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Abstract

The validity and effectiveness of quality control procedures are reviewed here in light of the principles of analytical
toxicology, and of the professional responsibility involved in awareness of the profound influence which analytical results
have in the fields of health and social security. Regardless of the methods used, laboratory work should aim essentially at
achieving a very high degree of reliability. Factors contributing to the ‘quality’ of analytical results and methods used to
check their reliability are discussed here. The technical background and organization of internal and external quality control
procedures are presented, with particular reference to educational aspects, and to the ways in which computer and internet
technologies may be exploited for further improvement of the effectiveness of these procedures.  1998 Elsevier Science
B.V. All rights reserved.
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1. Introduction establishing a laboratory’s QA program. Every dis-
cipline has its own specific problems which require

Results provided by an analytical laboratory can special consideration and treatment [3]. In any case,
be used to make administrative and/or legal deci- once quality goals have been defined, quality control
sions or to determine diagnosis and therapy, and (QC) procedures must always be designed with the
must be as error-free as possible. For this reason aim of monitoring performance [4–6].
quality assurance (QA) must be the prime objective This model is even more true for toxicology
of any analytical laboratory. laboratories, which are called upon to satisfy epi-

QA has been defined as a ‘‘total integrated man- demiological, diagnostic and therapeutic require-
agement program for assuring the reliability of data’’ ments in various contexts ranging from clinical,
[1], denoting all the procedures, cognitive and me- workplace, legal and the world of sport, where
chanical, designed to minimize or identify all sources possible analytical errors may have a great impact on
of preanalytic, analytic and postanalytic variation an individual’s livelihood, freedom and civil rights.
which may have an impact upon the provision of It is, therefore, of paramount importance for an
high-quality analytical results [2]. analytical toxicology laboratory to implement the

On the basis of this definition, an analytical constant use of an ‘in-house’ QC program to check
laboratory should construct its own QA on three that procedures used are under statistical control and
different levels, encompassing all aspects of the that the data produced are of absolute reliability.
laboratory activities, including administrative func- It should be stressed, however, that control does
tions. not necessarily imply quality: control by itself can

(a) Logistic–structural: including laboratory en- only be used to monitor the current quality of the
vironment, reagents, equipment, instrumentation, process, but it cannot improve the analytical quality
personnel and chain-of-custody procedures. properly [7]. In order to improve the quality of

(b) Analytical–interpretative: including sampling analytical procedures, introduction of better methods,
(collection, selection and storage), specimen prepara- equipment and/or improvement of personnel training
tion and handling, availability of reference materials, are needed.
selection of analytical methods, review of results by
experienced personnel, and reporting formats.

(c) Control: including internal quality control and 2. Establishing analytical quality
participation in external quality assessment schemes,
to verify the effectiveness of QA planned activities For a toxicology laboratory, the goal of testing
for the achievement of error-free data. may be stated as the reliable demonstration of the

There is no single generally accepted plan for presence, or absence, of specified substances in an
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analysed sample – that is, production of valid is, the defined concentration of analyte in a specimen
positive or negative results [8]. A quantitative ana- at or above which the test is called positive and
lytical approach for specific substances is also some- below which it is called negative, and which is
times performed [9]. Analytical quality may, there- usually significantly greater than the limit of de-
fore, be stated as the power of an analytical pro- tection of the assay. A proper cutoff value provides a
cedure as a whole to determine, with acceptable safeguard to the analysis because it defines a positive
confidence (on the basis of the intended application), or negative result well within the ultimate capability
the identity of a particular substance in a given of the analytical method, and therefore helps mini-
biological matrix. QC procedures can only be effec- mize false results.
tive when all factors related to the creation of On the basis of these considerations, the creation
analytical quality have been clearly defined and of analytical quality must take into account internal
carefully set up. factors, directly related to the laboratory’s own

Toxicological testing usually includes a two-step management, as well as external ones. These factors
process: preliminary screening to identify negative may also be further subdivided into permanent (not
samples not containing substances or their metabo- subjected to batch-to-batch variations) and variable
lites, i.e., samples which do not require further (which may be subjected to batch-to-batch changes)
analysis, and subsequent confirmation to identify [11,12]. Table 1 summarizes this concept. Of course,
specific substances in presumptive positive samples. since analytical quality is only relevant to analytical
To ensure accuracy and reliability, confirmation must results, the table does not include other important
be carried out by techniques based on physico- factors related to reported result, such as chain-of-
chemical principles different from those used for custody, review of results, etc., which must be seen
screening. Immunochemical techniques offer the in the more general context of the QA system [5,6].
advantage of being applicable to a wide range of On one hand, in the absence of external objective
analytes at lower cost and are usually used for institutions which publish lists of the quality of
screening, whereas chromatographic techniques, pro- commercial products, the quality of external factors
viding higher analytical sensitivity and specificity, is beyond control and each laboratory must try to
are mainly used for confirmation. choose the most appropriate products (reagents,

It should also be mentioned that, in analytical instruments, calibrators) from those available on the
toxicology, every analytical procedure has a cutoff or market. Data available from external quality assess-
threshold concentration [10] associated with it, that ment schemes which summarize results from par-

Table 1
Factors in establishing analytical quality

Factors Permanent Variable

External Instrumental equipment Reagents (stability)
Analytical principle Reference materials (stability)
Reagents (choice of source) Calibrators
Reference materials (choice of source) Consumables

Internal ‘In house’ equipment, reagents, etc. ‘In house’ reagents (stability)
Choice of techniques and methods for screening on the basis of: Calibration functions

sensitivity Personnel training
specificity Equipment maintenance
prevalence Documentation
predictive values Environmental /human contamination

Choice of techniques and methods for confirmation on the basis of:
limit of detection
limit of quantitation

Planned cutoff
Standardization of the method
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ticipants according to method and instrumentation at a concentration less than the cutoff value, or not
may be of some help [12]. On the other hand, the present at all.
laboratory is directly responsible for its internal False negative (FN): a test result which states that
factors, first by implementing the most appropriate no substances are present in the analysed sample
methods, and later through monitoring analytical when, in fact, they are present in the sample at a
quality and detecting errors. concentration greater than the cutoff value.

Sensitivity (TP3100/(TP1FN)): the incidence of
TP results obtained when a test is applied to positive
samples, i.e., the probability that a positive sample is

3. Overview of quality control
identified as such by a certain analytical technique.

Specificity (TN3100/(TN1FP)): the incidence of
The practice of QC falls naturally into two

TN results obtained when a test is applied to
categories: activities carried out within a laboratory,

negative samples, i.e., the probability that a negative
independently of external agencies (internal quality

sample is identified as such by a certain analytical
control (IQC)) and those undertaken in conjunction

technique.
with other laboratories and agencies (external quality

False positive rate (FP3100/(FP1TN)): the per-
control (EQC)). Although intra- and inter-laboratory

centage of samples identified as positive when they
activities have the same overall aim, on the basis of

are, in fact, negative.
the errors for which they are able to check, the

False negative rate (FN3100/(FN1TP)): the
emphasis often differs.

percentage of samples identified as negative when
The overall aim of QC for an analytical laboratory

they are, in fact, positive.
is to ensure that its analytical results are of adequate

Prevalence: percentage of positive samples in
accuracy for their intended application [13]. For this

examined population. This is an ‘a priori’ probabili-
aim, it is necessary to select appropriate QC pro-

ty, pre-existing and independent of results obtained
cedures that will assure that the desired analytical

with analytical techniques used for later measure-
quality is achieved, checking for errors and/or

ments.
changes in performance related to internal as well as

Positive predictive value (PPV): the incidence of
external factors involved in the creation of analytical

correct positive results supplied by a given analytical
quality itself.

technique when it is applied to a population includ-
ing both positive and negative samples:

3.1. Terminology
Sensitivity 3 Prevalence

]]]]]]]]]]]]PPV5
((100 2 Specificity) 3 (100 2 Prevalence)) 1 (Sensitivity 3 Prevalence)

Because several terms related to QC have been
Negative predictive value (NPV): the incidence ofinterpreted in different senses, the following is a list

correct negative results supplied by a given ana-of the conventions which will be adopted in this
lytical technique when it is applied to a populationpaper [10,14–18]:
including both positive and negative samples:True positive (TP): a test result which states that

one or more substances are present in the analysed
Specificity 3 (100 2 Prevalence)

]]]]]]]]]]]]NPV5sample when, in fact, they are present in the sample ((100 2 Sensitivity) 3 Prevalence) 1 (Specificity 3 (100 2 Prevalence))
at a concentration greater than the cutoff value.

True negative (TN): a test result which states that Accuracy: the closeness with which results agree
no substances are present in the analysed sample with a known true value of the quantity being
when, in fact, they are present in the sample at a measured.
concentration less than the cutoff value, or not Limit of detection (LOD): the minimum amount of
present at all. an analyte which can be detected with confidence by

False positive (FP): a test result which states that a testing procedure;
one or more substances are present in the analysed Limit of quantification (LOQ): the minimum
sample when, in fact, they are present in the sample amount of an analyte which can be quantified by a
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testing procedure, while conforming to the required al biological matrices, as in the field of hair analysis
coefficient of variation of the procedure. for drugs of abuse testing, because of the inherent

Confidence: the probability that the diagnostic difficulty in incorporating substances being tested in
hypothesis is true. the biological matrix [29].

3.2. QC planning 3.4. Types of errors

Successful QC planning does not just happen, it Errors related to permanent factors (Table 1)
requires a systematic planning process [19] to con- cannot be revealed by any internal control system, so
sider all critical performance information in both an that IQC can only monitor performance related to
orderly and a quick access manner. This means variable factors, both external and internal. Accord-
supporting data calculations, preparing graphical ing to the Vocabulary of International Metrology
tools and control charts such that trends in results [30], this kind of error mainly refers to random error,
may be visualized, and making it easy to document which is related to variations (inherent or increasing)
QC recommendations. Control results must also be in the analytical procedure as implemented in the
fully documented and stored for later inspection. The laboratory. Changes in consumables and/or reagents,
most quantitative, comprehensive, and flexible ap- contamination, and personnel substitution may all be
proach to this aim is to provide computer support main sources of this kind of error, which is easily
[20]. Another advantage of computer-aided QC is detected by IQC procedures. The same procedures
that laboratories are promptly informed of the out- are also useful in detecting systematic errors [30]
come of a round of the trial so that analysts can when they are related to instrumental calibration,
immediately take countermeasures if necessary. which is the same for all analysed samples in a run.
Computer-aided QC should also be implemented in Instead, EQC has a larger element of quality
EQC programs where a common weak point is often assessment, providing a demonstration of the ana-
identified in their excessive slowness for ongoing lytical quality achieved by the laboratory when its
monitoring of performances. Some recent Internet- analytical results are compared with those obtained
based approaches to EQC have been introduced and by others. Furthermore, the evaluation of systematic
will be described later. errors due to non-specific reactions and/or interfer-

ing substances in specimens, which is of paramount
3.3. Control samples importance in analytical toxicology [31,32], especial-

ly when immunochemical tests are performed, may
The quality of control materials or control sam- only be monitored by participating in EQC pro-

ples, common to both IQC and EQC, is of major grams.
importance for QC itself. An improper control Both kinds of control have their own targets and
sample will almost always result in false or unusable inherent limitations and, for proper assessment of
data, together with incorrect conclusions. Control analytical quality, the implementation of only one
samples must be representative of the real test kind of control is not enough.
material, and homogeneous so that virtually identical
and stable portions can be used over a period of 3.5. Statistical control
time. Spiked materials (coming from healthy vol-
unteers or non-biological ones) are usually better Since an analytical process cannot be directly
than artificial materials, on condition that they are measured (unlike industrial processes, where mea-
stable and reproducible. In the absence of suitable surement of parameters such as volume, length or
control samples, it may be necessary to replicate speed may be directly obtained), the practice of QC
analyses of real test materials taken from each means indirect control of performance and the key
analytical run [28]. concept in this respect is that of statistical control.

Particular care should be used when control Results collected from test controls are plotted versus
samples are prepared in-house from non-convention- time or sequential run number on a control chart and
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evaluated to see whether the measurement procedure side of the limit, indicates increased bias; alter-
is in-control or out-of-control. natively, if they are on opposite sides, there is

This procedure is applicable only when an ana- stronger evidence of increased random error.
lytical system can be said to be in a state of The main function of the chart is to act as a means
statistical control, that is, if it is subjected to sources of detecting departure from statistical control, not as
of variations that are stable. Only in such circum- a means of assessing the acceptability of accuracy of
stances is it possible to describe and predict the size individual results [26,27].
of variations likely to affect results [13]. However, it
should be emphasized that the achievement of
statistical control does not imply that the system is 4. Internal quality control
performing within the analytical quality required, but
only that it is stabilized. If the analytical procedure is The main objective of a toxicology test is to
based on erroneous assumptions, the analytical re- determine with acceptable confidence the presence or
sults will be wrong even if no statistical variations absence of a particular substance or group of sub-
are reported by the QC procedures. stances in a given sample with respect to a pre-

defined cutoff value. To achieve this, the analyst
3.6. Control charts must define what level of confidence is acceptable –

95% probability, 99% probability, or greater than
This graphical method of displaying control results 99%. The 95% confidence limit is accepted as a

was first developed in studies of economics [21] and general standard in clinical laboratories. Civil law
later introduced as a statistical control method in applications may require a confidence level equal to
clinical laboratories [22]. or greater than 95%. Applications in criminal law

Control charts take the form of charts on which cases may require confidence levels greater than
the variable of interest is usually plotted on the 99%. The power of the analytical method to meet
y-axis versus time or sequential run number [23,24]. these requirements may be stated as the ‘analytical
Every time a new control value is collected as part of quality’ of the test and must be carried out on the
routine work, the observed value is added to the basis of parameters such as sensitivity, specificity,
control chart. For a stable testing process, the new predictive and cumulative predictive values, speed
control measurements should show the same dis- and cost [17].
tribution as past ones [25]. The observation of The function of IQC is to detect changes in
unusual results means that something strange has performance during routine operations compared
happened in the analytical procedure. with performance reported when the analytical qual-

To facilitate this observation, it is useful to insert ity of the test has been carefully set up. For this aim,
on the chart some lines corresponding to the ex- control samples with usually known compositions
pected value (x), the ‘control limits’ (usually referred are repeatedly tested using the routine analytical
to as x62s, where s is the standard deviation) and procedure to generate an objective numerical de-
‘warning limits’ (usually called x63s). When the scription of its operating state.
control value falls within the control limits, the run Control samples must be treated in the same way
can be classified as ‘in-control’ and the analytical as routine samples, so that if the analytical procedure
result can be accepted and reported. When the requires pretreatment techniques, controls must be
control value falls outside the warning limits, the run pretreated too.
must be classified as ‘out-of-control’ and the ana- Furthermore, because analysts tend to be more
lytical result should be rejected and not reported. cautious in their approach to known control samples

One result may fall outside these limits and, in this with respect to routine samples, often repeating the
case, requires no action, provided that the next result analysis if results do not fit their expectations, blind
falls inside them. The observation of two consecutive QC samples should be included in the run and should
results outside the warning limits indicates the need appear as normal samples to laboratory analysts [33].
for remedial action. Both results falling on the same However, it is a matter of choice as to whether or not
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the control material should be identifiable as such by For example, the standard operating procedure for
the analyst [34,35], because the introduction of US military drug testing laboratories stipulates that
‘secrecy’ into IQC may be counterproductive in that 20% of samples in an immunochemical screening
it can lead to the feeling that the analyst is the test must consist of standards and controls: thus, in a
subject of the control test rather than the analytical run of 200 samples, 10 must be negative controls, 5
procedure. Therefore, when good control is achieved positive controls, and 25 standards in various con-
over a period of time, the frequency of such samples centrations [38,39]. Federal workplace drug-testing
may be reduced. programs in the USA requires that a minimum of

When an IQC process is implemented, it should 10% of all test samples should be QC samples [33].
monitor every part of the analytical procedure and,
as noted previously, since in analytical toxicology a
two-step analytical process is usually adopted 4.1.2. Evaluation of screening test control
(screening-confirmation) a double quality control For every known standard concentration added to
approach is also necessary. the analytical run, a single control chart should be

prepared (or just one control chart reporting all
4.1. Screening tests concentrations). When the control sample is analysed

the analytical result is plotted on the control chart
As already stated, most screening tests are quali- and the difference between obtained and expected

tative but, since they must be compared with a values must be evaluated as described in Section 3.6.
predefined cutoff value, they do have their quantita- If values falling out of ‘warning limits’ are evi-
tive aspect [36]. Indeed, when a sample is tested for denced, remedial action must be taken.
the presence of a given analyte and the result is Negative control samples must be examined with
negative, it is good practice to report that ‘‘the particular attention, especially in forensic toxicology,
analyte was not present at concentrations at or above because the need to minimize FPs as much as
the cutoff level’’, instead of the generally used ‘‘the practicable is well recognized. When a negative
sample does not contain the analyte’’. It is this control sample (considered free from interfering
quantitative component of screening which must be substances) is identified as positive, it is important to
tested for QC purposes. check for other negative samples added to the same

run (or to check other blank samples if the positive
4.1.1. Control of screening test was the last one). If no other positive results are

Each analytical run of specimens to be screened reported, the aberrant value was probably due to a
must include: (a) samples certified to contain no negative random event (e.g., increased analytical
analyte(s) of interest (negative controls); (b) samples background noise). Instead, consecutive positive
fortified with known concentrations of analyte(s) of responses, obtained from negative controls placed
interest ( positive controls); (c) positive controls after known positive controls, may be regarded as an
containing the analyte(s) of interest with concen- indication of analytical carryover. In both cases, the
trations equal to or near the cutoff value. analytical results of the run should be reported only

Furthermore, procedures to ensure that carryover after careful confirmation by other techniques, and a
does not contaminate the testing of an individual check of the analytical procedure may be needed.
specimen should be implemented, for example, Due to the existence of the cutoff value, in
adding negative controls after known positive con- analytical toxicology the evidence of positive results
trols. for negative control samples must always be consid-

The number of positive and negative controls to ered with particular care. Indeed, the amount of
include in each analytical run partly depends on the positive response coming from random or inherent
accuracy of the method used and the quality goals of variability of the analytical method, even if of
the testing procedure. Because of the high quality negligible concentration, may increase the real con-
required for toxicological analysis, a relatively high centration of the analyte and therefore be particularly
number of controls should be used for each run [37]. insidious for the proper classification of an analytical
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result as being a TP or FP compared with a cutoff of results. With respect to the analytical techniques
value [40,41]. used for screening tests, a confirmation technique

must offer a higher degree of specificity for the
4.1.3. Evaluation of prevalence analyte in question and its LOD and LOQ should be

The analytical quality of a given technique used in well below the cutoff values used for screening [42].
a screening test is assessed by considering parame- Gas chromatography–mass spectrometry (GC–MS),
ters such as the sensitivity, specificity and predictive providing specific identification of single substances
values of the technique itself. However, an important at very low concentrations as well as accurate
point to focus on is that predictive values have been quantitative results, is usually adopted as the pre-
shown to be related to the prevalence of the analytes ferred technique [10], especially in the field of
in the samples being tested [14]. Test procedures forensic toxicology, although alternative techniques
with excellent predictive values are reliable predic- may be used on condition that they meet the
tors of the presence of a particular substance in requirements of analytical quality.
samples related to a population of subjects in which
the prevalent use of this specific substance is high 4.2.1. Control of confirmation test
but, if this prevalence varies, the related parameters Each analytical run of samples to be confirmed
will also vary [15]. must include: (a) samples certified to contain no

It is therefore important to implement periodic analyte(s) of interest (negative controls); (b) samples
monitoring of the prevalence of the substances fortified with known concentrations of analyte(s) of
analysed by a laboratory, because its variations may interest ( positive controls); (c) positive controls
reflect on the analytical quality of the procedure. containing the analyte(s) of interest with concen-
This kind of check is especially important for trations equal to or near the LOD and LOQ.
laboratories which perform regular and frequent Because of the very meaning of confirmation, it is
analyses of well-defined classes of substances (e.g., self-evident that a positive result when testing a
in the field of workplace drug testing), while it is negative control sample cannot be accepted as a
negligible for analytical procedures used in situations confirmatory technique. If FPs are reported by a
of occasional demand. confirmation technique, all analytical results coming

It should be noted, however, that such an approach from the run must be rejected and the analytical
does not lend itself to statistical interpretation and system must be checked.
must be regarded as providing valuable information As for screening tests, control charts should be
indicative of the accuracy of the analysis rather than prepared to illustrate statistical variations of the
the sound confirmation provided by a system of QC analytical results when testing standards at known
relying on control charts. concentrations. Furthermore, when confirmatory tests

are required for quantitative determinations, control
4.2. Confirmation tests charts are also needed to document the linearity and

precision of the method. Data should be evaluated as
Because of the need to avoid as far as possible the described in Section 3.6 and, if values falling out of

incidence of FP results, the concept of confirmation ‘warning limits’ are evidenced, remedial action must
is a cornerstone in analytical toxicology. Confirma- be taken.
tion is especially important in forensic toxicology,
because of the gravity of the health and judicial
consequences which FP reports may involve. 5. External quality control

For this aim, the requirement that the analytical
technique used for confirmation analysis must be As stated above, in the case of errors related to
based on different physico-chemical principles from permanent factors – that is if the method was not
those used for screening tests is well-founded in accurately set up (e.g., an impure standard was used,
good laboratory practice and provides an important a measuring device was miscalibrated, etc.), or in
additional level of assurance towards the correctness order to verify whether other methods perform more
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acceptably – IQC does not suffice [43]. Furthermore, of an index in an unfamiliar program. This is
interfering substances in real samples may not be especially important when a laboratory starting a
reflected by the control samples used for IQC new analytical procedure uses results coming from
purposes. EQAS to evaluate the best methods available. There-

External quality control programs (alternative fore, to improve the usefulness of PTPs, the univer-
terms are Proficiency Testing Programs (PTP) or sal use of a standardized method for their assessment
External Quality Assessment Schemes (EQAS)) per- is greatly to be desired. [50].
mitting a laboratory to monitor its performance by
comparison with other laboratories, are better for
evaluation of variables due to permanent factors. 5.2. Types of proficiency testing

These programs are distinct from IQC but, pro-
viding external evidence of the quality of the labora- Two distinct types of proficiency testing may be
tory’s analytical performance, one of the main identified on the basis of their aims:
purposes of PTPs is also to strongly encourage the Educational, the aims of which are to improve the
proper use of IQC and to incorporate an external performance of participating laboratories, to supply a
reference to guard against bias [44]. PTPs are also system to check the reliability of analytical data, to
different from other interlaboratory tests, such as provide technical and scientific feedback, to encour-
collaborative trials used for validating standard meth- age remedial action when shortcomings in perform-
ods [45,46] or certification trials used to establish the ance are detected, and to set up a system for
true value of an analyte concentration in a reference exchange of scientific information;
material [47]. Accreditation, the aim of which is to provide a

rational basis for the selection or licensing of lab-
5.1. General context of proficiency testing oratories for a specific task and, likewise, to disqual-

ify laboratories from a specific task should their
Proficiency testing must be seen in the general performance on it fall below a certain standard.

context of accreditation because, in order to gain While participation in an educational program is
accreditation, a toxicology laboratory must demon- usually on a voluntary basis, participation in accredi-
strate an effective QA system, which includes par- tation programs is compulsory in those countries
ticipation in relevant PTPs [5,6]. Within QA, where they are used, by government agencies, as part
proficiency testing defines an inter-laboratory pro- of programs for laboratory accreditation [51]. In both
gram aimed at assessing the accuracy of analytical cases, it is the major responsibility of the organizing
data and the reliability of the methods used for body to guarantee the anonymity of the participating
qualitative and/or quantitative assay of samples laboratory. In this sense, it is also good practice to
[48,49]. identify participating laboratories by means of in-

In PTPs, samples are distributed for analysis to dividual codes.
laboratories, a few times each year, by organizations In analytical toxicology, the PTPs which have
that are external to the laboratories. These organizing been operational over the last 20 years [39,52–58]
bodies are responsible for the design of the scheme, have been organized by scientific or professional
the preparation, validation and distribution of test agencies and scientific institutions. Only in the
materials together with instructions to the participat- United States, however, does legislation compel
ing laboratories, the collection and statistical analysis laboratories to document IQC data, the precision and
of the data obtained from the tests, and the feedback accuracy of laboratory tests, and participation in
of results to participants. inter-laboratory programs. In Europe, a questionnaire

This general organization is common to existing sent in 1991 to about 300 laboratories working in the
schemes but it must be emphasized that the single field of analytical toxicology [9] indicated that only
parts of the whole are often different, particularly as 50% were taking part in some sort of EQC program.
performance indices are frequently uneven. It is This fact should not be interpreted only as the low
therefore difficult to appreciate rapidly the meaning participation of laboratories in such programs but it
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may also be due to their low availability / sporadic (c) the organizing body collates the data, performs
activity. statistical analysis, and sends a report to the par-

ticipating laboratories (these reports (over time)
5.2.1. Accreditation programs should allow a participating laboratory to assess its

Proficiency testing, as an instrument of evaluation performance at a particular time and to compare it
or regulation of analytical laboratories, is included in with its performance in the past, to compare its
the regulation of some countries such as the USA. performance with that of other laboratories, and to
Comparison or split samples are analysed both by the evaluate the performance of methods used by all
laboratory seeking accreditation and by the govern- participating laboratories).
ment laboratory, the results from the latter represent- However, this general design is not in itself
ing the standard. The laboratory being accredited sufficient to ensure either that every participating
may be required to maintain QC charts, and each laboratory can test its performance with respect to its
analyst may be required to maintain individual own analytical situation, or that PTP data can be
charts. These findings are reviewed by the govern- used to monitor the ‘ongoing’ situation. Furthermore,
ment’s QC officer to ascertain whether or not the unlike the accreditation program, an educational PTP
laboratory meets established performance standards. should always consider the use of control samples
This kind of PTP is only part of the requirements for with compositions mimicking as far as possible real
accreditation. An extensive description of accredita- samples. This gives a laboratory an effective tool to
tion programs is beyond the scope of the present evaluate the possible impact of metabolites or inter-
paper and readers are encouraged to review the fering substances on its analytical methods, since
existing literature [4,33,59]. they are not usually implemented in control samples

for IQC purposes. A more detailed design for a PTP
5.2.2. Open and blind proficiency testings in analytical toxicology is described in the following

A further subdivision may be made between open sections.
and blind proficiency testing [60]. Proficiency test
samples are identical for both these subtypes but, in 5.3.1. Program protocol
the case of blind testing, the laboratory is unaware of The organizing body must create and distribute to
the test. Samples arrive at the laboratory exactly as intending participants a protocol clearly stating the
routine specimens do, are processed and tested, and purpose of the program, the type of analytes planned
the results reported in a routine fashion. The surro- by it, the frequency of batch shipments, the time
gate user then reports results back to the organizing needed and the methods used for processing data, the
body, which compares and scores the laboratory outcome of statistical analysis, and the elapsed time
results. It is well known as laboratories that do well for its shipment to laboratories.
in open proficiency testing sometimes perform poor-
ly in blind testing [61]. 5.3.2. Choice, preparation, validation and

distribution of control materials
5.3. Proficiency testing program design Natural materials are the best choice when select-

ing control samples but, due to the difficulty in
A general format for voluntary (educational) PTPs obtaining both large amounts of materials and in

should include the following features [62]: suitable analyte concentrations, a valid alternative is
(a) the organizing body prepares a homogenous to use spiked drug-free biological matrices with the

sample(s) and distributes portions to participating analytes and possible interferents of interest. In no
laboratories for analysis; case should control materials be prepared by the

(b) the laboratory is required to examine the producers of kits, calibrators or analytical instru-
sample(s) within a specified time and to submit the ments.
results to the organizing body (if a standard method The main consideration in the preparation of
is not required by the organizing body, the laboratory materials is that they should, as far as possible, be
is requested to describe the method used); representative of the type of materials normally
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analysed, with respect to the composition of the consensus value produced by a group of qualified
matrix and the concentration range of the analytes. It reference laboratories, external to the organizing
should also reflect the composition in metabolites of body, using the best possible methods. In some
real samples and consider the possible presence of cases, due to the high cost of this approach, consen-
interfering substances [63,64], as may happen during sus value may be produced from each round of the
routine analysis. proficiency test on the basis of results obtained by

For example, if a PTP requires the analysis of participants. In this case, the consensus is usually
methadone or morphine in urine, at least 2- estimated as the mean of the test results after any
ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine (E- outliers have been rejected. This method is less
DDP) and morphine-3-O-glucuronide, as their re- expensive but not safe, because may provide consen-
spective main metabolites, should also be added. If sus values biased by the general use of faulty
the analysis of amphetamines is required, analogues methods [68].
such as 3,4-methylendioxyamphetamine, 3,4- Once sample composition has been validated, all
methylendioxyethylamphetamine or 3,4-methylen- materials must be checked to verify their homo-
dioxymethamphetamine (which are currently found geneity. After bulk materials have been subdivided
on most illicit markets) should also be added, and it for distribution, a random selection of 5–10% of the
is also a good practice to add substances such as containers should be taken and the contents of each
phenylpropanolamine or phentermine [65,66] which subjected to replicate analysis during the entire
may cause cross-reactivity problems with some period planned for the analytical trial. This enables
immunochemical techniques used for amphetamine between-samples and between-time variations to be
screening tests. estimated by analysis of variance. Before shipment

As an example, Table 2 lists the panel of sub- to participating laboratories, each sample must be
stances with relative cutoffs, adopted by the Italian analysed to check its composition in analytes and,
PTP for drugs of abuse testing in urine [67]. when required, its sterility.

Moreover, when such programs are based on Materials thus prepared should be stored and
educational assumptions, they should also include distributed under conditions which minimize the
some informational aspects. For example, when the effects of any sample instability.
illicit drug N-methyl-3,4-methylendioxyphenyl-2- To be effective in maintaining analytical quality
butanamine (MBDB) appeared in Italy for the first standards of a laboratory, the minimum frequency
time, it was immediately added to some urine for distribution of samples should be four rounds per
samples within the national PTP on drugs of abuse year. Of course, for the same reason, once the trial
[67]. Since it was unknown to most of the approxi- has been completed, prompt feedback to the labora-
mately 200 participating laboratories, the first ana- tory is necessary.
lytical results were disastrous, with very high num-
bers of FPs due to erroneous identification of MBDB 5.3.3. Choice of cutoff values
with the other amphetamines included in the program As stated previously, screening tests in toxicologi-
at that time. Fast feedback by the organizing body cal analysis require cutoff values to guard against
and subsequent proper countermeasures by particip- possible FPs and this also means that cutoff values
ants meant that, during later batches, there was a must be planned by a PTP. Cutoffs may be autonom-
rapid improvement in performance (Fig. 1). ously set by the organizing body or taken from the

Sufficient volumes of control samples should be prevailing values stated on an international scale by
prepared, so that participating laboratories receive scientific organizations [9,33], and participating lab-
adequate aliquots for conducting multiple determi- oratories must perform their analyses on the basis of
nations or confirmation tests. those cutoffs. Allowing a laboratory to communicate

A basic step in the preparation of control samples analytical results by comparison with its own internal
is composition validation, which may be conducted cutoffs (as happens in countries where no cutoff
in various ways. The closest approach to obtaining values are defined by a central authority) is a
‘true’ value of each single analyte is to use a practice to be avoided because this approach implies
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Table 2
Substances and cutoff concentrations

Classes and Single substances Cutoff (ng/ml)

Amphetamines and analogues
Amphetamine 1000
Methamphetamine 1000
3,4-Methylendioxyamphetamine 1000
3,4-Methylendioxyethylamphetamine 1000
3,4-Methylendioxymethamphetamine 1000
Barbiturates
Amobarbital 500
Butalbital 500
Butabarbital 500
Phenobarbital 500
Secobarbital 500
Benzodiazepines
Diazepam 500
Nordiazepam 500
Oxazepam 500
Nitrazepam 500
7-Aminonitrazepam 500
Flunitrazepam 500
7-Aminoflunitrazepam 500
Flurazepam 500
Desalkylflurazepam 500
N-hydroxyethylflurazepam 500
Lorazepam 500
Triazolam 500
a-Hydroxytriazolam 500
Cannabinoids

911-nor-9-COOH-D -THC 50
9 a11-nor-9-COOH-D -THC-glucuronide

Cocaine
Benzoylecgonine 150

aCocaine
aEcgonine methylester

Methadone
Methadone 300

a2-Ethylidene-1,5-dimethyl-3,3-diphenylpyrrolidine
Opiates
Codeine 300
Morphine 300

a6-Monoacetylmorphine
aMorphine-3-O-glucuronide

aMorphine-3-O-sulphate
Interfering substances
Phentermine
Phenylpropanolamine
Ephedrine
Selegiline
Chlorpromazine
N-Methyl-3,4-methylendioxyphenyl-2-butanamine
Dantoine
Ethylmorphine, etc.
aMetabolites added with the function of mimicking real samples.
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best method here is to provide for compilation by
predefined codes. The code list must be as com-
prehensive as possible, supplied to participating
laboratories together with the protocol, and also
provided together with every single batch reporting
possible updatings. The analysis forms should at
least allow participating laboratories to provide:

(a) an indication of the presence or absence of
Classes of substances planned by the program;

(b) an indication of the presence or absence of
Fig. 1. Percentage of FPs for MBDB in three subsequent ana- Single substances (only those planned by the pro-
lytical trials of Italian PTP for drugs of abuse in urine. gram, not possible others added to act as interfering

substances);
excessive fragmentation of the statistical evaluations, (c) quantification of Single substances (only those
which is not very helpful for all the participants. If a planned by the program, not others added to act as
laboratory participates for quantitative determination interfering substances); in this case the analysis
of analytes (this implies confirmation testing), it forms should also report the unit of measurement
should be allowed to communicate its LOQ in required by the program;
performing this analysis and to use this limit to (d) communication of sample pretreatment pro-
evaluate the presence or absence of a substance. cedures used for screening, and confirmation tests if

performed;
5.3.4. Choice of participation (e) communication of analytical technique(s) used

The greater the number of laboratories participat- for screening, and confirmation tests if performed.
ing in a PTP, the more effective statistical evaluation As far as possible a laboratory should perform
of the general performance of participants and PTP analyses in the same way in which it performs
methods will be. However, when there are many routine analyses. However, because analysts are
participating laboratories, there are also great differ- over-careful with PTP samples, this is a difficult task
ences among their analytical approaches and the to accomplish. As described previously, blind
substances being tested. This means that an effective proficiency testing is necessary in this case.
PTP must be sufficiently flexible to offer participat- Analyses must be performed within a specified
ing laboratories the possibility of choosing a kind of time (usually planned considering the necessary
tailor-made participation, on the basis of their effec- requirements of fast feedback, but also avoiding
tive needs. placing too great a burden on a laboratory) and the

In this respect, a participating laboratory should be forms sent back to the organizing body before the
able to choose among identification of Classes of indicated deadline.
substances, qualitative identification of Single sub-
stances, and quantification of Single substances. 5.3.6. Data collection and analysis
Furthermore, for each batch of samples, laboratories The need to store data coming from every single
may decide among the ones planned by the program, batch for later consultation and comparison, the often
for which Class of substances to participate and, complex statistical procedures required to be carried
within those Classes, for which single analytes. out in an error-free way, and the absolute need to

avoid accidental exchanges between data from differ-
5.3.5. Analytical trials ent laboratories, all indicate that this phase must be

Adequate, pre-formatted analysis forms must be carried out using a computer-aided system.
supplied to participating laboratories. These forms All analysis forms from participating laboratories
must be simple enough to be correctly compiled by should be inserted in a proper data-base by two
all participants but sufficiently detailed for a good different operators. After data entry, a control soft-
description of the entire analytical procedure; the ware program compares the two databases to check
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for possible mistakes. In the same way, subsequent parameter is important in evaluating possible inter-
analysis of data must be conducted using both ferences or cross-reactions which cannot be iden-
databases and a tailor-made program of statistical tified by IQC procedures);
evaluation. It is good practice (although expensive in (d) FN rates for all the Classes and/or Single
terms of time) that reports are compared with the substances for which the laboratory has participated
respective analysis forms before shipment. with qualitative identification only;

(e) global FP rates and FN rates (all Classes and
5.3.7. Feedback to participants Single substances) obtained by all laboratories par-

Usually, the first stage in producing a score from a ticipating in the trial;
result X (a single measurement of analyte concen- (f) global FP rates and FN rates (all Classes and
tration in a test material) is obtaining the estimate of Single substances) obtained by all analytical tech-
the bias, thus: bias5x2X, where x is the true niques used during the trial (these data should also
concentration or amount of analyte. Most PTPs be accompanied by a description of pretreatment
proceed by comparing the estimate of the bias with a procedures, if performed);
standard error. An obvious approach is to form a (g) besides the above items, laboratories par-
z-score given by: z5(x2X) /s, representing the ticipating for quantitation must also receive: z-score
maximum allowable variation consistent with valid indexes of their performance and the SDI, which
data [69]. expresses the difference between a laboratory test

However, the above sections describe a kind of result and the overall average in terms of the number
program in which the general parameters used for of standard deviations from the overall mean; in
PTPs, such as z-score, q-score [43], Standard Devia- creating the SDI, great attention must be paid to the
tion Index (SDI) [70], etc., are not suitable for analytical technique used by the participating labora-
correct scoring of participating laboratories. tory; in general, quantitation from immunochemical

Indeed, unlike IQC, in which the quantitative techniques should be refused for this kind of PTP or,
component of a screening test can be used for an at least, two different SDIs should be created.
evaluation of the analytical result, in EQC for In addition, reports for participating laboratories
analytical toxicology, participating laboratories can should also contain a warning system for those
choose to report results only in terms of the presence laboratories whose performance falls below a mini-
or absence of the Class or Single substance to be mum standard of analytical quality.
analysed. Of course, a different approach must be
used for evaluation of quantitative results. Further- 5.3.8. Complementary services
more, it must always be kept in mind that, when Global reports or workshops on, for example, an
designing an educational program, the first aim is to annual basis should be planned, to present results
improve laboratory performance and not rank lab- obtained by participating laboratories during the past
oratories on the basis of their actual performance. In year of activity and to discuss method developments
this respect, the best approach is to make use of a and topics of analytical toxicology [71–73].
reporting fashion as comprehensive as possible con- A direct line between the organizing body and
taining all necessary information a laboratory can use participating laboratories, providing information on
for better evaluation of its performance. PTP-related topics (for example, changes in planned

Reports should therefore contain: cutoffs, list of substances to be analysed, etc.) should
(a) the composition (quali-quantitative) of the also be implemented.

analysed batch, both real and communicated by the
laboratory; real composition must also include sub- 5.4. Limitations of a proficiency testing program
stances added for special purposes (cross-reactions,
interferences) and different from those planned by PTP is not in itself sufficient to ensure the
the program; production of high-quality data. First, the interpreta-

(b) every single error made, clearly highlighted; tion of data from PTP is subject to statistical
(c) the FP rate obtained by the laboratory (this uncertainty, and the criteria on which decisions will
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be based are to some degree arbitrary. Second, too out in Italy since 1994 by the Centre of Behavioural
much time often elapses between analysis of test and Forensic Toxicology of the University of
samples and communication of performance results Padova, with about 200 participating laboratories
to each participating laboratory. Third, there is no [67].
way of determining whether samples are examined
by routine test procedures or if they receive special
treatment. The fact that participating laboratories 6. Concluding remarks
approach analysis with more care and attention may
have a great impact on statistical certainty but, The inherently high degree of reliability related to
unfortunately, these practices are difficult to elimi- analytical toxicology implies a higher degree of
nate. In this respect, blind testing would be helpful to quality and consequent appropriate implementation
avoid these problems but, as a fourth problem, of a system of control which, although it cannot
already high costs in carrying out open PTPs would improve analytical quality by itself, is useful in
be further increased. detecting errors.

IQCs can only detect errors related to variable
5.5. Improvement by new technologies factors, so that a scheme for integration of internal

and external QC programs should be planned on the
The worldwide communication by electronic basis of quality requirements as well as of specific

means offered by the Internet provides an obvious laboratory needs.
enhanced opportunity for a solution to some PTP- For this aim, PTPs must be designed to allow each
related problems. For example, planning an appro- single participating laboratory to determine its appro-
priate analysis form ‘on-line’ would avoid any priate quality goals, and should be based on the
problem related to bad data entry by the organizing universal use of a standardized method for assess-
body (and, as a consequence, of incorrect statistics). ment of results. The introduction into proficiency
In this way, since the Internet not only potentially schemes of new technological tools, such as the
reaches all the world but also does so very rapidly, global communication offered by the Internet, consti-
problems related to dead time between analysis form tutes an important step towards this goal.
shipment and feedback would be avoided, because
the entire process would be carried out by an
automated system from receipt of analysis forms to References
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