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Abstract

Objectives: This article defines analytical performance
specifications (APS) for evaluating laboratory proficiency
through an external quality assessment scheme.
Methods: Standard deviations for proficiency assessment
were derived from Thompson’s characteristic function
applied to robust data calculated from participants’ sub-
missions in the Occupational and Environmental Labo-
ratory Medicine (OELM) external quality assurance
scheme for trace elements in serum, whole blood and
urine. Characteristic function was based on two param-
eters: (1) β – the average coefficient of variation (CV) at
high sample concentrations; (2) α – the average standard
deviation (SD) at low sample concentrations. APSs
were defined as 1.65 standard deviations calculated by
Thompson’s approach. Comparison between OELM robust

data and characteristic function were used to validate the
model.
Results: Application of the characteristic function allowed
calculated APS for 18 elements across three matrices. Some
limitations were noted, particularly for elements (1) with no
sample concentrations near analytical technique limit of
detection; (2) exhibiting high robust CV at high concentra-
tion; (3) exhibiting high analytical variability such as whole
blood Tl and urine Pb; (4) with an unbalanced number of
robust SD above and under the characteristic function such
as whole blood Mn and serum Al and Zn.
Conclusions: The characteristic function was a useful
means of deriving APS for trace elements in biological fluids
where biological variation data or outcome studies were not
available. However, OELM external quality assurance
scheme data suggests that the characteristic functions are
not appropriate for all elements.
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Introduction

Clinical laboratories play a significant role in the diagnosis,
treatment and follow-up of diseases and must provide the
highest possible quality of results. To ensure reliable and
relevant results, laboratories use internal and external
quality controls. Internal quality controls allow to validate
patient’s results daily and to follow the imprecision. In
contrast, external quality assessment schemes (EQAS) allow
to verify accuracy retrospectively and occasionally. This
latest verification is based on standard deviations (σEQAS)
and analytical performance specifications (APS) defined by
the organizer. Organizers of EQAS provide a report to the
participants that compares the submitted results with an
assigned value and indicate whether the deviation from the
assigned value achieved by the laboratory is acceptable. APS
define upper and lower acceptable limits [1] and σEQAS is
used to grade participant’s results.

Participant’s scoring

As indicated above, laboratory performance can be graded
by evaluation against acceptability criteria set by EQAS or-
ganizers. Themost commonmethod for scoring quantitative
results in an EQAS is through the use of a z-score. They
compare the difference between a participant’s result (xi)
and a value assigned to the sample (X) with a standard de-
viation (SD) defined by the EQAS organizers (σEQAS), ac-
cording to Eq. (1):

Z − score = (xi − X)/σEQAS (1)

Determination of standard deviation for
EQAS

ISO 13528 [2] presents various approaches to determine the
standard deviation (SD) for proficiency assessment (σEQAS).
These include prescribed values (i.e. from legislation); per-
formance levels that experts in the field wish to achieve; SD
derived from general models of interlaboratory variability.

The European Federation of Clinical Chemistry and
Laboratory Medicine (EFLM) [3] have recommended setting
analytical performance specifications (APS) as a percentage
of sample concentration based on either clinical, biological
or analytical information.

Ideally, performance requirements should reflect clin-
ical needs derived from outcome studies. This approach is
however difficult to apply [4, 5]. It requires cut-off concen-
trations that generate a modification in patient follow-up or

treatment with limited risk of error [5–8]. Currently, insuf-
ficient information is available to permit a clinical outcome
approach for most trace elements. Thresholds have been
proposed for Cd related renal damage [9] and for Pb neuro-
and repro-toxicity [10]. The American Heart Association has
recently reviewed the link between As, Cd and Pb exposures
and cardiovascular risk [11].

APS based on components of biological variation,
namely, within- and between-subject variation, have been
considered the most appropriate approach [4, 12, 13].
However, since reliable and relevant biological variation
data are available for only a few essential trace elements
[14–16], the application of this model is limited. In addition,
results from different studies may be discrepant. These
differences can often be attributed to study design,
analytical technique used and statistical treatment of re-
sults [17, 18]. Considering these difficulties, the EFLM have
proposed a standard protocol for assessing biological
variation and the criteria applied for their critical appraisal
[14, 18–21]. Studies following these protocols have been
published using steady state conditions in healthy pop-
ulations [15, 20]. These studies confirmed previous esti-
mates for serum Cu, Se and Zn [15, 22] though high
individual variability was observed for Se and Cu [15]. Data
on biological variation are regularly updated on the EFLM
website [14].

The state-of-the-art approach to defining APS considers
the relationship between interlaboratory variability (as co-
efficient of variation (CV) or SD) and mass fraction [4, 23, 24].
These models are useful when no robust biological varia-
tion data are available [25]. A deficiency of this approach
occurs when the CV expands asymptotically at concentra-
tions approaching the limit of detection. To alleviate this,
Thompson [23] proposed a characteristic function with
empirically determined variables which model the CV both
at low and high concentrations. This function was applied
to Cd, Hg, Pb and Mn in whole blood and urine using data
from interlaboratory comparisons [26, 27].

Objective of the article

The objective of this paper was to investigate the suitability
of Thompson’s characteristic function [23] to set APS for the
six countries federated Occupational and Environmental
Laboratory Medicine (OELM) EQAS [28]. Data usedwere that
had been collated from this scheme in the years 2011–2021.
Criteria for the validation of Thompson’s function were
proposed. Performances of the federative scheme were
compared to biological variation datawhere available and to
outcome approach for some toxic elements.
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Materials and methods

OELM Federate EQAS design

To overcome difficulties linked to limited numbers of par-
ticipants and differences in performance evaluation, the
federated OELM EQAS was established in April 2011,
providing determinations of eight trace elements in serum.
Subsequent expansion of the program added whole blood,
urine and additional serum trace elements. Currently, the
OELM EQAS offers 19 elements in urine, 11 in whole blood,
and 11 in serum [28].

All samples were prepared at the MCA Laboratory
(Queen Beatrix Hospital, Winterswijk, Netherlands) ac-
cording to standard procedures [29]. Human blood and urine
were collected from donors under informed consent. Serum
sampleswere prepared frombovine serum. For eachmatrix,
two primary pools were supplemented with a complemen-
tary set of inorganic salts of selected elements. Then, these
two primary pools were mixed in different proportions to
obtain 12 individual secondary pools of various trace
element concentrations. Each secondary pool was halved
into two aliquots that were assigned different codes to form
24 samples that were shipped to national organizers for
distribution to their participants.

Results of sample pairs and analytical technique were
collected each month by electronic submission. Robust
means, SD and CV were calculated according to algorithm
A [2] for all participants and grouped by analytical tech-
nique i.e. electrothermal atomic absorption spectrometry
(EAAS), flame atomic absorption spectrometry (FAAS),
inductively coupled plasma –mass spectrometry (ICP-MS),
inductively coupled plasma – optical emission spectros-
copy (ICP-OES) or colorimetry.

Laboratory performances were graded using APS
initially agreed by the organizers using previously available
information.

Thompson’s characteristic function
parameters

The characteristic function of Thompson [23] was applied to
evaluate fitted CV and SD data (CVR(fit) and sR(fit)) based on
laboratory capability for each element and sample matrix.
The calculation of parameters required several steps. First,
“Algorithm A” [2] was applied to the participants’ results
submitted for each sample in order to determine the robust
mean (C) and robust standard deviation (sR). Second, three
parameters (CVR, β, and α) were calculated based on C and sR.

Coefficients of variation (CVR) were calculated by dividing sR
by C. The parameter β represents the CVR at high concen-
trations andwas determined by classic mean CVR of samples
with relatively high levels. The parameter α describes sR at
low concentrations characterized by asymptotically in-
crease in CVR where available. The individual α values were
calculated using Eq. (2):

a =
̅̅̅̅̅̅̅̅
s2R − β2C2

√
(2)

The overall α value was determined by calculating
classic mean of α values at lower concentrations. After the
empirical determination of all parameters, the fit for sR vs. C
was determined using Eq. (3):

sR(fit) =
̅̅̅̅̅̅̅̅
α2 + β2C2

√
(3)

The fit for CVR vs. C was determined by dividing sR(fit) by
C to obtain CVR(fit).

Analytical performance specifications

APS define the upper and lower acceptance limits around the
assigned value [1]. An acceptable participant’s result must
fall within the range defined by the value assigned plus or
minus APS. APS was calculated with a 90 % probability ac-
cording to Eq. (4) [22, 30–32]:

APS = 1.65 sR(fit) (4)

Validation of Thompson’s characteristic
function

Characteristic functions are suitable when sR of the inves-
tigated samples are close to sRfit and equally distributed
around the curve. In contrast, characteristic functions may
be inappropriate because of systematic (bias) and random
(imprecision) variations of sR.

In cases of bias (systematic error), there is an unbalance
between sRs under and above the characteristic functions. If
too many sRs are under the curve, derived APS are too
lenient: too many laboratories receive satisfactory z-scores.
If too few sRs are under the curve, derived APS are too
stringent: too many laboratories receive unsatisfactory
z-scores. The percentage of sR below the characteristic
functions were used as an index of bias. Validation criteria
were chosen empirically: a percentage between 40.0 and
60.0 %was considered satisfactory, between 30.0 and 39.9 or
60.1 and 70.0 questionable, and lower than 29.9 or higher
than 70.1 unsatisfactory.
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In instances of imprecision (random error), there are
too many sRs far above or far under the characteristic
functions. For a sample with an sR far above the curve there
will be too many laboratories with a poor z-score and vice
versa. The percentage of absolute difference between sR and
sRfit lower than 0.5 sRfit was used as an index of imprecision.
Validation criteria were chosen empirically: a percentage
higher than 90.0 % was considered satisfactory, between
80.0 and 89.9 % questionable and lower than 79.9 %
unsatisfactory.

Influence of analytical techniques on
performances

Comparison of performance from different groups of
analytical techniques (ICP-MS, EAAS, FAAS and colorimetry)
were evaluated using a Mann–Whitney U test when
participant numbers in the various groups exceeded 15
(Supplementary Material, Table S1).

Results

Data used for analysis

In this study, data for all participants from 2011 to 2021 were
used for those elements and matrices with a sufficient

number of participants (average ≥15) that had been sub-
mitted over at least eight cycles. The number of participants
and trace element concentrations varied according tomatrix
and element as shown in Table 1.

Over ten years, participant laboratories and analytical
techniques used varied. ICP-MS users increased while EAAS
users decreased. Participant numbers varied after leaving
the United Kingdom National External Quality Assessment
Service in 2012 and with the inclusion of federate partners,
the Spanish Society of Laboratory Medicine, and the Royal
College of Pathologists of Australasia Quality Assurance
Program that joined the OELM in 2012 and 2014, respectively.

The effect of analytical technique on robust means and
robust CV could only be assessed on whole blood Cd and Pb,
serum Al, Cr, Cu, Se and Zn, and urine Cr, Cu, Pb and Zn. CVR
were significantly lower using ICP-MS compared to AAS
or colorimetry (Mann–Whitney U test, Supplementary
Material, Table S1); excepted for Cr in serum due to the small
number of samples (n=6) and cycles involved. In contrast,
robust means were not affected by analytical technique.

Thompson’s characteristic function
parameters

The β parameter was determined by taking the classic mean
CVR for C values higher than the concentrations shown in
Table 2. The final β values were multiplied by 100 and the

Table : Number of participants and concentration ranges of trace elements in the OELM EQAS from cycle / to cycle /.

Element Unit Number of samples Number ofparticipants (range) Sample concentration (range)

Blood Serum Urine Blood Serum Urine Blood Serum Urine

Al µg/L  – .–
As µg/L   – – .– .–
Cd µg/L   – – .–. .–.
Co µg/L    – – – .–. .–. .–.
Cr µg/L    – – – .–. .–. .–.
Cu µg/L   – – –, .–
Fe µg/L  – .–.
Hg µg/L  – .–
I µg/L  – .–
Li mg/L  – .–.
Mg mg/L    – – – .–. .–. .–
Mn µg/L   – – .–. .–.
Ni µg/L  – .–.
Pb µg/L   – – .– .–
Se µg/L    – – – .– .– .–
Tl µg/L   – – .–. .–.
V µg/L  – .–.
Zn µg/L    – – – ,–, –, –,
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classic mean α was determined for C values lower than the
concentrations shown in Table 2. These cut-off concentra-
tions were empirically selected according to the distribution
of data, the percentage of CVR above and below Thompson’s
characteristic function, the lowest possible β value. Char-
acteristic functions for serum, whole blood and urine sam-
ples are presented in Figures 1 to 3.

Low sample concentrations were difficult to obtain as
they necessitate blood from deficient animals or humans.
This was particularly the case for Cu, Mg, Se, Zn in serum,
Mg, Mn, Se, Zn in whole blood, and I, Zn, Mg, Se in urine. This
lack of low sample concentrations did not allow to calculate
properly α and was a limiting factor for Thompson’s
approach. In addition, increased CVR at the highest concen-
trations were noticed for serum Al, Co, Cr and whole blood
Co and Cr. This was a limiting factor for the calculation of β.

Thompson’s characteristic function
suitability

Thompson’s characteristic function was considered to over-
estimate results when at least 60% of CVR or sR values were
lower than CVR(fit) and sR(fit). Overestimation was noted for

serum Al, Se, Zn; whole blood Mn, Zn; urine I, Mn and Ni
(Figure 4). Overestimation was particularly important for
serumAl and Zn in serum andwhole bloodMn. For serumAl,
there was no CVR decrease at the highest sample concentra-
tion, which remained a limiting factor for the calculation of β.
For serum Zn and whole blood Mn, calculation of α was
difficult due to the lack of sample with low concentrations.

Thompson’s characteristic function was considered
inappropriate for defining APS when less than 80% of abso-
lute difference between sR and sRfit were lower than 0.5 sRfit.
This was the case for whole blood Tl and urine Pb due to
dramatically high variability of robust data at concentrations
around α/β and consequently remained a limiting factor for
the calculation of β and α. Interestingly, percentages between
80.0 and 89.9% were only observed in urine (Figure 4). For
these elements, a careful follow-up seems useful.

Impact of APS change on laboratory
evaluation

Compared to our previous APS, those already based on bio-
logical variation approach were unchanged (serum Cu, Mg,
Se, and Zn, whole blood Pb and Se). APS based on analytical

Table : Thompson’s characteristic function parameters for trace elements in whole blood, serum and urine samples including the concentration
(C) used for the estimate of the fitted parameter β that represents the CVR at high concentrations and parameter α that describes sR at concentrations
close to the LOD where available and the ratio α/β.

Element Whole blood Serum Urine

β estimate α estimate β estimate α estimate β estimate α estimate

Ca,
µg/L

βb, % Cc,
µg/L

α,
µg/L

α/β,
µg/L

Ca,
µg/L

βb, % Cc,
µg/L

α,
µg/L

α/β,
µg/L

Ca,
µg/L

βb, % Cc,
µg/L

α,
µg/L

α/β,
µg/L

Al  .  . .
As . . . . .  . . . .
Cd . . . . . . . . . .
Co . . . . . . . . . . . . . . .
Cr . . . . . . . . . . . . . . .
Cu , .  .   . . . .
Fe , . . . 

Hg . . . . .
I  . . . .
Li , . ,  ,
Mg , . , . ,  , , .
Mn . . . . . . . . . .
Ni . . . . .
Pb  . . . . . . . . .
Se  . . . .  .  . .  . . . .
Tl . . . . . . . . . .
V . . . . .
Zn , . ,  , , .  .  , .  . 

aLowest sample concentration in µg/L empirically used for β determination. β, mean of CVR for sample concentrations higher than C. bβ was multiplied by
. cHighest sample concentration in µg/L empirically used for α determination. α, mean of sR for sample concentration lower than C.
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performances remained similar for serum Al and Li, whole
bloodAs,Mg,Mn and Zn aswell as urine Cd, Co, Fe,Mg, Ni, Pb
and Zn. In contrast, APS for serum Co, Cr, whole blood Cd, Co,
Cr, Hg and urine As, Cr, Cu, I, Mn, Se, Tl and V were more
stringent. Consequently, a higher number of results may be
qualified as questionable or unsatisfactory.

Discussion

Laboratory results must be reliable for clinical decision-
making and patient management. Therefore, APS must be
objectively defined [25]. Limited data is available regarding
APS for trace elements in biological fluids, whichever model
has been applied.

Difficulties encountered in estimating the
Thompson’s characteristic function

We have reported the estimation of 34 characteristic func-
tions for 18 elements in three biological fluids using a state-of-
the-art model. Some difficulties were noted. Parameters such
as analytical technique, calibration procedure, interferences
and/or erroneous values may explain the high variability of

CVR observed particularly for whole blood Tl and urine
Pb. Indeed, CVRs were significantly lower using ICP-MS
(Supplementary Material, Table S1), consistent with previous
papers [15, 16]. In contrast, robustmeans were not affected by
analytical technique (FAAS, EAAS, colorimetry, ICP-AES or
ICP-MS), suggesting comparability of analytical results and
lack of specific biases associated with technique. However, in
some samples, differences were noted between analytical
techniques due to specific interferences (not shown). In
addition, some participating laboratories did not submit re-
sults for all samples which may also contribute to CVR vari-
ability. SomeEQAS rely on results fromreference laboratories
to set σEQAS [33] and reduce CVR [34]. Sample matrix was
another parameter that influenced our results. One possible
explanation for poorer performance in whole blood may be
related to sample properties such as viscosity and adhesive-
ness of blood making it more difficult to reliably pipet. Uri-
nary matrix is particularly prone to interferences due to its
chemical composition both for EAAS and ICP-MS.

In addition to experimental CVR variability, another
difficultywas observed for essential elements. For serum Cu,
Mg, Zn, whole blood Mg, Se, Zn, and urine Mg, Zn, no sample
with low concentrations were available as noted by CVR
values at the lowest concentrations under 20 % which rep-
resented a limiting factor for the calculation of α.
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Finally, the characteristic function overestimated APS
for serum Al, Zn, and whole blood Mn suggesting that these
APS can be too lenient.

Comparison of our characteristic functions
to previous reports

Two reports have been published to establish Thompson’s
characteristic functions for trace elements in biological

fluids. Cote et al. [26] reported results for whole blood and
urine Cd, Hg, Pb (Supplementary Material, Table S2). They
compared three different EQAS and reported differences inβ
and α/β according to EQAS. Our β were higher than those
reported by Cote et al. [26] whereas α/β were similar for
whole blood Cd, Pb, and lower for whole blood Hg and urine
Cd, Pb. For Mn in urine and blood, Praamsma et al. [27]
calculated β and α/β using robust data from four EQAS. In
urine, β and α/β values were comparable to our results.
In whole blood, β was lower than our result whereas α/β
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was similar. In agreement with previous reports [26, 27],
characteristic function did not fit experimental data for all
elements studied.

Comparison of APS derived from
characteristic function and from biological
variation models

Compared to a biological variation model, our APS deter-
mined by a state-of-the-art methodmodel could only achieve
the minimum requirement for serum Cu (15.0 %), and Zn
(15.1 %) whereas the minimum requirement for serum Mg
(6.02 %) was far from attainable and our serum Se APS was
slightly higher than the minimum requirement (14.8 %) [14].
This finding could be a consequence of variability in
analytical techniques used by our participants. In whole
blood, Mn and Se APS defined by a state-of-the-art method
model were higher than the desirable biological variation

(14.4 % and 14.1 %, respectively) but lower than the mini-
mum requirement (21.7 % and 21.2 %, respectively) when
calculated using non-evaluated EFLM studies [27, 35, 36]. For
whole blood Pb, our APS was one point higher than the
minimum requirement evaluated by Taylor et al. (12.8 %)
[30, 37]. These results suggest that further efforts must be
made to improve our education to OELM EQAS participants.
Of note, biological variation APS can currently only be
applied to healthy populations. In addition, biological vari-
ation approach remains difficult to apply in urine because
intra- and inter-individual variability in urinary excretion
are higher than analytical performance precision [7],
particularly in spot urine samples that are not suitable to
accurately reflect circadian variations. For trace elements, it
would be worthwhile evaluating populations with steady-
state low or high trace element concentrations. However,
even in the general population, there is an urgent need to
evaluate trace element biological variations, particularly for
toxic elements. Such data would help establish APS based on
this model.

Comparison of APS derived from
characteristic function and outcome needs

There is insufficient published information to allow for a
clinical outcome approach to trace elements. This approach
could be useful for toxic elements of public health concern
identified by theWorld Health Organization (WHO), namely
As, Cd, Hg, Pb [38]. Currently, the WHO has only proposed a
threshold for whole blood Pb. For those individuals with a
whole blood Pb concentration ≥50 μg/L, the WHO strongly
recommends identification of the source(s) of exposure with
appropriate action taken to terminate exposure [10, 39].
When compared to 35 μg/L as the 97.5th percentile of whole
blood Pb for adults and children in the United States [40], our
APS is slightly higher than the 17.6 % required to separate
these two thresholds. We can assume that ICP-MS users are
able to separate these two physio-pathological conditions.
For whole blood Cd, an expert panel has proposed a critical
value of 5 μg/L based on nephrotoxicity [9]. In the general
adult population, the whole blood Cd concentration is less
than 0.7 μg/L in non-smokers, increasing up to 3 μg/L in
smokers [41]. Our APS is able to separate smokers from an
exposed population. In contrast, for urine Cd, our APS do not
allow separation from the 95th percentile of the general
population (0.91 μg/L or 0.78 μg/g creatinine, [40]), and a
threshold of 1 μg/g creatinine proposed for the prevention of
tubular nephropathy in the general population [9]. However,
based on the threshold of 2 μg/g creatinine proposed by the
Scientific Committee on Occupational Exposure Limits [42]
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or 3 μg/g creatinine proposed by the Occupational and Safety
Health Administration [11], our APS separates the general
and at-risk populations. Regarding As in urine, our APS do
not allow separation at the 95th percentile for inorganic and
methylated As in urine in the general population (27.8 μg/L
or 30.1 μg/g creatinine, [40]) with the threshold of 35 μg/g
creatinine based on biological exposure index [11]. More-
over, the American Conference of Governmental Industrial
Hygienist has decreased this threshold in 2023 to 15 μg/g
creatinine, a value within the range of the United States
general population between 2015 and 2016 [40, 43].
Regarding whole blood Hg, the Environmental Protection
Agency has calculated the lower limit of the benchmark dose
for pregnant and nursing women, women considering
pregnancy and children of 5.8 μg/L for blood methyl-Hg
which corresponds to 6.4 μg/L of total mercury [44]. How-
ever, the Centers for Disease Control and Prevention de-
fines high level exposure to Hg as a blood level greater than
10 μg/L [45]. When compared to 4.25 μg/L as the 97.5th
percentile of whole blood Hg for adults and children in
the United States [40], our APS only separates the general
population from the threshold of 10 μg/L. These observations
suggest that further efforts must be made to improve our
education to OELM EQAS participants.

Conclusions

The application of Thompson’s characteristic function to
past OELM EQAS data indicate that this model could be
applied to derive APS for trace elements in biological fluids
where biological variation has not been defined. However,
limitations were observed in this study with fitness for
purpose mainly dependent upon concentration range
and inter-laboratory performances. Indeed, this approach
required sample with low concentrations, a steady decrease
in coefficient of variation as concentration increased,
and low variability in the coefficient of variation at similar
concentrations. Although further efforts are needed to
improve performance and sample commutability, these APS
estimations can be implemented in our EQAS for whole
blood As, Cd, Co, Cr, Hg,Mg, serumCo, Cr, Li and urine Cr, Cu,
Zn but are not fit for purpose for whole blood Mn, Tl, serum
Al and urine Pb. For other elements, we recommend a reg-
ular follow-up of participant performances.
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