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Abstract

Objectives: Liquid chromatography-tandem mass spec-
trometry (LC-MS/MS) panels that include glucocorticoid-

related steroids are increasingly used to characterize

and diagnose adrenal cortical diseases. Limited informa-

tion is currently available about reproducibility of these

measurements among laboratories. The aim of the study

was to compare LC-MS/MS measurements of corticoste-

rone, 11-deoxycortisol and cortisone at eight European

centers and assess the performance after unification of

calibration.
Methods: Seventy-eight patient samples and commercial
calibrators were measured twice by laboratory-specific

procedures. Results were obtained according to in-house

and external calibration. We evaluated intra-laboratory

and inter-laboratory imprecision, regression and agree-
ment against performance specifications derived from
11-deoxycortisol biological variation.
Results: Intra-laboratory CVs ranged between 3.3 and
7.7%, 3.3 and 11.8% and 2.7 and 12.8% for corticosterone,
11-deoxycortisol and cortisone, with 1, 4 and 3 laboratories
often exceeding the maximum allowable imprecision
(MAI), respectively. Median inter-laboratory CVs were
10.0, 10.7 and 6.2%, with 38.5, 50.7 and 2.6% cases
exceeding the MAI for corticosterone, 11-deoxycortisol
and cortisone, respectively. Median laboratory bias vs. all
laboratory-medians ranged from −5.6 to 12.3% for cortico-
sterone, −14.6 to 12.4% for 11-deoxycortisol and −4.0 to
6.5% for cortisone, with few cases exceeding the total
allowable error. Modest deviationswere found in regression
equations amongmost laboratories. External calibrationdid
not improve 11-deoxycortisol and worsened corticosterone
and cortisone inter-laboratory comparability.
Conclusions: Method imprecision was variable. Inter-
laboratory performance was reasonably good. However,
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cases with imprecision and total error above the acceptable
limitswereapparent for corticosteroneand 11-deoxycortisol.
Variability did not depend on calibration but apparently
on imprecision, accuracy and specificity of individual
methods. Tools for improving selectivity and accuracy are
required to improve harmonization.

Keywords: 11-deoxycortisol; calibration; corticosterone;
cortisone; harmonization; inter-laboratory performance;
liquid chromatography – tandem mass spectrometry;
method comparison; steroid hormones.

Introduction

The laboratory diagnosis of adrenal diseases is primarily
based on the measurement of selective steroid hormones,
such as cortisol, aldosterone and 17OH-progesterone.
Increasing popularity of multi-analyte panels measured
by liquid chromatography-tandem mass spectrometry
(LC-MS/MS) allows for the investigation of steroids of the
glucocorticoid pathway as potentially relevant players in
the management of endocrine disorders [1–3]. Measure-
ments of corticosterone, 11-deoxycortisol and cortisone in
conjunction with steroids with established diagnostic
relevance are in particular gaining relevance for identifi-
cation and characterization of subclinical and overt
hypercortisolism [4–8], hyperaldosteronism [9–11] and
adrenal cortex tumors [12–14]. Overall, recent studies
highlight the preeminent utility of 11-deoxycortisol as
a biomarker for detecting hypercortisolism and adreno-
cortical carcinoma, and of corticosterone in predicting
the cardiovascular risk in patients affected by mild
autonomous cortisol secretion [2–8, 12–14]. Moreover,
monitoring adrenal steroids in the setting of congenital
deficits in steroidogenesis facilitates identification of
specific enzymes that carrymutations [15–20]. This thereby
complements genetic investigations and assists the iden-
tification of non-classical or heterozygous forms of
congenital adrenal hyperplasia [19, 20].

Despite experimental evidence on the importance
of glucocorticoid pathway steroids as disease-specific
biomarkers or as components of multi-steroidal predic-
tive algorithms, corticosterone, 11-deoxycortisol and
cortisone are rarely measured in clinical practice. There
is also a lack of tools and procedures to assess the quality
of LC-MS/MS determinations. In fact, currently, there
are no reference measurement procedures, nor traceable
matrix-based quality controls [21], and a few quality
assessment (EQA) programs are only available for
11-deoxycortisol and corticosterone. As a consequence,
there is a lack of information about the reproducibility

and accuracy of LC-MS/MS methods for the aforemen-
tioned corticosteroids.

To address this shortcoming, the HarmoSter con-
sortium recently launched a study on the harmonization
of the LC-MS/MS measurement of 10 circulating steroids
[22]. In our first report, we showed that LC-MS/MS
methods characterized by heterogeneous pre-analytical
and analytical methodologies can provide a satisfactory,
albeit improvable, level of harmonization for measure-
ments of cortisol, 17OH-progesterone and aldosterone.
Moreover, we highlighted advantages for the adoption of
a common calibration system [22]. This second report
focuses on evaluation of intra- and inter-laboratory
performance of eight LC-MS/MS methods for measure-
ments of corticosterone, 11-deoxycortisol and cortisone,
and whether adoption of common calibration materials
might improve harmonization.

Materials and methods

Consortium and methods

The study design and Consortium are detailed elsewhere [22]. The
study received approval by the local Ethics Committee (no. 141/2017/
U/Tess). Seven laboratories used laboratory developed tests (LDTs)
(Laboratories B, C, D, E, G, H and I) and one used a commercial kit
(MassChrom®,Chromsystems,Munich,Germany;https://chromsystems.
com) (Laboratory L) for multi-steroid analysis including corticosterone,
11-deoxycortisol and cortisone (Supplementary Table 1). Among LDTs,
Laboratories D and E used the 6PLUS1® Multilevel Serum Calibrator
set (Chromsystems) for in house calibration. Technical details and
in-house measurement ranges for each laboratory are shown in Ta-
bles 1 and 2.

Study samples

Briefly, the sample set included 78 sets of plasma and serum samples
from 26 volunteers (women/men: 13/13; age: 20–69 years). As pre-
viously detailed [22], each volunteer donated blood via three
different vacuum tubes: 1. gel-separator serum, 2. bead clot activator
serum and 3. lithium-heparin plasma. Additionally, the 6PLUS®

Multilevel Serum Calibrator set was provided from Chromsystems
(lot.5016, different from lots used for in house calibration by Labo-
ratories D, E and L) [22]. This external calibration set included
corticosterone, 11-deoxycortisol and cortisone, with respective
measurement ranges of 1.33–139.0, 0.24–40.7 and 2.59–108.0 nmol/L,
and was traceable to methanol certified reference materials (CRM)
from an ISO 17025 and 17034 certified supplier.

Running scheme and quantitation

Samples and external calibrators were measured twice in two
separate runs, each including an independent in house calibration
set, according to protocols ordinarily used by each laboratory.
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Table : Measurement ranges, imprecision and impact of the calibration systems within assay methods.

Analyte Lab In house In house External % p-
Valueb

LLOQ-ULOQ,
nmol/L

n Mean
(min–max),

nmol/L

Intra-lab CV%
(min–max)

n Median
(min–max),

nmol/L

Median
(min–max),

nmol/L

Deviation
(external vs. in

house)

Corticosterone B .–.  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

. <.

C .–.  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

−. <.

Da
.–.  .

(.–.)
.

(.–.)
 .

(.–.)
.

(.–.)
−. <.

Ea .–.  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

. <.

G .–  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

−. <.

H .–  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

. <.

I .–  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

. <.

La .–  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

. <.

-Deoxycortisol B .–.  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

. <.

C .–.  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

−. .

Da
.–.  .

(.–.)
.

(.–.)
 .

(.–.)
.

(.–.)
. <.

Ea .–.  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

. <.

G –  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

. .

H .–  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

. <.

I .–  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

. .

La .–.  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

. <.

Cortisone B .–.  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

. <.

C .–.  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

. <.

Da
.–.  .

(.–.)
.

(.–.)
 .

(.–.)
.

(.–.)
−. <.

Ea .–.  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

. <.

G –  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

−. <.

H –,  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

−. <.

I .–  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

−. <.

La .–.  .
(.–.)

.
(.–.)

 .
(.–.)

.
(.–.)

. <.

aIn-house calibration material from Chromsystems. bValues obtained by in house and external calibration were compared by the Wilcoxon test.
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Quantification was based on in house and external calibration sets
[22]. Use of external calibrators was restricted to those with
concentrations within in house measurement ranges. Calibration
curves displayed R2>0.97.

Data analysis and statistics

All measurements are reported in nmol/L. To convert to ng/mL,
multiply by 0.346 for corticosterone and 11-deoxycortisol, and by
0.360 for cortisone. Results were excluded from the study if they were
below the in house lower limit of quantification (LLOQ) or above the
upper LOQ (ULOQ). Data were also excluded from the external cali-
bration dataset when outside of measurement range. Analyses were
performed on the overall sample set and included the three types of
blood-derived specimens. Means and CVs of duplicate measurements
were calculated (Supplementary Tables 2–4). Since measurements of
glucocorticoid pathway steroids could contribute to diagnosis and
management of patients with certain adrenal diseases, it is important
to establish the allowable performance of measurement methods.
Here, we have defined themaximum allowable imprecision (MAI) and
the total allowable error (TAE) based on available data for within-
subject (CVi) and between-subject (CVg) biological variation [28]. The
following equations were applied accordingly:

MAI=0.5*CVi;

TAE=0.25*(CVi2+CVg2)0.5+1.65*(0.5*CVi) [29].

Data on biological variability were available for 11-deoxycortisol
(CVi: 21.3% and CVg: 31.5%) but not for corticosterone and cortisone
[28, 30]. In absence of specific data, for the purpose of the present
study, MAI (10.7%) and TAE (27.1%) calculated for 11-deoxycortisol
were also used for corticosterone and cortisone evaluations.

Intra-laboratory performance: The CV of each duplicate measurement
was determined as the % of duplicate standard deviation over dupli-
cate mean. The overall intra-laboratory imprecision was determined
as the duplicate measurement CV calculated according to the root

mean square method [31] as follows: CV=
̅̅̅̅̅̅̅̅
1
n ∑n

i=1 D
2
i

√
∗100, where

Di=(xi1−xi2)/ 2̅
√

Xi
, where xi1 and xi2 are duplicatemeasures of each sample,

Xi is the arithmetic mean of the duplicates and n is the total number of
duplicates. Intra-laboratory CVs from each laboratory were then
compared with the MAI. Within-method impact of calibration was
evaluated by the Wilcoxon test and by Passing-Bablok regression.
Slope and intercept coefficients were considered not to significantly
deviate from the line of best fit when their 95% confidence interval
(95CI) contained 1 and 0, respectively.

Inter-laboratory performance: Inter-laboratory analyses were only
performed on duplicate means with concentrations measurable
within measurement ranges of both calibration systems. Moreover,
samples that displayed a CV of duplicate measurements >30% were
excluded (Supplementary Tables 2–4). For each sample, the inter-
laboratory CV among the eight laboratories was calculated. There-
after, the median of all inter-laboratory CVs was used to assess
between-method reproducibility and compared with the MAI.
Between-method regression was assessed by Passing-Bablok anal-
ysis of laboratory values compared to all laboratory medians.

The laboratory %-bias vs. all laboratory median and Bland-
Altman analyses were computed to determine between-method
agreement; results were compared with the TAE. The Wilcoxon
test was used to compare median inter-laboratory CV and median
bias, whereas the F test was used to compare the variance of
laboratory %-bias by in house and external calibration. Statistics
were performed by SPSS (v.20, IBM Co., Somers, NY) and MedCalc
(v.18.2.1; Mariakerke, Belgium).

Results

Corticosterone

Concentrations in plasma and serum samples ranged
from 3.7 to 97.4 nmol/L (median of all laboratories by in
house calibration). The intra-laboratory duplicate mea-
surement CVs ranged from 3.3 to 7.7% (Table 2). The CV of
individual duplicates listed in Supplementary Table 2 were
mostly within MAI except for Laboratory L, which excee-
ded the threshold in 15.4% of samples. The external cali-
bration range was within or slightly above the in house
measurement range of all laboratories. As reported in Ta-
ble 2, the two calibration sets determined significantly
different results within all laboratories (p<0.001), with re-
sults from external calibration that deviated from −11.5 to
11.6% compared to in house values. Passing-Bablok com-
parison of results obtained by the two calibration systems
within laboratories that used Chromsystems calibrators for
in house calibration detected substantial consistency in
Laboratory E and modest deviations in Laboratory D and L
(Supplementary Figure 1).

With results from in house calibration, the median
inter-laboratory CV was 10.0%, though for 38.5% the
inter-laboratory CV was above MAI. Use of external
calibration significantly increased the median CV% to
12.6% (p>0.001) and numbers of results >MAI to 66.7%
(Figure 1).

Passing-Bablok analysis of laboratory results vs. the
median of all laboratories is shown in Figure 2. Slopes
were not statistically different from 1 in four laboratories by
in house and in one laboratory by external calibration; co-
efficients (95CI) ranged from 0.957 (0.944–0.969)
to 1.153 (1.131–1.180) with the former, and from 0.867
(0.852–0.882) to 1.239 (1.203–1.262) with the latter
(Supplementary Table 5).

Figure 3 shows the plot of laboratory bias vs. the
median of all laboratories. In addition, Supplementary
Figure 2 shows the Bland-Altman plots of bias from indi-
vidual laboratories as functions of hormone concentration.
Themedian laboratory bias ranged from −5.6 to 12.3%with
in house, and from−10.1 to 19.5%with external calibration.
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Laboratory L exhibited the largest median bias, while
Laboratory C exhibited the largest variance, with both
calibrations. Cases above TAE were detected in Labora-
tory C and L with in house and in Laboratory C, H and
L with external calibration (Figure 3). Compared to in
house, the external calibration significantly increased
the median bias in five laboratories, but reduced the
variance in one laboratory (Supplementary Table 6).

11-Deoxycortisol

Concentrations in plasma and serum samples ranged
from 0.20 to 3.91 nmol/L (median of all laboratories by
in house calibration). Values from one or more labora-
tories were below the in house and/or the external
calibration ranges in 15 samples, except Laboratory G,
for which 65 samples were below the LLOQ (Supple-
mentary Table 3). The intra-laboratory duplicate mea-
surement CV ranged from 3.3 to 11.8% (Table 2). The CV

of individual duplicates, listed in Supplementary
Table 3, substantially exceeded the MAI in Laboratory C
(11.1% of cases), D (26.9% of cases), E (32.4% of cases)
and L (36.1% of cases). As shown in Table 2, compared
to the in house, the external calibration determined
modest but significant deviations within six labora-
tories (−4.9 to 10.5%; p-values from <0.001 to 0.023).
Passing-Bablok comparison of results from the two
calibrations within laboratories that used Chromsys-
tems calibrators for in house calibration detected strong
consistency in Laboratory L and modest deviations in
Laboratory D and E (Supplementary Figure 1).

With use of the in house set, the median inter-
laboratory CV was 10.7% and cases with interlaboratory
CV >MAI were 50.7%. Use of external calibration did
not significantly modify the inter-laboratory CV (Figure 1).

As shown in Figure 2, Passing-Bablok slopes of
laboratory values vs. medians of all laboratories were
similar to 1 in two laboratories with in house and in three
with external calibration; coefficients (95CI) ranged from

Figure 1: Inter-laboratory coefficients of variation as function of the calibration system. Black dots: in house calibration; white dots: external
calibration. Dashed lines: maximal allowable imprecision (10.7%). The inter-laboratory CV (min–max) was overall lower when using in house
compared to external calibration for corticosterone (10.0% (3.4–29.6%) vs. 12.6% (6.7–31.3%), respectively; p<0.001) and cortisone (6.2%
(3.5–13.5%) vs. 8.1% (3.3–16.6%), respectively; p<0.001). No significant differences were found for 11-deoxycortisol (10.7% (4.5–32.7%) vs.
11.0% (5.1–29.7%), respectively).

Figure 2: Passing-Bablok regression of laboratory steroid measures vs. median of all laboratories when using in house calibration. Slopes
were not statistically different from 1 in four laboratories for corticosterone and cortisone and in two laboratories for 11-deoxycortisol.
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0.895 (0.834–0.951) to 1.125 (1.101–1.158) with the former,
and from 0.892 (0.857–0.931) to 1.137 (1.113–1.171) with
the latter (Supplementary Table 5).

The median laboratory bias vs. median of all labora-
tories ranged from −14.6 to 12.4% with in house and −13.9
to 12.0% with external calibration (Figure 3; Bland-Altman
plots of bias from individual laboratories as functions of

hormone concentration are reported in Supplementary
Figure 3). Laboratory E showed the largest bias, whereas
Laboratory L showed the largest variance with both cali-
brations. A few samples exceeded the TAE in four
laboratories with both calibrations (Figure 3). Compared to
in house, use of external calibration significantly reduced
the median bias in four laboratories, but significantly

Figure 3: %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: mean; error bars: 95% agreement limits; dashed lines: zero ± total allowable error (27.1%).
Median bias were all within allowable limits. However, bias variances were variable among laboratories, on occasion exceeding the allowable
limits. Unifying the calibration system did not result in improving the inter-laboratory agreement.
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increased bias in the others; variance was improved in one
laboratory (Supplementary Table 6).

Cortisone

Concentrations in plasma samples ranged from 38.1 to
75.6 nmol/L (median of all laboratories by in house
calibration). The intra-laboratory duplicate measurement
CV ranged from 2.7 to 12.8% (Table 2). A substantial number
of samples showed a CV of individual duplicates above the
MAI in Laboratory C (16.7% of cases), H (19.2% of cases) and
L (23.1% of cases) (Supplementary Table 4). As shown in
Table 2, change of calibration determined significantly
different results within all laboratories (p<0.001), with
external calibration determining −15.8 to 9.9% deviation
compared with in house calibration. Passing-Bablok com-
parisons of results from two calibrations within laboratories
that used Chromsystems calibrators for in house calibration
were strongly consistent (Supplementary Figure 1).

The median inter-laboratory CV of 6.2% observed with
in house significantly increased to 8.1% with external
calibration (p>0.001), while cases >MAI increased from
2.6 to 26.9%, respectively (Figure 1).

As shown in Figure 2, Passing-Bablok slopes of
laboratory values vs. medians of all laboratories were
similar to 1 in four laboratories with in house and in four
laboratories with external calibration; coefficients (95CI)
ranged from 0.916 (0.875–0.958) to 1.264 (1.149–1.395)
with the former, and from 0.869 (0.829–0.920) to 1.047
(0.998–1.104) with the latter (Supplementary Table 5).

The median laboratory bias vs. medians of all labora-
tories ranged from −4.0 to 6.5% with in house and
from −14.8 to 6.6% with external calibration (Figure 3;
Bland-Altman plots of bias from individual laboratories
as functions of the hormone concentration are reported
in Supplementary Figure 4). Laboratory H and L showed
the largest variance with both calibrations. Bias were
mostly within TAE, except for Laboratory H with the
external calibration (Figure 3). Use of external instead of
in house calibration significantly worsened the median
bias in four, but improved the variance in three labora-
tories (Supplementary Table 6).

Discussion

Our study evaluated the harmonization status for mea-
surements of corticosterone, 11-deoxycortisol and cortisone
according to different LC-MS/MS methods and use of
plasma and serum specimens. MAI and TAE were used to

interpret within- and between-method performance, with
the restriction that these parameters were calculated
from data about biological variability available only for
11-deoxycortisol, andnot corticosterone and cortisone, and
obtained from just two studies that used immunoassays
[28]. Unfortunately, the availability of information on
within- and between-subject variability for steroids
generated by techniques with adequate specificity remains
limited. Nevertheless, there are some studies from which
between-subject variability can be derived [32–34]. There-
fore, we recommend the provision of such information
within the European Federation of Clinical Chemistry and
Laboratory Medicine database for biological variation [30],
so that appropriate performance limits can be established.

Methods investigated here are heterogeneous accord-
ing to many procedural and technical aspects. Moreover,
measurement ranges and analytical sensitivity differed
among methods. The reasons for these differences may
reflect several factors: 1. variable reporting purposes, such
as a focus on the whole pathophysiological range or only
high pathological levels; 2. the MS equipment available
within each laboratory; and 3. the complexity of sample
processing employed before MS analyses. For example,
sensitivity for 11-deoxycortisol measurement is limited
for Laboratory G, according to use of a simple protein
precipitation and associated need for low sample volume.

Intra-assay imprecision was overall satisfactory for
LDTs, even though suboptimal performance was displayed
by some laboratories for 11-deoxycortisol and cortisone. As
discussed in Supplementary Discussion, peak definition
plays a role in intra-assay imprecision [35]. As previously
recognized, the imprecision of Laboratory L, the only
commercial kit user, was larger than expected due to initial
inexperience, during the harmonization study, with
maintenance of the MS ionization source [22]. Therefore,
we recommend that laboratories that employ LC-MS/MS
should have skilled staff and robust standard operating
procedures for instrument maintenance and method
monitoring.

Changing in house with external calibration deter-
mined a negligible deviation within most of the methods,
with a few exceptions up to 15%. For laboratories that use
Chromsystems’ as in house calibrators, this may reflect
variability in handling of materials or lot-to-lot variability.
At variance, for laboratories using gravimetrically deter-
mined standards or CRM diluted in surrogated matrices,
deviations may depend on the accuracy of the dilution and
on commutability of matrices. Due to the endogenous
nature of steroids, none of the calibration matrices used
in this study consisted of native serum or plasma. Even
though participating laboratories and Chromsystems
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verified the adequacy of their calibrators by in house
procedures, we cannot exclude that a certain degree of
intra- and inter-laboratory variability is related to subop-
timal commutability of surrogate matrices.

The overall inter-laboratory performance was mostly
within acceptable specifications. However, imprecision
above the estimated allowable limit was found in a
consistent number of samples for corticosterone and 11-
deoxycortisol. The bias vs. all laboratory median exceeded
the estimated allowable limit only in a few cases. None-
theless, large variance of bias was shown by some
laboratories.

Unified calibration did not substantially improve the
comparability of 11-deoxycortisol, and even worsened
the consistency of corticosterone and cortisone mea-
surements among laboratories. Such a finding indicates
that, in this study, calibration apparently has a minor
impact on overall inter-laboratory agreement compared
to other factors, such as sample preparation, matrix
interference, LC and IS, which can influence not only
sample measurements but also the exactitude and com-
mutability of calibrators. This contrasts with what we
previously reported for cortisol, 17OH-progesterone and,
to a minor extent, aldosterone [22], but is in line with the
study by Owen et al. [36] focusing on testosterone.

The reasons for good consistency in some samples and
suboptimal in others may reflect the features of individual
methods. Here, baseline LC separation among the isobars
corticosterone, 11-deoxycortisol and 21-deoxycortisol was
ensured by all methods. Nonetheless, we could speculate
that the diverse nature of LC methods employed among
laboratories may confer susceptibility of some to other
interfering compounds, which may explain the disagree-
ment occasionally found among measurements [37].

Though speculative, a causative relationship may be
suspected for 11-deoxycortisol since this analyte showed
the poorest inter-laboratory performance and is also that
for which four different isotopically-labeled ISs were
used among the eight laboratories; this compares to two
and three different IS respectively used for corticosterone
and cortisone. As covered in Supplementary Discussion,
IS labeling can influence analyte quantitation by multi-
ple mechanisms [38]. With a focus on testosterone, Owen
et al. [39] described how use of D2-, D5- or 13C3-isotiopically-
labeled IS could influence results up to 15%. However, Loh
et al. [40] found that changing D2- with 13C3-isotope did
not influence measurements of 17OH-progesterone. Such
contrasting findings reinforce the concept that the ability
of the IS to correct for variation in analyte detection
largely depend on the complex interaction among multi-
ple method factors.

As for corticosterone, Laboratory C displayed the largest
variance of bias. Intriguingly, this laboratory used a water
loss (−18 amu) Q1/Q3 transition for the MRM detection of
d8-corticosterone, which may be prone to specificity issues.
The same transition was used by Laboratory D, which,
conversely, did not show the same problem. All laboratories
used the same Q1/Q3 transition for cortisone quantitation
except Laboratory H, which exhibited a large bias.

Finally, another possible source of variability is the
vacuum tube used to collect blood. Indeed, gel containing
tubes have been previously shown to affect steroid
concentrations [41]. A strength of our project is that we
obtained paired blood samples collected with three
different tubes, whose impact on steroid measurement will
be investigated in a dedicated study.

All the above-mentioned potential reasons for differ-
ences in measurements among laboratories are speculative.
Confirmation can only be attained by studies purposely
designed to test the influence of various ISs and of Q1/Q3
transitions on analyte quantitation, as well as the efficacy of
novel technologies empowering LC resolution in the sepa-
ration of interfering species. Such studies could help to
identify and correct causes of inaccuracy andwould result in
improved measurement harmonization. Ideally, technical
issues should be resolved before entry of assays into the
clinical routine. Until analyte- or panel-specific guidance is
provided to optimize LC-MS/MS performance, recommen-
dations can only be directed toward careful method valida-
tion and EQA scheme participation. Over the time period of
this study, only two laboratories participated in EQA pro-
grams for serum corticosterone and 11-deoxycortisol. To
date, only a few EQA schemes are available for these two
analytes, but not for serum cortisone, and materials
distributed are not traceable. EQA schemes based on trace-
able matrix-based quality controls should be imple-
mented for these and other steroids that enter the clinical
arena [21, 42, 43]. In such a frame, our study represented
aunique opportunity for laboratories to verify their
performance.

All centers are ISO accredited, however, only three
laboratories have the LC-MS/MS measurement of serum
corticosterone, 11-deoxycortisol and cortisone specifically
included in the accreditation list. Of note, subdividing the
consortium according to the clinical or research function
did not help elucidating reasons for the observed inter-
laboratory agreement (data not shown).

As previously recognized, a limitation of our study is
that no reference method was involved. Therefore, we
cannot establish the exact accuracy of individual methods.
Furthermore, the sample size was not entirely compliant
with guidelines [42]. In addition, our study focused on
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basal blood collections. Future studies could be enlarged
to dynamic tests to yield low and high levels of adrenal
steroids.

In conclusion, our investigations of interlaboratory
comparability of LC-MS/MS measurements of corticoste-
rone, 11-deoxycortisol and cortisone indicated reasonable
agreement among methods. Failure to improve harmoni-
zation with a common calibration system indicates that
identification of other sources of disagreement, such as
method imprecision, accuracy and specificity,may provide
solutions to improve inter-laboratory performance. Our
results suggest that harmonization of steroid measure-
ments by LC-MS/MS is feasible. Such harmonization may
facilitate correction of current shortcomings in assay per-
formance that hamper the reproducibility of scientific
findings, confound diagnoses or therapeutic monitoring,
and prevent the establishment of consensus reference
intervals.
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