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ments to better engage in biomarker research and decisions about their appropriate use.

This paper by a multidisciplinary group of the European Federation of Clinical Chemistry and Laboratory Medi-
cine describes the pathway of a laboratory assay measuring a biomarker to becoming a medically useful test.
We define the key terms, principles and components of the test evaluation process. Unlike previously described

gfﬂg:ﬁ; linearly staged models, we illustrate how the essential components of analytical and clinical performances,
Clinical effectiveness clinical and cost-effectiveness and the broader impact of testing assemble in a dynamic cycle. We highlight the
Evidence-based laboratory medicine importance of defining clinical goals and how the intended application of the biomarker in the clinical pathway
Medical test should drive each component of test evaluation. This approach emphasizes the interaction of the different com-

ponents, and that clinical effectiveness data should be fed back to refine analytical and clinical performances to
achieve improved outcomes.
The framework aims to support the understanding of key stakeholders. The laboratory profession needs to
strengthen collaboration with industry and experts in evidence-based medicine, regulatory bodies and policy
makers for better decisions about the use of new and existing medical tests.

© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

There is an increasing awareness that the introduction of costly new
medical interventions, including medical tests, can only be justified if
they deliver proportionate benefits to patients. Increased public,
media and political awareness of the harms from medical tests has
come from debates about the potential for over-diagnosis in asymptom-
atic patients [1] and concerns about the harms of direct-to-consumer
testing [2]. Weaknesses of the current systems to assure the quality
and clinical utility of in vitro medical devices (IVDs) have been pointed
out [3]. Amidst all this, the regulatory environment for therapeutic and
diagnostic technologies is changing rapidly. Revisions of the European
directives on medical [4] and in vitro diagnostic devices [5] are being
prepared in parallel. The ability of novel medical tests to improve health
outcomes is also becoming more central in discussions about their
market entry and reimbursement. The increasing requirements for
clinical benefits and patient safety mirror public and political pressures
for more transparency. These processes are affecting the way novel med-
ical tests and biomarkers are being developed, and are likely to reshape
the landscape of medical test evaluation. Laboratory professionals need
to be familiar with these evidence requirements to better engage in
biomarker research and in clinical and policy decisions about the appro-
priate use of laboratory tests.

Over the past decade landmark advances have been made to define
the types of evidence required to evaluate medical tests and distinguish
between the different phases of test evaluation from discovery to
assessment of cost-effectiveness [6-10]. There is less guidance, however,
about the most efficient approaches to produce this evidence and judg-
ing whether it is adequate for proving the clinical effectiveness of
biomarkers.

The evaluation of medical tests differs from comparable processes
for therapeutic interventions. One of the most important differences is
that medical testing rarely improves health outcomes directly. Testing
is usually part of a more complex clinical pathway where test results
guide treatment decisions, which include a variety of medical actions
and processes. All of these shape the final health outcomes for the
patients tested. Test evaluation therefore requires the consideration of
all the consequences of clinical management decisions that are guided
by the test results. An understanding of these more complex concepts
for test evaluation is becoming essential for informed decision making
by all potential stakeholders.

To help address these issues, the European Federation of Clinical
Chemistry and Laboratory Medicine (EFLM) has formed a Working
Group on Test Evaluation which consists of laboratory professionals,
clinical epidemiologists, health technology assessment experts and
representatives of the in vitro diagnostics industry. The primary purpose
of this working group is to provide key stakeholders, i.e. laboratory profes-
sionals, clinicians, researchers, manufacturers, policy makers and pur-
chasers, with guidance and practical tools for assessing the clinical
benefits of in vitro medical tests. In this introductory paper, the working
group outlines the key principles and defines some of the key components
of contemporary approaches to test evaluation, such as analytical perfor-
mance, clinical performance, clinical effectiveness, cost-effectiveness,
and the broader impact of testing on social, psychological, legal, ethical,
societal, organizational and other consequences. We additionally pres-
ent a framework for the evaluation of medical tests that integrates
these components into a dynamic process. We illustrate the key princi-
ples and components with examples from the literature on Hemoglobin
Aic (HbA¢) and cardiac markers, including cardiac Troponins (cTn) and
B-type natriuretic peptides (BNP).

2. Key definitions and principles

There is no international consensus on the terminology related to test
evaluation and numerous definitions exist in the literature. Table 1 lists a

number of alternative terms and illustrates the proposed definitions
with examples.

Under the general umbrella term of medical tests, which encom-
passes tests from all clinical disciplines, specialties, or types (laboratory,
histopathology, imaging, and others), we define and focus this paper on
in vitro medical tests only; yet the key messages outlined here can also
be adapted to any other forms of medical tests. We distinguish in vitro
medical or laboratory assays and measurement procedures [11] from
biomarkers that are measured by these assays [12].

From the regulatory and medical laboratory perspective, test evalua-
tion refers to a set of processes which start when a laboratory assay
capable of measuring a biomarker with potential application in clinical
care becomes available. Ideally, and before the test evaluation process
starts, the potential purpose of the new marker is defined to address
an unmet clinical need. Laboratory assays can then be developed to mea-
sure the marker with this purpose in mind. For example, in the field of
cardiac biomarkers, CK-MB and Troponins are considered as tests of
myocardial damage, but clinicians have long been waiting for non-
invasive markers that can predict myocardial infarction before cell dam-
age happens. An early research finding revealed that endothelial cells are
shed from coronary arteries several days to weeks before heart attack.
This finding led to the development of a method to measure circulating
endothelial cells [13]. Translation of such primary findings usually starts
with proof-of-concept studies which explore the association of the
disease or condition with the new potential biomarker, usually in dis-
eased versus control patients. Such ‘case-control’ designs tend to
overestimate the clinical performance of a diagnostic assay, as they are
designed to test proof of concept. Additional study designs are required
for other phases in the medical test evaluation process.

The key principle of medical test evaluation is the fundamental pre-
mise that the introduction of any new test should eventually improve
health outcomes, or provide other benefits, e.g. reduce costs, or simplify
health care delivery without compromising the well-being of patients.
Therefore evaluation begins with defining the potential health out-
comes (benefits and harms) of introducing the test. Health outcomes
should include consequences most relevant to patients. As discussed
by Porter, these include survival, sustaining health, achieving recovery,
improving functioning and reducing complications [14]. It also includes
process outcomes such as reducing delays in time to diagnosis which
also have direct patient benefits for reducing anxiety and improving
treatment outcomes [14].

New tests should provide added benefit for patients or society over
currently existing clinical pathways. Clinical pathways (also termed as
clinical care pathways or test-treatment pathways) describe the typical
processes of care for managing a specific condition in a specific group of
patients [15], and provide a map that links testing to health and other
outcomes (Table 1). The clinical pathway therefore plays a central role
in the test evaluation process. Its description can be supported by infor-
mation in well accepted best practice guidelines. For example, the
National Institute for Health and Care Excellence (NICE) provides inter-
active clinical pathways supported by existing evidence-based guide-
line recommendations and tools for implementation (http://pathways.
nice.org.uk/). For the assessment and management of suspected acute
coronary syndrome the pathway shows the use of ECG and describes
the timing and role of Troponin T or Troponin I tests and how they
should inform subsequent clinical decisions for management based on
test results (Table 1).

Since tests usually do not affect health outcomes directly, one has to
define, right at the beginning of the evaluation process, the purpose and
role of the medical test in the clinical pathway and the relevant patient
population for each testing application. Test purpose describes the
intended clinical application of the test and how the test information
will be used to improve clinical management in practice (Table 1).
Medical tests can be used for diagnosis and prognosis, but also for mon-
itoring, early detection, screening, risk classification, treatment selection,
surveillance after treatment, and many more. Within these applications,
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the purpose may vary: in diagnosis, the test may be used to ‘rule in’ or
‘rule out’ disease, for example.

Sometimes the same laboratory test can be used for different pur-
poses at different thresholds and in different patient populations.
HbA. at 7% (NGSP unit) or 53 mmol/mol (IFCC unit), for example, is
used as a monitoring and treatment target in patients with established
diagnosis of and treatment for diabetes mellitus; while in patients
suspected of having diabetes HbA;. values of >6.5% (NGSP unit) or
>48 mmol/mol (IFCC unit) are now recommended as diagnostic on
the basis of the observed relationship with retinopathy [16]. Another
example is the high sensitivity cardiac Troponin assay (hs-cTn), which
can be used both for diagnosis of acute myocardial infarction (AMI)
and for prognosis in non-AMI patients, with different cut-points defined
for each purpose [17,18].

The role of a test describes how the test, used for a specific clinical
purpose, will be positioned to alter the current clinical pathway
(Table 1). A test can be proposed as a replacement for an existing test
(e.g. cTn replaced CK-MB in the diagnosis of AMI). The new test can
also act as a triage instrument before the existing test (e.g. BNP before
echocardiography for diagnosing congestive heart failure), or as an
add-on concomitantly with or after the existing test. In pathology,
add-on tests include reflex or reflexive tests that are automatically initi-
ated follow-up tests using a predefined algorithm when certain primary
test results identify some changes that need to be further clarified or
elaborated to achieve a more accurate diagnosis [19]. For example,
free T4 is a common automatically generated reflex test when TSH is ab-
normal in certain thyroid conditions. Another term is “reflective testing”
which refers to a discretionary process by which laboratory profes-
sionals might add on further tests using their clinical judgment based
on a combination of available clinical information and test results [19].
For example, addition of iron studies when the possibility of hemochro-
matosis is suspected based on clinical information, raised transami-
nases, ferritin, or a combination of these [19].

Defining the role of the test is crucial to determine the most appro-
priate strategy and comparator for test evaluation studies. For example,
when the new diagnostic test will be used as a ‘replacement’ test, we are
interested in comparing the diagnostic accuracy of the new test versus
the existing test (against a common reference standard); while if it
will be used as an ‘add-on’ test we need information to compare the di-
agnostic accuracy of the combination of tests versus the existing test
alone [6].

3. Key components of test evaluation

Within the evaluation process of medical tests, we can distinguish be-
tween five essential components. Laboratory professionals are familiar
with the assessment of analytical performance (Table 1). This refers to
the ability of a laboratory assay to conform to predefined technical
specifications [7,20]. Specific elements of analytical performance include
analytical sensitivity and specificity, limit of detection and quantitation,
measurement range, linearity, metrological traceability, measure-
ment accuracy (imprecision and trueness) and consideration of pre-
analytical variables including interferences and cross-reactions [21].
Overall, verification and validation of the analytical performance of mea-
surement procedures are well embedded in the routine quality manage-
ment and accreditation activities of medical laboratories and in the FDA
and CE marking approval processes of in vitro diagnostic medical
devices.

A second component is clinical performance, alternatively referred to
as clinical validity [8,9]. This refers to the ability of a laboratory assay to
detect patients with a particular clinical condition or in a physiological
state (Table 1). The Global Harmonization Task Force recommends that
clinical performance should be evaluated by demonstrating that the re-
sults of the biomarker measurement procedure are well associated with
the clinical condition or physiological state in the relevant target popula-
tion [21]. For a biomarker that is intended to be used for diagnosing a

condition, clinical performance can be evaluated in a diagnostic accuracy
study. In such studies results of the biomarker are compared to those of
the clinical reference standard in a sample of the patient population
suspected of having the condition of interest. For example, comparison
of hs-cTn concentrations in acute chest pain patients versus the final
clinical diagnosis of acute coronary syndrome established by cardiac
computed tomography ([22], Table 1). For a prognostic marker, clinical
performance is demonstrated by establishing meaningful associations be-
tween the marker and the event of interest in observational studies. For
example, increased concentrations of hs-cTn and markers of heart failure
are associated with 10-year cardiac mortality ([23], Table 1). Our working
group holds the view that, similarly to analytical performance specifica-
tions, desirable clinical performance criteria can and should be predefined
for each clinical purpose proposed for a biomarker. These criteria should
be based on actual clinical needs and the expected health outcomes
from testing, and should be used to select the appropriate study design
for evaluation. For example, desirable clinical performance criteria for a
diagnostic cancer biomarker would be that the test is only positive in a
specific cancer type in patients and negative in all other cases suspected
of having cancer. For a staging biomarker, the biomarker test should cor-
relate with disease stage in those diagnosed with cancer [24]. Desirable
clinical performance criteria for a monitoring test would be that the test
is able to predict clinically significant events, responds to changes in the
condition or treatment, and has a high signal-to-noise ratio (i.e. a single
test result is likely to detect a clinically significant change and to differen-
tiate it from background biological and analytical variation) [25]. This
approach has important advantages in improving the efficiency of the
test evaluation cycle. If evaluation shows the test does not achieve the
pre-specified performance criteria, further evaluation should not proceed
and other purposes or roles for the test will need to be considered.

A third component is the clinical effectiveness of the test. This refers
to the ability of a test to improve health outcomes that are relevant to
the individuals being tested (Table 1). Sometimes it is also referred to
as the ‘clinical utility’ of a test. It is widely accepted that individual
randomized controlled trials (RCTs) and their incorporation into sys-
tematic reviews represent the highest levels of evidence for estimating
the clinical effectiveness of interventions, including medical tests.
Whilst RCTs are the cornerstone of pharmaceutical trials the difficulties
of designing RCTs for medical tests are well documented [26]. Lord et al.
suggested that when the exact purpose and role of a test are clearly
determined, more practical study designs and alternatives to RCTs
may be sufficient to evaluate clinical effectiveness; for example where
diagnostic accuracy studies can demonstrate the new test is more sensi-
tive than the old test, and trial evidence about the effectiveness of treat-
ment for the additional cases detected already exists. [27].

The fourth component is cost-effectiveness. The introduction of
medical tests could increase or reduce the use of resources. In economic
evaluations, changes in costs are evaluated as well as changes in health
outcomes. Similar to estimates of effectiveness, the costs of the test and
all consequences of testing are compared to the costs of the existing
clinical pathway. The benefits are expressed in non-monetary terms re-
lated to health, such as symptom-free days, morbidity and mortality
avoided, life years gained or quality adjusted life years gained [28].
Costs can be calculated from several perspectives: from that of society
at large, from the third-party payer, or from the hospital. The cost-
effectiveness ratio is an expression of the change in costs from testing
relative to the change in health outcomes after testing.

The final component addresses the broader impact of using the
medical test, which refers to all other consequences of testing beyond
clinical effectiveness and cost-effectiveness (Table 1). The impact of
medical testing covers social, psychological, legal, ethical, societal and
organizational consequences of testing. For example, genetic testing
for hereditary conditions can have psychological impacts [29] and im-
portant ethical implications for sharing of information with family
members [30]; the availability of point of care tests or rapid tests can
lead to organizational changes in the provision of health care, with shifts



Table 1

Key definitions for in vitro medical test evaluations.

Proposed term

Related terms

Explanation (reference)

Examples®

In vitro medical assay

Biomarker

In vitro medical test

Clinical pathway

Test purpose

Test role

In vitro diagnostic medical device
Laboratory assay
Measurement procedure

Biological marker

Medical test or testing strategy

Test-treatment pathway
Clinical algorithm

Care pathway

Critical pathway

Care map

Guideline

Intended use of test
Indication for testing

Claim (in the context of manufacturer's
claim for the intended use of the test)

Replacement test
Triage test

Add-on test

(includes Reflex testing
and Reflective testing)

A measurement procedure undertaken on a biological specimen which
measures the quantity of the biomarker (see below) intended to be
measured; i.e. the measurand [11].

A characteristic that is an indicator of normal biological or pathogenic
processes, or pharmacologic responses to a therapeutic intervention [12].

In vitro medical tests or testing strategies utilize laboratory assays of
biomarkers in a specific clinical context and for a specific clinical purpose
(see below), in a specific patient population.

A description of typical processes of care in managing a specific condition
in a specific group of patients [15].

Test purpose describes the intended clinical application of the test and
how the test information will be used to improve clinical management
in practice. Test purpose includes: diagnosis. prognosis, monitoring, early
detection, screening, risk classification, treatment selection and
surveillance after treatment, etc.

Test role describes how the test, used for a specific clinical purpose, will
be positioned to alter the existing clinical care pathway in a specific
condition or target population [6,19]:

- Replacement: When a new test replaces an existing test in the testing
pathway.

- Triage: When the new test is used before the existing test or testing
pathway, and only patients with a particular result on the triage test
continue on the testing pathway.

- Add-on: When a test is added to an existing test or testing pathway.
Includes automatically (reflex testing) or by a laboratory professional
(reflective testing) to the existing test or testing pathway, either to help
interpreting results of analyses when establishing a diagnosis or to assist
patient management [19].

- Two-site immunoenzymatic (“sandwich”) assay using electrochemiluminescence
detection for cardiac Troponin (cTn) measurement

- HbA;. measured by cation exchange chromatography or boronate affinity
chromatography or by a latex agglutination immunoassay

- cTn-s are biomarkers of cardiac diseases associated with myocardial ischemia
and necrosis

- HbA, is a biomarker of altered glycosylation in hyperglycemic states, such as
diabetes mellitus

- Serial cTn testing for diagnosing acute coronary syndrome (ACS) in patients
with symptoms of acute chest pain

- HbA, as a monitoring test to assess treatment effect in type 1 or type 2
diabetic patients

- Clinical pathways by NICE in the UK: http://pathways.nice.org.uk/

- NICE clinical pathway for the assessment, diagnosis and immediate management
of acute coronary syndrome where patients with chest pain receive ECG and
biochemical tests, and further management is determined by test results
(http://pathways.nice.org.uk/pathways/acute-coronary-syndrome#path=view%3A/
pathways/acute-coronary-syndrome/tests-in-hospital-for-people-with-a-suspected-
acute-coronary-syndrome.xml&content=view-node%3Anodes-initial-assessment)

- HbA. as a diagnostic marker of diabetes mellitus [16]

- HbA, as a monitoring test to assess diabetes control [16]

- hs-cTn for diagnosing ACS [17]

- hs-cTn as a prognostic marker for cardiovascular morbidity and mortality [18]

Replacement:

- cTn-s replacing CK-MB as a biomarker of myocardial damage;

- CRP replacing erythrocyte sedimentation rate as marker of acute inflammation
Triage:

- Natriuretic peptides before echocardiography for congestive heart failure
Add-on:

- HbA; monitoring together with self-monitoring of blood glucose in managing
Type 1 diabetes patients

- free T4 added on to abnormal TSH results (reflex testing)

- Iron studies added on by a laboratory professional when biochemical results,
available clinical information, demographic data, and clinical experience or their
combinations suggest the possibility of hemochromatosis (reflective testing) [19]

S
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Analytical performance

Clinical performance

Clinical effectiveness

Cost effectiveness

Broader impact

Analytical validity
Technical efficacy

Clinical validity

Test performance

Performance or Operating
characteristics

Test accuracy or diagnostic accuracy
Diagnostic accuracy efficacy

Test efficacy

Prognostic accuracy

Net reclassification improvement
index

Clinical utility
Clinical usefulness

Efficiency

Ability of an in vitro medical assay to conform to predefined quality
specifications (e.g. as defined by the Stockholm Conference hierarchy or
in clinical guidelines) [7,20]

Ability of a biomarker to conform to predefined clinical specifications in
detecting patients with a particular clinical condition or in a physiological
state (adapted from Ref. [21]).

Ability of a test to improve health outcomes that are relevant to the
individual patient (adapted from Ref. [7,8,21])

A cost-effectiveness analysis compares the changes in costs and in
health effects of introducing a test, to assess the extent to which the
test can be regarded as providing value for money.

Consequences of testing beyond clinical effectiveness and
cost-effectiveness (e.g. acceptability, social, psychological, legal, ethical,
societal, organizational consequences and other aspects).

Universal definition of myocardial infarction recommends that high sensitivity
Tn assays must have acceptable imprecision, i.e. <10% CV, at the 99th percentile
of normal [16]. For example, in an analytical performance study, a hs-cTnT assay
had a CV of 9% at 13.5 ng/L [36].

Diagnostic test: In patients presented to emergency with chest pain and low to
intermediate likelihood for ACS, the hs-cTnT assay was compared with a
conventional cTnT method and CT angiography as the gold standard for diagnosing
ACS. At the optimal hs-cTnT cut point of 8.62 ng/L, sensitivity for ACS was 76% and
specificity was 78%, and hs-cTnT above the 99th percentile strongly predicted ACS.
Compared with the conventional cTnT method, hsTnT detected 27% more ACS
cases [22].

Prognostic test: In elderly patients presenting to primary care with symptoms of
heart failure the risk for cardiovascular mortality (adjusted for age, sex, impaired
estimated glomerular filtration rate, and anemia) increased 2.5-fold with a plasma
NT-proBNP concentration >507 ng/L; 2-fold with hs-cTnT >99th percentile; 3-fold
when both biomarkers were elevated [23].

The clinical effectiveness of BNP testing for diagnosis of heart failure in patients
presenting to emergency with acute dyspnea were investigated in RCTs that
compared the addition of BNP testing with standard investigations alone followed
by routine care. A meta-analysis of these RCTs reported that addition of BNP testing
decreased length of hospital stay by ~1 day;

possibly reduced admission rates, but did not affect 30-day mortality rates [39].

Point of care testing (PoCT) in general practice: A cost-effectiveness analysis based
on an RCT of nearly 5,000 patients followed up for 18 months in Australian general
practices compared the incremental costs and health outcomes associated with a
clinical strategy of PoCT for INR, HbA1c, lipids, and albumin:creatinine ratio (ACR) to
those of pathology

laboratory testing. Under base-case assumptions,

PoCT was more cost-effective and effective for ACR than standard pathology. For
HbA1c, POCT was more expensive but also more effective than standard pathology
with an incremental cost-effectiveness ratio of $40 per patient maintained in the
therapeutic range, while INR was more costly but less effective and therefore not
cost-effective [31].

Psychological impact of genetic testing for familial hypercholesterolemia: An RCT in
a population previously aware of their hypercholesterolemia found that finding a
mutation by genetic testing did not reduce patients' perceptions of control over the
disease and adherence to risk-reducing

behaviors, but did affect their perceptions of how control is most effectively
achieved [29].

¢ The examples given in the table are for illustration only.
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to local health care units or family practitioners that go beyond testing
itself [31].

4. The test evaluation framework

The sequence of activities that describe the pathway of newly dis-
covered biomarkers from the “bench to the bedside” has been described
in the literature [8-10,21,24]. A systematic review identified at least 19
different test evaluation frameworks [10]. The evaluation process for
medical tests has been described in these frameworks in a linear
fashion, similarly to the staged evaluation of drugs.

Only certain elements of test evaluation are addressed before in vitro
medical tests are released to the market. Regulatory bodies currently
require that manufacturers demonstrate the analytical performance
and limited information related to the clinical performance for all
in vitro diagnostic medical devices [32]. While well elaborated ap-
proaches to the assessment of the clinical performance of diagnostic
tests have been published [33], these are not directly applicable to
monitoring and to predictive or prognostic markers, which probably
represent the majority of laboratory assay applications in practice. In
the absence of international standards and the paucity of methodologi-
cal criteria for the assessment of tests used for a variety of purposes and
roles, manufacturers, laboratory professionals, researchers and regula-
tors are equally confused on what studies to do or accept as evidence
for the clinical performance and effectiveness of medical tests. There is
no consensus on the terminology or on any single approach for evalua-
tion. In particular, there is a continuing debate about the relative impor-
tance and appropriate sequence of the five key elements in the test
assessment process, how they should relate and link to one another
and what hierarchy such a multiphase model should follow.

To address these issues we describe the test evaluation process in a
way that incorporates the definitions described earlier and emphasizes
the importance of the relationship of the five key evaluation compo-
nents. We discuss departures from the traditional linear process
through illustrative examples and, as a consequence, the need for a con-
sensus on a more cyclical approach in order to improve the selection of
the most appropriate study designs that provide best evidence for
medical and policy decisions.

Once early research studies identify a link between the new potential
biomarker and the disease or condition, a laboratory assay is developed
that is capable of measuring the biomarker. Before further evaluation
of the discriminatory power of the new laboratory assay on a large num-
ber of patient samples, it is recommended that the context in which the
new test is to be used in practice is addressed and that the potential pur-
pose and role of the new biomarker are defined. There is little point in
investing a lot of effort into medical test development and evaluation
unless the clinical pathway from testing to treatment decisions and to
health or other outcomes is clearly mapped and well understood, and
there is an indication that the new biomarker will offer incremental ben-
efits over existing clinical pathways. This is essential for formulating ap-
propriate research questions that can be addressed by well-designed
studies in the subsequent process. This can be done by drawing a clinical
algorithm or decision tree modeling the typical scenario for the potential
application of the biomarker [34]. As the test evaluation process de-
scribed below is cyclical, the originally intended purpose and role of
the test can be redefined if an alternative use for the test becomes appar-
ent during the investigation process.

By mapping the intended application and outcomes of the new test,
clinical needs can be further refined. This should ideally dictate the
quality requirements for analytical performance of the assay(s) developed
for the intended use of the biomarker. Analytical performance goals of
the same assay can - and probably should - be different for diagnostic
or monitoring applications. Analytical performance criteria can be
defined by using the Stockholm hierarchy of preferred methods [20].
In this consensus-based hierarchy, analytical performance goals based
on health outcomes and clinical decision making represent the highest

levels, and criteria based on biological variation, or clinicians' or experts'
opinion are positioned lower. For example, the health outcome- and
clinical decision-driven analytical performance goals for cardiac Tropo-
nins for diagnosing AMI are agreed on the basis of how many diagnostic
misclassifications of AMI are acceptable or tolerated by clinicians. A cTn
assay, assuming to have zero bias, and a CV of <10% or <6% at the 99th
percentile decision limit can result in a misclassification rate of 1% and
0.5%, respectively [17,35]. Systematic errors in analysis can affect
diagnostic accuracy even more. The diabetes mellitus guideline defines
analytical performance goals for glucose measurements on the basis of
biological variation. To avoid misdiagnosis of patients, the goal for glu-
cose analysis is to minimize total analytical error, and methods should
be without measurable bias. This translates to goals for analytical impre-
cision of <2.9%, bias <2.2%, and a total error <6.9% [16].

Analytical performance studies, as described earlier, verify how the
laboratory assay developed for the biomarker meets these predefined
criteria (for example see Table 1 and [36]). It is worth emphasizing
that the originally defined purpose or the role of testing might change
as the analytical performance of an assay is improved during the
manufacturer's assay development process. For example, HbA;. was
originally developed as a monitoring test for diabetes and now, with im-
proved analytical performance after standardization, it is recommended
as a diagnostic test and is now also used as part of the definition of the
disease (Table 1 and [16]). Likewise, Troponin was primarily developed
as a biomarker of AML. Earlier generations of this biomarker had low an-
alytical sensitivity; they detected only more extensive myocardial injury
and did not allow the measurement of this marker in asymptomatic and
healthy individuals. With the development of assays with higher
analytical sensitivity, their analytical and clinical performance has
been re-evaluated [36], and the universal definition of AMI has been
revised. The rise and/or fall of hs-cTn with at least one value above the
99th percentile of the reference population, in association with signs
and symptoms of myocardial ischemia, now define AMI [17]. The new
hs-cTn test is now also utilized as a potential prognostic and risk strati-
fication marker of cardiovascular events as non-AMI patients who have
hs-cTn between the limit of detection and the 99th percentile at presen-
tation have been shown to have increased risk of cardiac death or AMI
over the subsequent 2 years (Table 1) [18,37]. This highlights how
improvements in analytical performance are driven by clinical needs
and the clinical pathway, and reciprocally, how improved analytical
performance can lead to new definitions of disease and clinical
pathways.

The intended use of the test and the analytical performance of the
assay determine the investigation of the clinical performance of the
new biomarker. If the assay is intended to be used for diagnosis, clinical
performance is best investigated in a diagnostic accuracy study, and
expressed as (changes in) diagnostic sensitivity and specificity or
other accuracy statistics. If the assay is proposed as a prognostic marker,
its performance for discriminating between high and low risk patients is
evaluated in an observational study, expressed as prognostic accuracy,
or by reporting risk reclassification, for example using the net
reclassification improvement index [38]. The actual clinical perfor-
mance of the assay may modify existing clinical pathways (e.g. by limit-
ing the use of the assay to certain subgroups of patients; or only
enabling the use as a rule out but not as a rule in diagnostic test; or
only as a monitoring but not as a diagnostic test). Insufficient clinical
performance may also call for further improvement of analytical perfor-
mance before the assay becomes suitable for implementation into clin-
ical practice.

Once the clinical performance of the biomarker is demonstrated for
the well-defined clinical purpose, the actual clinical effectiveness of the
test can be further explored. This includes demonstration of the benefits
and harms related to testing to the individual patient, relative to current
best practice. Examples include trials that have randomized patients
with suspected heart failure to BNP testing plus routine care versus rou-
tine care alone ([39], Table 1). As pointed out earlier, these RCT designs
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for medical testing are not always efficient, and RCTs of the complete
clinical pathway from testing to treatment are not always practical or
even necessary [26,40]. Our working group takes the view that consid-
erations of clinical effectiveness should be part of the pre-market test
evaluation process. Necessary conditions for the intended application
in the clinical pathway (i.e., purpose and role of testing) in the targeted
patient population, in terms of required levels of analytical and clinical
performance, should definitely be demonstrated before a new biomark-
er can be safely released. The possibility of harms from testing should
also be considered. An example is the use of PSA as a screening test,
where the harms from screening low risk symptom free men may out-
weigh the previously perceived benefits [41].

The benefit of a cyclical test evaluation approach is that manufac-
turers' claimed purpose for the assay and its position in the clinical path-
way can be changed as more evidence is published about clinical
effectiveness. Clinical effectiveness data on a given test application in a
certain patient population may not only modify the clinical pathway
or alter the role of the test in the clinical pathway but also may inform
the design of further clinical performance studies. For example,
D-dimer may not be clinically effective as a stand-alone diagnostic
marker for pulmonary embolism. However, as an add-on test in a diag-
nostic protocol to rule out pulmonary embolism in low risk patients
could improve the clinical and cost-effectiveness of the existing clinical
pathway by limiting the number of further more invasive, or harmful, or
costly diagnostic procedures [42].

If the test or testing strategy is found to be effective in a given clinical
indication, estimation of cost-effectiveness will be key for reimburse-
ment decisions. This may drive the need for comparative clinical studies
to better estimate the size of effects, and for economic models to capture
long term consequences of testing and potential uncertainty for both
costs and effects. An example of a cost-effectiveness study is illustrated
in Table 1 [31]. Cost-effectiveness data may again alter the clinical path-
way and limit the use of the test to higher risk patient groups in whom
the benefits from testing offer more value.

Test evaluation should not finish with the introduction of the new
biomarker into clinical practice. The broader impact and consequences
of testing, beyond clinical and cost-effectiveness, can be investigated
when the medical test is more widely and routinely utilized in various
clinical settings. In some cases one can build on prior experience with
the introduction of similar tests for other clinical purposes. In other
cases, the actual use of the test may change after its introduction to
the market. Post-market surveillance of the performance of medical
tests is an often neglected, but very important activity which is usually
based on data from quality improvement and clinical audit projects.
This is especially relevant when tests eventually become utilized for
additional clinical indications that have not been formally evaluated; or
regular use of the test reveals so far unknown analytical variation, or
interferences, or when lot-to-lot variations impact both analytical and
subsequent clinical test performances. Such feedback from laboratories
or clinicians could be invaluable to manufacturers and researchers on
how to improve the analytical and clinical performance of their assays
in order to make them a clinically more effective biomarker and a
medically more useful test in their intended or newly introduced
application.

These examples demonstrate that test evaluation is a dynamic pro-
cess with many inter-related elements as described above rather than
proceeding in rigid sequential phases. Our Working Group believes,
based on the observation also made by others [8,10], that a rigidly
phased, linear sequential model is overly simplistic and that biomarker
evaluation should rather operate as a cycle. We propose that the five key
elements should be tightly integrated with each other along the key
principles defined earlier, and linked to the test's purpose and role with-
in a specified clinical pathway in order to develop a systematic approach
for test evaluation. We believe that a more unifying framework is need-
ed not only to reduce the confusion of stakeholders, but also to allow for
an integrated system approach, whereby larger and more costly studies

are only initiated if there is prior evidence to support the test's worth; a
principle that also provides the ethical justification for inviting patients
to participate in clinical studies. We therefore illustrate the journey of a
laboratory assay measuring a biomarker in becoming a medical test or
testing strategy as a dynamic cycle driven by the clinical pathway
(Fig. 1). In this cycle, we visualize each component as being
interconnected with and influencing one another. In this model the clin-
ical pathway, describing the purpose and role of testing in a specific
group of patients and linking testing to health or other outcomes, is at
the core of the test evaluation process and influences all other compo-
nents in a reciprocal fashion.

5. Conclusions

There is an increasing awareness that the introduction of new
technology can lead to increased costs which are often not in direct pro-
portion to the benefits for patients. This is particularly the case where
new technologies offer only marginally better alternatives to existing
processes. Healthcare funders and regulators are indicating that such
marginal improvements are less likely to be funded or reimbursed in
the future. Professional, public and government organizations have
criticized the current FDA approval and CE marking processes for failing
to provide patients with safer, higher quality and more effective devices
[3,32,43]. While it is clear that a more integrated regulatory framework
is needed, it must be one that does not stifle innovation in the medical
and in vitro diagnostic medical device industry. Revised policies and
procedures of IVD regulatory bodies in the US and the European
Commission discuss the need of pre-market presentation of high quality
evidence and the post-market surveillance of the clinical safety and per-
formance of in vitro diagnostic medical devices [32].

Researchers, manufacturers of IVDs and laboratory professionals
face a major challenge to provide evidence that testing improves actual

analytical
performance

clinical
performance

broader
impact
clinical
pathway

cost clinical
effectiveness effectiveness

Fig. 1. Cyclical framework for the evaluation of in vitro medical tests. This framework
illustrates that the key components of the test evaluation process are driven by the pur-
pose and role of using a test in the clinical pathway. Reciprocally, the key test evaluation
elements may influence or modify existing clinical pathways. The outer circle linking the
various elements of the test evaluation cycle highlights the interplay between the various
components and how e.g. analytical performance may impact clinical performance and
vice versa; how clinical performance or effectiveness of a test may call for improved
analytical performance and sets new analytical goals for improving the clinical and cost-
effectiveness of the test-treatment pathway. The dynamic relationship of the various key
components is further explained in the text and is illustrated with examples.
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health outcomes, in order to meet regulatory approval and achieve
reimbursement requirements. Statutory regulators and consumers are
also starting to require that evidence relating to test performance (or
the lack thereof) is now also placed in the public domain. Therefore
clear guidance and a multidisciplinary, more responsive and propor-
tionate risk assessment during pre-market approval and post-market
surveillance of tests are needed to ensure patient safety. After initial dis-
covery of potential biomarkers, careful consideration should be given to
their intended use and the consequences and health outcomes of testing
in clinical practice. No new test should be subjected to tedious evalua-
tion and released to the market if it is unlikely, or if it cannot convincing-
ly be substantiated, that using the test will result in changes in clinical
actions and health outcomes.

Clear guidelines on pre-market test evaluation methods and
standardized performance measures for post-market assessments are
needed for improving the effectiveness and cost-effectiveness of labora-
tory practice. Feedback on the clinical effectiveness of new biomarkers
needs to be communicated to scientists, industry, clinicians and guide-
line teams to enable them to refine analytical and clinical performance,
ask new research questions, design new biomarker evaluation studies,
and formulate better evidence-based recommendations that are more
responsive to real clinical and patients needs. Collaboration between ex-
perts in laboratory medicine, epidemiology, evidence-based medicine
and industry needs to continue. This collaboration could be extended
to regulatory bodies and policy makers. This would allow collective
and informed decisions about the appropriate adoption of new or
existing medical tests and testing practices.
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