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Abstract

Objectives: Current liquid chromatography-tandem mass
spectrometry (LC-MS/MS) applications for circulating
androgenmeasurements are technically diverse. Previously,
variable results have been reported for testosterone. Data
are scarce for androstenedione and absent for dehydroepi-
androsterone sulfate (DHEAS). We assessed the agreement
of androstenedione, DHEAS and testosterone LC-MS/MS
measurements among nine European centers and explored
benefits of calibration system unification.
Methods: Androgens were measured twice by laboratory-
specificprocedures in 78 patient samples and inEQAmaterials.

Results were obtained by in-house and external calibration.
Intra- and inter-laboratory performances were valued.
Results: Intra-laboratory CVs ranged between 4.2–13.2 %
for androstenedione, 1.6–10.8 % for DHEAS, and 4.3–8.7 %
and 2.6–7.1 % for female andmale testosterone, respectively.
Bias and trueness in EQA materials were within ±20 %.
Median inter-laboratory CV with in-house vs. external cali-
bration were 12.0 vs. 9.6 % for androstenedione (p<0.001), 7.2
vs. 4.9 % for DHEAS (p<0.001), 6.4 vs. 7.6 % for female
testosterone (p<0.001) and 6.8 and 7.4 % for male testos-
terone (p=0.111). Median bias vs. all laboratory median with
in-house and external calibration were −13.3 to 20.5 %
and −4.9 to 18.7 % for androstenedione, −10.9 to 4.8 %
and −3.4 to 3.5 % for DHEAS, −2.7 to 6.5 % and −11.3 to 6.6 %
for testosterone in females, and −7.0 to 8.5 % and −7.5 to
11.8 % for testosterone in males, respectively.
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Conclusions: Methods showed high intra-laboratory preci-
sion but variable bias and trueness. Inter-laboratory agree-
ment was remarkably good. Calibration system unification
improved agreement in androstenedione and DHEAS, but
not in testosterone measurements. Multiple components,
such as commutability of calibrators and EQA materials
and internal standard choices, likely contribute to inter-
laboratory variability.

Keywords: liquid chromatography-tandem mass spec-
trometry; harmonization; androstenedione; dehydroepi-
androsterone sulfate; testosterone; inter-laboratory
performance

Introduction

Circulating testosterone, androstenedione and dehydroepi-
androsterone sulfate (DHEAS) are routinely evaluated to
characterize the extent and the nature of androgen imbal-
ance in diseases that include gonadal or adrenal insuffi-
ciency, tumors, genetic enzyme deficits, Cushing syndrome
and polycystic ovary syndrome in women [1, 2]. Clinically
relevant levels of these hormones span both well above and
below the normal range. Moreover, therapies that impact
androgen availability require monitoring for changes over
time, evenwithin the normal range. Consequently, androgen
measurement requires optimal precision and accuracy over
a wide interval of concentrations. Another requirement is to
effectively distinguish the analyte from other steroidal spe-
cies sharing similar structure and properties [3].

By virtue of intrinsic high specificity and sensitivity,
liquid chromatography-tandem mass spectrometry
(LC-MS/MS) is today implemented in routine and research
laboratories for steroid measurements via laboratory
developed tests (LDT) or commercial kits [3, 4]. Participa-
tion of LC-MS/MS users in External Quality Assessment
(EQA) programs is increasing [4, 5]. Nevertheless, repro-
ducibility among LC-MS/MS measurements in complex pa-
tient samples remains unclear [4, 6]. So far, only two studies
analyzed the comparability of LC-MS/MS methods for an-
drostenedione [7, 8], while none have investigated DHEAS.
A few studies on testosterone demonstrated that LC-MS/MS
measurements exhibit superior consistency compared to
immunoassays [7–12]. Nonetheless, these studies reported
diverse degrees of agreement between LC-MS/MS methods.
Unfortunately, no single cause has yet been identified for
persistent variability [11, 13].

The HarmoSter consortium was created with the pri-
mary objective to investigate the harmonization status of
LC-MS/MS measurements of 10 circulating steroids by nine

European centers (Supplementary Table 1). Methods were
tested on different sample matrices and calibration systems.
Results for cortisol, 17OH-progesterone, aldosterone, corti-
costerone, 11-deoxycortisol and cortisone were recently
published [14, 15], showing acceptable consistency among
methods. Furthermore, we highlighted that the strategy of
unifying calibration may sometimes improve overall inter-
laboratory agreement, but not always [14, 15].

In this new study, we focus on LC-MS/MSmeasurements
of androstenedione, DHEAS and testosterone in plasma and
serum samples from patients and in EQAmaterials to assess
the intra- and inter-laboratory performance, as well as any
impact of unification of calibration systems.

Materials and methods

Consortium and methods

The HarmoSter study was approved by Bologna Ethics Committee (no.
141/2017/U/Tess) [14]. Nine laboratories with 10 LDTs overall (Labora-
tories B to I) and the MassChrom® kit (Chromsystems; Munich, Ger-
many; https://chromsystems.com) (Laboratory L) participated. All
measured testosterone; eight measured androstenedione and seven
measured DHEAS (Table 1 and Supplementary Table 1). 6PLUS1®

Multilevel Serum Calibrator set (Chromsystems) was used for in-house
calibration by Laboratories D, E and F. Technical details and in-house
measurement ranges are shown in Table 1 and Supplementary Table 1.

Study samples

As previously detailed [14], the sample set included 78 serumand plasma
samples from 26 volunteers (women/men: 13/13; age: 20–69 years) via
gel-separator, bead clot activator and lithium-heparin containing tubes.
The 6PLUS1® Multilevel Serum Calibrator set (Chromsystems; lot.5016,
different from lots used for in-house calibration by Laboratories D, E, F
and L) was measured within the study batch and used as the external
calibration set (androstenedione: 0.64–50.6 nmol/L; DHEAS: 280–
15,460 nmol/L; and testosterone: 0.173–39.9 nmol/L). Chromsystems’
calibrators were traceable to methanol certified reference materials for
androstenedione and DHEAS, and to NIST SRM972 for testosterone. EQA
materials evaluated in this study included the Reference Institute for
Bioanalytics (RfB; Bonn, Germany; www.rfb.bio) HM40121, HM40122,
HM40123 and HM40124 (lyophilized human recalcified plasma spiked
with steroids, no preservatives), assignedwith target values determined
by reference measurement procedure (RMP) for testosterone and by
mean of all MS-methods for DHEAS; the United Kingdom National
External Quality Assessment Service (UKNEQAS; Birmingham, UK;
https://ukneqas.org.uk) materials (liquid off-the-clot minimally manip-
ulated human serum) A382 (spiked with 10 nmol/L androstenedione
standard) with androstenedione target assigned as mean of all
MS-methods; the Instand e.V. (Düsseldorf, Germany; https://www.
instand-ev.de) material pair N°302 (liquid human serum spiked with
steroids, no additives) assigned with RMP-determined testosterone
target value.
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Running scheme and quantitation

Patient and EQA samples and external calibrators were measured in
duplicate in two independent runs according to the protocols of each
laboratory (Table 1). Each batch was quantified both by using in-house
and external calibration sets. All calibration curves displayed R2>0.97.

Data analysis and statistics

Androstenedione, DHEAS and testosterone values are reported in nmol/L;
to convert to ng/mL, multiply by 0.286, 0.368 and 0.288, respectively.
Results were excluded if below the lower limit of quantification (LLOQ)
or above the upper LOQ (ULOQ) of the in-house measurement range.
Data were also excluded from the external calibration dataset when
outside of the measurement range. Means and CVs of duplicate mea-
surements were calculated (Supplementary Tables 3–6). Within – (CVi)
and between – (CVg) subjects biological variabilities [16, 17] were used to
assess the maximum allowable imprecision (MAI) and bias (MAB) and
total allowable error (TAE) via the following equations [18]:

MAI = 0.5 × CVi;

MAB = 0.25 × (CVi2 + Cvg2)0.5;
TAE = 0.25 × (CVi2 + CVg2)0.5 + 1.65 × (0.5 × CVi);

(androstenedione: 7.9, 10.5 and 23.5 %; DHEAS: 6.7, 8.1 and 19.0 %;
testosterone: 6.3, 6.2 and 16.5 %; respectively) [16, 17].

Intra-laboratory performance: The overall intra-laboratory impreci-
sion was determined as the duplicate measurement CV, as follows:

CV =
̅̅̅̅̅̅̅̅
1
n ∑n

i=1 D
2
i

√
× 100, where Di = ( xi1−xi2)/ 2̅

√
Xi

, xi1 and xi2 are duplicate

measures of each sample, Xi is the arithmeticmean of the duplicates and n
is the total number of duplicates [19]. Intra-laboratory CVs from each lab-
oratory were then compared with the MAI. The impact of calibration
within each method was evaluated using the Friedman test. Trueness and
bias were estimated in EQA materials as % difference from target values
(RMP-determined or mean of all MS methods in the survey, respectively)
and compared with the MAB. In addition, the bias of laboratory measures
of EQA materials and patient samples vs. all laboratory median were
determined. For each laboratory, the Bland-Altman 95% limits of agree-
ment were calculated for the patient sample pool. Commutability of EQA
materials for each method was considered acceptable when the % bias in
EQA material measures was within the above agreement interval.

Inter-laboratory performance: Between-method reproducibility,
valued by the inter-laboratory CV, was comparedwith theMAI. Passing-
Bablok and Bland-Altman analyses were performed. The % bias was
compared with the TAE. Wilcoxon and F tests were used to compare
inter-laboratory CV, median bias and bias variance by in-house vs.
external calibration. The Friedman test was used to compare the mea-
surements between laboratories. Statistics were performed by SPSS
(v.20, IBM Co., Somers, NY) and MedCalc (v.18.2.1; Mariakerke, Belgium).

Results

Androstenedione

Patient values ranged from 0.88 to 5.74 nmol/L (all labora-
tory median by in-house calibration) (Supplementary

Table 3). The intra-laboratory CVs ranged from 4.2 to 13.2 %,
which included six laboratories within the MAI (Supple-
mentary Table 2). Cases with duplicate CVs exceeding the
MAI were up to 65.4 % for Laboratory H (Supplementary
Table 3). Replacing in-house with external calibration
determined modest deviations of calculated concentrations,
except for Laboratory D (−9.7 %) and H (−21.7 %) (Supple-
mentary Table 2). Laboratories D, H and E showed a positive
bias in the A382 material (target value: 10.35 nmol/L), which
was corrected by using external calibration in Laboratories
D and H but not in E (Figure 1). Median inter-laboratory CV
was 12.0 %with in-house, and lowered to 9.6 %with external
calibration (p<0.001). Most of the cases displayed an inter-
laboratory CV above the MAI with either calibrations
(Figure 2 and Supplementary Table 7). By Passing-Bablok
analysis of individual laboratory measures vs. all laboratory
median (Supplementary Figure 1 and Table 2), seven labora-
tories showed a significant slope coefficient (range [90 CI]: 0.851
[0.811–0.891] to 1.186 [1.133–1.252]). Using external calibration
improved the slope in all laboratories, except E. By Bland-
Altman analysis (Figure 3, Supplementary Table 8 and Sup-
plementary Figure 2), median bias vs. all laboratory median
ranged from −13.3 to 20.5% using in-house calibration. Labo-
ratories E and H showed the largest variance of bias (95.3 and
123.2 %, respectively), with several cases exceeding the TAE.
When using external calibration, median bias reduced to
within ±5% in all except Laboratory E, whose median bias
almost doubled to 18.7 % (p<0.001) (Figure 3, Supplementary
Table 8 and Supplementary Figure 2). Supplementary Table 9
shows that androstenedione measurements by in-house cali-
bration were not comparable between any laboratories, while,
with external calibration, some laboratories showed non
different measures.

DHEAS

Patient samples ranged from 541 to 14,372 nmol/L (all labo-
ratory median by in-house calibration) (Supplementary
Table 4). With in-house calibration, values were above the
ULOQ of Laboratory D and C in one and two samples,
respectively, and below the LLOQ of Laboratory E in nine
samples. With external calibration, three samples were
below the measurement range in Laboratory G. The intra-
laboratory CV ranged from 1.6 to 10.8 % (Supplementary
Table 2), within the MAI in all except Laboratory L, showing
up to 73.1 % cases with duplicate CV above the threshold
(Supplementary Table 4). Changing in-house with external
calibration determined only modest deviations in measures
within each laboratory, except for Laboratory H (18.9 %)
(Supplementary Table 2). HM40122 target value (14,216 nmol/L)
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was out of range for most of the laboratories and was
therefore not evaluated. Targets of other HMs ranged from
3,679 to 11,200 nmol/L. Biaswerewithin theMAB in all except
Laboratories H and I, showing respective under- and over-
estimation which was corrected when applying external
calibration (Figure 1). The median inter-laboratory CV was
7.2 % with in-house, and lowered to 4.9 % with external
calibration (p<0.001). Similarly, the prevalence of cases with
inter-laboratory CV above MAI reduced from 55.1 % with in-
house to 15.4 % with external calibration; with the latter, all
samples above 8,000 nmol/L were within the threshold

(Figure 2 and Supplementary Table 7). At Passing-Bablok
analysis, when using in-house calibration, laboratories
showed modest slope deviations (from 0.979 [0.964–0.997]
to 1.087 [1.071–1.105]), except for Laboratory H (0.825
[0.803–0.847]). External calibration improved the overall
slope range (from 0.929 [0.895–0.950] to 1.056 [1.049–1.064]).
However, large intercepts were noted for some methods
with both calibration systems (Supplementary Figure 1 and
Table 2). Median bias vs. all laboratory median was within
±4.8 % for all except Laboratory H (−10.9 %) (Figure 3, Sup-
plementary Table 8 and Figure 3). Laboratory D and H
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Figure 1: Laboratorymeasurements in external quality assessment (EQA)materials as function of the calibration system. Black dots: in-house calibration;
white dots: external calibration. Bars: range of the duplicate measurements. Dashed lines: zero ± maximum allowable bias (androstenedione: 10.5 %;
DHEAS: 8.1 %; testosterone: 6.2 %). T, target value. Target values of A382 for androstenedione, and of HM40121, HM40123 and HM40124 for DHEAS were
determined as mean/median of all MS methods participating in the EQA survey. Target values of HM40121, HM40122, HM40124 and N°302 pair for
testosterone were determined by reference measurement procedure.
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exhibited large variance of bias and a few cases exceeding the
TAE. Using external calibration overall reduced the median
bias (within ±3.5 %) and cases exceeding the TAE (Figure 3,
Supplementary Table 8 and Figure 3). Supplementary Table 9
shows that DHEAS measures by in-house calibration were
mostly non comparable between laboratories, whereas some
similarities were obtained by external calibration.

Testosterone

Results were subdivided in female and male ranges. The
former included 42 samples from 13 women and 1 severely
hypogonadal male, with values between 0.43 and 1.71 nmol/L.
The latter included 36 samples from 12 men, with values
between 8.11 and 28.45 nmol/L (all laboratory median by in-
house calibration) (Supplementary Tables 5 and 6). The intra-
laboratory CV ranged 4.3–8.7 % for female and 2.6–7.1 % for
male levels, which included four and eight laboratories
within the MAI, respectively (Supplementary Table 2). Cases
with duplicate CVs above the MAI were up to 65.4 % for
Laboratory D at female levels (Supplementary Tables 5 and
6). Applying external instead of in-house calibration
demonstrated modest deviation of measurements overall,
except for Laboratories D (13.5 %), F (−9.0 %) and G (9.2 %) in
the female range (Supplementary Table 2). Material
HM40123 (target: 40.8 nmol/L) was above most of the mea-
surement ranges, and was therefore not evaluated. Targets
in other materials ranged from 4.68 to 25.05 nmol/L

(Figure 1). When using in-house calibration, trueness ranged
from −7.1 to 15.7 % in HM and in N°302 high materials, with
six laboratories outside of theMAB in twomaterials ormore.
Employing external calibration determined worse (Labora-
tories B and G), similar (Laboratories D, E, H, I and L) or
better (Laboratories C and F) trueness depending on the
laboratory. Interestingly, some methods performed mark-
edly differently with material N°302 low (overall true-
ness: −28.6 to 14.2 %) compared to other materials, such as
Laboratories B, E and L (Figure 1). N°302 low also failed the
commutability test with results either above (Laboratories G
and I) and below (Laboratory L) the agreement interval
(Supplementary Figure 4). Small deviations from commut-
ability were also noted for materials HM40121 (Supplemen-
tary Figure 4). The median inter-laboratory CV was similar
between female and male ranges when using in-house cali-
bration (6.4 and 6.8 %, respectively). However, when applied
to the female range, the external calibration significantly
increased the inter-laboratory CV to 7.6 % (p<0.001) and
cases above MAI from 50 to 81 % (Figure 2 and Supplemen-
tary Table 7). With Passing-Bablok analysis (Supplementary
Figure 1 and Table 2), when using in-house calibration,
methods’ slopes performed better in the female (from 0.979
[0.938–1.000] to 1.100 [1.030–1.177]) than in the male range
(from 0.928 [0.877–0.979] to 1.180 [1.097–1.316]), and were
mostly not significant. Using external calibration resulted in
similar results for male levels, but poorer for female levels
(from 0.913 [0.875–0.944] to 1.090 [1.019–1.143]). Large in-
terceptswere also noted for Laboratories I and L atmale levels,
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which were not corrected by external calibration. With in-
house calibration, the median bias vs. all laboratory median
ranged from −2.7 to 6.5 in the female, and −7.0 to 8.5 % in the
male range (Figure 3, Supplementary Table 8, Supplementary
Figures 5 and 6). External calibration overall enlarged the bias
to −11.3 to 6.6 % in the female and −7.5 to 11.8 % in the male
range. Deviations were mostly within the TAE for both levels
and calibration systems. The largest bias variance, up to 67.6 %,
was noted for Laboratory L in all tested conditions (Figure 3,
Supplementary Table 8, Supplementary Figures 5 and 6). Sup-
plementary Table 9 shows that testosterone measures in the
female range were non different between various laboratories
when using in-house calibration. However, comparability was
observed only in a few cases when using external calibration
and when moving to the male range.

Discussion

Our study contributes to harmonization/standardization
knowledge and status of androgenmeasurement by LC-MS/MS.
While some previous studies have reported on testosterone
and androstenedione, none focused on DHEAS [7–12]. We
interpreted our results on precision, trueness, reproducibility
and agreement by use of maximum allowable performances
calculated from recently updated data on biological variability
[16, 17]. The methods here compared were validated according
to recommended guidelines [20–28]. They encompass different
procedures for sample preparation, LC and calibration.
Methods that includedmeasurements ofDHEASadopted either
positive or negative ionization and four different ion transi-
tions. In contrast, the same ion transition was used by all
methods for testosterone, and all but one for androstenedione.
At least four different IS were used for DHEAS and five for
testosterone and androstenedione quantitation.

According to our data, all except two methods demon-
strated good precision, within or slightly above theMAI. Less
than optimal precision for measurements of androstenedi-
one by Laboratory H may be attributable to use of a non-
matching isotopic IS (D3-testosterone). In contrast, sub-
optimal precision for measurements of DHEAS by Labora-
tory L may have reflected initial inexperience with mainte-
nance of the MS [14, 15]. In EQA materials, deviations of
androstenedione and DHEAS were within ±20 % for all
methods, while trueness for testosterone was within ±15 %.
Of note, some methods exceeded the MAB thresholds.

Although the inter-laboratory performance was gener-
ally acceptable for all three hormones, agreement was less
satisfactory for androstenedione than the other two andro-
gens, both in absolute terms and according to allowable
thresholds. Although the inter-laboratory CVs for DHEAS

and testosterone were within or slightly above the MAI,
those for androstenedione were mostly above the threshold.
All laboratories displayed median bias largely within the
TAE. Unexpectedly, inter-laboratory agreement was similar
or better for testosterone in females than males. This con-
trasts with earlier studies [7, 8, 10, 11], but not with a more
recent one [12].

Some methods displayed relevant random errors as indi-
cated by bias variance. The largest were reported for andro-
stenedione by Laboratory E and H, which may have reflected
use of non-matching isotopic IS 13C3-17OH-progesterone and
D3-testosterone in those respectivemethods. LaboratoryEused
the same 13C3-17OH-progesterone for testosterone measure-
ment, and showed a relatively large bias variance also for this
analyte. These data support the importance of a suitable IS for
the reliability of quantitation. Non-matching isotopic IS may
not efficiently cope for variability in pre-analytics and analytics
[29] and should be avoided. In a study that focused on testos-
terone, itwas even reported that different formsof isotopically-
labeled testosteronemay influence quantitation up to 15% [13].
Differences in the retention times between the analyte and
respective IS, though small in nature, have been suggested to
play a role. Within the current study, methods using the same
IS did not show closer inter-laboratory agreement compared to
others (data not shown). This suggests that the random vari-
ability among LC-MS/MSmethods, i.e., variability not explained
by calibration bias, results from a complex interaction
between individual matrix, extraction procedure, chro-
matographic separation, MS detection and the ability of
the IS to correct for all confounders. Furthermore, several
isobaric compounds exist that may impact the accuracy
of LC-MS/MS quantitation of the three androgens [3].
Notably, only part of the methods verified the resolution
between testosterone and epitestosterone.

Due to different designs among previous studies on
androgen harmonization, direct comparison of those and
our results is not possible. Most studies employed limited
numbers of samples [7–11]. Some, similar to our study, were
ring trials [7, 8, 11, 12], while others included a reference
technique [9, 10]. Overall, our results compare favorably
with most previous studies on testosterone [7, 8, 10, 11] and
androstenedione [7, 8]. We can also confirm previous ob-
servations of higher inter-laboratory agreement for testos-
terone than androstenedione [7, 8]. In addition, our results
compare similarly to a study measuring testosterone in 58
samples comparing four LC-MS/MS to one GC-MS method
[9]. Recently, French et al. [12] compared testosterone
measurements of 102 samples among four LC-MS/MS
methods; they reported a mean bias between −4.9 and
+3.7 %. Such agreement may reflect technical similarities
among investigated methods. Indeed, all were calibrated
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using the NIST SRM 971; four used a C18 stationary phase
and acetonitrile-based mobile phases; three used D3-
-testosterone as the IS; and three used the same sample
extraction procedure [12].

In agreement with our previous reports, the strategy to
unify calibration resulted in different findings depending
on the analyte [14, 15]. Here, this strategy was beneficial for
androstenedione and DHEAS comparability, as it reduced
the CV for both hormones by about a third, and also
enhanced correlation and agreement. Reasons are yet to be
found for the correction of large calibration bias of Labo-
ratories D and H for androstenedione, and of Laboratories
H and I for DHEAS. Notably, improper calibration was not
the reason for proportional overestimation demonstrated
by Laboratory E for androstenedione. Once again, this may
depend on the use of non-matched isotopic IS. As for
testosterone, in line with previous observations [13], cali-
bration was not a relevant source of error. Indeed, external
calibration resulted in contrasting effects on testosterone
trueness, and it worsened the inter-laboratory perfor-
mance in the female range. Such findings are possibly due
to a suboptimal commutability of the serum-derivedmatrix
of the commercial set.

Our study highlighted a remarkable status of harmoni-
zation of androgen measurement by LC-MS/MS methods.
Unfortunately, we were not able to include DHEA in this
report, as only three laboratories measured this analyte, and
levels were below the LOQ in several cases. One limitation is
that no reference is available to assess true methods’ de-
viations in patient samples. In principle, our present and
previous studies support the unification of the calibration
material as a strategy to improve harmonization, provided
that calibrators are traceable to higher order materials or
RMP [14, 15]. However, we repeatedly observed issues with
commutability of calibration matrix that need to be
addressed before such a strategy can be introduced on a
large scale [14, 15]. As reported here for N°302 and previously
[14, 15], EQAmaterials are also not free frommatrix effects. It
is important that commutability is not to be taken for
granted with LC-MS/MS, or the result of these precious sur-
veys may be counterproductive [30]. Sources of variability
other than calibration should be investigated. In these
regards, our study design opens the discussion for the type of
vacuum tube used to derive serum or plasma samples for
steroid investigations.

Satisfactory results were observed for DHEAS and
testosterone. Reasons are possibly found in the wider
availability of EQA surveys for both hormones. Most prob-
ably, testosterone performance benefits from the availabil-
ity of the RMP for assigning target values [31, 32]. Conversely,
no RMP is available for DHEAS [32]. The less than ideal

performance noted for androstenedione may relate to the
scarce availability of surveys for this hormone. Recently, a RMP
has been listed in the Joint Committee for Traceability in Lab-
oratory Medicine [32, 33]. We hope that such an addition will
soon be translated into benefits for EQA surveys. That un-
derlines the importance of a reference measurement system
which generally entails a RMP and higher order reference
materials to improve measurement accuracy and reduce
variability between laboratories. Another important limitation
of EQA materials can be their usual high target values, some-
times even exceeding the calibration range. This implies that
laboratories can only verify their trueness in severe hyper-
androgenic conditions or, for testosterone, in the normal male
range. Contrarily, to ensure effective disease comprehension
and treatment, modern clinical practice and research need to
rely on methods that perform optimally for both sexes and in
physiologic and pathologic ranges.

In conclusion, our study highlights improvements in the
inter-laboratory comparability of androgen measurements
made possible by LC-MS/MS and supports the feasibility of
achieving a successful harmonization and standardization.
In these regards, we shed light on important critical points,
such as commutability of calibrator and EQA materials and
avoiding non-matching isotopic IS, that need to be addressed
to achieve the desirable goal.
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