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Developments in analytical techniques and a greater awareness
of quality assurance should lead to improvements in the
accuracy, precision and general reliability of difficult
measurements. The effectiveness of these factors on
improvements in the determination of trace elements in
biological fluids is shown by results from external quality
assessment schemes (EQAS). The changes and innovations to
the Guildford Trace Elements EQAS during the last ten years
are described. Twenty-three assays in serum, whole blood,
urine, dialysis fluids and water are assessed by the scheme.
Current performance of individual participants is monitored
each month and during the most recent six months. These
measures of performance have shown that improvements can
be stimulated by a shared policy for internal quality control
and the imposition of standards which are indicative of
unacceptable analytical data. In the United Kingdom, where
these initiatives have been applied to hospital laboratories, the
number of participants with poor performance for the
measurement of aluminium in serum has fallen from 61% in
1990 to 20% in 1994.
Keywords: Quality assessment; trace elements; biological Jluids
Advances in analytical techniques for the measurement of trace
elements in clinical and biological samples during the last ten
years have been reported at conferences and in journals and
have been regularly reviewed in the Atomic Spectrometry
Updates, published each year in the April issue of the Journal
of Analytical Atomic Spectrometry. Some of the important
developments are given in Table 1, although full exploitation
of several has still to be realized. For example, using GC-MS
to separate and measure metals (including stable isotopes)
after formation of a chelate is a particularly recent research
innovation. However, developments such as the use of Pd and
other chemical modifiers and the increasing availability of
reference materials (RMs) are relevant to electrothermal atomic
absorption spectrometry (ETAAS) which is still the technique
used for the great majority of assays in working laboratories.
Following from these innovations there have been improvements in the sensitivity, accuracy and precision of methods,
which are necessary to obtain the data for diagnosis and
treatment of clinical disorders and to the understanding of
basic biological mechanisms. At the same time, computercontrolled instruments, which are simpler to set up and use,
have become available so that more laboratories can consider
undertaking these measurements.
In addition to technical advances and less demanding equipment, the analytical goals of sensitivity, accuracy and precision
are dependent on the expertise of the analysts, the choice of
proper, validated methods, concentration of analyte within
the specimen, management of laboratories according to good
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Table 1 Important recent developments in the measurement of trace
elements*
~~

Microwave heating for digestion
Solid materials for analyte enrichment and/or removal of
interferences
New chelating agents to improve liquid/liquid extraction
Flow injection analysis
Chromatographic and other approaches for speciation
Chemical modifiers for ETAAS
Inductively coupled plasma mass spectrometry
Gas chromatography-mass spectrometry
In-situ examination of solid samples, XRF, LMMA, SIMS
Increased availability of reference materials

* ETAAS, electrothermal atomic absorption spectrometry; XRF,
X-ray fluorescence, LMMA, laser-microprobe mass spectrometry;
SIMS, secondary-ion mass spectrometry.
laboratory practice (with or without accreditation) and
adherence to a system of quality control.’
The effectiveness of these factors within individual laboratories is best measured by schemes for external quality assessment. These schemes (also known as external quality control,
proficiency testing programmes, round-robin exercises, interlabatory trials, and by other synonyms) have been in place for
almost 50 years within disciplines such as clinical chemistry.2
A scheme to assess measurements of blood lead for occupational monitoring purposes was established in Britain in
1973 and similar developments took place in other countries
at about the same time.3 Within the United Kingdom, the
Supra-regional Assay and Advisory Service (SAS) Trace
Element Reference Laboratories of the National Health Service
implemented a closed EQA scheme in 1974, which has since
operated continuously with weekly distributions of specimen^.^
As a development from this operation, an open international
scheme was set up in 1979 to cover a range of elements in
different biological fluids and developments of the first few
years were described in 1986.5 Experiences from the scheme
and of the SAS Reference Laboratories, in the subsequent 10
years, are presented in this report. Most are still concerning
atomic absorption spectrometry (AAS) so that not all the items
in Table 1 will have had an impact on data from EQAS, but
modifiers and RMs will and the impact of these is considered
here.

EXPERIMENTAL
A description of the Trace Elements External Quality
Assessment Scheme (TEQAS) was given by Taylor and Briggs.’
This included details of sample preparation, protocols for the
distribution of specimens and examination of the data reported
by participants to the organizers. Fundamental changes since
then relate to: preparation of blood, range of assays covered
and assessments of performance. In addition, work to improve
analytical accuracy, by the use of a shared internal quality
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control programme and the d n g of pdorxnance stadan4
has been undertaken. Tbe scheme has been recognized by the

wbm
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Joint Working Group on Quality Assurance, the organization
responsible to the United Kingdom Department of Health for
monitoring laboratory performance within the Health Service.

Instead of the addition of saponin to lyse red cells, blood is
now prepared for use by sonication. A sample (500ml) is
collected from a human volunteer into an acid-washed bottle
containing 5 ml of K2EDTA solution (200 mg ml”). Prior to
collection the individual is tested to ensure that the blood is
frec from Australia A n t i p and HTLV 111 antibodiesand that
the subject is not anemic. The rcd cells are hemolysed at 4°C
with threc 45 s periods of sonication at 80 W.The sample is
mixed between each period of exposure to the sonic energy.
The hemolysod (confirmed by microscopic inspection) blood is
taken for the accurate addition of elements as required.

Thenumber of assays which arcnow dby the scheme
has increased by 13 since 1986 and the current list is:
semm
whole blaod;
urine;

water and dialysis fluids;

AlAu,Cu,Se,Zn
As, Cd,Hg,Mg,Mn,Pb, Zn
As, Cd,Co, Cr, CU,Fe,Hg,Mn,
Ni, Zn

-1
Chart to i!!usmte the inner .ad outer target zonca for the
assasmmt of performance:The deviation of a result from the target
concentration (proximity to target) is plotted at the appropriate target
concentration to show if it is within the inner (=good), outer (=
acceptable) ZOM, or outside the zones (- unacceptable pertormancc)

Al
~ ~ t a r a f u l l . l u m H u m

The monthly report issued to participants is similar to that
described in 1986 with calculationsof mean,median, standard
deviation, d c i e a t of variation and a histogram display of
the distribution of all results. In addition, the scheme now
includes an assessment of perfonnamx based on three results
immediately reported and on the 18 results from the previous
six months. T h e are tbe monthly performance score and
the cumulative performance score, respectively, and they are
derived from the proximity of a participant’s result to the
target concentration (the consensus median). The proximities
are evaluated by rdercnce to target zones as illustrated in
Fig. 1. The two key featurn of these zones arc that they allow
for the greater imprecision which is a feature of all techniques
at concentrations close to the limits of detection and that they
can be drawn to meet the requirements for which the analysis
is wad5 A point in the inner ZOM gains a score of 2,a point
in the outer zone scores 1 while anything outside the limits0. Each month there arc threc samples so that excellent
performance is indicated by a monthly score of 6. As stated
above, the cumulative score is the sum of the most recent 6
monthly scores and will have a maximum bf 36.An example
of how these performance assessment scores are presented to
the participant in the monthly report is shown in Fig. 2. The
six-monthly retrospective performance reports which consider
accuracy and precision’ continue to be produced.

I ~ Q m H t ) . ~ M 8 ~
A oommon internal quality control poky for use with tbeir
blood lead assays was established among the SAS laboratories
in 1979. Materials for internal quality control were prepared
from bovine blood in sufficient quantity to pennit regular use
over periods of 2-3 years. The target concentrations and
acceptance limits were characterized by the SAS and other
laboratories6and the materials wm then used in a prescribed
way by all members of the group? Specimens for internal
quality control of serum aluminium assays werc produced later
1034

Report to show tbe monthly .ad cumulative perfscores. The performance standards arc indicated by the shaded areas
-2

and Fig.3 flustrates the key steps in the preparation and use
of these shared materials. A single large pool of donor horse
m m (SeraLab, Crawley Down,Sussex, UK)was divided into
three sub-samples. One received no further treatment and
provided a lowconcentration material, the aluminium concentrations of the other two sub-samples were enhaaced by
specified amounts by addition of an alumimum standard
solution with a calibrated pipette. The three sub-samples w m
mixed, dispensed into metal-frce tuba and used as described
for the blood lead materials.’ The accuracy of the additions of
aluminium was investigated by measurement of specimens at
a group of reference laboratories. The consensus results are
reported in Table2 Samples have recently been prepared for
a similar shard internal quality control programme for Cu
and Zn in serum.
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I
1 ml volumes
into metal-free

1ml volumes
into metal-free

1 ml volumes
into metal-free

Each partner measures the aluminium concentration in a
minimum of 20 specimens from each of the three pools

Results from all partners are statistically evaluated to
determine the assigned concentrations which must
conform with the amount of analyte added to ensure
accuracy. The allowable ranges are derived from the
limits to the inner zone of the EQAs chart (Figure ')1
The protocol for use within an assay is to measure:
calibration samples; I(2C samples; test samples
(maximum of 10);IQC samples; test samples (maximum
of 10) ....etc. Results determined on test samples are
samples before
reported only if the values for the
and after are within the agreed allowable ranges.

Iw

Fig. 3 Steps in the preparation and use of reference materials for the
multi-laboratory shared internal quality control programme

Table2 Consensus results from the analysis of serum aluminium
reference materials by seven reference laboratories
Addition

All-laborator y
mean/pg 1-'

0
20
80
110

7.90
27.41
86.50
118.23

Expected
result/pg 127.90
87.90
117.90

Recovery (%)
-

97.55
98.25
100.28

Performance Standards
It was suggested by the scheme organizers that there should
also be standards associated with these scores and some have
been introduced for participants from the UK National Health
Service. It has been agreed that for A1 in serum a cumulative
score of 30 or more is indicative of a competent laboratory
while a score of below 25 is unacceptable. It was also agreed
that if a participant had a cumulative score below 25 in a
sequence of three out of four months, this unacceptable performance would be reported to the UK Advisory Panel for
Quality Assurance. Equivalent standards have been agreed for
Cu and Zn in serum with a score of 20 or more indicative of
acceptable performance while a score below 10 is demonstrative
of unacceptable performance.
RESULTS AND DISCUSSION
In our earlier work we compared sonication with the addition
of saponin, as agents to lyse red cells. For samples which were
stored for no more than a few weeks, there was no detectable
difference between the blood lead results reported, with either
preparation p r o c e d ~ r e .However,
~
it was noticed that the
saponin prepared samples frequently contained traces of particulate material, often described as 'microclots'. Particulates
were rarely observed in samples prepared by sonication and it
was decided, therefore, to amend the procedure for the manu-

facture of blood specimens so that it would be identical with
that used in other ~ o r k . ~ q ~Non-human
**.~
blood has been
used in other EQA schemes but some laboratories found that,
with the analytical conditions employed for ETAAS, the Pb
atomization signals showed a different shape and/or appearance time compared to those seen with human blood (unpublished data from UK SAS laboratories). Interactions between
analytical conditions, the anticoagulant and the Pb atomization signal have also been found in graphite furnace AAS
systems. Between-laboratory relative standard deviations (S,)
deteriorated when acid citrate dextrose was used as the anticoagulant instead of K,EDTA (unpublished data from the UK
SAS laboratories). Experiments to evaluate other blood sources
are currently in progress.
From a survey among participants in the EQAS it was
discovered that there were a number of analytical measurements regularly carried out but which were not subject to any
quality assessment. New surveillance programmes were commenced in 1990, which have since continued on an intermittent
basis. An indication of the performance during 1994 is shown
in Tables 3 and 4. (Some results are reported in mass units
while others are in SI units. The units used by the majority of
participants are shown.) For most assays there is very poor
agreement between laboratories indicating that many are
unable to measure these elements accurately. The betweenlaboratory s, values are typically greater than 20% even at
relatively high (in clinical circumstances) trace element
concentrations.
The data for recovery of added analytes are not specifically
given but it can be seen that for As, Co and Mn in urine the
measured concentrations are up to 20% lower than expected.
With blood, the concentrations of As and Hg were up to 20
and 40% below the calculated levels. There are three possible
explanations for the poor recoveries in these examples: the
addition of analyte during specimen preparation was incorrect,
analyte was lost in the interval betwen preparation and analysis, the majority of procedures had a low bias. Incorrect
addition is unlikely, the protocol for addition of analyte was
identical to that used for satisfactory preparation of other
specimens within the scheme (Table2). Loss of analyte from
Table 3 Interlaboratory performance for the measurement of As, Cr,
Co, Cu, Fe, Mn, Ni and Zn in urine. The descriptive statistics are
calculated from the results of a distribution of three specimens in
June 1994
Analyte

Units

Arsenic

I %I-'

Chromium

PLg I-'

Cobalt

I %I-'

Copper

pmol 1-'

Iron

mg1-'

Manganese

PLg 1-I

Nickel

PLg I-'

Zinc

pmoll-'

n
10
10
10
18
18
18
10
10
10
40
39
39
11
11
11
7
8
8
8
8
9
27
27
27

Sample
preparation

Mean

S

sr

+O
+30
+60
+O
+10
+20
+O
+10
+20
+O
+0.47
0.94
+O
+0.50
+ 1.50
+O
+10
+20
+O
+10
+20
+O

2.7
25.5
50.0
0.49
10.9
18.2
0.75
9.1
15.7
0.18
0.53
0.95
0.05
0.50
1.49
0.87
9.4
17.1
3.89
10.7
21.7
1.6

1.8
4.7
9.2
0.36
2.9
4.9
0.99
3.7
7.2
0.12
0.14
0.27
0.06
0.22
0.3 1
0.38
2.4
5.0
4.65
2.0
3 .O
2.0

67
18
18
73
27
27
132
41
46
67
26
28
120
44
21
44
26
29
120
19
14
125

5.3

1.6

30

+15.3

12.7

5.2

41

+

+4.6
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Table 4 Interlaboratory performance for the measurement of As, Mg,
Mn, Hg and Zn in blood. The descriptive statistics are calculated from
the results of a distribution of three specimens in June 1994
Analyte

Units

I-'
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Arsenic
Magnesium

mmol 1-'

Manganese

pg 1-

Mercury

pg 1-'

Zinc

moll-'

5
5
5
12
12
12
11
11
11
13
13
13
11
11
11

Sample
preparation

Mean

s

s,

+O
+160
+320
+O
+0.16
0.33
+O
80
160
+O
40
160
0
+61.2
122

3.5
130
282
1.42
1.58
1.71
10.2
86.0
161.9
3.9
32.6
105.4
84.9
140.6
199.9

3.6
22
68
0.17
0.22
0.23
5.8
38.4
56.9
1.9
11.6
35.4
14.4
16.8
31.2

'y;

+
+
+
+
+
+

24
12
14
13
57
45
35
49
36
34
17
12
16
-

urine by adsorption onto the wall of the sample container
cannot be excluded but metals in blood samples are exceptionally table.^*^*^ In addition, measurements carried out immediately after preparation of the samples and some weeks later
gave results which were similar. While the consensus data
indicate considerable variations of results reported on the same
samples, some of the participants regularly report results which
are consistent with the protocols for their preparation, which
suggests that accurate results can be achieved. Further work
will be carried out to determine the sources of error and
provide opportunities for participants to improve.
The monthly and cumulative performance scores provide
participants with a much more rapid assessment of their
performance than is given by the six-monthly end-of-term
report. These scores are also presented visually (Fig. 2) to
enhance the impact on laboratory staff. The procedure for
calculating scores differs from most other EQA schemes in
that good performance in the Trace Elements Scheme is
indicated by a high score. In other schemes it is more usual
for high scores to indicate poor performance with improvements being demonstrated by a numerical reduction in score.
A protocol prepared for the Association of Official Analytical
Chemists International, the International Organization for
Standardization and the International Union of Pure and
Applied Chemistry proposed that a 'z-score' should be determined. The z-score is based on the deviation of a result from
the 'assigned value'
The deviation ( x - x ) should then be
compared with a measure of standard deviation (s) at the
concentration of the assigned value. The values for s should
preferably be fixed and rarely adjusted so that long-term trends
can be detected and results from different distributions can be
compared." Good performance is indicated by a low z-score.

(x).

The limits to the zones shown in Fig. 2 are equivalent to s
values in that they were developed to allow for variations in
standard deviation over a wide range of analyte concentration.
A relatively simple arithmetic change to the way in which they
are calculated would transform the monthly scores into
z-scores, and work towards this objective is in progress."
Table5 shows how the over-all standards of performance
have progressed during the last ten years. This selection of
analytes was chosen because the number of results regularly
reported is large (50-100) which minimizes the influence of
aberrant values. Greater agreement between participants is
evident in 1994 compared with 1986 although further improvements would be desirable. It should be noted that these
inter-laboratory S values are derived from data reported by
laboratories within very different organisations. They include
reference laboratories with the most modern equipment,
routine hospital laboratories for whom the trace element
work is a minor activity and centres in isolated countries who
can receive very little back-up or support from experienced
colleagues or instrument manufacturers.
The work with shared internal quality control materials and
performance standards was undertaken to stimulate improvements in the performance of UK participants. The impact of
these steps has been dramatic, especially where most attention
has been directed, i.e, for the measurement of A1 in serum. In
1990, the peformance of 61% of the UK participants was
unacceptable. Within twelve months of the commencement of
the programme for shared internal quality control materials
this had fallen to 43%. After the introduction of performance
standards the number of participants with unacceptable performance fell further and when reviewed in July 1994 was only
20%. At the same date 49% of the non-UK participants, who
had not been subject to the same influences, had scores which
would have been unacceptable within the UK (Fig. 4).12 It is
hoped to develop opportunities to extend these activites to
laboratories outside of the United Kingdom.
During the last ten years there have been significant improvements in our understanding of the biochemistry and toxicology
of metals arid of the nutritional significance of the essential
trace elements. Many of the problems associated with aluminium in chronic renal failure have been resolved while
protection for individuals with occupational exposure to metals
has been improved. These, and similar examples of advances,
have been achieved partly as a consequence of improvement
in the quality of analytical results. But these same improvements, together with technical developments, continue to open
up new areas for work and expose further questions to be
addressed. Thus, speciation of trace elements, the role of
selenium in health and disease, the possible toxicity of elements
such as tellurium and antimony in 'newer industries', are
among the may new topics now being faced. External quality
assessment will continue to play a crucial role in ensuring the
reliability of the anlytical data.

Table 5 Mean inter-laboratory relative standard deviation (%) at the concentrations shown, from 1986 to 1994
Serum
Date
1986
1987
1988
1989
1990
1991
1992
1993
1994

1036

A1
2-3 pmol 1-'
25.05
22.19
23.28
17.45
17.34
16.13
18.04
18.19
13.52

cu
23-27 pmol I-'
9.13
9.23
7.53
8.47
8.51
9.85
9.37
7.46
7.55

Blood
Se
1.0-1.5 pmol
27.13
26.99
20.02
17.33
16.93
16.68
15.26
13.32
14.73
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Zn
14-17 pmol 1-'
10.54
11.27
10.65
10.64
11.10
11.09
9.84
9.38
8.34

Pb
2-3 pmol I-'
18.52
13.86
13.99
12.45
11.59
11.75
11.40
8.52
10.12
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Fig. 4 Distribution of cumulative performance scores achieved by (a)
UK and (b) non-UK laboratories in the serum aluminium EQAS in
July 1994
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