1).

EQA material target values ranged from 0.21 to
1.33 nmol/L. A large negative bias was shown for N°304
low (0.21 nmol/L) by all laboratories and calibration sets
(−48.6 to −31.6%, or belowmeasurement range). Trueness
and bias by CAL1 mostly exceeded the MAB in Laboratory
D, G and H. External calibrations improved trueness and
bias in Laboratory G only (Figure 1). A slight deviation
from the 95% commutability interval was noted in high
level EQA materials in three laboratories (Supplemental
Figure 2).

Median inter-laboratory CVs with CAL1 was 13.8% and
reduced to 8.6% with CAL3 (p<0.001), while cases with
inter-laboratory CVs>MAI were 15.4 and 2.6%, respectively
(Figure 2 and Supplemental Table 6).

Passing-Bablok slopes in CAL1 and CAL3 were similar
to 1 in three and two laboratories, respectively. Compared
to CAL1, CAL3 improved the slope (95CI) in Laboratory G
(CAL1: 0.846 (0.821–0.870); CAL3: 1.000 (1.000–1.000))
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Figure 2: Inter-laboratory coefficient of variation according to the calibration system.
Black dots: in-house calibration (CAL1); white dots: Chromsystems calibration (CAL3). Horizontal lines: maximal allowable imprecision
(cortisol: 11.6%; 17OH-progesterone: 14.2%; aldosterone: 18.3%).
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Table : Passing-Bablok analysis of steroid measures from each laboratory vs. the median of all laboratories as function of the calibration
system.

Analyte Lab CAL CAL

n r
(CI)

Slope
(CI)

Intercept
(CI)

n r
(CI)

Slope
(CI)

Intercept
(CI)

Cortisol B  .
(.–.)

.
(.–.)

−.
(−.–−.)

 .
(.–.)

.
(.–.)

−.
(−.–−.)

C  .
(.–.)

.
(.–.)

−.
(−.–.)

 .
(.–.)

.
(.–.)

−.
(−.–.)

D  .
(.–.)

.
(.–.)

.
(−. – .)

 .
(.–.)

.
(.–.)

.
(−.–.)

E  .
(.–.)

.
(.–.)

−.
(−.–−.)

 .
(.–.)

.
(.–.)

−.
(−.–−.)

F  .
(.–.)

.
(.–.)

−.
(−.–.)

 .
(.–.)

.
(.–.)

.
(−.–.)

G  .
(.–.)

.
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

.
(.–.)

H  .
(.–.)

.
(.–.)

−.
(−.–.)

 .
(.–.)

.
(.–.)

.
(−.–.)

I  .
(.–.)

.
(.–.)

−.
(−.–−.)

 .
(.–.)

.
(.–.)

−.
(−.–.)

L  .
(.–.)

.
(.–.)

.
(−. – .)

 .
(.–.)

.
(.–.)

.
(−.–.)

Cortisol B  .
(.–.)

.
(.–.)

−.
(−.–−.)

 .
(.–.)

.
(.–.)

−.
(−.–−.)

Laboratory D
excluded

C  .
(.–.)

.
(.–.)

−.
(−.–−.)

 .
(.–.)

.
(.–.)

.
(−.–.)

E  .
(.–.)

.
(.–.)

−.
(−.–−.)

 .
(.–.)

.
(.–.)

−.
(−.–−.)

F  .
(.–.)

.
(.–.)

−.
(−.–.)

 .
(.–.)

.
(.–.)

−.
(−.–.)

G  .
(.–.)

.
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

.
(.–.)

H  .
(.–.)

.
(.–.)

−.
(−.–.)

 .
(.–.)

.
(.–.)

.
(−.–.)

I  .
(.–.)

.
(.–.)

−.
(−.–−.)

 .
(.–.)

.
(.–.)

−.
(−.–.)

L  .
(.–.)

.
(.–.)

.
(−. – .)

 .
(.–.)

.
(.–.)

.
(−. – .)

OH-
Progesterone

B  .
(.–.)

.
(.–.)

.
(−.–.)

 .
(.–.)

.
(.–.)

−.
(−.–.)

C  .
(.–.)

.
(.–.)

−.
(−.–.)

 .
(.–.)

.
(.–.)

−.
(−.–.)

D  .
(.–.)

.
(.–.)

−.
(−.–−.)

 .
(.–.)

.
(.–.)

−.
(−.–−.)

E  .
(.–.)

.
(.–.)

−.
(−.–.)

 .
(.–.)

.
(.–.)

.
(−.–.)

F  .
(.–.)

.
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

−.
(−.–−.)

G  .
(.–.)

.
(.–.)

−.
(−.–.)

 .
(.–.)

.
(.–.)

.
(−.–.)

H  .
(.–.)

.
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

.
(.–.)

I  .
(.–.)

.
(.–.)

−.
(−.–−.)

 .
(.–.)

.
(.–.)

−.
(−.–−.)

L  .
(.–.)

.
(.–.)

−.
(−.–.)

 .
(.–.)

.
(.–.)

.
(−.–.)

734 Fanelli et al.: Harmonization status of LC-MS/MS steroid measures



but worsened it in Laboratory H (CAL1: 0.969 (0.909–
1.000); CAL3: 0.875 (0.829–0.933)) (Table 3).

Using CAL1, median bias vs. median of all methods
ranged from −12.0 to 16.8%, with almost all cases within
the TAE. CAL3 significantly reduced bias median, ranging
from −8.8 to 3.4%, in three laboratories and variance in
one (Figure 3, Supplemental Table 7 and Supplemental
Figure 6).

Discussion

This is the first study examining the variability among
LC-MS/MS measurements for circulating cortisol, 17OH-
progesterone and aldosterone. Methods were validated ac-
cording to recommended guidelines, most were published
[2, 12, 30–37], and exhibited considerable technical hetero-
geneity. Within- and between-laboratory performances
were interpreted by means of allowable imprecision, bias
and total error, which, however, are still derived from
immunoassay-based biological variability studies [27].
Intra-method imprecision for cortisolwaswithinMAI for all,
butunsatisfactory for 17OH-progesteroneandaldosterone in
some laboratories, typically worsening at lower concentra-
tions. Trueness and bias in EQA materials for aldosterone
were unsatisfactory in three laboratories, but mostly
acceptable for cortisol and 17OH-progesterone. Exceptions
were Laboratory D for cortisol, due to a miscalibration, and,
for 17OH-progesterone, Laboratory G, showing a constant
bias, and Laboratory H, showing a severe commutability
problem in HM materials. Hence, the study allowed the
discovery and correction of some laboratory-specific de-
fects, such as in Laboratory D, where the incorrect dilution

of newly utilized commercial calibrators in place of previ-
ously used in-house calibrators caused large cortisol over-
estimation. These data underline the importance of
promoting uniform protocols for method validation, per-
formance reporting and monitoring beyond the validation
stage [24, 25, 38]. Findings also implies that LC-MS/MS is not
immune from commutability issues. Testing EQA materials
from different providers could assist identification of po-
tential commutability problems. Moreover, our data about
material N°304 low suggests that assigning target values as
all methods means/median may confound method evalua-
tion. Therefore, application of RMPs should be encouraged
among EQA providers [22].

Current guidelines for clinical LC-MS/MS assays
recommend calibrators being prepared in the same matrix
as samples to be tested [39]. Some laboratories used
steroid-depleted serum/plasma processed by charcoal-
stripping. Others used surrogate matrices (bovine serum
albumin or phosphate buffer solutions) or solvents.
Although the adequacy of these alternative matrices in
comparison with the native matrix has been tested by each
of the participant, we cannot exclude that in-house cali-
brator commutability is contributing to the overall inter-
laboratory variability.

Despite the aforementioned heterogeneities, between-
method performance was substantially within specifica-
tions, indicating impressive consistency of the LC-MS/MS
methods under investigation. When evaluating the com-
mercial calibrators, we found that the BSN highest cortisol
calibrator was above all the in-housemeasurement ranges,
while Chromsystems’ was too low, preventing the mea-
surement in one woman taking estroprogestin and in two
EQAmaterials. Moreover, BSN calibration did not cover the

Table : (continued)

Analyte Lab CAL CAL

n r
(CI)

Slope
(CI)

Intercept
(CI)

n r
(CI)

Slope
(CI)

Intercept
(CI)

Aldosterone D  .
(.–.)

.
(.–.)

.
(−.–.)

 .
(.–.)

.
(.–.)

.
(.–.)

E  .
(.–.)

.
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

−.
(−.–−.)

G  .
(.–.)

.
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

.
(.–.)

H  .
(.–.)

.
(.–.)

−.
(−.–.)

 .
(.–.)

.
(.–.)

.
(.–.)

L  .
(.–.)

.
(.–.)

−.
(−.–.)

 .
(.–.)

.
(.–.)

−.
(−.–.)

CAL, in-house calibration; CAL, Chromsystems calibration.
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Figure 3: Laboratories % bias vs. median of all laboratories as function of the calibration system.
% Bias = ((laboratory value – median of all laboratories)/median of all laboratories) × 100. Segments, median; error bars, 2.5 and 97.5
centiles; horizontal lines, zero ± total allowable error (cortisol: 32.5%; 17OH-progesterone: 35.3%; aldosterone: 42.8%). CAL1, in-house
calibration; CAL3, Chromsystems calibration.

736 Fanelli et al.: Harmonization status of LC-MS/MS steroid measures



low-physiologic concentrations of 17OH-progesterone and
aldosterone. Therefore, commercial calibrators need to be
adapted to assay features and to reporting purposes of
laboratories. Compared to in-house, BSN calibration
seemed to worse methods’ trueness for cortisol and
17OH-progesterone. This may derive from BSN calibrators
being traceable to EQA programs, such as RCPAQAP, and
not to reference materials. At variance, Chromsystems
calibrators are traceable to NIST and CRMs, and showed a
good overlap with most of the in-house calibrations. Uni-
fying calibration using Chromsystems’ set improved
between-laboratory performance, particularly reducing
the systematic bias at low 17OH-progesterone levels.

Laboratory L, the only laboratory using a commercial
kit, exhibited high intra-laboratory imprecision. The
possible reason involved the need for more frequent
cleaning of the ionization source. Therefore, laboratory
experience in instrument maintenance and method moni-
toring is recommended even when using commercial kits.
Four laboratories used Chromsystems’ as in-house cali-
brators. A part from the procedural problem of Laboratory
D, modest deviations between in-house and external cali-
brations were found in some cases, which may be proce-
dural or due to lot-to-lot variability.

Our study supports the use of common calibrators for
improving the harmonization of measurements. However,
we showed that commercial calibrators or kits are not
necessarily superior to in-house procedures and do not
guarantee adequate performance per se. Conversely,
setting more stringent requirements and standardized
reporting protocols for analytical performance should be
encouraged for improving research quality and clinical
effectiveness. This is particularly relevant in view of the
EU-IVDR, effective in May 2022, promoting commercial
devices over equivalent LDTs [26].

Non-negligible residual between-laboratory variability
was observed when unifying calibration, implying that
other components have to be considered. Monitoring the
qualifier ions is often ineffective in detecting interferences
among isobars. Therefore, LC resolution is critical in
ensuring specificity. Various 17OH-progesterone isobars
circulate at relevant levels [14]. All methods in this study
achieved baseline separation of 17OH-progesterone from
11-deoxycorticosterone. 17OH-progesterone separation from
16OH-progesterone has been verified by Laboratories B, C
and L, and from 11OH-progesterone by Laboratories B, I and
L. Interference from these or other isobars may explain the
overestimation in HM materials by Laboratory H.

Althoughmultiple isotopeswereusedas IS, laboratories
using the same IS did not show a better between-laboratory
performance. Nonetheless, LC and IS contributions need to

be directly addressed in purposely designed studies.
Notably, Loh et al. recently reported that deuterium and
13C-based IS provided similar 17OH-progesterone results by
three LC-MS/MS methods [15].

Our design included many laboratories and duplicate
measurements of individual samples. Moreover, three
different tubes were used, whose impact on measurements
will be investigated in adedicated study.While these aspects
reinforced the robustness of findings, they required large
blood volumes, which are not easily obtained from patients.
Consequently, we recruited a suboptimal number of 26 vol-
unteers [40] mostly showing normal steroid concentrations.
Further studies are needed to assess harmonization at
high or low concentrations typical of hypercortisolism,
hyperaldosteronism, adrenal insufficiency or functional
tests. Nevertheless, reproducible measurement of physio-
logical levels is relevant for therapeutic monitoring and
for emerging multi-analyte approaches to diagnosis, sub-
typing and risk stratification of complex conditions, such
as female hyperandrogenism, endocrine tumors and
non-communicable diseases [41]. Finally, our study was
designed as a ring trial. Studies including target values
achieved by RMPs or GC-MS methods are needed to address
standardization, which is mandatory for establishing
laboratory-independent reference intervals and decision
limits.

Our study described pitfalls in method performance
and EQA materials, as well as advantages and limitations
of calibration materials. Unifying the calibration could
significantly reduce between-laboratory variability, while
adopting traceable calibrators and RMP-determined EQA
materials could ease standardization. Residual disagree-
ment requires investigation. Evidence generated by our
study supports LC-MS/MS utility for achieving steroid
harmonization.
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