
STANDARDIZATION OF DIAGNOSTIC MATERIALS

2. Problems of standardization in clinical chemistry*
J. PAUL CALI 1

If analytical results in clinical chemistry are to be made meaningful, i.e., accurate,
precise, and specific, a systematic approach to their attainment is necessary. Furthermore,
because this system is so complex in scope and the needfor it is so widespread, it will require
international coordination. Agreement on the units of measurement, the production and
certification of standard reference materials, and the development of reference methods of
demonstrated accuracy will require the support of all segments of clinical chemistry.

In the practice of clinical chemistry, particularly
with regard to its analytical aspects, a veritable
mountain of evidence shows that the results pro-
duced in the measurement process are often of
questionable validity, especially as far as accuracy is
concerned. In many other fields of measurement
science and technology this process is under con-
trol and accurate, precise, and specific measurement
values are obtained daily in a routine manner.
Rather than pointing out specific analytical prob-
lems, this paper outlines what must be done on an
international scale to bring about meaningful mea-
surement in clinical chemistry. The words " stan-
dard " and " standardization " have widely different
meanings and it is important to define them carefully
in the context of this paper to avoid misunder-
standings.
A standard is, or should be, a well-characterized

material. There are several classes of standard mate-
rials ranging from certified standard reference mate-
rials (the highest class in terms of the degree of
characterization and purity) to analytical reagent
grade materials and calibration and quality control
materials (usually supplied commercially and varying
widely in reliability). Furthermore, there is a whole
range of materials labelled as " standards " by vari-
ous producers but unworthy of that name because of
their wide variability in purity and substantive char-
acterization. In this paper, the word " standard ", per
se, wiHl not be used to refer to a material; instead, the
full appropriate phrase or its acronym-e.g., certified
standard reference material or SRM-will be used.

* Presented at the International Conference on Standardi-
zation of Diagnostic Materials, Atlanta, USA, 5-8 June 1973.
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for Materials Research, National Bureau of Standards,
Washington, D.C. 20234, USA.

By standardization is meant the process resulting
in meaningful measurement. This process, to be
described in some detail, is complex and highly
interactive, and it calls for the highest degree of
cooperation, enthusiasm, and hard work on the part
of scientists, technicians, and manufacturers if suc-
cess is to be achieved. Furthermore, the scope of the
work is so broad that only if international resources
are applied to the problem and full cooperation
between various national groups and societies is
assured will a solution come about in a reasonable
time.

MEANINGFUL MEASUREMENT

In science, measurement is the process whereby a
numerical value is associated with a specific and
unique property of a material, " material " being
taken in its broadest sense to include all those things
considered to constitute the physical objects of the
observable universe. Measurement scientists, then,
must first agree on a set of physical constants, base
units, and units derived from the base set. In
ideal-usually simple-cases a direct relationship
can be traced between the property measured and the
base units. The system of base units that is now
almost universally accepted is the Systeme interna-
tional d'Unites (SI). Thus, the use of the candela in
practice, in so far as the material aspects of the
measurement are concerned, depends only on know-
ing the purity of the platinum metal used. The
candela is defined in terms of the radiation of a black
body at the freezing temperature of platinum. The
first prerequisite of meaningful measurement, then, is
agreement on a base system of units.
The realization, through measurement, of the

base and derived units requires that the values
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obtained be accurate, precise, and specific. In com-
plex measurement systems (and this is certainly the
case with clinical chemistry), the results must be
accurate as well as precise if they are to be compar-
able across time and distance. Accuracy in measure-
ment is related to the " true" value-the value that
reflects reality in the most direct way possible. A
measuring process is accurate if the mean of a large
number of replicate measurements is close to the
" true " value. Thus, accuracy involves traceability to
the base system of units, since the " true value " can
be ascertained only in this operational sense. Once
agreement on the base units has been reached,
measurement results obtained by different, but
equally accurate, methods will be directly compa-
rable.

Precision, in contrast to accuracy, is an expression
only of the reproducibility of a measurement system.
Although accuracy and precision are often both
closely and positively correlated, highly precise sys-
tems may be highly inaccurate. In practice, however,
it is rare to find an accurate system with poor
precision.

Specificity as a requirement for meaningful mea-
surement needs little explanation. Only the property
under consideration is measured-not a combination
of other properties that may give the false appear-
ance of singularity.

There are, of course, other desirable attributes of
measurement: sensitivity of detection, a large dy-
namic range, ease of operation, speed, low cost, and
several others. These, however, are pragmatic consid-
erations, by and large, whereas the three conditions
previously discussed-accuracy, precision, and speci-
ficity-are absolute essentials to the attainment of
meaningful measurement.

A SYSTEMATIC APPROACH TO
MEANINGFUL MEASUREMENT

A system whose implementation would lead to the
production of the meaningful measurement values
described above consists of five distinct parts. The
first three, discussed below, are sufficient in them-
selves to effect this result on a limited scale; the last
two are necessary if practical results throughout
clinical chemistry are to be obtained.

(1) A rational, self-consistent system of units of
measurement

Over the past few years there has been a marked
trend in clinical chemistry to accept and use SI units.

This effort has been promoted most strongly by the
International Federation of Clinical Chemistry
(IFCC) and the Commission on Clinical Chemistry
of the International Union of Pure and Applied
Chemistry (IUPAC). Although there are still a few
unresolved problems-for example, units for the
measurement of enzyme activity-most national
groups have already accepted the SI or are about to
do so.
However, its acceptance by manufacturers of in-

struments or clinical kits and by the practitioners of
clinical chemistry has not been generally achieved.
US customary units (pound, inch, etc.) are still
widely used in verbal communication as well as in the
technical literature in the USA, although recent
progress to eliminate this practice (or at least to give
equal prominence to the corresponding SI units) is
encouraging. Basically, the problem of full accep-
tance and use of the SI units is an educational one,
which, in the opinion of the author, will be resolved
over the next few years.

(2) Materials for the implementation ofthe base units
and their derivatives
The implementation of the base and derived units

depends, especially for the measurement of chemical
properties, on applying methods of known accuracy
(see below) to materials with well-known charac-
teristics.

In the USA, the well-characterized materials,
known as standard reference materials (SRMs), are
produced and certified by the National Bureau of
Standards (NBS). It should not be inferred that these
are the only materials suitable for use in the labora-
tory. In many instances, SRMs are unsuitable for
daily routine calibration use as they are highly
purified chemical substances and cannot be used
directly because of matrix effects. Laboratories that
are not equipped to produce direct calibration curves
from first principles may find it necessary to fall back
on control sera, kits, etc., purchased from commer-
cial manufacturers. Analytical reagents should be of
the highest quality and, wherever possible, meet
specifications set by national or international groups
such as the American Chemical Society (" analytical
reagent grade ").

In every possible instance the properties of SRMs
certified by NBS have been measured to ensure that
the values assigned are accurately known. Accuracy
is ensured by measuring the property under consider-
ation by a reference method of known accuracy,
applied by two or more analysts working indepen-
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dently in order to eliminate (or reduce) personal bias.
For some measurements, however, reference meth-
ods have not been established. In this case, the
property is measured by two or more independent
methods whose estimated systematic biases are small
in relation to the uncertainty attached to the final
certified value. SRMs are made available on a

worldwide basis and provide the materials by which
the quality of working standards can be established
and maintained. This transfer process in clinical
chemistry is not yet widespread, but it is to be hoped
that there will soon be a marked improvement in the
quality and accuracy of the values given for com-
mercially produced working standards.

Considering the needs in clinical chemistry alone,
it is obvious that the currently available variety of
SRMs is discouragingly small. In view of the limited
resources available at NBS in support of this field of
science, national laboratories of other countries
should be encouraged to participate in this work.
NBS is working on the SRM's that are highest on a

priority list established by experts in clinical chemis-
try acting as advisers to NBS. Table 1 shows the first
10 items of the current priority list (there are more
than 48 distinct proposed SRMs). An international
order of priorities and a division of the work with
other national laboratories willing to cooperate are

urgently needed.

(3) Accurate methods of measurement, analysis, or

testing based on well-characterized materials

These methods are here defined as " methods of
demonstrated accuracy ". IFCC has recommended
that they be called " reference " methods. In any
case, the operational definition given above is the
crux of the matter, although international agreement
on the choice of description will help to avoid future
misunderstandings. Whatever name is given to these
methods (umpire methods, standard methods, stan-
dard reference methods, etc.), their sine qua non is
demonstrated accuracy. Absolute accuracy, implying
the use of methods with no systematic bias, is
unattainable. It is important to realize that the rise in
cost is an exponential function of increasing accu-
racy. Only that degree of accuracy required for the
purpose should be sought, making allowance for
further advances. A good rule of thumb is to strive
for a reference method three times as precise and
accurate as the user (in this case the physician)
requires it to be.
The development of reference methods is a time-

consuming, expensive, and complex process involv-
ing these steps (other permutations are, of course,
possible):

(a) A group of qualified experts surveys the litera-
ture to choose a candidate method-that is, one

Table 1. Priority list for clinical chemistry SRMs (NBS)

Name Remarks and status

I bovine serum albumin

2 liquid SRMs for spectro-
photometry

nearing production; research and development nearly completed.

to be certified at 240 and 300 nm; under way.

3 potassium dichromate and dry form certified for absorbance at 240, 300, 400, 500, and 600 nm;
potassium hydrogen phthalate under way.

4 standard cuvettes

5 cyanmethaemoglobin

6 NADH

7 sodium pyruvate

8 quinine sulfate (powder)

9 ionic activity SRMs

10 toxicology SRMs

sides parallel to 1/104; in production.

international standard to be tested by NBS; (not to be issued by NBS-
report only).

research and development under way.

research and development under way.

purity; corrected spectra; quantum efficiency. Research and develop-
ment under way.

" Tris ,a and phosphate in isotonic saline; calcium chloride, anhydrous;
potassium fluoride (solid); pC02 and p02-pure gases at 2 levels;
under way.

99+% purity for phenobarbital, pentobarbital, and secobarbital diphenyl-
hydantoin; research and development under way.

a 2-Amino-2-(hydroxymethyl)-1,3-propanediol.
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likely to involve the smallest systematic biases. They
also decide what the accuracy goal for the reference
method should be.

(b) A central laboratory is chosen to coordinate
the work, develop the statistical design, and prepare
and distribute samples and the SRM (a necessary
precondition is the availability of the appropriate
SRM).

(c) The group of experts in conjunction with the
central laboratory writes the first version of a de-
tailed procedure (protocol) and helps to select a
group of 6-10 clinical laboratories willing to coop-
erate in performing the work called for in the
protocol.

(d) The central laboratory distributes the proto-
col, samples, SRM, and instructions to the cooperat-
ing laboratories, which perform the work according
to a schedule. The analytical data and other pertinent
information are sent to the central laboratory.

(e) The group of experts and qualified personnel
from the central laboratory, including statisticians,
analyse the data, try to pinpoint sources of error, and
revise the protocol to eliminate them.
(f) Steps (d) and (e) are repeated as often as

necessary until the accuracy goal is achieved (or
modified if the goal was set too high originally).

(g) The protocol is written in final form and
published in a suitable journal (or, better still, in a
collection to be established by an internationally
recognized body).
A reference method recently developed in clinical

chemistry, meeting the conditions just set forth, is
that for the determination of calcium in serum."
The number of reference methods used throughout

the world is discouragingly small and, in view of the
needs, an interim solution to the question of accu-
racy may have to suffice for the present. Some
measurement scientists have proposed accuracy by
edict-a scheme whereby experts declare a particular
method to be the accurate method against which all
other methods will be assessed. If the method chosen
by edict is carefully selected and some modest
interlaboratory testing is done, then this interim
solution may indeed be adequate to meet certain
legal pressures now rapidly developing. However, in
the long run there is no substitute for the hard
scientific work that establishes in the laboratory the

1 Cali J. P. et al. A referee method for the determination
of calcium in serum, Washington, 1972 (NBS Special Publica-
tion No. 260 36).

accuracy of an analytical method. Properly devel
oped reference methods should be pushed vigorously
with all possible resources on a worldwide basis.
The question of priorities in the development of

reference methods is also pertinent. The only existing
list that might give some indication of priorities
appears to be that drawn up by the Advisory Panel
on in vitro Diagnostic Products of the US Food and
Drug Administration (FDA). The list (Table 2) refers
to the chemical substance to be determined that will
be covered first in the forthcoming proposed FDA
regulations on the packaging and labelling of diag-
nostic products, in which SRMs and reference meth-
ods will play an important role.

Table 2. Inferred priority list for reference method
developmenta (advisory panel on in vitro diagnostic
products-FDA)

Priority Reference
No. method for: Status

1 D-glucose under way under the sponsorship of the
American Association of Clinical Chem-
ists

2 calcium completed (Cali et al., 1972)

3 bilirubin open

4 sodium NBS-CDC sponsorship; starts autumn
1973

5 potassium NBS-CDC sponsorship; starts autumn
1973

6 chloride NBS-CDC sponsorship; starts 1974

7 urea open

8 uric acid open

9 cholesterol open

10 triglyceride open

a See below.

As in the case of SRM production and certifica-
tion, a worldwide programme of reference method
development should be planned and instituted as
rapidly as possible. The time required for the devel-
opment of one reference method is 1-2 years, the cost
from $100 000 to $150 000 (although this may be
reduced by contributions of time), and only through
an international cooperative effort will needs be met
on a reasonable time scale.

(4) Transfer of accuracy via the SRM and reference
method
As mentioned previously, (1), (2), and (3) are

sufficient to bring about accurate measurements in a
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few well-qualified laboratories. The real problem is,
however, to upgrade the quality of measurement in
the average laboratory and on a routine basis. There
are two aspects to this problem, one involving field
(routine) methods per se, the other concerned with
the manufacturer's role.

Assessment offield methods. As reference methods
and SRMs become available, responsible groups
should begin the assessment of the various field
methods currently in use. As the materials to be used
in the assessment process can be characterized on an
absolute (accuracy) basis by the reference method,
the inaccuracies of the tested field methods will
become readily apparent. As the testing data accu-
mulate and become widely disseminated, a selection
process will occur and highly inaccurate methods will
tend to fall into disuse and eventually disappear.
Field methods having desirable characteristics
(speed, low-cost, etc.) could be made accurate by
correcting or eliminating the systematic biases found.
The author believes that many newly developed
reference methods will not be suitable for use in
routine practice, because of their high cost, com-
plexity, lack of speed, etc.). Furthermore, not every
laboratory will have the facilities or instruments
required by the reference method, and certain labo-
ratories may prefer to determine some constituents
by the use of kits or simpler methods. Indeed, it is
not necessary or even desirable to do away with
present field methods, with or without kits, as long as
they are tested against the reference method. How-
ever, it is likely that many of the methods and kits
now in current use will be rapidly discarded or
radically modified when it can be shown by tests with
the reference method that a high degree of inac-
curacy exists. This will help both the diagnostician
and his patient. Data of unknown or uncertain
accuracy have caused more confusion and, ulti-
mately, greater expense than any other factor in the
measurement process.

Assessment of commercial diagnostic products.
Given SRMs and reference methods it will now be
possible for the manufacturers of diagnostic prod-
ucts, including reagents and instruments, to test
those products for accuracy. In the USA, a few
manufacturers are already using SRMs to test the
quality of their reagents, control sera, and kits.
Without reference methods, this testing must per-
force be on a relative rather than on an absolute
basis. It is, however, a step in the right direction. The

implementation of these assessment activities is more
complex and difficult than that of (1), (2), and (3).
Modes of implementation, including legal require-
ments, differ from country to country. In the USA,
standardization, in most fields of technology, is a
strictly voluntary process, whereas in many other
countries it is usually legally imposed. Agreement on
the quality of products moving in international trade
is possible and current trends indicate that efforts in
this direction are increasing.

(5) Ensuring the long-term integrity of the measure-
ment process

Measurement systems are notorious in one respect.
Unless carefully monitored, they tend to get out of
control. Loss of precision is usually the first indica-
tion that the measurement process is not in a state of
quality control. In clinical chemistry this question is
one of almost constant concern and one that has
been extensively studied. Although each individual
laboratory must ultimately be responsible for assur-
ing its own quality control, professional societies and
governmental agencies provide a mechanism that
helps to ensure long-term quality control.

If SRMs and reference methods are available, the
mechanism for ensuring the long-term integrity of
the measurement process in a large number of
clinical laboratories is quite straightforward:

(1) The sponsoring or testing agency prepares a
series of test samples. These may be frozen or freeze-
dried sera and should be so constituted as to repre-
sent (as a minimum) the low, normal, and high
values for each analyte.

(2) The constituents are analysed by the sponsor's
laboratory(ies) using the reference method to obtain
values of known accuracy.

(3) The test samples, as unknowns, are distributed
with instructions and reporting forms to the labora-
tories that are to test them, and the work is per-
formed as instructed.

(4) The results are sent to the sponsoring agency
and statistically analysed. In a well-designed and
controlled programme, each laboratory should re-
ceive back the following information for each analyte
tested: the day-to-day precision of the method within
the laboratory; the accuracy of the method; the rank
of the laboratory compared with that of others using
the same methodology (classified if desirable into
various categories-e.g., commercial, large hospital,
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etc.); the inaccuracy of the method compared with
that of alternative methods; and a statement of
acceptability of the results.

In the USA, two of the most important current
programmes are the Quality Evaluation Program
(QEP) of the College of American Pathologists
(CAP), in which more than 7 000 laboratories par-
ticipate, and the Proficiency Testing Program (for
about 700 laboratories) of the Center for Disease
Control. Current programmes evaluate the perfor-

mance of participating laboratories only in terms of
precision, because reference methodology is largely
lacking in clinical chemistry. In the QEP studies,
accuracy assertions are based on the premise that
(given a large number of results for a specific analyte,
obtained on identical samples, using several different
methods) the grand mean value of all results is
probably fairly close to the " true " value. If reference
methods were available this thesis could be rigorously
tested.

RtSUMmt
PROBLtMES DE STANDARDISATION EN CHIMIE CLINIQUE

La standardisation est le processus grace auquel la
mesure d'une propriete d'un mat6riel donne acquiert sa
pleine validite. Par mesure valable, il faut entendre que
les nombres exprimant une certaine propriet6 sont exacts,
pr6cis et sp6cifiques. En chimie clinique, une proportion
importante des r6sultats sont de valeur douteuse: si
nombre d'entre eux sont precis et sp6dfiques, tres peu
sont d'une exactitude prouv6e. Si l'on veut que les
donn6es fournies par une serie de techniques analytiques
diff6rentes soient comparables ind6pendamment du temps
et de la distance - deux parametres importants dans la
pratique medicale - il faut qu'elles soient exprim&es en
fonction d'un systeme de mesure absolu.
Un tel systeme comporte trois 6lements: a) un ensemble

rationnel et reconnu de constantes physiques, d'unites de
mesure de base et d'unit6s derivees; b) la faculte de
disposer de materiels de ref6rence (etalons) bien carac-
t6ris6s, c'est-a-dire dont les proprietes sont connues avec
exactitude; c) l'existence de m6thodes de r6ference, dont
l'exactitude a ete d6montree, pour les mesures, les ana-

I ys es et les epreuves. Sur la base de ces trois 6lement
un petit nombre de laboratoires tres qualifies sont
capables de proceder a des mesures exactes. Cependant,
pour que les laboratoires de niveau inferieur puissent
parvenir a un degr6 de qualite equivalent dans la pratique
courante, des stades supplementaires doivent etre envisa-
g6s. L'un d'eux consiste a eprouver l'exactitude des
m6thodes de routine qui y sont utilis&es - en se servant
des 6talons et des m6thodes de r6ference - 'a les corriger
et a les 6carter le cas 6cheant. D'autre part, les fabricants
de mat6riels de diagnostic sont eux aussi a meme d'6va-
luer, d'ameliorer et de maintenir la qualite de leurs
produits en utilisant le meme processus. Enfin, l'emploi
des 6talons et des m6thodes de r6ference assure le main-
tien A long terme de l'exactitude des proced6s de mesure.

L'auteur examine les conditions requises pour l'exten-
sion des processus de standardisation A l'echelon mondial
et fournit des exemples de travaux r6alises ou en cours
dans le domaine des 6talons et des m6thodes de r6f6rence
aux Etats-Unis d'Amerique.
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