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a b s t r a c t

Assessing the quality of measurements is of interest to organizers of external quality assessment schemes
(EQAS, or proficiency testing schemes), laboratory analysts and managers, users of laboratory results
and other agencies. Scheme organizers run test programmes, define standards of acceptable and non-
acceptable performance, and interact with participants and oversight authorities. Laboratory personnel
are responsible for the quality management system and to choose whether to accept the standards set
by scheme organizers or to adopt their own. Users receive and act upon the laboratory results.

Schemes within the same analytical sector are often organized very differently causing contradic-
tory assessment of performance. The Network of EQAS in occupational and environmental laboratory
medicine established collaborative projects designed to enhance assessment of measurement quality
and to improve the reliability of laboratory results.

To address the issue of variations in assessing the quality of measurements, and in response to com-
ments from some participants, standards derived from biological variation, rather than on the analytical
performance of participants have been developed. Evaluation of test materials with respect to homo-
geneity and stability, and work on methods to give the assigned value to test materials, has also been
undertaken. Following from these projects, further collaboration is planned which will provide better
quality assessment of measurement to scheme participants and their users.

© 2010 Elsevier GmbH. All rights reserved.

Introduction

Quality assessment is a necessary feature in any analytical lab-
oratory. But, it is important to define what is meant by quality
assessment of measurement and who has responsibility for this activ-
ity.

The measurement is a procedure carried out in the laboratory to
answer a particular question. Usually this is on behalf of a ‘client’,
such as a paediatrician who needs to know, for example, “does this
child with abdominal pain have lead poisoning?” or “what are the
blood lead concentrations in this group of children with epilepsy?”

Reference to quality indicates the need for a measurement to be
fit for purpose. Will the question be answered satisfactorily? If the
limit of detection of the assay used to measure the concentration
of lead in blood is 10 �g/dL, will toxicity be detected, will the blood
lead concentrations in the epileptic children be defined accurately?
The answer would be ‘yes’ to the first of these challenges, as con-
centrations of lead in symptomatic poisoning will be much higher
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than 10 �g/dL, but ‘no’ to the second where concentrations will be
lower than this value. Quality here implies the existence of quality
standards or quality specifications.

Procedures to determine whether a result meets the quality
specification, and the method is fit for the purpose for which it
is being used, are part of the assessment.

Responsibility for quality assessment of measurement is shared
by a number of interested parties; laboratory personnel, legisla-
tive agencies, accreditation bodies, metrologists, and organizers of
external quality assessment (EQA) schemes (or proficiency testing
schemes).

Laboratory personnel: Managers and analytical staff will define
the quality specifications appropriate for the work they undertake.
This includes determination of the required accuracy, precision and
detection limits for an assay. They will also develop and monitor
internal quality control procedures and react to any issues iden-
tified. Responding to external prompts is a further way in which
personnel exercise responsibility for quality assessment of their
measurements. This could be the actions taken when a report is
received from an EQA scheme, or when comments or complaints
are received from users of the results and who have reason to sus-
pect that an analysis is failing to meet the quality specification.

In certain sectors, quality standards are recommended or even
imposed on the laboratory by regulatory bodies or interested
professional associations [1,2]. For example, national authorities
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Table 1
Differences in statistical results produced by different EQA schemes when examin-
ing the same set of data. Results are in �mol/L [7].

Scheme number Consensus mean CV (%) Number of outliers

1 0.74 17 2
2 0.71 8 9
3 0.73 16 3
4 0.72 13 6
5 0.74 16 4
6 0.73 27 2

with oversight responsibility for occupational monitoring demand
minimum performance standards from laboratories carrying out
measurements, and in some countries the standards are a legal
requirement. Measurement of aluminium in serum to protect
patients receiving haemodialysis against the risk of aluminium
toxicity is facilitated by standards proposed by renal physicians.
Statistical expertise as applied to data handling for EQA schemes is
provided by metrologists and those with related interests [1,3–6].

The most important and objective assessment of the quality
of measurements is afforded by participation in EQA schemes [5].
Organizers design and run assessment programmes, and this will
include developing their own quality specifications against which
participants are rated as satisfactory or unsatisfactory. Parameters
that are used when determining scheme specifications include the
analytical state-of-the-art, the views of participants, the views of
users of laboratory results and of legislators. Scheme organizers
take one or more of these parameters into account when forming
their quality specifications.

Thus, quality assessment of measurement involves a wide range
of interested groups and individuals.

External quality assessment schemes

While EQA schemes set out to assess the quality of measure-
ments, there are huge differences in the way in which schemes
are organized even within the same analytical sector. The number
and frequency of challenges vary, the test items may be formulated
from human, animal or even artificial sources, there is little consis-
tency among the statistical routines used to examine results and
the criteria to define satisfactory and unsatisfactory performance
have little in common. Consequently, when different scheme orga-
nizers process the same set of results different, and in some cases,
conflicting outcomes are produced.

This was first demonstrated by Christensen and Olsen [7] when
the same set of blood lead results were examined and interpreted
by six EQA schemes. As is shown in Table 1, the tests used to identify
and eliminate outlier values produce different numbers and, there-
fore, the consensus data are also different. Organizers were asked
to indicate which laboratories gave satisfactory or unsatisfactory
results according to the criteria used for their scheme, and to pro-
vide a ranking order. One scheme had no criteria and was unable
to comply; the responses of the other five are shown in Table 2.
While most schemes were in reasonable agreement about the best
and worst participants there was considerable variation in ranking
the mainstream laboratories. Of even more concern was that a lab-
oratory could be deemed to be satisfactory in some schemes and
unsatisfactory in others – on the basis of the same set of results.

Scoring the quality of measurement performance

Schemes almost always score measurement performance fol-
lowing calculation of the proximity of a result to the assigned value;

x − X

Table 2
Ranking and performance rating by 5 EQA schemes working with the same data sets.
Scheme 2 rates performance as either satisfactory (Y) or not satisfactory (N). Scheme
4 includes a group with performance that is neither satisfactory nor unsatisfactory.
The scoring system used by Scheme 5 does not provide for subtle discrimination.
Scores of 8–10 are regarded as satisfactory. Satisfactory and unsatisfactory partici-
pants are indicated by (*) or (**), respectively [7].

Lab no. Scheme number

1 2 3 4 5

57 1 Y* 1 2* 10*
96 2 Y* 5 1* 10*
09 3 Y* 2 7* 10*
36 4 Y* 3 6* 10*
32 5 Y* 9 5* 8*
94 6 Y* 6 2* 8*
25 7 Y* 4 8* 10*
83 8 N** 20 13 7**
28 9 Y* 12 12 7**
41 10 N** 10 11 9*
03 11 N** 8 17 8*
06 12 N** 23 22** 5**
67 13 N** 22 21** 5**
90 14 N** 7 4* 8*
71 15 N** 11 20** 9*
40 18 N** 13 15 7**
59 20 N** 17 9 8*
87 23 N** 16 10 8*
39 28 N** 29 29** 1**

where x = laboratory result and X = the assigned value (often the
consensus mean).

The internationally recommended assessment involves calcula-
tion of a z-score [5] where the proximity to the assigned value is
compared against a measure of the variance at the concentration
of the assigned value:

z-score = x − X

s

where ‘s’ represents the variance at the assigned value, sometimes
described as the “standard deviation for proficiency testing”.

The conventions employed state that satisfactory and unsat-
isfactory performance are indicated by a z-score of 2 or less, or
greater than 3, respectively. However, if schemes use different val-
ues for ‘s’, the ambiguities demonstrated in Table 2 will continue
to emerge. Therefore, together with colleagues in the Network of
Organizers of EQA Schemes for Occupational and Environmental
Laboratory Medicine, we have attempted to introduce consistency
by developing analytical quality specifications using objective data,
and applying these to the z-score calculation.

Analytical quality specifications

The intention which was set out when developing these quality
specifications was to demonstrate that the measurement allowed
the detection of a significant change in the analyte concentration
within a subject, i.e. that the measurement is fit for purpose. This
objective was approached by determining the total allowable error
(TEa%) as described by Fraser [1].

TEa% < Bias% + z × CVa%

where

Bias% = 0.25 ×
√

CV2
intra + CV2

inter

and

CVa% = 0.5 × CVintra
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Table 3
Quality specifications formulated from the total allowable error formula of Fraser
[1].

Assay Quality specification

Lead in blood ±3 �g/dL or ±10%, whichever is the greater
Aluminium in serum ±5 �g/L or ±20%, whichever is the greater
Copper in serum ±0.84 �mol/L or 12%, whichever is the greater
Selenium in serum ±0.072 �mol/L or 12%, whichever is the greater
Zinc in serum ±1.20 �mol/L or 15%, whichever is the greater

and CVintra and CVinter refer to intra- and inter-individual variability
for a given parameter and z = 1.65 for a 95% probability level.

Using recently published data, together with some of our own
investigations we have prepared quality specifications for 5 ele-
ments, as given in Table 3 [8,9]. These provide for up to a fixed
percentage deviation from the assigned value over most of the
concentration range of interest, but, to allow for the increase in
imprecision at low analyte concentrations there is then a numeri-
cal component. As shown in Fig. 1, the specifications then conform
to a ‘funnel’ shape.

By applying these quality specifications to the z-score formula,
assessment of performance will be consistent among schemes and
will also indicate whether or not a measurement procedure is giv-
ing results that are fit for the purpose for which the method is being
used;

z-score = x − X

s/2

the quality specification for the TEa is divided by two to conform
with the ISO requirement that a z-score of <2 shall indicate satis-
factory performance.

For example, if a blood sample has a concentration of 40 �g/dL,
any result within ±10% (s = 4 �g/dL) would be regarded as satisfac-
tory and laboratory reporting a result of 44 �g/dL would achieve a
z-score of +2

The assigned value

As can be seen from Table 1, a further source of variation among
schemes can be given by selection of the assigned value. ISO Stan-
dard 17043 [5], and related documents, describe five ways to set
assigned values, i.e.

1. By formulation (i.e. by spiking known amounts)
2. By certification (analysis using methods of high metrological

order)

Fig. 1. Graphical representation of the relationship between analyte concentration
and quality specification.

3. By prior analysis together with certified reference materials
(CRMs), where the CRM is used as the calibrant

4. By consensus of results from expert laboratories (using robust
statistics)

5. By consensus of results from all participants (using robust statis-
tics)

To evaluate the reliability of these procedures in the context of
EQA schemes for trace elements in clinical samples a comparison
experiment was carried out by the Network.

Three samples were prepared from the same pool of human
serum, one was unspiked and the other two were made with accu-
rately known additions of copper, selenium and zinc. The pools
were dispensed into aliquots for analysis as follows:

• Measurement by isotope-dilution inductively coupled plasma
(ID-ICP-MS) at a national metrological laboratory

• Measurement by a small group of reference laboratories, together
with a serum CRM

• Measurement by a small group of reference laboratories, to give
their consensus data

• Measurement by approximately 300 laboratories who were par-
ticipants in EQA schemes organized in Belgium, Canada, France,
Italy, Netherlands, Spain, UK and USA, to give their consensus
data

The results are shown in Table 4. The consensus data were calcu-
lated using Algorithm A from ISO 13528 [6]. While the variancies, as
indicated by the expanded uncertainty and the standard deviations,
increased as the procedures include more variables, there was very
little difference between the actual assigned values. Furthermore,
there was no consistency to suggest that one procedure is always
closer to the results given by ID-ICP-MS than others. The conclu-
sion from this investigation is that the mean of the results from all
participants, calculated using robust statistics, may be taken as the
assigned value.

However, when the participant’s means are determined for the
individual schemes, Table 5, it is evident that this procedure can
give misleading information. For reliable estimate of the assigned
value using the consensus mean a minimum number of results must
be reported. This number will vary depending on the analyte and
sample type and scheme organizers should carry out investigations
to ensure that, if they adopt this approach, participants can have
confidence in the assigned value.

Other contributions to quality assessment of measurement

While the primary aim of EQA schemes is to provide for quality
assessment of the measurements made by participants, schemes
contribute to assessments in other ways. We have shown that for
measurements that are difficult to perform and present a sub-
stantial challenge to the analyst, such as the determination of
aluminium, laboratories that have a special interest in trace ele-
ments perform better that those where the assays form a minor
component of the test repertoire and workload [10].

External quality assessment schemes may also be designed to
demonstrate whether particular analytical methods are suitable
for use. Colorimetric methods to measure copper and zinc are
being used increasingly, particularly where they may be adapted
for the multi-channel clinical analysers in large hospital labo-
ratories. However, results given by these methods are far from
reliable. Table 6 shows that more than 20% of participants in the
UK EQA scheme employ colorimetric methods to measure the
concentration of zinc in serum with a smaller number also using
kits to determine copper. All of the participants deemed to have
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Table 4
Assigned values for copper, selenium and zinc in three samples of serum. Results are given as �mol/L. The values reported for isotope dilution inductively coupled plasma-mass
spectrometry (ID-ICP-MS) are given with the expanded uncertainty (U, k = 2). Other values are the mean and standard deviation (SD). CRM = certified reference material.

Copper Low Medium High

ID-ICP-MS Result 13.62 21.50 29.37
U 0.17 0.22 0.35

Assay with CRM Result 14.26 20.77 28.14
SD 0.24 0.24 0.50

Consensus data from reference
laboratories

Result 13.61 20.89 27.83
SD 0.85 1.33 0.71

Consensus data
from scheme
participants

Result 13.81 21.29 29.21
SD 1.89 1.64 2.15

Selenium Low Medium High

ID-ICP-MS Result 0.75 1.54 3.17
U 0.028 0.056 0.120

Assay with CRM Result 0.72 1.46 2.99
SD 0.04 0.06 0.18

Consensus data from reference
laboratories

Result 0.69 1.43 2.96
SD 0.062 0.206 0.583

Consensus data
from scheme
participants

Result 0.74 1.52 3.10
SD 0.10 0.15 0.36

Zinc Low Medium High

ID-ICP-MS Result 9.89 23.00 31.50
U 0.49 0.339 1.21

Assay with CRM Result 10.99 24.14 31.67
SD 0.40 0.40 0.46

Consensus data from reference
laboratories

Result 9.46 22.61 29.94
SD 0.45 1.15 1.38

Consensus data from scheme
participants

Result 9.95 23.26 31.06
SD 0.84 1.66 2.07

Table 5
Consensus mean values for results reported to the individual EQA schemes. The results reported by each participant for the three samples analysed were averaged and these
values used to calculate the mean values shown. Results for selenium are not given as there were too few from some schemes.

Copper Zinc

n Mean (�mol/L) CV (%) Outliers (%) n Mean (�mol/L) CV (%) Outliers (%)

Belgium 20 26.14 7.5 0 20 21.87 5.1 5.0
Canada 48 21.57 4.4 4.2 47 21.87 4.5 2.1
France 32 21.73 7.3 3.1 31 20.95 8.3 6.5
Italy 19 19.69 10.2 5.3 22 20.64 9.1 9.1
Netherlands 23 22.83 9.1 8.7 25 22.02 7.2 4.0
Spain 19 20.16 11.2 15.8 19 21.56 10.0 15.8
UK 79 22.20 6.9 7.6 95 21.25 10.1 3.2
USA 24 21.26 7.0 4.2 32 21.10 10.1 6.3
All labs 266 21.57 7.1 6.0 293 21.41 7.6 4.1

Table 6
Numbers of participants and poor performers in the UK NEQAS for trace elements,
shown for all participants and for those using colorimetric methods.

Number of participants Poor Performers

All Colorimetric All Colorimetric

Copper 83 6 0 0
Zinc 90 21 5 5

unsatisfactory performance for their zinc assays use a colorimetric
method whereas results obtained by atomic spectrometric tech-
niques are seen to be fit for purpose. Colorimetric assays for copper
in serum pose fewer problems.

Summary

Quality assessment of measurement involves a range of indi-
viduals and groups, all of whom wish to be assured that results
reported by a laboratory are fit for the purpose for which the mea-

surement was undertaken. External quality assessment schemes
have a major role to play in assessing the quality of measurement
but the differences in the way in which schemes are organized, and
handle data, can be so varied that they lead to contradictions in
performance assessment.

The key to achieving equivalence in performance assessment
among schemes lies in the standard deviation for proficiency test-
ing, ‘s’ as used to calculate a z-score. We have shown that an
objective approach to deriving suitable ‘s’ values is possible using
the formula for total allowable error (TEa) to calculate quality spec-
ifications. If these quality specifications are used, equivalence in
assessment among different schemes is given and assessment can
also be linked to fitness for purpose. Fitness for purpose may be
applied to analytical performance of individual participants and
also to methodologies.

The assigned value for EQA scheme test samples may be derived
from participant results, using robust statistics, but it is necessary
to ensure sufficient number of results to avoid the introduction of
a bias.
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