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BACKGROUND: Biomarkers are playing increasingly im-
portant roles in the detection and management of pa-
tients with cancer. Despite an enormous number of pub-
lications on cancer biomarkers, few of these biomarkers
are in widespread clinical use.

CONTENT: In this review, we discuss the key steps in ad-
vancing a newly discovered cancer candidate biomarker
from pilot studies to clinical application. Four main steps
are necessary for a biomarker to reach the clinic: analytical
validation of the biomarker assay, clinical validation of the
biomarker test, demonstration of clinical value from perfor-
mance of the biomarker test, and regulatory approval. In
addition to these 4 steps, all biomarker studies should be
reported in a detailed and transparent manner, using previ-
ously published checklists and guidelines. Finally, all bio-
marker studies relating to demonstration of clinical value
should be registered before initiation of the study.

SUMMARY: Application of the methodology outlined
above should result in a more efficient and effective ap-
proach to the development of cancer biomarkers as well
as the reporting of cancer biomarker studies. With rigor-
ous application, all stakeholders, and especially patients,
would be expected to benefit.
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Biomarkers play an important and sometimes indispens-
able role in the detection and management of patients
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with malignancy. Thus, in asymptomatic individuals,
biomarkers may be used to screen for early cancer or
premalignant conditions, whereas in symptomatic pa-
tients, biomarkers may help in the differential diagnosis
of benign and malignant diseases. Following a diagnosis
of malignancy, biomarkers may help determine progno-
sis and identify the most appropriate therapy. In patients
who have undergone curative-intent surgery for cancer,
biomarkers may be used in follow-up surveillance and for
the early detection of possible recurrent disease. For pa-
tients receiving systemic treatment, biomarkers may pro-
vide a minimally invasive approach for monitoring tu-
mor response [for review, see references (1) and (2)].

Despite the massive number of publications on tu-
mor “biomarkers” in recent years, no new widely used
cancer serum biomarker and only a handful of tissue-
based biomarkers have entered clinical use in the past 25
years (3 ). According to Diamandis (3), this is not due to
the “lack of biological/biomedical knowledge, powerful
technologies or investment of funds.” Rather, the low
number of clinically used biomarkers appears largely to
be a result of the absence of a clearly defined validation
pathway for advancing a newly discovered “biomarker”
into the clinic (4).

The aim of this review is thus to discuss the key steps
in taking an emerging serum or tissue cancer biomarker
from a research laboratory into routine clinical use. The
primary focus will be on single-analyte assays, but much
of the content will also be relevant to multianalyte or
omics-related biomarkers. In addition to focusing on the
various steps in validation, we also discuss the registration
and reporting of biomarker studies. Although most of the
review focuses on cancer biomarkers, the content should
also be relevant to the evaluation of disease biomarkers in
general. In the review, it is assumed that preliminary
results are available, suggesting that the biomarker of in-
terest has clinical potential.

Steps in Cancer Biomarker Validation
SAMPLE COLLECTION AND PROCESSING
An important step in biomarker validation that fre-

quently fails to receive the attention it should is the eval-
uation of preanalytical factors that may affect the mea-
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sured concentration of the biomarker. These factors,
which are not unique to cancer biomarkers but apply
to all clinically used biomarkers, include both patient/
study participant and specimen-related variables (5).
Patient-related factors for blood-based assays include
age, sex, posture, hydration status, whether fasting or
not, and previous or ongoing treatments (e.g., medi-
cines that patients may be taking). In addition, poten-
tial confounding factors for serum-based screening/
diagnostic biomarkers should be noted. These include
benign disease of the liver, kidney, and lung as well as
various inflammatory diseases. All of these disorders
can result in increased blood concentrations of protein
tumor biomarkers.

Specimen-related factors depend on whether blood
or tissue is being collected. Factors for consideration
when collecting blood include specimen type, i.e.,
whether it is whole blood, serum, or plasma and if the
latter the appropriate anticoagulant. Other factors that
may affect the measured concentration include hemolysis
(which may lead to spurious increases), centrifugation
conditions (time, speed, and temperature) and stability
during transport to the laboratory, processing and
storage.

Although serum and plasma are frequently used in-
terchangeably, major differences exist in their protein
profile. This is because the coagulation during the prep-
aration of serum processes clotting proteins. In contrast,
due to the presence of anticoagulants, clotting does not
occur when preparing plasma. It is important therefore
that either serum or plasma is exclusively used during the
validation of a blood biomarker test, unless these fluids
have been shown to be interchangeable.

Because of its potential to act as a surrogate for the
entire cancer genome, there has been considerable in-
terest recently in measuring circulating tumor DNA
(ctDNA)? (6). Owing to its lower background concen-
tration, plasma is generally recommended for this pur-
pose (6). However, the optimum processing steps for
ctDNA remain to be established. Similarly, the optimum
conditions for the processing of circulating tumor cells
(CTC) remain to be investigated. However, recently,
special preservative-containing Vacutainer Tubes were
successfully used in the conduct of a multiinstitutional
trial involving CTC (7).

Because several different factors can affect the stabil-
ity and thus the measured concentration of a candidate

? Nonstandard abbreviations: ctDNA, circulating tumor DNA; CTC, circulating tumor cells;
SOP, standard operating procedures; HER2, human epidermal growth factor receptor 2;
FDA, US Food and Drug Administration; PRoBE, Prospective Specimen Collection, Retro-
spective Blinded Evaluation; CA 125, cancer antigen 125; LOE, level of evidence; uPA,
urokinase plasminogen activator; PAI-1, plasminogen activator inhibitor-1; LDT,
laboratory-developed tests; CE, Conformité Européenne; EU, European Union; PSA,
prostate-specific antigen.
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biomarker, it is important that a pilot study is initially
performed to identify the optimum sample collection
and storage conditions. This should be performed before
clinical validation.

For tissue-based biomarkers, it is important to estab-
lish whether fresh or freshly frozen samples are necessary
or whether fixed and paraffin-embedded tissue can be
used. Although fresh or freshly frozen tissue may be used
in research laboratories, tissue-based biomarkers mea-
sured for clinical use generally employ formalin-fixed and
paraffin-embedded tissue. For the latter, time to fixation
as well as the fixation period are among the most critical
factors contributing to variability in results, affecting
quality of both RNA and protein. Published guidelines
for obtaining optimum protein staining include immer-
sion in fixative within 1 h of removal, fixation in 10%
neutral buffered formalin for 24 h, dehydration for
1.5-15 h, and embedding in paraffin for 0.5-4.5 h (8).
The specific optimum conditions, however, may vary
from protein to protein. For extraction of biomarkers
from tumor tissue, Pefia-Llopis and Brugarolas (9) re-
cently described a method for the simultaneous isolation
of high-quality DNA, RNA, and microRNA as well as
protein from the same sample (9). In this report, tissue
with high tumor cell purity was selected on the basis of
the histology of immediately adjacent sections. Other
issues relevant to the measurement of tissue-based bio-
markers such as intratumor heterogeneity (70) and tu-
mor cell contamination with nonmalignant cells (77 ) are
outside the scope of this report.

Because sample collection and initial processing may
be carried out by nonscientific personnel, it is essential
that adequate training is provided and detailed standard
operating procedures (SOP) used. Any deviation from
the SOP for any sample should be noted. Furthermore,
for difficult or manual assays, consensus-based guidelines
detailing preanalytical, analytical, and reporting issues
should be published. Exemplary guidelines are currently
available for measuring established biomarkers such as
estrogen receptors, progesterone receptors, and human
epidermal growth factor receptor 2 (HER2) protein in
breast cancer (12, 13), for epidermal growth factor
receptor (EGFR)'® mutations and anaplastic lymphoma
receptor tyrosine kinase (ALK) translocations in non—
small cell lung cancer (14), and for KRAS mutation test-
ing in colorectal cancer (15). In addition to these
guidelines for measuring specific biomarkers, general
guidelines, including analyte stability and laboratory

9 Human genes: EGFR, epidermal growth factor receptor; ALK, anaplastic lymphoma re-
ceptor tyrosine kinase; KRAS, Kirsten rat sarcoma viral oncogene homolog; WFDC2,
WAP four-disulfide core domain 2 (also known as HE4).
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Table 1. Parameters used in the analytical validation of biomarkers measured by quantitative assays.?

Parameter

Accuracy®

Precision/imprecision

Repeatability
Reproducibility

Analytical specificity
molecules.

Analytical sensitivity

Limit of detection®

Interference (cross-reaction)®

Carryover©
Linearity

Robustness

2 Adapted from Jennings etal. (23).

method for determining the presence or absence of that analyte (23).
¢ Particularly relevant for quantitative assays carried on blood.

How close a result is to the true result.

Closeness of agreement between a series of measurement for the same sample
established under specific conditions. Depends on repeatability and
reproducibility of assay.

Describes measurements made under the same conditions.
Describes measurements done under different conditions.

Ability of an assay to distinguish the analyte of interest from structurally similar

Ability of an assay to detect low quantities of an analyte.
Lowest amount of analyte that can be reliably distinguished from zero.
Effect of a substance in a sample that alters the correct value of a result.

Occurs when a portion of a sample or reaction reagent are unintentionally
transferred from one assay reaction into another.

The ability of an assay to give concentrations that are directly proportional to
the levels of the analyte following sample dilution.

Precision of an assay following changes in assay conditions, e.g., variation in
ambient temperature, storage condition of reagents.

® For qualitative assays, accuracy has been defined as the amount agreement between the information in the assay undergoing evaluation and that obtained from the best available

9 May be due to chemically related molecules or heterophilic or human anti-mouse antibodies.

Definition

QC, for performing analysis of tissue-based molecular

biomarkers, have been published by Cree et al. (76).
Analytical Validation of Biomarker Assays

Because multiple assays using different formats may exist
for a biomarker, it is necessary to develop and validate
each specific assay that will be used in the clinic (17, 18).
For serum protein—based biomarker assays, quantitative
immunoassays (e.g., automated ELISA) are usually used
for this purpose. Tissue-based biomarkers, on the other
hand, are most frequently detected by immunohisto-
chemistry at the protein level and by in situ hybridization
at the DNA level. Newer assays for nucleic acid—based
biomarkers may involve mutation analysis for DNA-
based biomarkers (e.g., single genes, panels of genes,
whole exome sequencing, or whole genome sequencing)
(19) and either reverse transcription-PCR (e.g., On-
cotype Dx) (20) or microarray (e.g., MammaPrint) (21)
for mRNA-based biomarkers.

Irrespective of the assay format, a new biomarker
assay must undergo analytical (technical) validation. An-
alytical validation involves confirming that the method
used for the biomarker measurement is accurate, precise,
specific, robust, and stable over time (17, 18, 22-24).
Additional criteria for evaluating quantitative methods
such as ELISA-type or quantitative PCR assays include

linearity with sample dilution, parallelism, recovery fol-
lowing analyte addition, and functional sensitivity (See
Table 1 for definitions of these and related terms).
Consensus-based metrics for defining limits for
most of these variables are not available at present. How-
ever, according to the National Academy of Clinical
Biochemistry (US), clinically used serum-based immu-
noassays should have interassay CVs of <10% and
within-assay variability of <5% (7). Acceptable preci-
sion is particularly important at clinical decision concen-
trations. For immunohistochemistry, reproducibility is
generally determined using the k-statistic or percentage
agreement between 2 individual assessors (25). Agree-
ment of =85% is generally regarded as acceptable (25).
Further information on metrological specifications is
available in the Stockholm Consensus Statement on
quality requirements for laboratory medicine tests (26).
Frequently, the initial assay development and vali-
dation occurs in a research laboratory (academic or in-
dustrial), where sample numbers are low and urgency of
results less important than in a clinical setting (27). In
that situation, further validation should take place in the
“cut and thrust” of a clinical laboratory, where massive
numbers of samples are being processed and rapid result
reporting is necessary. This dual site validation also pro-
vides evidence for transferability of an assay. Further-
more, for large-volume assays such as serum-based pro-
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Table 2. Parameters used in evaluating clinical validity of a biomarker.

Parameter

Clinical sensitivity
condition of interest.

Clinical specificity

PPVab
NPV>

Positive likelihood ratio
Negative likelihood ratio

AUC

ROC analysis
concentrations.

Hazard ratio

Relative risk

PPV, positive predictive value; NPV, negative predictive value; AUC, area under curve.
b With PPV and NPV, it is necessary to define the population to which it applies.

True positive rate, how good is the test in detecting individuals who have the

True negative rate, how good is the test in correctly excluding individuals without
the condition of interest.

Proportion of positive tests that are correct.
Proportion of negative tests that are correct.

How much more likely is a positive test to be found in an individual with the relevant
condition than in a person without it.

How much more likely is a negative test to be found in an individual without the
relevant condition than in a person with it.

Area under ROC curve. AUC is used to compare different tests, i.e., an AUC value
close to 1 indicates good discrimination, whereas an AUC of 0.5 provides no
useful diagnostic information.

A graphical approach for showing accuracy across the entire range of biomarker

Chance of an event (e.g., disease recurrence, death) occurring in the treatment arm
divided by the chance of the event occurring in the control arm, or vice versa.

Ratio of the probability of an event (e.g., disease recurrence, death) occurring in
treated group to the probability of the event occurring in the control group.

Definition

tein biomarkers, it is generally necessary to automate the
analytical process, a step which is almost always per-
formed by commercial diagnostic companies (27). Fol-
lowing test automation, a further round of validation is
necessary, both by the diagnostic company as well as by
the clinical laboratory in which the test is being used.

The potential dangers of using unreliable and non-
validated immunoassays in biomarker development have
been addressed by Diamandis and coworkers (28, 29).
Among the suggestions made by these authors to mini-
mize this possibility were to purchase such reagents from
companies with a proven quality record, perform local
validation, and report any identified problems.

It is widely recommended that analytical validation
of an emerging biomarker assay be performed relatively
early during its development (30). This is to ensure that
it provides the necessary accuracy and robustness neces-
sary for clinical use. For evaluating companion diagnostic
biomarkers (biomarkers that are essential for the safe and
effective use of a therapeutic product), the US Food and
Drug Administration (FDA) has suggested that the de-
velopment and validation parallel that of its companion

drug (31).
Clinical Validation of Biomarker Tests

Clinical validation ensures that the results of the bio-
marker stratify individuals into different groups, such as
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those with or without disease or those likely to have a
good outcome vs those at an increased risk of disease
recurrence (17, 18, 24). For diagnostic tests, clinical val-
idation is usually reported in terms of diagnostic accu-
racy. Criteria used for describing diagnostic accuracy of a
biomarker test include sensitivity for disease, specificity
for disease, positive predictive value, negative predictive
value, likelihood ratio, and ROC analysis (see Table 2 for
definitions of these and related terms).

Ideally, a new biomarker should aim to fulfill a cur-
rently unmet need in cancer detection and/or patient
management. Alternatively, if the biomarker test does
not address an unmet need, it should provide an advan-
tage over preexisting biomarker(s) for the clinical ques-
tion being addressed, such as being more accurate and
simpler to measure, providing a more rapid result, or
being made available at reduced costs (e,g., by reducing
frequency of imaging).

Clinical validation is more demanding and time-
consuming than analytical validation. It should start with
defining the specific context in which the new biomarker
is to be used, i.e., which cancer type and whether the
biomarker is to be used in screening, aiding diagnosis,
determining prognosis, therapy prediction, or patient
monitoring. This latter question is important, because it
identifies the population of individuals to be used in the
clinical validation step, the informative statistics, and the
acceptability criteria. Thus samples should be collected
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from subjects, similar with respect to disease status in the
target group, in which it is intended to use the biomarker

).
Problems in Clinical Validation

BIAS

One of the most common problems in clinical validation
is bias or systematic differences between groups of indi-
viduals being compared in diagnostic studies, e.g., pa-
tients and controls. According to Ransohoff and Gourlay
(32, 33), bias can be defined as “the systematic erroneous
association of a characteristic with a group in a way that
distorts a comparison with another group.” Thus, the
presence of bias may produce positive findings that are
unrelated to the clinical reality and furthermore are not
reproducible (32, 33). For example, a common problem
with diagnostic biomarker studies is that samples are
taken from conveniently available archived samples that
have been collected from separate populations that are
mismatched for age range, sex, race, or other factors that
may or may not lead to unintentional bias. Any observed
difference in marker concentration between the 2 groups
might thus be due to these differences rather than the
presence or absence of disease. Another potential source
of bias in screening/diagnostic biomarkers is differences
in the transport, processing, and storage of samples from
control and diseased groups.

For eliminating bias in biomarker clinical validation
studies, Pepe et al. (34) have suggested a nested case
control study in which samples are collected prospec-
tively before a diagnosis is established and are then
evaluated in a blinded fashion, retrospectively [i.e., Pro-
spective Specimen Collection, Retrospective Blinded
Evaluation (PRoBE) design]. Only after outcome data
are available are random samples from cases and controls
selected for the study. This retrospective and random
approach minimizes the problem of baseline nonequiva-
lence, because samples are collected without knowledge
of disease status or outcome, so both selection of study
participants and sample collection should be completely
objective (34). Furthermore, systematic biases can be
eliminated by requiring similar handling of samples
from patients and controls. According to Pepe et al.
(34), the PRoBE design can be used in the evaluation of
screening, diagnostic and prognostic biomarkers.

The PRoBE design was recently used to compare the
sensitivity of 35 biomarkers for the detection of early
ovarian cancer (35). In this study, prediagnostic blood
samples were collected as part of the PLCO (Prostate—
Lung—Colorectal-Ovarian) screening trial. Despite be-
ing the earliest biomarker of the 35 investigated, cancer
antigen 125 (CA 125) was identified as the most sensi-
tive, outperforming all the others, including WAP four-
disulfide core domain 2 (WFDC2; also known as HE4).

In a related study, CA 125 was shown to be at least as
good as several multimarker panels previously proposed
for ovarian cancer (36). These 2 high-quality studies
clearly demonstrate that CA 125 is at present the best
single biomarker for the early detection of ovarian cancer.

OVERFITTING

In proteomic and genomic studies, thousands of variables
can be measured simultaneously in relatively small num-
bers of patients. The enormous amount of information
generated is frequently used to model the system (the
disease) from which the data were generated. These mod-
els are often subsequently used to predict various clinical
parameters, such as outcome. Many statistical ap-
proaches (often based around regression) can be used to
model an omics system but they are vulnerable to over-
fitting, as the number of variables generated via high-
throughput omics technologies far exceeds the number of
samples examined. This can result in findings or predic-
tions identified in a study population that are not repro-
duced in populations different from those used to derive
the model (37-39). Such model overfitting can be
avoided with appropriate internal and external validation
studies (37-39).

Internal validation can be conveniently achieved by
dividing the study population into 2 independent
groups. One of these—the “training set”—is used to
train or build the model. The second group—the “vali-
dation set”—is then used to test whether the model
works equally well in a different group of individuals,
independent from those in the training set. Both popu-
lations should be similar to the population in which the
model is to be used. Alternatively, testing can be carried
out iteratively by cross-validation, using different train-
ing and test groups. Several approaches are available for
performing cross validation, which are discussed in detail
in references (37-39 ).

External validation with a completely different study
population is also necessary (37-39). As for internal val-
idation, the samples used should be similar to those for
the target population in which the test will be used (77).
The more external validations that are performed, espe-
cially if at different locations and time points, the more
robust and generalizable the model should be. To ensure
that accurate and independent outcome data are ob-
tained, the number of patients in the group used for
external validation must be large enough for the study to
achieve sufficient statistical power (38).

MULTIPLICITIES

In addition to the potential problems posed when inves-
tigating large numbers of biomarkers, further statistical
problems may occur with other multiples such as disease
subset analysis and use of several different endpoints
(overall survival, progression-free survival, objective re-
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Table 3. Cancer biomarkers that have undergone/or are undergoing validation in level | evidence (LOE I) studies.
Biomarker Clinical use Type of validation

FOBT® Screening for colorectal cancer PRCT

PSA Screening for prostate cancer® PRCT

CA 125 Screening for ovarian cancer® PRCT

uPA/PAI-1 Determining prognosis in breast cancer PRCT, pooled analysis
Estrogen receptor  Predicting response to hormone therapy in breast cancer PRCT, metaanalysis
HER2 Predicting response to anti-HER2 therapy in breast cancer PRCT

Oncotype DX Determining prognosis in ER-positive lymph node-negative PRT

breast cancer

MammaPrint® Determining prognosis in lymph node-negative breast cancer PRT

BRAF mutation Predicting response to anti-BRAF therapy in melanoma PRCT

KRAS mutations Predicting response to anti-EGFR antibodies in colorectal cancer PRT

EGFR mutations Predicting response to anti-EGFR kinase inhibitors in non-small cell PRT

lung cancer
CEA Postoperative surveillance after curative surgery in colorectal cancer ~ PRT, metaanalyses
2 FOBT, fecal occult blood testing; PRCT, prospective randomized clinical trial; PRT, prospective retrospective trial; ER, estrogen receptor; CEA, carcinoembryonic antigen.
b PRCTin progress. The fact that a biomarker has undergone validation in a LOE | evidence study does not necessarily qualify that biomarkerfor clinical use. Thus, CA 125 is not currently

recommended for screening asymptomatic women for ovarian cancer although it was evaluated in a prospective randomized trial (which showed that screening with CA 125 and
ultrasound failed to reduce mortality from ovarian cancer).

sponse rate, duration of response) (40). According to
Berry (40), multiplicities are widespread and indeed can
be silent, i.e., unreported or unrecognized. To minimize
potential problems with multiplicities, it is essential to
have a written protocol prepared in advance that specifies
the study aims and methods to be used. Furthermore, all
the steps planned to be done and everything that was
completed should be reported (40).

Demonstration of Clinical Value

Analytical and clinical validation are not sufficient to
recommend use of a tumor biomarker test in standard
practice. In addition to these requirements, the test
should be shown to have clinical value (utility), meaning
that patient outcomes are improved by directing care
based on the test results compared to care of the patient
without the test. Although a large number of biomarkers
have undergone analytical and clinical validation, rela-
tively few have been shown to have clinical value (Table
3). Indeed, historically, most biomarkers entered clinical
use with little evidence of clinical value. In the future
however, demonstration of clinical value is likely to be
necessary and indeed should be mandatory for the adop-
tion of a new biomarker into clinical practice. Further-
more, it should be mandatory for reimbursement.
Clinical value can be demonstrated if high-level ev-
idence exists that measurement of a biomarker or bio-
marker profile alters patient management in a manner
that positively impacts on outcome, compared to out-
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come without use of the biomarker (17, 18, 24, 41, 42).
Ideally, for demonstrating clinical value, it is necessary to
show that the biomarker measurement results in clinical
management that increases overall survival, without ad-
versely affecting the patient. Obtaining such evidence
requires large studies with numerous patients and is ex-
pensive and time-consuming. Alternative outcome mea-
sures that have been proposed include increased length of
disease-free interval, reduced cost of care [e.g., due to
earlier diagnosis, fewer inpatient or outpatient hospital
visits, fewer invasive procedures, withdrawal of ineffec-
tive treatment, or increased quality of life (less use of toxic
therapy)] (18). Widely acceptable outcomes for these
end points are presently not available. For example,
should the performance of a biomarker test lead to a
treatment that extends patient survival by 3 months, 6
months, or longer?

Demonstration of clinical value should be based on
obtaining a benefit of sufficient magnitude that is likely
to be clinically meaningful and statistically significant.
Ideally, this should be obtained using a high level of
evidence (LOE), i.e., an LOE I study (43). The gold
standard method for obtaining LOE 1 is testing the bio-
marker in a prospective randomized trial in which the
biomarker evaluation is the primary purpose of the trial.
The design of the prospective randomized trial depends
on the intended use of the biomarker. Thus, for evaluat-
ing a screening biomarker, the target population should
be randomized to have or not to have the biomarker of
interest measured. For evaluating therapy-predictive bio-
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markers, several trial designs have been proposed which
have previously been discussed in detail (44—47). Ide-
ally, prognostic biomarkers should be evaluated in pa-
tients not receiving systemic adjuvant therapy or, when
this is not possible, in patients receiving the standard
therapy for that malignancy. This is best carried out pro-
spectively, although a retrospective study of sufficiently
high statistical power without bias and using an analyti-
cally validated assay may also be acceptable (48).
Although validation in a randomized prospective
trial has long been regarded as the gold standard meth-
odology for demonstration of clinical value, such an ap-
proach is time-consuming, requires large numbers of
study participants, and is expensive. In the event of vali-
dation in a prospective randomized trial not being possi-
ble, LOE I evidence may be obtained from a prospective-
retrospective trial employing archival samples collected
from a previously completed prospective study (49).
There are, however, some caveats when using such an
approach. Thus, with a prospective-retrospective design,
investigators must ensure that the following conditions

are met (49):

e There is enough suitable archival tissue available from
a sufficient number of patients to achieve the necessary
statistical power. [It has been suggested that samples
from at least two-thirds of the participants in the rele-
vant prospective trial should be available for biomarker
testing (49)].

* Study participants included in the biomarker analysis
are representative of those participating in the defini-
tive trial.

* The biomarker assay has previously undergone rigor-
ous preanalytical and analytical validation for use in
archival tissue.

¢ The protocol for biomarker evaluation (including sam-
ple size and statistical testing) has been finalized before
any measurements on archival tissue are made.

* Results obtained with the archival samples are vali-
dated with samples from at least one related trial.

Although prospective or retrospective validation
studies using samples from randomized trials may be the
preferred method for demonstrating clinical utility, these
may not always be necessary to advance a new biomarker
into clinical use. Thus, according to Lord et al. (50), a
randomized trial may not be required if accurate data
show that a new biomarker is more clinically specific
and/or safer than a previously validated test addressing
the same clinical question. However, if the new bio-
marker has increased clinical sensitivity compared to the
existing one, its measurement will result in the diagnosis
of an increased number of diseased cases. In this situa-
tion, data from previously conducted trials that analyzed
only cases detected with the existing biomarker may not
be applicable to the additional cases. If so, it may be

necessary to perform a randomized trial to detect possible
therapy efficacy in the cases detected with the new bio-
marker. A randomized trial, however, may not be re-
quired if the new biomarker identifies the same disease
subset as the existing test or if the response to therapy is
similar, irrespective of the disease subtype (50).

Another approach for obtaining LOE I evidence for
new biomarkers is to undertake a systematic review of the
literature followed by metaanalyses or pooled analyses.
Ideally, systematic reviews should include results from
both published and unpublished data, individual patient
data (when it can be acquired), and studies that used
validated assays. Inclusion of data from unpublished
studies is particularly desirable because this can eliminate
possible publication bias, given that positive studies are
more likely to be published than negative studies. Ac-
cording to Egger et al. (57), a meta-/pooled analysis to
establish clinical utility should be undertaken only in
conjunction with a systematic review. A helpful checklist
for evaluating the quality of the individual studies
[known as QUADAS (Quality Assessment Studies of Di-
agnostic Accuracy)] has been published and should be
used when performing systematic reviews of test accuracy
studies (52).

A good example of a pooled analysis that included
both published and unpublished data and results from
analytically validated assays was the demonstration of the
prognostic value of both urokinase plasminogen activator
(uPA) and plasminogen activator inhibitor-1 (PAI-1) in
breast cancer (53). The pooled analysis used individual
patient data from 11 published and 7 unpublished stud-
ies and demonstrated that uPA and PAI-1 were prog-
nostic in both lymph node—negative and lymph node—
positive breast cancer patients. The prognostic impact of
uPA and PAI-1 in the axillary node—negative patients was
subsequently confirmed in a prospective randomized trial
(54, 55).

Although evidence of clinical utility should be man-
datory before introduction of a biomarker into routine
clinical use, such evidence will not necessarily result in its
widespread adoption, particularly if measurement of the
biomarker is costly, requires nonroutine sample collec-
tion, and/or is technically difficult. For example, al-
though uPA and PAI-1 are extensively validated, they are
not widely used in clinical practice because fresh or
freshly frozen tumor tissue is required. Assays providing
similar prognostic value (e.g., Oncotype DX) are per-
formed on the much easier to use paraffin-embedded and
formalin-fixed tissue (56, 57)and have been more widely
adopted.

Regulatory Approval

Following analytical validation, clinical validation, and
demonstration of clinical value, regulatory approval is
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required. The process of regulatory approval for new bio-
markers varies in different countries. In the US, new
biomarkers enter the marketplace for clinical use by ei-
ther of 2 pathways (58). One of these involves clearance
or approval by the FDA and performance of the assay in
a CLIA-certified laboratory, while the other is known as
the laboratory-developed tests (LDT) pathway.

Biomarker tests are classified as medical devices by
the FDA and therefore are subject to the same regula-
tory procedures as other medical devices. These are
classified into 3 groups, according to the intended use
and risk to patients (58). Class I devices are of low risk
and are usually exempt from review by the FDA before
proceeding to market, although the manufacturing
company must register the test with the FDA. Class 11
devices are of moderate risk and are evaluated by the
FDA through review of a 510(k) premarket notifica-
tion. These devices are cleared if submitted evidence
confirms that they are equivalent to a legally marketed
device previously cleared by the FDA. Class I1I devices
are those that may cause significant risk to patients
when used. Approval requires submission of evidence
that the device has undergone analytical and clinical
validation and that it is safe and effective for patient
care. Additional evidence of clinical utility is not cur-
rently required, except for companion biomarkers. For
these, the FDA now requires their coapproval with the
relevant treatment (31).

Although FDA approval/clearance ensures the avail-
ability of safe and reliable products, the process of obtain-
ing such approval/clearance can be time-consuming and
expensive. This may be a particular problem for academic
institutions and small companies. Indeed, obtaining reg-
ulatory approval has been regarded as a further hurdle in
making new biomarkers available for clinical use.

The second pathway for entry to the US market,
LDT, is regulated by the Centers for Medicare and
Medicaid Services, under the umbrella of the CLIA
1988 act. LTDs (“home-brew” or “in-house” tests) are
usually performed only in the laboratories in which
they were developed and validated. Currently, perfor-
mance of these tests does not require approval by the
FDA. However, as with the FDA approval system,
LDTs are also performed in CLIA-certified laborato-
ries. Although evidence of analytical and clinical vali-
dation is mandatory for performing these tests, dem-
onstration of clinical utility is not. Thus, at present
LDTs may be used by doctors for clinical decision-
making without evidence of clinical value.

Recently, the FDA announced its intention to reg-
ulate LDT's as devices to ensure the reliability and safety
of results produced (59). The first LDT's that will have to
comply with these new regulations are likely to be the
high-risk tests such as companion biomarkers.
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These changes were in accord with the previously
published recommendations of Hayes et al. (4):

e The FDA should consider reviewing all oncology
products, including therapeutics and biomarkers, in
one unit.

* Approval for biomarkers should include evidence of
both clinical validation and clinical value.

* Approval should require demonstration of clinical
value in an LOE I evidence study such as a prospective
clinical trial or a prospective—retrospective trial.

* The FDA should reconsider its enforcement discretion
for LDT involving tumor biomarker assays and ensure
that they are subject to FDA regulatory controls.

* The FDA should recommend that new anticancer
drug trials be accompanied with a bank of samples that
are collected and stored during the trial. This should be
paid for by the relevant sponsoring pharmaceutical
company.

In Europe, biomarkers for clinical use require the
Conformité Européenne (CE) mark, which represents
the manufacturer’s declaration that the product meets
the requirements of the applicable European Commu-
nity directives. CE marking can be obtained either by
self-certification by the manufacturer or by submission to
the appropriate body in a European Union (EU) country.

Although the EU currently classifies companion
biomarkers as in vitro devices with low risk, legislation on
their approval is currently undergoing review (60). In the
future, they are likely to be classified as high individual
risk or moderate public health risk. Their use will then
necessitate conformity assessment by a notified body
(60) and evidence of clinical value will be required.

Postmarketing Evaluation

As previously highlighted by the Test Evaluation Work-
ing Group of the European Federation of Clinical Chem-
istry and Laboratory Medicine, evaluation of a new bio-
marker should not end with its adoption in clinical
practice (18). Thus, it is essential that the analytical per-
formance of a biomarker in a routine laboratory is dem-
onstrated to be as good or better than that observed dur-
ing its development. This is most effectively achieved
through implementation of rigorous internal QC proce-
dures and participation in well-designed external quality
assessment or proficiency testing programs, as required of
clinical laboratories accredited to national or interna-
tional standards. An example for which rigorous post-
marketing evaluation resulted in improved assay testing
was with HER?2 for predicting response to trastuzumab
(13).

Similarly, the impact of the biomarker test beyond
the research and clinical trial settings should be subject to
continuing clinical audit (67). For example, with new
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Table 4. Guidelines for reporting biomarker studies.

Application Aims

Biospecimen handling and
processing

Diagnostic accuracy

Prognostic biomarkers®
prognostic studies

Monitoring biomarkers
monitoring studies

Biomarkers in clinical trials

Omics in clinical trials
for use in clinical trials

Immunohistochemistry and in

situ hybridization studies hybridization

Preparing systematic reviews

Diagnostic Accuracy Studies.

How to collect, process and store human tissue
in a standardized manner

To improve the accuracy and completeness of
reporting of studies of diagnostic accuracy
and to allow assessment of the potential for
bias as well as evaluate its generalizability

Recommendations for reporting biomarker

Recommendations for performing biomarker

Describes a risk-management approach for use
of biomarkers in clinical trials

To establish the readiness of omics-based assays

Reporting immunohistochemistry and in situ

Evaluating quality of individual studies

2 BRISQ, Biospecimen Reporting for Improved Study Quality; STARD, STAndards for the Reporting of Diagnostic accuracy studies; REMARK, REporting recommendations for tumour
MARKer prognostic studies; MISFISHIE, Minimum Information Specification For In Situ Hybridization and Immunohistochemistry Experiments; QUADAS, Quality Assessment of

® Although primarily designed for prognostic biomarkers, these guidelines may also be used for predictive biomarkers.

Guideline Reference
BRISQ? Moore et al. (67)
STARD Bossuyt et al. (68, 69)
REMARK McShane et al. (70);

Altman et al. (71)

MONITOR Soélétormos etal. (72)

Hall et al. (73)
McShane et al. (74);
McShane et al. (75)

MISFISHIE Deutsch etal. (76)

QUADAS  Whiting et al. (52);

Moheretal.(77)

developments in medical technologies, it may be appro-
priate to ask the question whether the biomarker still
retains its clinical value or if it has been superseded by a
new and improved diagnostic procedure. A further issue
that requires monitoring relates to whether the bio-
marker continues to be used in the setting in which it was
originally validated. Thus, a biomarker approved for pa-
tient monitoring should not be used for screening with-
out appropriate validation for that purpose, as happened
with prostate-specific antigen (PSA). Finally, if the new
biomarker replaces an older one, a question should be
asked if the older test should be withdrawn. An example
of a situation where this occurred was the removal of
prostatic acid phosphatase as a biomarker following the
introduction of PSA.

Registering and Reporting Biomarker Studies

It is widely accepted that the design and reporting of
many biomarker studies has been poor, frequently in-
cluding lack of detail regarding selection of patients and
controls and/or sample handling, use of assays that per-
form poorly, inadequate sample numbers, and/or inap-
propriate statistical analyses (62). Publication bias result-
ing from the preferential reporting of positive vs negative
results is also problematic. For example, Kyzas et al. (63)
found that positive significant results were included in
almost all of the published reports on prognostic bio-

markers they reviewed, with one examined database re-
porting positive findings in 91% of 340 articles and fully
negative findings in only 1.5%.

In an attempt to address such shortcomings and im-
prove the quality of biomarker studies, a biomarker regis-
try has recently been introduced with the aim of provid-
ing a comprehensive record of completed and ongoing
studies relating to cancer biomarkers and also enabling
investigators to identify completed buc still unpublished
studies (64 ). Importantly, the database also allows iden-
tification of biomarker studies with negative results
which may not be published (65). This should help to
reduce bias in the preparation of meta-/pooled-analysis
studies and systematic reviews. It is strongly recom-
mended that investigators involved in LOE 1 evidence
biomarkers trials register their study in the above or a
related registry.

The quality and transparency of biomarker studies
would also be enhanced by improved reporting. Editors
of a number of medical journals have appealed for com-
plete descriptions of laboratory methods and sample han-
dling in reports of clinical biomarker studies (66). This
information should include the type of specimens ana-
lyzed and how they were collected and stored, the analyt-
ical instrument and method used, analytical performance
during the study (e.g., imprecision, reportable range) and
derivation of any reference intervals used. All relevant
raw data should also be made publicly available to allow
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independent investigators to reanalyze and reinterpret
the data (17).

Several other complementary guidelines and check-
lists have been published in recent years (Table 4). Fol-
lowing these guidelines is strongly encouraged when re-
porting all levels of biomarker studies, i.e., from
preliminary studies to randomized trials. It is highly de-
sirable that authors, editors, and reviewers implement
these guidelines urgently.

Conclusion

Although several reports have been published on bio-
marker validation (17, 18, 27, 34, 43, 44, 78), this re-
port is one of the first to consider all the key steps in the
process, from analytical and clinical validation, through
demonstration of clinical utility and regulatory approval
to reporting (publishing) and registration and finally
adoption in clinical practice. The proposals made apply
to use of biomarkers at all stages of the patient pathway
and are relevant to both serum and tissue biomarkers.
From the above, it is clear that the process of developing
a clinically useful biomarker is a long and expensive un-
dertaking which requires the multidisciplinary collabora-
tion of academic researchers, hospital clinicians, clinical
laboratorians, biostatisticians, regulators, and clinical
and scientific staff in diagnostic and pharmaceutical
companies. There has previously been considerable ex-
penditure of time, money, and clinical material when
attempting to develop new biomarkers that ultimately
have had no clinical impact. In the future, applying the
methodology outlined in this article should enable much
more efficient and effective development and reporting
of cancer biomarker studies. With such rigorous applica-

tion, all stakeholders, and especially patients, would be
expected to benefit.
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