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ABSTRACT
Effective patient care, clinical research, and public health efforts re-
quire comparability of laboratory results independent of time, place,
and measurement procedure. Comparability is achieved by estab-
lishing metrological traceability, which ensures that measurement
procedures measure the same quantity and that the calibration of
measurement procedures is traceable to a common reference system
consisting of reference methods and materials. Whereas standardiza-
tion ensures traceability to the International System of Units, harmo-
nization ensures traceability to a reference system agreed on by
convention. This article provides an overview of standardization
and harmonization with an emphasis on commutability as an impor-
tant variable that affects testing accuracy. Commutability of refer-
ence materials is required to ensure that traceability is established
appropriately and that laboratory results are comparable. The use
of noncommutable reference materials leads to inaccurate results.
Whereas procedures and protocols for standardizing measurements
are established and have been successfully applied in efforts such as
the Hormones Standardization Program of the CDC, harmonization
activities require new, more complex procedures and approaches.
The American Association for Clinical Chemistry, together with
its domestic and international partners, formed the International Con-
sortium for Harmonization of Clinical Laboratory Results to coordi-
nate harmonization efforts. Reference systems, as well as procedures
and protocols to establish traceability of clinical laboratory tests,
have been established and continue to be developed by national
and international groups and organizations. Serum tests of thyroid
function, including those for the thyroid hormones thyroxine and tri-
iodothyronine, are among the clinical procedures for which standard-
ization efforts are well under way. Approaches to the harmonization
of measurement procedures for serum concentrations of thyroid-
stimulating hormone are likewise under development. Am J
Clin Nutr 2016;104(Suppl):907S–12S.
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INTRODUCTION

Clinical laboratory measurements are used to identify in-
dividuals with diseases or those at increased risk of disease, guide

treatment decisions, monitor the success of treatment, and assess

the risk of disease recurrence. Laboratory data obtained from

epidemiologic studies in patient and nonpatient populations are
essential for developing public health strategies and clinical
practice guidelines for disease. To achieve these objectives, it is
crucial that different measurement procedures produce results
that are comparable as well as reliable (i.e., equivalent within
clinically meaningful limits for the same patient samples), re-
gardless of which laboratory produced the results or when they
were produced. Note that in the present article, the term “patient
samples” denotes clinical samples from patients in treatment or
research settings as well as nonpatients in research or public
health settings.

The importance of comparability of measurement results
becomes obvious when results across studies are compared
or results obtained throughout the length of a long-term in-
vestigational study are examined. Noncomparable results can
make research findings from different studies appear inconsistent,
and incorrect conclusions may be drawn. Furthermore, it is com-
mon for patients to be seen in a variety of health care settings in
which different laboratories may use different measurement
procedures. In addition, the measurement procedures used by
a given laboratory may change while patients receiving treatment
are being monitored. When comparing a patient’s test results
with clinical decision points described in evidence-based clini-
cal practice guidelines, results that are not comparable across
measurement procedures can lead to inconsistent assessment of
a patient and, in some situations, incorrect treatment. In addi-
tion, electronic health records intended to facilitate the in-
terpretation of patient data across health care systems are likely
to become less useful in the aforementioned scenario.

In the absence of the standardization or harmonization of
measurement procedures, patient sample results differ sub-
stantially across commercial assays for a number of serum tests of
thyroid function that may be useful for assessing the benefits and
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risks of iodine supplementation (1). Serum tests that have been
studied methodically across commercial assays include the
concentration of thyroid-stimulating hormone (TSH)7 and con-
centrations of the thyroid hormone thyroxine (T4) as total T4
and free (i.e., unbound) T4 (FT4). This article provides an
overview of key principles and activities used in laboratory
medicine, clinical research, and public health to standardize or
harmonize measurement methods and procedures for the pur-
pose of ensuring comparable and reliable results.

ESTABLISHING TRACEABILITY OF RESULTS

To achieve comparable results, all measurement procedures
must measure the same quantity. In addition, the calibration of all
measurement procedures should be traceable to a common ref-
erence system consisting of reference methods andmaterials. The
process for achieving these requirements is commonly referred to
as “establishing metrological traceability.” Metrological trace-
ability is defined by the International Organization for Stan-
dardization (2) as “the property of the result of a measurement
or the value of a standard whereby it can be related to stated
references, usually national or international standards, through an
unbroken chain of comparisons all having stated uncertainties.” A
diagram of the steps necessary to establish traceability is provided
in Figure 1; the application of this approach to the evaluation of
insulin immunoassay performance has been described elsewhere
(3). Further details about the process of establishing metrological
traceability are provided in recent reviews (4–6).

The terms “harmonization” and “standardization” are used to
describe the 2 principal approaches for establishing metrological
traceability. The term “standardization” is used when both of the
following conditions prevail: 1) the measurand (the analyte to be
measured) is clearly defined and 2) agreement of test results is
achieved by establishing traceability to a higher-order reference
measurement procedure or pure-substance reference material
that can be defined by using the International System of Units
[Systèm International (SI)]. Higher-order reference measure-
ment procedures are well-characterized analytical methods that
are intended for assigning target values to reference materials
and have a level of accuracy, precision, and specificity that is
higher than that typically observed with routine clinical mea-
surement procedures. As described by Long et al. (7) in this
supplement issue, the National Institute of Standards and
Technology has been working with the NIH Office of Dietary
Supplements for several years to develop higher-order reference
measurement procedures and Standard Reference Materials to
support the validation of new analytical methods relevant to the
assessment of iodine status and thyroid function.

Unfortunately, the number of measurands that can be stan-
dardized is fairly limited in relation to the hundreds of tests
performed in laboratory medicine; the reasons for this are the lack
of clearly defined measurands, reference methods, and/or ref-
erence materials. Although standardization, as described above,

cannot be achieved for many analytes, agreement among mea-
surement procedures can still be obtained through the process
called “harmonization,” in which there is a reference system
consisting of methods and materials that are not traceable to the
SI but are agreed upon to act as references. For harmonization,
a single method (called a “designated comparison method”) can
be selected or a set of different methods can be used to assign an
“all-methods mean” to a reference material or materials. The
terms “all-method trimmed mean” and “all-procedure trimmed
mean” are also used to describe this summary statistic. Refer-
ence materials can be prepared from purified biomarkers, a set
of single-donor blood materials, or pooled patient samples. In
special cases, a manufacturer’s calibrator can be designated as
a reference material. Both standardization and harmonization
activities aim to achieve comparable and reliable measurement
results. Whereas standardization ensures traceability to the SI,
harmonization ensures traceability to a reference system agreed
upon by convention.

The principal steps for achieving comparable results through
standardization and harmonization can be summarized as follows:

1) Establishing a reference system consisting of reference
methods and materials

2) Calibrating measurement procedures using the reference
system established in the first step

3) Verifying comparability of measurements performed for
patient care and research, usually by measuring a set of
authentic patient samples to assess the uniformity of re-
sults across different methods

Establishing metrological traceability, which is achieved by per-
forming step 2, does not always lead to comparable measurement

FIGURE 1 Diagram of the metrological traceability chain linking re-
sults obtained for patient samples (bottom) to SI units (top) through a series
of calibrations of measurement procedures and value assignments of cali-
brator materials. 1The calibrator can be a material with a matrix resembling
those of the samples of human origin to be measured by the end-user’s
routine measurement procedure. CGPM, Conférence Générale des Poids
et Mesures; SI, Systèm International (International System of Units).
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stimulating hormone; T4, thyroxine.
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results. Such lack of comparability can be explained by changes in
instrument performance and reagent quality over time, inconsistent
calibration of measurement procedures, the use of reference ma-
terials that are unsuitable for the intended use, and other factors.
Therefore, programs to standardize or harmonize clinical laboratory
measurements should appropriately address all 3 steps of the pro-
cess to ensure comparable measurement results for patient care and
public health research. With respect to the assessment of thyroid
function in relation to iodine status, step 3 could be achieved, for
example, through participation in standardization programs or
accuracy-based proficiency-testing programs in which single-
donor patient serum samples covering a range of concentrations of
total T4 and/or FT4 are analyzed.

The European Union 1998 directive on in vitro diagnostic
medical devices (8) requires that traceability of the calibration
of measurement procedures be ensured. Current regulatory re-
quirements, in addition to addressing growing clinical and public
health needs for accurate and reliable measurement results, have
produced a profound increase in standardization and harmoni-
zation activities.

PROGRESS IN STANDARDIZATION AND HARMONIZA-
TION

Awide range of activities directed toward the standardization
and harmonization of clinical laboratory testing are under way
around the world; these are being conducted by international
entities such as the International Federation of Clinical Chemistry
and Laboratory Medicine (IFCC), the WHO, and the European
Union Joint Research Centre Institute for Reference Materials
and Methods. National entities such as the CDC, the National
Institute for Standards and Technology, and offices and institutes
of the NIH are also furthering standardization and harmonization
efforts, as are various academic institutions.

The 2 longest-standing and most comprehensive standardi-
zation programs that address all 3 steps of the standardization
process are the CDC’s Lipid Standardization Program for cho-
lesterol and blood lipids (9) and the National Glycohemoglobin
Standardization Program for hemoglobin A1c (10).

National and international organizations and research groups
are developing and establishing the components needed for
standardization or harmonization of TSH, total T4, FT4, and
other clinical analytes relevant to the assessment of iodine status
and thyroid function. For example, the University of Ghent in
collaboration with the IFCC has established reference methods
and materials for thyroid hormone testing. As discussed by Faix
and Miller (11) in this supplement issue, the IFCC Committee
for Standardization of Thyroid Function Tests has established
a conventional reference measurement procedure for FT4 and an
approach to harmonization (rather than standardization) for TSH.
Reference methods and materials that meet criteria outlined in
standards from the International Organization for Standardization
are compiled and maintained in a database by the Joint Com-
mittee for Traceability in Laboratory Medicine (12).

The CDC Hormone Standardization Program is one exam-
ple of a standardization effort developed in response to an ac-
knowledged need. The program, which started in 2006, was
initiated because inaccurate and unreliable measurements for
testosterone and estradiol prevented the implementation of re-
search findings in patient care and hindered correct treatment.

These problems were discussed at a CDC workshop in 2006 and
summarized in a special issue of the journal Steroids (13).
Further details about problems and challenges in testosterone
and estradiol testing are described in position statements by the
Endocrine Society and the American Urology Association (14–
16). The CDC developed reference measurement procedures
(17) and panels of single-donor sera to assist laboratories in the
operation of laboratory-developed tests and to assist assay
manufacturers with both calibration and calibration verification.
To ensure that the measurement accuracy of the laboratory-
developed tests and assays operated by manufacturers is main-
tained over time, the CDC is assessing the participants quarterly
with 10 single-donor sera; measurement accuracy is evaluated
by combining the data obtained from 4 consecutive quarters
using established protocols such as the Clinical and Laboratory
Standards Institute (CLSI) protocol EP 9, “Method Comparison
and Bias Estimation Using Patient Samples” (18). Participants
meeting predefined analytical performance criteria are listed on
the CDC website (9).

In addition, the CDC is collaborating with proficiency-testing
providers such as the College of American Pathologists to assess
the performance of measurements conducted in medical labo-
ratories through accuracy-based surveys. These activities in the
context of metrological traceability are shown diagrammatically
in Figure 2 and further described in a recent review (19). Re-
cently, the CDC successfully applied the same approach and
procedures in its Standardization Certification Program for se-
rum 25-hydroxyvitamin D (20).

Procedures to achieve traceability through harmonization,
which are more complex than those required for standardization,
are being developed by several groups around the world. Both
standardization and harmonization efforts require long-term
commitments with respect to technical and financial resources.
Until recently, no central organizing body existed for co-
ordinating the various standardization and harmonization ac-
tivities conducted worldwide to minimize duplication of effort
or to optimize the use of resources. In 2010, an international
leadership forum of the American Association for Clinical
Chemistry (AACC) recommended that an infrastructure be cre-
ated to coordinate worldwide efforts to harmonize measurands
(21). In 2013, the AACC, working with its domestic and in-
ternational partners, formed the International Consortium for
Harmonization of Clinical Laboratory Results to implement these
recommendations, including prioritizing analytes that require
harmonization and coordinating harmonization work among

FIGURE 2 Abbreviated diagram of the 3 basic steps performed in
standardization programs, showing the traceability chain.
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different organizations. The governing body is a council made up
of organizations from around the world that contribute financially
to support the administration of the program. A list of the analytes
currently being addressed, which includes TSH, total T4, and
FT4, is available from the AACC website (22).

COMMUTABILITY

Reference materials used as calibrators or to verify the ac-
curacy of a measurement procedure are key components for

establishing metrological traceability. Like reference measure-
ment procedures, reference materials must meet certain criteria
for key characteristics, including homogeneity and stability. In
recent years, commutability has come to be recognized as another
critically important characteristic of reference materials (23). The
importance of commutability became apparent in situations in
which measurement procedures were calibrated to be traceable to
the same reference material but patient samples measured using
these methods showed substantial differences in results (3, 24–
32). In these situations, the reference material is considered
“noncommutable” and thus unsuitable for establishing metro-
logical traceability.

Commutability is an essential property of reference materials
used in a traceability chain (33). Commutability is defined by the
International Vocabulary of Metrology as “a property of a ref-
erence material, demonstrated by the closeness of agreement
between the relation among the measurement results for a stated
quantity in this material, obtained according to 2 given mea-
surement procedures, and the relation obtained among the
measurement results for other specified materials” (34). This
definition can be restated in the context of clinical laboratory
measurement procedures as the closeness of agreement between
2 relations: the procedure 1 vs. procedure 2 results relation
observed for a reference material and the procedure 1 vs. pro-
cedure 2 results relation observed for patient samples. Figure
3A shows the concept of commutability, in which the relation
of the results between 2 measurement procedures for patient
samples and the analogous relation for reference materials are
quite similar. Figure 3B shows the concept of noncommutability,
in which the relation of the results between 2 measurement
procedures for patient samples is quite different from that for
reference materials. Figure 3C shows that the use of the non-
commutable reference materials shown in Figure 3B as cali-
brators will cause inaccurate measurement of patient samples.
As per the above definition of commutability, a reference ma-
terial is described as commutable (or noncommutable) with
patient samples among a group of measurement procedures. It is
important to point out that commutability is a property of a ref-
erence material; it is incorrect to use the term “commutability” to

FIGURE 3 Scatter plots comparing the hypothetical results of 2 mea-
surement procedures. The plots illustrate how test outcomes for 20 patient
samples are affected by the commutability of RMs. In panel A, the 3 RMs
are commutable and thus, when analyzed by measurement procedures 1 and
2, yield results consistent with those of patient samples. In panel B, the 3
RMs are noncommutable and thus, when analyzed by measurement proce-
dures 1 and 2, yield results inconsistent with those of patient samples. In
panel C, the 2 measurement procedures are calibrated by using 3 noncom-
mutable RMs; because the RMs are noncommutable, using them to calibrate
the 2 measurement procedures leads to discrepant, inaccurate results for
patient samples. In panels A and B, the line shown is the regression line
for the comparison of patient sample results across the 2 measurement pro-
cedures. In panel C, the line shown is the regression line for the comparison
of 3 noncommutable RMs results across the 2 measurement procedures. RM,
reference material.

FIGURE 4 Example of the use of regression analysis with a 95% pre-
diction interval to evaluate the commutability of reference materials, as described
in the Clinical and Laboratory Standards Institute’s document EP-30A (34).
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refer to the agreement among results from a group of measure-
ment procedures.

Higher-order reference measurement procedures are designed
to have a high degree of analytical specificity for the substance
being measured and a level of accuracy that is independent of the
specimen matrix. Consequently, commutability is rarely an issue
for reference materials used to calibrate higher-order reference
measurement procedures. Nor is commutability an issue for
higher-order reference measurement procedures when assigning
target values to a secondary reference material, which usually has
a matrix similar to that of pertinent clinical samples. However,
commutability of secondary reference materials becomes a crit-
ical consideration when those secondary reference materials are
intended for use with less-specific measurement procedures, such
as routine clinical laboratory procedures and the steps through
which manufacturers assign values to the calibrators used in
routine clinical laboratory procedures. In these situations,
commutability of secondary reference materials is an essential
requirement for ensuring accurate and reliable measurements in
patient samples. A study investigating the accuracy of 16 TSH
measurement procedures, all claiming to be traceable to the same
WHO reference material, showed that 3 of these tests were in-
accurate because the reference material used for calibration
traceability was not commutable for these measurement pro-
cedures (35). Unfortunately, there are a substantial number of
secondary reference materials in use today for which commut-
ability has not been examined; findings similar to those described
for TSH have been reported for other analytes (24–32).

The CLSI has published a consensus guideline to facilitate
validation of the commutability of reference materials (36). One
of the commonly used approaches described in the CLSI
guideline is shown in Figure 4. In this example, a linear relation
between 2 measurement procedures is obtained for the patient
samples. The relation can be described with a regression equa-
tion and the 95% prediction interval around the regression line.
Reference materials with results that fall within the 95% pre-
diction interval are considered to be in close agreement with the
relation for patient samples and thus are commutable, whereas
reference materials with results falling outside this interval are
considered noncommutable.

Limitations of current approaches for commutability evalua-
tion include the following: 1) the dependence of the evaluation
criteria on patient samples being representative of the disease
condition or conditions for which a laboratory test is typically
used and 2) the analytical precision and measurand specificity of
the measurement procedures. Suitable analytical specificity
implies that all measurement procedures measure the same
biomarker without influence from interfering substances that
may be present in the patient samples. For example, the use of
inappropriate patient samples and/or excessively imprecise or
nonspecific methods can lead to very wide prediction intervals
around the regression line. In this situation, values for reference
materials may fall within the prediction interval, and although
they fulfill the criteria for commutability, the apparent closeness
of agreement with widely scattered patient samples may be
inadequate to allow the use of such reference materials as
calibrators in a traceability scheme. At the other extreme, ap-
propriate patient samples measured by highly precise and spe-
cific methods could lead to very narrow prediction intervals. In
this situation, reference materials could be slightly outside the

prediction interval, and thus considered noncommutable, when
they are actually suitable for use as calibrators in a traceability
scheme, because the bias introduced would not be clinically
relevant. These examples show that conclusions from an assess-
ment of commutability need to be drawn in the context of the
overall method performance and the clinical requirements for
measurement accuracy. The IFCC’s Working Group on Com-
mutability is advancing the approaches used for commutability
assessment by addressing the limitations in current approaches.

SUMMARY

Standardization and harmonization are collaborative efforts
conducted by national and international organizations and in-
stitutions. These efforts require long-term commitments of
technical and financial resources.

A clearly defined measurand and appropriate implementation
of metrological traceability with suitable reference methods and
commutable reference materials are fundamental to achieving
comparability of measurement results independent of time, place,
and measurement procedure. Procedures and protocols that exist
or are in development in the area of thyroid function testing
include several for defining measurands clearly and for imple-
menting appropriate reference methods and commutable refer-
ence materials in standardization and harmonization programs.
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