
Why Metrological Traceability Matters in
Medical Laboratory Diagnostics

Marith van Schrojenstein Lantman ,a Christa Cobbaert ,b Mauro Panteghini ,c
Miranda van Berkel ,a,d Ruben L. Smeets ,d Jaap J. van Hellemond ,a,e
and Marc H.M. Thelen a,d,*

Application of the results provided bymedical laboratories plays an essential role inmedical decision-making. This is
not limited to diagnosis andmonitoring of disease but also involves its use in other phases of the health continuum,
e.g., predisposition, risk stratification, screening, staging, prognosis, and surveillance. With the growing importance
of precision medicine, the importance of requirements related to clinical performance, and consequently analytical
performance of laboratory tests, also grows. To allow the community of laboratory medicine to translate clinical
need into a test arsenal with adequate performance, the application of metrology concepts is essential. This
paper summarizes, for all steps in the examination process from test development to clinical interpretation, why
and how metrological traceability is a fundamental requirement for adequate medical decision-making and is
critical for correct use of test results in algorithms and artificial intelligence-led approaches. This includes the
importance of metrology concepts and their correct implementation for obtaining equivalence of test results
upon cross-facility result exchange for primary or secondary use in healthcare and research. This is not limited to
biochemistry and hematology but is also of importance to other areas of laboratory medicine, including
microbiology. This paper provides an overview of the purposes of the underappreciated science of metrology in
modern laboratory medicine and its importance to patients and caregivers.

INTRODUCTION

Over the last decades, “clinical chemistry” has
gradually developed into laboratory medicine.
This transition had its origin in 2 important trends.
The first is that the development of medical

laboratory measurement procedures increasingly
relied on the in vitro diagnostics (IVD) industry pro-
ducing CE-marked (Conformité Européenne) and/
or Food and Drug Administration (FDA)-approved
IVD products, rather than on laboratory specialists
developing laboratory-developed tests (LDTs). The
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second trend is that the scientific societies for clin-
ical chemistry gradually became aware that the va-
lue of their profession would benefit from more
interaction of their members with requesting clin-
icians in relation to the pre- and post-analytical
phases. The training of clinical chemists therefore
shifted from a focus purely on analytical chemistry
toward an increasing role in medical consultation.
As a consequence, the analytical phase and its im-
pact on patient care has tended to receive less fo-
cus, because it has been considered, not always
correctly, that the analytical phase was prone to
a smaller number of errors (e.g., errors caused
by non-harmonized results) than other parts of
the testing cycle (1,2).
However, with the continued evolution of la-

boratory medicine, the role of laboratory profes-
sionals in test development is receiving renewed
attention. Over the last decade, test development
has increasingly relied on selective methods re-
quiring specific definition of the measurand (the
quality intended to be measured) and its distinc-
tion from possible interfering cross-reactants.
Another change is related to the use of laboratory
results outside the boundaries of the organization
in which the results were produced. Both these
developments have stimulated the application of
several aspects of metrology to safeguard correct
and equivalent interpretation of laboratory
results as a correct answer to a specific clinical
question (3).
In the past, people could argue thatmetrological

traceability was not always feasible in laboratory
medicine due to a lack of clear indications about
how to proceed with its implementation.
However, the release of the 2020 revision of
ISO17511 on standardization in laboratory medi-
cine has taken away such cause for objection.
That standard now provides scenarios for all dif-
ferent combinations of available components in
the metrological traceability chain, including the
contribution of all steps involved to the uncer-
tainty of measurement (4). Based on that

document, both practical and educational litera-
ture is available for its correct implementation
(3,5,6).
This collective opinion paper summarizes the

lectures of a symposium that was organized to il-
lustrate the importance of metrology for several
aspects in laboratory medicine. The symposium,
organized as the introduction to the PhD defense
of the first author on the relationship between
analytical performance and clinical decision-
making (7), aimed to create awareness for the
need to (re)discover metrological traceability as a
central and essential part of the knowledge do-
main of modern laboratory medicine.

METROLOGICAL TRACEABILITY OF
MEDICAL TEST RESULTS STARTS WITH
DEFINITION OF THE MEASURAND

Knowing the measurands, i.e., the specific quan-
tities or properties to be measured in medical tests,
is fundamental to ensuring accurate, meaningful,
and actionable healthcare decisions. Measurands
define not only the intended analyte and quantity
but also the phenomenon, body, or substance that
carries it, such as the sodium concentration in blood,
systolic pressure in arteries, or viral load in a sample
(4). Without clarity on the measurand, even precise
numerical results can be misleading or misinter-
preted. In clinical practice,measurands guidediagno-
sis, treatmentplanning, andmonitoring. For instance,
measuring blood pressure without specifying
whether it is systolic or diastolic, or under what con-
ditions it was taken, can lead to incorrect conclusions
and inappropriate interventions. Similarly, laboratory
tests must clearly define the analyte, matrix, and the
selectivity of themethod used to ensure consistency
and comparability across laboratories.Moreover, un-
derstandingmeasurands is essential formetrological
traceability, which links test results to standardized
references and ensures reliability over time and
across settings. Metrological traceability supports
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regulatory compliance, patient safety, and scientific
integrity. Insufficiently defined or ambiguous mea-
surands can result in misdiagnoses, ineffective treat-
ments, and increased healthcare costs due to
unnecessary procedures or repeat testing.
Ultimately, precise knowledge of measurands em-
powers clinicians to interpret results correctly, fos-
ters transparency in patient communication, and
enhances trust in medical testing systems.

DEFINING THE MEASURANDS IN A
CHANGING LANDSCAPE

In the 21st century, citizens and patients live in a
global world and are confrontedwith ongoing evolu-
tion in science, metrology, and technology.
Alignment between these three domains is key in la-
boratory diagnostics and implies that the definition
of the measurand may be a moving target. Over
the last 3 to 4 decades, approaches to analysis
have evolved from measuring metabolites, sub-
strates, and enzymes with in-house tests based on
chemical method principles into more selective,
automated (first batch-wise and later random ac-
cess) methods and more recently into highly select-
ive mass spectrometry-based methods. Moreover,
this era of precisionmedicine also reveals an unmet
clinical need for molecular definitions of health and
disease, with unequivocally defined measurands
(8). Ultimately, the rapid evolution of data science,
with integration of conventional risk factors and
emerging risk-enhancing factors, brings along im-
proved risk stratification in, for example, primary
prevention for cardiovascular disease (9) with reclas-
sification of patients for individualized management
and improved patient outcomes. In addition, the
gradually increasing number of regulations affecting
healthcare policies brings along new requirements,
such as those for secondary use of medical test re-
sults in the European Health Data Space (EHDS)
regulation and the European Union (EU) Artificial
Intelligence Act.

WHY DEFINING MEASURANDS MATTERS

So far, medical laboratories in hospitals mostly
rely on single biomarkers in medical tests.
Consequently, there are high expectations about
the analytical and clinical performance of these
“uniplex” medical tests, especially those having a
decisive role in clinical care pathways. Examples
are serum creatinine and urine albumin for kidney
function; cardiac troponins, C-reactive protein,
and natriuretic peptides for heart disease; liver en-
zymes and coagulation factors for liver disease;
hemoglobin (Hb) A1c for diagnosis and monitoring
of diabetes mellitus.
As intended uses of tests stated in clinical guide-

lines and IVD information for use evolve, it is essen-
tial that laboratory specialists periodically re-assess
the measurand definition and its associated meas-
urement uncertainty (MU). This is also needed
when changing methods, reagents, and/or instru-
ments which have different selectivity and perform-
ance characteristics. Below we present some
representative examples, which illustrate the need
for molecularly defined measurands in relation to
their intended role in the medical process and the
need for the selectivity to distinguish clinically rele-
vant measurands from clinically irrelevant measur-
ands or interferences.

Example 1: Low-Density Lipoprotein
Cholesterol Defined with an Operational
Definition Based on Ultracentrifugation

Low-density lipoprotein cholesterol (LDL-c) is
considered a surrogate for the LDL load. LDL is de-
fined based on beta-quantification ultracentrifuga-
tion encompassing a continuum of lipoproteins
with a density ranging from 1.019 to 1.063 g/mL
The genetically determined lipoprotein(a) (Lp(a))
has partially overlapping density (1.05 to 1.12 g/
mL). Cholesterol is measured in LDL, which is de-
fined as LDL-c. LDL-c standardization is overseen
by the Cholesterol Reference Method Laboratory
Network run by the U.S. Centers for Disease
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Control and Prevention. This definition of the mea-
surand was successful when LDL-c concentrations
in the populations were high and were treated
with, for example, statins. The National Education
Cholesterol Program (NCEP) performance criteria
were defined for LDL-c in the context of treatment
goals.With the global rise of cardiovascular disease
(CVD) and with the successful introduction of more
powerful cholesterol-lowering medications, such
as proproteïne convertase subtilisine/kexine type
9 (PCSK9)-inhibitors, very low LDL-c levels on treat-
ment (approximately 1 mmol/L) became the treat-
ment goal. At these low LDL-c levels, irrespective of
direct or calculation-basedmethods, MU increases
and traditional LDL-c measurements are no longer
fit for purpose and should be replaced by a defined
alternative (10). Sticking to LDL-c also impacts pa-
tient care. Quoting Jim Otvos: “a problem in need
of recognition, acknowledgement and, ultimately,
a solution, is the continued reliance on LDL-c as
the standard measure of LDL and LDL-related car-
diovascular risk. The problem in a nutshell is that
LDL-c is a seriously flawed measure of LDL, and
the extent to which many risk markers contribute
to CVD risk “beyond LDL” is distorted by the trad-
itional use of LDL-c as the LDL representative in
multivariable risk prediction models.” (11).
The European Atherosclerosis Society (EAS) and

the European Federation of Clinical Chemistry and
Laboratory Medicine (EFLM) joint consensus re-
port on quantifying atherogenic lipoproteins (12))
has recommended apolipoprotein B (apo B) as a
secondary treatment target in patients with mild
to moderate hypertriglyceridemia, in whom
LDL-c measurement or calculation is inaccurate
and often less predictive of cardiovascular risk.
The authors’ reasons for being hesitant about
apoB as a target are the lack of evidence on cost-
effectiveness of apo B-guided treatment. A former
American Association for Clinical Chemistry (AACC)
Lipoproteins and Vascular Diseases Division
Working Group on Best Practices position state-
ment on apo B reviewed the evidence for this

but similarly stopped short of recommending re-
placement of LDL-c as the primary target (13).
The authors’ reason was pragmatic and under-
standable, a reflection of the “inconvenient” part
of this particular truth: “changing perceptions
and practices will not be easy.” So, they suggested
that, for the time being, apo B should be used
“along with LDL-c.”
Defining measurands is especially challenging in

the case of heterogenous measurands. A typical ex-
ample is the size polymorphism of the unique mea-
surand apolipoprotein A (apo(a)) in Lp(a). Polyclonal
Lp(a) immunoassays that partially cross-react with
theKIV2 repeats in apo(a)masked theassociationbe-
tween Lp(a) levels and CVD in the nineties, which led
to false-negative conclusions about its clinical utility
(14).Moreover,expressingLp(a) inmassunits instead
of molar units is a flawed concept, giving Lp(a) the
reputation of a massively misunderstood metric.
Yet, with the introduction of mass spectrometry in
diagnostic laboratories and the selection of defined
proteotypicapo(a)measurandsoutof theKIV2 repeat
range, accurate molar apo(a) results may be gener-
ated that reveal a continuous association with CVD.

Example 2: Immunosuppressive Drug
Monitoring Results Confounded by Flawed
Immunoassays

In the organ transplantation domain, immunosup-
pressive drug monitoring (ISD) is key to preserving
transplanted organ function during a person’s life-
time. Many case reports are available in the scientific
literature regarding the shortcomings of current ISD
immunoassays, with devastating effects on patient
management and outcome (15). Consequently, de-
fining ISD measurands and measuring them select-
ively matters to ensure accurate dose adjustments;
minimize toxicity and rejection risk; enable consistent
interpretation across laboratories and time; and sup-
port traceability and quality assurance.
Apart from these examples, many other situa-

tions exist wheremeasuranddefinition and selectiv-
ity for the intendedmeasurandmake the difference
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between undefined numbers and relevant results.
In hemostasis testing for instance, antithrombin
(AT) tests using selective mass spectrometry have
added value when used in a complementary man-
ner to a conventional AT-activity test for detecting
AT deficiency. It has become obvious that detection
and quantification of distinct molecular forms may
unravel clinically relevant AT mutants (e.g., causing
recurrent pregnancy loss) (16).

BEST PRACTICES FOR DEFINING THE
MEASURAND BASED ON THE STATE OF
SCIENCE, TECHNOLOGY, AND
METROLOGY

Definingmeasurands accurately in medical test-
ing is essential for ensuring reliable, interpretable,
and clinically meaningful results. A measurand
definition checklist for laboratory professionals
is presented in Table 1, as a tool for making ration-
al choices about the measurands to be measured.

ANALYTICAL PERFORMANCE
SPECIFICATIONS FOR LABORATORY
MEASUREMENTS BASED ON MEDICAL
REQUIREMENTS TO ESTIMATE HOW
GOOD IS GOOD ENOUGH

Obtaining harmonization of laboratory results is
an absolute priority for public health. The goal is to
obtain “accurate measurement,” which is an un-
biased measurement associated with a suitable
MU related to a recognized standard, as described
in ISO 17511:2020 (4). To define the suitability of
MU for the clinical application of themeasurement,
analytical performance specifications (APS) must
be predefined as a set of criteria that specify the
quality required for values assigned to a clinical
sample to satisfy clinical needs (17). Essential con-
cepts for correct APS definition were described
during the EFLM Strategic Conference held in

Milan in 2014. In particular, 3 models to set APS
were proposed, with the preference for model se-
lection primarily directed toward the measurand
and its biological and clinical characteristics (18).
The first model, based on the effect of analytical

performance on clinical outcomes, is applicable to
measurandswith awell-defined role in the diagnosis
of a specific disease. However, directly connecting la-
boratory testing to patient outcomes is challenging,
so that indirect approaches considering the impact
of analytical performance of the test on clinical (mis)-
classifications or decisions and thereby on probabil-
ityofoutcomes,usingsimulationordecisionanalysis,
have been proposed (19). Cardiac troponin testing
can be used to exemplify measurands that should
be allocated to the outcome-based model for
deriving APS, as they have a central role in decision-
making regarding acute coronary syndrome. The
influence of assay variability on the number of
false-positive and false-negative results for acute
myocardial infarction diagnosis was evaluated using
simulation models (20). From this information, IVD
stakeholders can derive APS for troponin measure-
ments.Other examples of APSderived using indirect
outcome-based models are available for measur-
ands to be allocated to thismodel (3). In the absence
of information about outcome-based APS for mea-
surands that theoretically should be allocated to
thismodel, temporary allocations tooneof theother
two models described below should be considered,
according to the measurand characteristics (18).
The secondmodel is based on the biological vari-

ation (BV) of the measurand and should be applied
tomeasurandswith high homoeostatic control (e.g.,
plasma ions) or if a measurand has stable concen-
trationswhen a person is in goodhealth (e.g., serum
creatinine). In contrast, it should not be used for
measurands without steady-state status such as,
for instance, some hormones and urine analytes.
The BV-based APSmodel aims to minimize analytic-
al noise relative to the BV of the measurand by de-
fining APS as some fraction of the BV. The EFLM
Working Group on BV has generated a database
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with essential information about the BV and derived
APS for different measurands. However, some lim-
itations remain and should be carefully considered
using the listed information (Table 2) (3).

The third model, based on the state of the art of
themeasurement, should be applied when amea-
surand has neither a central diagnostic role nor
strict homeostatic control. Furthermore, this

Table 1.Measurand definition checklist for medical laboratories.

Aspect Checks to be performed

1. Clear identification Is the measurand explicitly named (e.g., “glucose concentration”)?

Is the biological matrix specified (e.g., plasma, serum, urine)?

Is the measurement unit defined (e.g., mmol/L, g/L)?

Is the method of measurement stated (e.g., enzymatic assay, immunoassay)?

2. Metrological traceability Is the measurand traceable to a reference measurement system (e.g., certified reference
material, internationally agreed reference measurement procedure)?

Are calibration procedures documented and aligned with international standards (e.g., ISO
17511:2020)?

3. Measurement conditions Are environmental and procedural conditions specified (e.g., temperature, pH, timing)?

Are pre-analytical variables (e.g., fasting status, sample handling) controlled and
documented?

4. Measurement uncertainty
estimation

Is measurement uncertainty evaluated and reported?

Is the method for uncertainty estimation (e.g., bottom-up or top-down) documented?

5. Biological variation
consideration

Are biological variation data usable to set performance specifications?

Are reference intervals and decision limits based on population-specific data?

6. Standardized terminology Are definitions consistent with the International Vocabulary of Metrology (VIM)?

Are terms aligned with ISO 15189:2022 and CLSI guidelines?

7. Validation and verification Has the measurand been validated for scientific validity, clinical and analytical
performance?

Are periodic reviews conducted when methods, reagents, or instruments change?

8. Documentation and
communication

Is themeasurand definition included in laboratory standard operating procedures and test
reports?

Is the measurand definition clearly communicated to clinicians and other laboratory end
users?

9. Quality control integration Are internal quality control materials aligned with the measurand definition?

Are external quality assessment schemes used to verify measurand accuracy?

Table 2. Remaining limitations of the EFLM biological variation database.

Impact of differences in selectivity of methods used for some measurands in different studies is not considered.

Influence of insufficient method sensitivity to detect measurands present in plasma at very low concentrations in all samples
of all subjects enrolled in the BV protocols is not considered.

Although studies are weighed according to the quality of the study-design, the employed strategy based on themeta- analysis
of available data may still lead to flaws, due to inclusion of studies with significant heterogeneity and low quality.

Lacking instruction for which measurands APS based on BV should not be used and other models are therefore preferable.
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model can be temporarily used for those measur-
ands still waiting for the definition of outcome-
based APS or for which the BV-based model
should not be used because strict homeostatic
control is lacking. The state-of-the-art-based mod-
el applies for most urinary measurands, such as
sodium, potassium, calcium, magnesium, etc., for
which the concentrationsmay vary widely tomain-
tain the corresponding plasma concentrations
stable. Drawbacks for the state-of-the-art concept
have been highlighted, in particular in relation to
the difficulty in defining the level of analytical per-
formance to be considered as state of the art, the
“instability” of the information describing analytical
performance (which can change for the better but
also deteriorate), and the lack of direct relation-
ship between what is analytically achievable and
what is clinically needed (21).
Finally, drugs represent a special category of

measurands that need a dedicated approach for

deriving APS, based on fundamental pharmacoki-
netic theory and elimination half-life of the drug.
Based on these concepts, a specific model has
been proposed (22).
Recently, it has been discussed whether APS

derivationmodels as agreed during the Milan con-
ference and briefly summarized above are suffi-
ciently practical to convince stakeholders that
they should be applied (17). Clearly, it is important
that APS models should be capable of easy appli-
cation and that, based on the chosen model, APS
values should be established and put into practice.
In doing this, we should acknowledge that not all
desirable APS will be immediately achievable, but
this approach will highlight which limitations of
the current technology should be prioritized and
solved. As described in Fig. 1, stakeholders are ex-
pected to work together in the field of APS to im-
prove the contribution of laboratory medicine to
patient care.

Fig. 1. Roles andmain actions expected fromeach stakeholder for contributing a quantum leap forward in
the way of practicality of Milan consensus about APS. APS, analytical performance specifications; IVD-MD,
in vitro diagnostic medical device; IQC, internal quality control; EQA, external quality assessment. Used
with permission of Walter De Gruyter GmbH, from “What the Milan conference has taught us about ana-
lytical performance specificationmodel definitionandmeasurandallocation,” PanteghiniM.Clin ChemLab
Med 62 (8), Copyright 2024; permission conveyed through Copyright Clearance Center, Inc.
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THE ROLE OF METROLOGY IN
DETERMINING APS BASED ON REQUIRED
CLINICAL CLASSIFICATION
PERFORMANCE

When choosing which APSmodel should be em-
ployed, the most important aspect to consider is
the intended use of the analyte. The most challen-
ging context is when an analyte is used in different
clinical situations, requiring tailor-made APS for
each use of the measurand in a specific clinical
decision.
One example of such ameasurand is total biliru-

bin (TBIL). TBIL reflects the total amount of uncon-
jugated, mono- and di-glucoronide conjugated
and albumin-bound bilirubin in the blood. The in-
tended clinical applications can be categorized
into three areas: (a) diagnosis of liver disease; (b)
diagnosis of hemolytic disease; and (c) diagnosis
and monitoring of neonatal jaundice. While in
the first two clinical conditions TBIL is used in con-
junction with other important parameters (such as
liver enzymes, alkaline phosphatase, and hapto-
globin), for the latter clinical condition TBIL is the
sole parameter on which treatment decisions are
made. Depending on risk factors of the neonate,
age-specific medical decision limits—the Buthani
normogram—are globally used to guide initiation
and monitoring of phototherapy and/or exchange
transfusion (23).
Given the pivotal role of bilirubin in clinical deci-

sionmaking in neonatal jaundice, an APS based on
this clinical outcome is clearly indicated (21).
However, in practice, clinical outcome studies on
the impact of neonatal bilirubin measurements
are not available. Consequently, criteria derived
from the BV model are most commonly applied,
as this approach is preferred over the
state-of-the-art model and is generally sufficient
for clinical evaluation of hemoglobin breakdown
and liver/bile duct function (reviewed in (24)). The
EFLM database mentions desirable and optimal
criteria for an expanded MU of 20.2% and 10.1%,

respectively, based on BV (25,26). However,
BV-derived data expressed in the EFLM database
and the underlying literature are based on adult
populations and thus are not suitable for neo-
nates with hyperbilirubinemia (27). CLIA has up-
dated its performance specification in terms of
total error allowable (TEa) for bilirubin to 20% in
its 2025 External Quality Assessment (EQA)
requirements without reference to the evidence
source on which their requirements are based
(28). Since, as previously shown (29,30), misclassi-
fication based on inaccurate TBIL results may have
direct clinical consequences, an “expert opinion”-
based TEa APS of 5% was set by the SKML
((Dutch) Foundation for external quality assess-
ment in medical laboratory diagnostics) in the
Netherlands, until an outcome-based APS is
possible.
Recent advances in data processing and simula-

tion, including the newly published “APS calculator”
by Çubukçu et al. (31), offer opportunities to per-
form indirect clinical outcome studies, enabling
the derivation of more appropriate APS for such
cases. The APS simulator is a user-friendly web-
based tool, which can be used to simulate the re-
analysis of identical samples “in silico.” It assesses
how MU affects the agreement between original
and simulated results, using clinical decision limits
as a reference. To ensure successful application of
this tool, several factors must be taken into ac-
count. First, the input data set used is critical, as
the data distribution directly influences the out-
come. Specifically, if a greater number of data
points cluster around a medical decision limit
(MDL), there is an increased likelihood of values
falling on either side of the MDL. Also, the data
set used is assumed to reflect “the real concentra-
tion,” and therefore the results used need to be as
unbiased as possible. Second, theMDL definition is
very important. In neonatal hyperbilirubinemia,
MDLs represent a continuum rather than a single
fixed value. They vary depending on risk factors
and differ for phototherapy and exchange
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transfusion. This variability makes selecting an ap-
propriate MDL for the APS tool challenging.
Fortunately, the APS tool includes a feature that al-
lows incorporation of multiple MDLs. However,
when using multiple MDLs, the overall required
APS tends to be much tighter compared to using
a single MDL. This is because the likelihood of a re-
sult falling beyond at least one of the MDLs in-
creases significantly when multiple MDLs are
considered. Lastly, the tool generates minimal, de-
sirable, and optimal APS, somewhat arbitrarily cho-
sen for 90%, 95%, and 99% agreement (resulting in
10%, 5%, and 1% misclassification, respectively).
However, before assuming, for example, 5% mis-
classification as “desirable,” relevant clinicians (in
this case neonatologists) should be surveyed to es-
tablish the allowable misclassification definition.
The APS calculator was applied to neonatal biliru-

bin measurements using one year’s clinical data for
neonates less than 7 days of age from a general
hospital and an academic hospital. Both data sets
were generated using assays with bias within ±5%
of the referencemethod value. APS were calculated
for both a single MDL and multiple MDLs. Using a
single MDL of 12.9 mg/dL [220 µmol/L], the desir-
able APS was around 10% in an academic hospital
setting and was more permissible compared to
the APS obtained from data from a general hospital
setting (APSof 4.5%), likely becausedata distribution
in the latter was closer to the MDL. On the other
hand, incorporating multiple MDLs resulted in un-
feasibly stringent desirable APS values for both hos-
pital settings—sometimes below 2% to keep
misclassification at 5% level (data not published).
The key question of “What level of clinical mis-

classification is acceptable?” remains. For this,
neonatologists should be surveyed. Since the con-
sequences for neonates can vary depending on
the clinical context—such as initiating or stopping
phototherapy, performing an exchange transfu-
sion, or whether neonatal care is provided in a
hospital or at home—it is probably challenging to
provide a general answer.

Other questions to be answered include how to
practically implement the APSs once they have
been established. These APS set the allowable tar-
gets for MU, which rely on bias that has been cor-
rected or at least is within acceptable limits (3).
However, substantial bias has been demonstrated
in methods (24,29,30). The successor to the APS
calculator, the APS simulator, is able to differenti-
ate between allowable bias and allowable impreci-
sion, effectively addressing the bias present in
assays (32). However, the issue of the bias prob-
lem will be solved only by implementing metro-
logical traceability of TBIL results to well-defined
higher-order reference materials (24,27) ).

THE ROLE OF METROLOGY IN THE
IDENTIFICATION OF EXCHANGEABILITY
SUITABLE FOR EQUIVALENT
INTERPRETATION

From the beginning of this century, we have
shifted toward a new paradigm of automation,
digitalization, and cross-enterprise data exchange.
This interoperability of data between machines
and software systems has had, and still has, its dif-
ficulties and will require additional arrangements
that will ultimately lead to further standardization.
As mentioned, interoperability has been highly im-
plemented within healthcare organizations; how-
ever, in relation to data exchange between
organizations, both nationally and internationally,
there are still great hurdles to be overcome. The
medical care system is changing worldwide, costs
are ever increasing and care is becoming more
complex. Therefore, governments and medical
care providers are promoting and encouraging
electronic health record (EHR) information ex-
change and decision support and artificial intelli-
gence (AI) to relieve the increasing workload.
As medical information in the form of diagnostic

results can already be exchanged from the analyz-
er to the electronic record, the basis of
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interoperability, focus has been given to technical
standardization. Syntax standards like Health
Level Seven (HL7), American Society for Testing
and Materials (ASTM) or Electronic Data
Interchange for Administration, Commerce and
Transport (EDIFACT) provide the backbone of this
form of data exchange. However, data shipped
via these technical standards is still not informa-
tion if crucial metadata is missing for correct
interpretation.
For that purpose, it is necessary to define the

metadata set that is crucial for correct interpretation
and thus correct use of diagnostic data in a clinical
context. Information models for diagnostic data
are currently defined and refined to meet the stan-
dards for correct informationexchangeof diagnostic
results. However, to make these models universally
understandable, moving from human-readable
and standardized toward machine-readable and
used throughout applications and algorithms, we
need semantic standards. These semantic stan-
dards, like LOINC (33,34) (Logical Observations
Identifier Names and Codes, governed by the
Regenstrief Institute, United States), the NPU coding
system (Nomenclature, Properties and Units) (35),
UCUM (Unified Codes for Units of Measure) or
SNOMED-CT (36) (Systematized Nomenclature of
Medicine—Clinical Terms, SNOMED International),
can be used to standardize diagnostic information,
according to the diagnostic exchange information
model. In this way, the LOINC-ID can be used to uni-
versally transcribe the analyte detected, UCUM to
transcribe the unit of measurement, and SNOMED
CT to define additional crucial metadata like
specimen type and source. This information model
is, in some countries, already used for cross-
enterprise medical diagnostic information ex-
change. However, there is no general, widespread
consensus as yet and laboratory specialists should
be involved in the semantic standardization and
configuration of the electronic systems used to en-
sure the correct mapping. Due to the fact that there
are no data standardization protocols (i.e.,

laboratory semantic data exchange standards) and
due to the lack of centralized governance on this im-
portant topic, medical diagnostic information ex-
change remains problematic. Furthermore,
although LOINC has a slot available for the method
used, none of the semantic standards adopt meth-
odology, calibration, and/or metrological traceability
in the code.However, governments now increasingly
try to accelerate medical information exchange na-
tionally and internationally.
In case of the EU, the EHDS initiative makes use

of such a data model to enforce and enable med-
ical diagnostic data exchange for patients for pri-
mary and secondary use. Therefore, we need to
align our efforts to ensure that diagnostic data is
exchangeable, comparable if possible, and inter-
pretable. This is a duty for us asmedical laboratory
specialists that requires more focus on the post-
analytical phase, because data with the correct
context would become information. Additionally,
machine-readable codes should be the basis of
decision support, algorithms, and the
specialized-use case for AI. If diagnostic data are
not correctly standardized by means of
machine-readable codes (semantic standardiza-
tion), incorrect pre- or post-diagnostic data will de-
value efforts made to improve decision support.
However, exchangeability and semantic stand-

ardization do not guarantee compatibility of results
and correct interpretation by the receiving party. As
an example, ferritin data with the LOINC ID 2276-4
can and eventually will be merged into a receiving
EHR with internal ferritin data. However, based on
the measuring system used, results may not be
comparable (37). This is caused by the lack of stand-
ardization due to the availability to IVD manufac-
turers of different generations of WHO reference
materials for ferritin with different metrological
traceability options between these generations
(2,38). In practice, this situation results in inconsist-
ency and potential medicalmisinterpretation of fer-
ritin results from different commercial IVD systems,
despite identical LOINC codes.
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For correct data processing, understanding and
interpretation of the method of analysis by the re-
ceiving party can be crucial to allow appropriate
presentation in electronic records. Additionally,
for secondary use of diagnostic information, the
analytical methods employed are a crucial and, in
many cases, missing element, which can introduce
research bias. Therefore, we need to include the
method of analysis, supplier, and calibrator infor-
mation into the information model for correct ex-
change of data from laboratory results (shown in
Fig. 2). This will enrich our diagnostic data and
guarantee the quality of internal and exchanged
data. Furthermore, it will enable laboratory profes-
sionals to easily compare data across healthcare
systems to evaluate methodological differences
between measurement results and support a
“big data analysis” approach for EQA and future
harmonization efforts. However, to achieve these
goals, coordination of coding and presentation of
diagnostic information must be promoted by la-
boratory societies, laboratory professionals, se-
mantic standard governance organizations,
national governments, IVD manufacturers, and
electronic health record (EHR) software
developers.

METROLOGY AS A KNOWLEDGE DOMAIN
WITH IMPORTANCE FOR ALL
DISCIPLINES OF LABORATORY MEDICINE

Laboratory medicine comprises variousmedical
disciplines in addition to clinical chemistry, includ-
ing microbiology and pathology, among others. At
first, it might seem that the majority of laboratory
tests in these disciplines are qualitative tests, be-
cause of the dichotomic reporting format used
for them. For instance, in the case of microbiology,
is there evidence of infection (“yes or no”), can a
microorganism be detected (“yes or no”), and, if
so, which species is it and to which drugs is it sus-
ceptible. However, although often hidden,

quantification is often a crucial aspect in qualita-
tive examinations as well. It is important not only
for the determination of the limit of detection
(LOD) or decision point, but also for determination
of the variation of the measurement procedure,
and thus for the reliability of the test. It could be ar-
gued that all quantitative examinations are in fact
quantitative tests with a single threshold, deciding
between 2 dichotomic results. In addition,
quantification of microorganisms, or antibodies
against them, is often also important for clinical
decisions related to the treatment of the patient.
Examples are the determination of the viral load
in patients with HIV, the colony-forming units
(CFU) for bacterial infections and the extent of
parasitemia for Plasmodium falciparum infections.
These quantitative examinations are, for instance,
used to assess the severity of disease and/or the ef-
fect of treatment. Furthermore, examination of the
growth rate of bacteria or fungi is critical in the anti-
biotic susceptibility testing that is used to deter-
mine the optimal antibiotic drug for treatment.
Metrological traceability to the intended mea-

surand in medical microbiology faces the same
challenges as those in clinical chemistry and has
additional problems to address. In microbiology,
the measurand is either the microorganism or
specific antibodies against microorganisms. If var-
iants exist of a certain microorganism that only dif-
fer from each other in very subtle aspects, these
variants can still be seen as different measurands.
In such cases it is essential to knowwhichmethods
are able to detect which variants. In some cases, it
will be important not to miss any variant, whereas
in other cases it will be essential to distinguish be-
tween variants with different pathogenicity.
In contrast tomostmeasurands in clinical chem-

istry, microorganisms and the specific antibodies
against them cannot be defined chemically as
they are complex and diverse. Furthermore, mi-
croorganisms are continuously changing (evolving
by replication and selection by host immunity).
Hence, the definition of the measurand cannot
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be static and sometimes a purified measurand is
not available (e.g., in a case where a microorgan-
ism cannot be cultured in vitro). Therefore, refer-
ence materials for microbiological tests are often
lacking, which substantially hampers the imple-
mentation of metrology in microbiology.
However, this is not a reason to disregard the
documentation of metrological traceability. One
even might argue that the lack of reference mate-
rials makes it even more important to document
the exact status of themeasurand, includingwhich
variants are recognized and which not.
The lack of reference materials in combination

with differences in test principle (e.g., detection
of a microorganism by plaque formation, micros-
copy, CFU, or nucleic acid amplification test
(NAAT)) can result in a large variation in outcome
of distinct test types (e.g., due to variation of the
LOD), even between results of laboratories that
use the same type of assay (e.g., due to differences

in the pre-analytic process). This variation between
assays and laboratories is demonstrated by EQA
schemes (39,40). In most cases these variations
have limited clinical consequences as the results
are often translated into a dichotomous result in-
terpretation (“positive or negative”); in these cir-
cumstances, only measurand concentrations
around the decision value are likely to have a vari-
able result interpretation. In cases where not all
assays have a detection limit allowing detection
of relevant low concentrations of the measurand,
EQA using commutable samples will help to iden-
tify such differences in LOD. Apart from sensitivity,
selectivity can also be different between methods.
If differences between methods result in relevant
differences in the recognition of variants of the
measurand, appropriate EQA will aim to identify
such differences.
Correct interpretation of dichotomous results

in the context of infectious diseases relies on

Fig. 2. (A), Same LOINC-ID, nometadata relating tomethodology in exchanged information provided. A
risk arises from presentation of aggregated results that could result in misinterpretation; (B), By pro-
viding discrete method grouping information (by using, for example, SNOMED-CT) via post-coordin-
ation software, systems capture methodology information for secondary research purposes, leading
to correct data aggregation. The common term “method” reflects the stratifying factor (e.g., measure-
ment procedure, instrument, or higher-order traceability anchor) that causes results (A and B) to be
able to be grouped together (e.g., in A) or interpreted distinctly (e.g., in B).
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the awareness by requesting physicians of these
possible sources of variation. Laboratory specia-
lists have a responsibility to ensure awareness of
relevant knowledge obtained with the help of
EQA data among their requesting clinical
partners.
In conclusion, metrological traceability and

APS in medical disciplines other than clinical
chemistry face the same challenges but to a
greater extent as the measurand is often not ac-
curately defined.

CONCLUSIONS

Metrological traceability and MU evaluation
are key elements in the knowledge domain of la-
boratory specialists. This knowledge is vital to set

clinically relevant APS and the required specificity
based on the intended population, acceptable
clinical decision performance, and misclassifica-
tion risks and consequences. A proper and un-
equivocal definition of the measurand and how
this relates to the intended analyte is vital for un-
derstanding the basics of metrology and the cor-
rect implementation thereof. This will ensure
that clinicians can make consistent decisions
based on the same initial tests by acquiring com-
parable data presented as equivalent results. We
urge (inter)national societies to become increas-
ingly aware that their members need to master
the skills involved by redesigning the education
system in order tomake laboratory professionals
as futureproof and fit for purpose as the labora-
tory services for which they are responsible
(3,41).
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