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ABSTRACT

Background: Over the past decade the use of LC-MS/MS has increased significantly in the hospital laboratories.
Clinical laboratories have switched from immunoassays to LC-MS/MS methods due to the promise of improve-
ments in sensitivity and specificity, better standardization with often non-commutable international standards,
and better between-laboratory comparison. However, it remains unclear whether routine performance of the LC-
MS/MS methods have met these expectations.

Method: This study examined the EQAS results, from the Dutch SKML, of serum cortisol, testosterone, 250H-vita-
minD and cortisol in urine and saliva over 9 surveys (2020 to first half of 2021).

Results: The study found a significant increase in the number of compounds and in the number of results
measured in the different matrices, with LC-MS/MS over a period of eleven years. In 2021, approximately 4000
LC-MS/MS results were submitted (serum: urine: saliva = 58:31:11%) compared to only 34 in 2010.

When compared to the individual immunoassays, the LC-MS/MS based methods for serum cortisol, testosterone
and 250H-vitaminD showed comparable but also higher between-laboratory CVs in different samples of the
surveys. For cortisol, testosterone and 250H-vitaminD the median CV was 6.8%, 6.1% and 4.7% respectively for
the LC-MS/MS compared to 3.9-8.0%,4.5-6.7%, and 7.5-18.3% for immunoassays. However, the bias and
imprecision of the LC-MS/MS was better than that of the immunoassays.

Conclusion: Despite the expectation that LC-MS/MS methods would result in smaller between-laboratory dif-
ferences, as they are relatively matrix independent and better to standardize, the results of the SKML round
robins do not reflect this for some analytes and may be in part explained by the fact that in most cases laboratory
developed tests were used.

1. Introduction

from cross-reacting substances, especially at low analyte concentrations,
as demonstrated for example for testosterone in neonates [1], or for

For the past fifty years hormone analysis has been carried out using
immunoassays (IAs). While these assays have many advantages such as
sensitivity, relatively speed of analyses, automation, wide applicability,
their effective use require not only technical skills but also knowledge of
potential pitfalls. One major issue with immunoassays is interference

25hydroxyvitaminD (250H-VitD) [2]. Binding proteins can also cause
interference, as seen with cortisol [3]. With the introduction of mass
spectrometry in the clinical laboratories a new technique came available
to overcome these problems [4]. The benefits that LC-MS/MS methods
offer over immunoassays for small molecular compounds, such as
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steroids and vitamins, were addressed a decade ago [5,6] and include
the use of stable isotope labeled internal standards (IS), sensitivity and
specificity. It was not until 2010 when the first LC-MS/MS determined
results (for 250H-VitD) were submitted to the Dutch external quality
assurance program (SKML, Foundation for Quality Control of Medical
Laboratories). In the years that followed, an almost exponential rise in
LC-MS/MS submitted results was observed.

LC-MS/MS has become a routine diagnostic tool in clinical labora-
tories and has undergone several innovations over the past 10-20 years
allowing for its integration into daily diagnostic practice. This in-
novations include automated pre-analytical procedures, faster analysis,
increased sensitivity and specificity of the instruments, the possibility of
profiling, an increasing availability of ready-to-use kits, and improved
software making it easier to use. Additionally, there has been an expo-
nential increase in the number of publications on LC-MS/MS analyses on
a wide range of analytes.

Mass-spectrometry is often used for the development of a ‘gold
standard’ method not only for the measurement of small molecular
analytes such as steroids, but also for peptides, proteins and metabolites.
Many LC-MS/MS based methods can be found in the database of The
Joint Committee for Traceability in Laboratory Medicine [7]. Given the
superior performance of LC-MS/MS, the Endocrine Society recom-
mended in a Position Statement that LC-MS/MS should be used for the
measurement of testosterone and free testosterone [8]. Furthermore,
there is a trend in guidelines recommending LC-MS/MS, for example for
measurement of steroids in congenital adrenal hyperplasia [9] or in
polycystic ovary syndrome [10].

Most clinical laboratories use LC-MS/MS to measure low molecular
weight compounds, often in a multiplex panel. However, for some
methods, [As are the preferred or even the only option due to the urgent
need for test results in acute patient care setting.

There are high expectations regarding the performance of LC-MS/
MS, but the question remains whether these expectations have been
met. The study aims is to evaluate the between- and intra-laboratory
performance of LC-MS/MS results compared to immunoassay methods
for some analytes, by reviewing 9 surveys of EQAS data (between 2020
and 2022).

2. Materials and methods
2.1. EQA round robins

The Dutch external quality organization (SKML) organizes 6 round
robins annually for hormones and vitamins in blood, urine, and saliva.
Each round robin includes two specimens of frozen human serum, urine,
or saliva, without stabilizers, each containing different concentrations of
hormones and/or vitamins. The basic material used is serum from
healthy blood bank donors, or saliva and urine from healthy individuals.
In some rounds serum from only men, or only women either below 40
years or above 50 years of age, is used to obtain high or low concen-
trations of testosterone or estradiol. About half of the samples are spiked
with the appropriate steroids. Every year, twelve samples are sent on dry
ice to the participants. The participants analyze the appropriate sample
each month and report the results online to the SKML. The SKML sends a
report after the completion of a set of two samples, resulting in six re-
ports being sent to the participants.

Currently, target values are set per sample for testosterone, cortisol,
250H-VitD. The concentrations in the EQAS samples of steroids, that
were used for the Figs. 2 to 4, ranged for cortisol (serum) from 222 to
1085 nmol/L, for testosterone from 0.97 to 43 nmol/L, for 250H-VitD
from 55 to 133 nmol/L, for cortisol (urine) from 89 to 646 nmol/L
and for cortisol (saliva) from 0.6 to 47 nmol/L. About half of the samples
are native samples the other half are spiked with the appropriate steroid.

Cortisol target values were established based on the results from an
LC-MS/MS method that participates in an independent international
EQA program. The samples were determined based on a GC-IDMS
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Fig. 1. Number of results per year for hormones, vitamins and metabolites in
EQAS samples obtained by LC-MS/MS measurements. All parameters are in
serum, unless indicated otherwise.

reference method and the IFCC cortisol reference serum panel. Trace-
ability was ensured by using NIST 921 certified standard, with an ac-
curacy matrix check using ERM-DA192 and ERM-DA193, which are
IRMM certified cortisol samples in lyophilized human serum.

For testosterone a CDC-certified testosterone LC-MS/MS method was
used for the assignment of targets [11]. For 250H-VitD the median value
of four LC-MS/MS laboratories was used. These laboratories participated
in an interlaboratory survey, using samples measured with a reference
measurement procedure [2]. For cortisol in urine and saliva, the all
laboratory trimmed mean (e.g. excluding outliers) was used as the target
value for each sample.

2.2. Statistical analysis

Statistical analysis was performed using IBM SPSS statistical soft-
ware for Windows version 27.0 (IBM Corp., Armonk, N.Y., USA). The
data presented in this study was collected from the EQAS 2010-2021
schemes of hormones of the Dutch SKML and all data were anonymized.
Method comparison was possible for cortisol, testosterone and 250H-
VitD in serum, as results from both LC-MS/MS and several IA methods
were available. For cortisol in urine and saliva both LC-MS/MS and,
when available, IA methods were used. The within-method coefficient of
variation (CV) was calculated for each method per sample. At least 4
laboratories using the same method were required to provide their re-
sults per sample, measured in singular as for patient samples. The CV’s
of 18 samples, covering 9 rounds, from 2020 and 2021 (round 1-3) were
grouped. For cortisol and testosterone (for which log-transformed data
were used) average CVs per sample were statistically compared only
between the LC-MS/MS method and the IAs using the Welch’s one-way
ANOVA, because of unequal variances, and post hoc Tamhane multiple
comparison test (adjusted P values < 0.05). For 250H-VitD the non-
parametric Kruskal-Wallis H test was used.

For rounds of 2020 and 2021 (round 1-3) the mean percentage of
bias and the standard deviation of these bias values were calculated for
four steroids. The mean within-laboratory bias was determined by
calculating the average bias per round, compared to the target value for
cortisol, testosterone and 250H-VitD, or compared to the median value
of the results per sample for cortisol in urine.

Sigma metrics can be used as a tool to assess the performance of an
analytical assay on the Six Sigma scale based on the total allowable error
(TEa) and the bias. The ideal goal is to achieve Six Sigma, meaning that
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Fig. 2. Average between-laboratory CV per sample for serum cortisol, testosterone and vit-D, as grouped by method, for 18 samples in the Dutch EQAS. Results from
2020 (round robin 1 to 6) and 2021(1 to 3). The median value of each method is given (horizontal line). Only statistical significant difference (adjusted p<0.05)

between LC-MS/MS and an immunoassay is given by an asterisk.
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Fig. 3. LC-MS/MS performance over 9 rounds (18 samples) of individual laboratories for five analytes. Same letter on X-axis corresponds to same laboratory. The
average within-laboratory bias (right Y-axis; dots) and average imprecision (SD) of the bias (left Y-axis; bars) is given for the year 2020 to the first half of 2021.

six standard deviations of an analytical procedure can fit within the
defined tolerance limits. Three-Sigma (3c) is commonly accepted as the
minimum quality (marginal performance) for a procedure while 26 in-
dicates poor performance [12]. A figure can be constructed with the
observed imprecision (X-axis) and the observed inaccuracy (Y-axis).
Lines, representing 2¢ and 3¢ quality are drawn from + TEa and -TEa (Y-
intercept) to TEa/2 and TEa/3 (X-intercept) for the 20, and 3o lines.

The Sigma quality of an analytical method can be calculated as fol-
lows [13]:

Sigma = (%TEa - |%bias|) / %CV and TEa = Bias + 1.65*0.5*CVi.

The bias is the observed systematic error, which is calculated as
0.25%(CViZ + CVg®)”, were CVi and CVg are respectively the intra-
individual and interindividual CV for the analytical method.

The mean bias per method was calculated by comparing it to the
target value of the EQA sample. The values of CVi and CVg for testos-
terone, cortisol and 250H-VitD were obtained from the EFLM database,
and the calculated TEa values were 16.5%, 26%, and 12.4% respec-
tively. [14]. However for urinary cortisol only one study was included in
the EFLM database and for salivary cortisol two studies were available,
but they had significantly different VCi and VCg values [15]. For urinary
cortisol a TEa of 65% can be calculated while for salivary cortisol we
used the higher CVi and CVg and calculated a TEa of approximately 40.
%.

3. Results

The number of LC-MS/MS results increased from 34 in 2010, 333 in

2015 with ratios of serum, urine, and saliva samples of 58%, 37% and 5
%, respectively. This number has increased to over 4000 in 2021 with
serum, urine, and saliva ratios of 58%, 31%, and 11% respectively. Fig. 1
illustrates this increase of SKML results obtained by LC-MS/MS methods
over time. Results for cortisol in urine and saliva, serum 17-OH pro-
gesterone and androstenedione are now almost exclusively reported
using LC-MS/MS. In a recent survey (round robin 2022-1) 27% of all
results in the steroid and vitamin selection of methods were determined
with LC-MS/MS.

In the Dutch EQAS reports it was striking that on average the
between-laboratory CVs of LC-MS/MS methods were comparable to
those of IAs, but in some of individual samples, were sometimes higher
compared to those of IAs. Fig. 2 provides an overview of the variability
per method for serum cortisol, testosterone and 250H-VitD. Each dot
represents an average between-laboratory CV for each sample, for the
rounds 2020(1 to 6) and 2021 (1 to 3). The number of the laboratories
for each method is given in Table 1. A statistical significant difference
between the LC-MS/MS and the different IAs is indicated by an asterisk.
For cortisol the between-laboratory CV was highest for the LC-MS/MS
method in 3 out of 18 samples, and for testosterone it was highest in 1
out of 18 samples. However, for 250H-VitD, the LC-MS/MS method had
the lowest CV in 9 out of 18 samples. For cortisol the median CV is 6.8%
for the LC-MS/MS compared to 3.9-8.0% for the median CV’s of the IAs.
For testosterone it is 6.1% compared to 4.5-6.7% respectively and for
250H-VitD it is 4.7% compared to 7.5-18.3% respectively. For 250H-
VitD, LC-MS/MS method has the lowest median CV.

In Fig. 3, the mean bias and standard deviation (SD) of the bias
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combination from results of 2020 (round robin 1 to 6) and 2021(1 to 3).

Table 1
Number of laboratories for each analyte, per method and per sample.
cortisol
cortisol testosterone 250H-vitaminD Saliva Urine
LC-MS/MS 8-10 11-15 5-6 17-24 16-22
Architect 6-8 5-7 5-7 NA NA
Access 6-9 5-9 8-11 NA NA
Liaison NA NA 5-7 NA NA
Cobas 46-50 37-40 50-58 6-9 NA
Centaur 5-6 NA 5-6 NA NA
Atellica 7-9 5-8 6-11 NA NA
Immulite 5-7 NA NA NA NA

NA = not available.

resulting from 2020 (round 1 to 6) and 2021 (round 1to 3) of individual
laboratories only using LC-MS/MS is shown. In addition to the data from
serum cortisol, testosterone and 250H-VitD, urinary and salivary
cortisol, for which only LC-MS/MS data were available, are also pre-
sented. The average bias (range) for serum cortisol is —0.24% (-10.3 to
+ 6.3%), for testosterone —0.71% (-13.4 to + 5.8%), for 250H-VitD +
0.55% (range —3.5 to + 3.2%) and for cortisol in urine —0.10% (-14.7 to
+ 11.5%) and for cortisol in saliva: 0.54 (-17.3 to + 19.6%). Large dif-
ferences between laboratories are observed, and some laboratories show
3 to 4 times higher SD(bias) than others. During the investigated period,
some laboratories sent results for more analytes (same letter on x-axis).
Laboratory A performed for all five analytes with an SD-bias and mean
bias below 10%, and laboratory C, E, J for three analytes, while the
others performed more variable, mostly with a higher SD-bias. The high
bar (bias) in the testosterone part of the figure for one laboratory is due
to abnormal results in various rounds. Overall, 10 of the 74 mean bias
results (dots in Fig. 3), produced by 51 laboratories, exceed 10% for one
or more of the analytes, and 30 results have a bias exceeding 5%.

The results of the average imprecision and bias per method for [As
and LC-MS/MS for serum cortisol, testosterone, 250H-VitD, and for
urine and saliva cortisol (where only LC-MS/MS methods were reported)
are presented in a Sigma metrics plot (Fig. 4). A sigma proficiency
assessment chart was constructed from survey data of 18 EQA samples
(2020 to 2021 round 1-3) according to Westgard [12]. It is common
practice to use 3-sigma as the minimum quality requirement. For serum
testosterone, cortisol, and 250H-VitD, the observed inaccuracy (%bias)
per method for individual EQA samples for IAs often exceeds the 2 sigma
lines (blue lines), and for 250H-VitD IAs, it is also due to higher
imprecision. The LC-MS/MS methods show imprecision and bias results
that exceed the 3 sigma lines: for serum cortisol, testosterone, 250H-
VitD, cortisol in urine and cortisol in saliva, it is 1, 13, 12, 0, and 5
data points, respectively, and for the 2 sigma lines it is 0, 2, 10, 0, and 3
data points respectively. For testosterone the Access IA method showed
a median bias of —14% and only one of the data points lie within the 3
sigma lines. It is remarkable that the LC-MS/MS methods for 250H-VitD
show an average bias of + 6.8% (-1 to + 13%).

4. Discussion

The introduction of the LC-MS/MS in the diagnostic laboratories
have many advantages, as previously discussed. A major advantage in
pediatric endocrinology is the profiling capability of a steroid panel,
especially when limited sample volumes are available. In comparison to
IAs, LC-MS/MS offers relatively low reagent cost per sample. However,
the high costs of purchasing LC-MS/MS equipment and the need for
well-trained technicians can be significant obstacles to implementing
the LC-MS/MS in many diagnostic laboratories [6]. Additionally, LC-
MS/MS analyses are usually performed in batches, making it difficult
to obtain results on the same day, let alone within 1 to 2 h as is possible
with automated IA platforms.

LC-MS/MS is commonly used for small molecules in blood, urine,
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and saliva and its value in routine diagnostics is evident in the expo-
nential increase in reported results in the Dutch EQAS for endocri-
nology. Moreover, an increase in the number of routinely measured
analytes with LC-MS/MS over the years has been observed.

Results from the Dutch EQAS indicate that for certain analytes, the
LC-MS/MS within-method CV is not consistently better than that of the
IAs. For a few serum samples the LC-MS/MS within-method CV for
cortisol and testosterone were occasionally higher than that of some IAs.
For 250H-VitD, however, the median method-CV is lower for LC-MS/MS
than for the IAs, although there is overlap in the range of individual CV’s
per sample with the IAs. This is also reflected in Fig. 3, where a large
variation in the SD-bias is seen, especially for cortisol in urine and saliva,
among laboratories that use LC-MS/MS. During the investigated period,
certain laboratories (identified by the same letter on the X-axis), sub-
mitted results for more analytes, with low SD-bias and mean bias, while
others exhibited greater variability. Although based on small numbers, it
might indicate that some laboratories have more reliable and stable
methods.

One of the main advantages for LC-MS/MS analysis is better stan-
dardization due to its relative matrix independence and better selec-
tivity than IAs, which rely on the antibodies used. Despite this, as shown
in Figs. 2 and 4, the observed average imprecision of the LC-MS/MS
methods for serum cortisol and testosterone is no better than that of
the different IAs. For testosterone in Fig. 4, the negative bias of the
Access IA for 17 out of 18 samples, suggests a standardization issue The
negative bias was comparable to the average 9% lower results in a recent
comparison of the Access analyzer to an LC-MS/MS method [16].

For 250H-VitD, the imprecision is, on average, better than that of the
IAs. However, the bias of the LC-MS/MS methods, as seen in Fig. 4 is
superior to those of the IAs, with a small range of bias, near zero bias, for
the 18 EQA samples compared to a much broader range for the IAs. The
average bias of + 6.8% for the LC-MS/MS method might be explained by
interference of some methods by the 3-epi-250H-VitD [17].

Several factors may contribute to the relatively high imprecision,
including the fact that many LC-MS/MS methods used in diagnostic
laboratories are laboratory-developed tests (LDTs), often due to the
absence of commercial kits or because the need for a specific combi-
nation of analytes. The LDTs in use in the different laboratories differ in
several steps of the complete procedure, such as sample handling,
chromatographic conditions, LC-MS/MS settings, use of different stan-
dards and internal standards, no uniformity in the system suitability
checks, difference in skills of technicians and differences in the criteria
used for the evaluation of the assays.

4.1. How to improve the LC-MS/MS performance?

How can the performance of LC-MS/MS methods be improved? The
use of common calibrators for LDT LC-MS/MS methods has been shown
to lead to an improvement, as demonstrated for the 250H-VitD assay
method [18], and for tacrolimus [19]. However, Owen et al demon-
strated in an experiment amongst fifteen LC-MS/MS LDT users for
testosterone in the UKNEQAS that the use of common serum based
calibrators did not improve between-laboratory CV [20]. Therefore, the
use of a common calibrator might be part of the solution, but other
factors in the preparation and analysis of the samples and calibrators are
also crucial to improve LC-MS/MS performance. Even the choice of an IS
can affect the LC-MS/MS results: Owen and Keevil demonstrated that the
use of D5 and 3C13 IS for testosterone gave lower results compared to
the use of a D2 IS [21]. Moreover, in hospital laboratories working with
highly complex blood, urine, and saliva samples with potential drug
interference and variable protein and electrolyte composition, as well as
different MS instruments, a thorough investigation of matrix effects and
transition selectivity should be an essential part of the method
validation.

Before the introduction of a method in routine clinical diagnostics, it
is important to subject the method to careful and structured validation.
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Guideline C62-A of the Clinical and Laboratory Standard Institute
(CLSID), provides guidance for, among other things, LC-MS/MS method
development [2223]. Vogeser et al have also published a set of 35
fundamental and 15 variable method characteristics as a tool to stablish
a universal description of any LC-MS/MS method, making it easier to
implement a method, developed in one laboratory in other laboratories
with different equipment and conditions [24]. Recently, there has been
useful adaptations to the CLSI 62-A guideline for LC-MS/MS method
validation when negative (lacking the substance of interest) samples are
not available [2]. When laboratories take the time and have the disci-
pline to describe their LC-MS/MS methods in detail as suggested by
Vogeser and Stone and follow the CLSI C62-A guideline for validation,
this is likely to improve the quality of LC-MS/MS assays. Additionally,
laboratories in the European Union are required to comply with the new
EU IVDR regulations (2017/746), which state that LDTs may only be
used when there is no equivalent commercial device available on the
market with an appropriate level of analytical and clinical performance
[25], which further emphasizes the need for laboratories to improve
their LDTs.

5. Conclusion

LC-MS/MS has now established a permanent place in clinical diag-
nostic laboratories. While the overall bias is better compared to the IAs,
for some analytes, there is still room for improvement in terms of be-
tween laboratory variation. Several factors are likely to contribute to
this variation. Hopefully, this variation can be minimized through
standardization and a rigorous implementation of validation protocols,
enabling LC-MS/MS to fully deliver on its promises.
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