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Preface

Data is not information, information is not knowl-
edge, knowledge is not understanding, understanding
is not wisdom

—Clifford Stoll
Lawrence Berkeley National Laboratory, USA

The last few years has seen the deluge of data regarding the alterations in
breast cancers. Recent advances in technology also permit analysis of single
cells for these alterations. However, clinicians and scientists faced with an
onslaught of this data from the scientific and lay press are finding it difficult
to distinguish data from information. The major question that arises is—how
does it affect the lives of my patients? My research?

Molecular Pathology of Breast Cancer seeks to provide an overview
of the recent advances in breast cancer and bring together the techniques,
data, and knowledge to provide some understanding and wisdom. We believe
that this work will represent a new and important resource for clinicians and
scientists, by serving as a “ready reckoner.” The chapters, written by experts
in the field, provide valuable information to those already involved in and
familiar with the complexities of breast cancer. In order to introduce the
territory to the novices, the chapters, while being detailed, have been kept
short and the discussions brief. The hope is to make the topics “meaningful”
but less intimidating for the audience.

It is clear that advances in molecular biology have provided exhaustive
data regarding breast cancer. However, it is necessary to separate the wheat
from the chaff. We are extremely grateful to the cadre of authors, who have
graciously donated their time and energy to make this hard work possible. In
a series of chapters within the book, these experts have presented most recent
research and highlighted the direction for future research.

Indianapolis, IN, USA Sunil Badve
Yesim Gökmen-Polar
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1Translation of Biomarkers
into Clinical Practice

Lisa Meier McShane, Tracy G. Lively and Hala R. Makhlouf

Biomarkers have long played a key role in the
clinical management of breast cancer. Their use
continues to expand beyond the classic
biomarkers such as hormone receptors (ER and
PR) for guiding use of endocrine therapy and
HER2 status for guiding use of HER2-targeting
agents. In recognition of the critical role that
biomarkers play in drug development and in
patient care, the U.S. Food and Drug Adminis-
tration (FDA) and the U.S. National Institutes of
Health (NIH) have recently partnered to develop
a standardized glossary of terminology related to
biomarkers and clinical outcomes. In that glos-
sary, it is stated that a biomarker is “a defined
characteristic that is measured as an indicator of
normal biological processes, pathogenic pro-
cesses, or responses to an exposure or interven-
tion, including therapeutic interventions.
Molecular, histologic, radiographic, or physio-
logic characteristics are types of “biomarkers”

(FDA-NIH Biomarker Working Group 2016).
Biomarkers can be used individually, or in
combination as a “signature”, at multiple points
along a patient’s clinical trajectory to guide
clinical care decisions.

The American Society of Clinical Oncology
(ASCO) recently issued guidelines for clinical
use of biomarkers (beyond T, N and M staging)
to aid in decisions on systemic therapy for
women with metastatic breast cancer (Van Poz-
nak et al. 2015) and to aid in decisions on
adjuvant systemic therapy for women with
early-stage invasive breast cancer (Harris et al.
2016). For the metastatic setting, no biomarkers
were fully endorsed by the guideline committee
except for estrogen receptor (ER), progesterone
receptor (PR), and HER2 (Human Epidermal
Growth Factor Receptor 2) status in combination
with clinical evaluation, patient preferences, and
judgment; CEA, CA 15-3, and CA 27.29 were
regarded by the committee as appropriate for use
adjunctive to decisions regarding therapy but not
for use in isolation (Van Poznak et al. 2015). The
committee that examined biomarkers for the
early-stage invasive breast cancer setting found
sufficient evidence to recommend clinical use of
OncotypeDX®, EndoPredict®, Prosigna™, Breast
Cancer IndexSM and uPA/PAI-1 in specific sub-
groups of breast cancer, in addition to the
well-established estrogen and progesterone
receptor (ER/PR) and HER2 biomarkers (Harris
et al. 2016). Although the number of biomarkers
recommended for clinical use has increased in
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the last few years, there is still a large gap
between that number and the number of bio-
marker studies published, perhaps reflecting a
lack of appreciation of requirements for transla-
tion of a biomarker into clinical practice or other
challenges inherent in that process.

There are several challenges in translation of
biomarker research results to a clinical test that is
useful for making patient treatment decisions.
Variation in assay methods used to measure the
biomarker (or signature) across potentially many
studies comprising the evidence base can make it
difficult to interpret the literature and determine
the specific assay methods that are optimal.
Additionally, pre-analytical factors, which refer
to the conditions under which biospecimens are
collected, processed or stored prior to analysis,
can sometimes have a profound impact on the
ability to measure a biomarker reliably or even to
measure it at all (Moore et al. 2011). Hetero-
geneity due to pre-analytic and analytic factors
may be further compounded by differences in
clinical populations or treatment settings studied.
All of the pre-analytical, analytical, and clinical
issues must be confronted when developing a
biomarker test or evaluating its usefulness for
clinical care. Multi-disciplinary expertise is nee-
ded to determine which biomarkers are the most
informative and reliable for making specific
clinical decisions, and to develop the most
promising biomarkers into clinical-grade tests.

Biomarker tests need to be rigorously evalu-
ated to establish their readiness for clinical use.
Pathologists and clinicians must understand how
to appropriately select, apply, and interpret clin-
ical tests, be able to judge if a test has been
appropriately validated, and have an appreciation
of the potential risks and benefits associated with
use of a given test. These requirements apply
regardless of whether pathologists or laboratori-
ans develop a version of a biomarker test for use
in their laboratory or provide advice concerning
use of biomarker tests performed by outside
laboratories. Understanding the general process
by which biomarker tests are developed and
validated is critical in making an informed
judgement about the clinical readiness of any
particular biomarker-based test.

1.1 From Biomarker to Biomarker
Test

Clinical use of a biomarker requires a reliable
method to measure it. The constellation of ele-
ments that enable measurement comprise the
biomarker test, which is defined as “an assess-
ment system comprising three essential compo-
nents: (1) materials for measurement; (2) an
assay for obtaining the measurement; and
(3) method and/or criteria for interpreting those
measurements” (FDA-NIH Biomarker Working
Group 2016). For biomarker signatures, the test
would also include a procedure for combining
measurements of multiple biomarkers, such as
output from omics assays which include those
based in the disciplines of “genomics, transcrip-
tomics, proteomics, metabolomics, and epige-
nomics” (Micheel et al. 2012). The result of
combining the measurements is typically a risk
score developed from a statistical model or a
categorization output by an algorithm that clas-
sifies each case into one of multiple possible
categories based on the pattern detected in the
biomarker measurements. Such models or algo-
rithms will be referred to here as multivariable
biomarker predictors or in the case of high
throughput omics technologies, omics predictors.

Many biomarkers used in treatment decisions
for breast cancer have undergone an evolution in
methods for measurement. For example, clinical
measurement methods for estrogen receptor
(ER) have evolved from ligand binding assays
performed on tumor cytosols which produced
continuous measurements in units of fmol/mg
(typically with � 3 or 20 called positive) to
immunohistochemical assays that could be per-
formed on formalin-fixed tumor tissue and which
produced semi-quantitative measurements
(Hammond et al. 2010). For some biomarkers,
acceptable measurement methods have been well
established; whereas, for other biomarkers a
variety of measurement methods exist, often with
little understanding of the degree of concordance
that might be expected among results obtained by
different methods. The clinical impact of dis-
cordance in biomarker measurements due to
assay methodology may vary depending on the

2 L.M. McShane et al.



density of biomarker values in the patient pop-
ulation that are near key clinical decision points
and the degree of discordance between assays
near those points. Committees convened jointly
by the American Society of Clinical Oncology
(ASCO) and the College of American Patholo-
gists (CAP) developed best practice guidelines
for testing HER2 status (Wolff et al. 2007, 2013)
and the hormone receptors ER and PR (Ham-
mond et al. 2010) which specify acceptable
pre-analytic and analytic conditions and proce-
dures in order to promote consistency and relia-
bility of testing.

In contrast, there are examples of biomarkers
used with some regularity for the care of patients
with breast cancer that continue to be measured
by a variety of different approaches with insuf-
ficient attention paid to the impact of the different
measurement methodologies. Stuart-Harris et al.
(2008) reviewed literature on the nuclear prolif-
eration marker Ki67 in breast cancer. They
reported that among the 43 studies reporting use
of an immunohistochemical assay for assessment
of Ki67 in early breast cancer, 7 different anti-
bodies for IHC, single or in combination had
been used; among those studies, 19 different
cutpoints, ranging from 0 to 30 %, had been used
for determination of high expression. Further,
recent reports by Polley et al. (2013a, b)
demonstrated a concerning lack of concordance
due to scoring approach alone when eight dif-
ferent laboratories across the world experienced
in Ki67 immunohistochemistry evaluated a
common set of stained breast cancer tissues
represented on a tissue microarray slide. Path-
manathan et al. (2014) demonstrated how vary-
ing the Ki67 cutpoint in increments of 5 % could
substantially alter the accuracy with which Ki67
assessments could predict survival following
breast cancer diagnosis. Together with the lack of
concordance found by Polley et al. (2013a, b),
this sensitivity of prognostic ability to cutpoints
suggests that the clinical value of Ki67 assess-
ments will likely vary across laboratories per-
forming the testing. These examples illustrate the
need for greater attention to the specific methods
used to measure biomarkers and better under-
standing of the impact of pre-analytic and

analytic heterogeneity on clinical performance of
biomarkers.

Details of both pre-analytic conditions and
analytical methods should be provided when
investigators publish reports of biomarker studies
and these should also be provided by laboratories
offering biomarker tests. Checklists have been
developed to provide guidance on what infor-
mation is important to report in publications
involving use of biospecimens (Moore et al.
2011) and biomarkers used in prognostic
(McShane et al. 2005; Altman et al. 2012) and
diagnostic (Bossuyt et al. 2003a, b, 2015) stud-
ies. Further useful information can be found on
the EQUATOR website (EQUATOR Network
2016) which provides a wealth of checklists and
guidance for reporting a wide variety of health
research studies. Laboratories that offer bio-
marker tests for clinical use should clearly state
any important pre-analytical requirements for
biospecimens, provide information about the
particular testing procedures they use, and pro-
vide clear instructions about how test results
should be interpreted. Such details should also be
provided in any clinical study protocol that
involves investigational use of a biomarker test.
These steps would help to make biomarker test
development more efficient and ensure that
clinical biomarker tests were properly used and
their results interpreted appropriately.

1.2 Clinical Uses for Biomarker
Tests

Evaluation of clinical performance of a bio-
marker test must start with a clear statement of
the intended use of the test in clinical decision
making. Uses most relevant to therapy decisions
include forecasting prognosis, therapy selection,
or monitoring for disease recurrence or progres-
sion; these will be the focus in this chapter.
Intended use must also consider the clinical
context, including disease stage and treatments
received, or other clinical or pathologic factors
that define subgroups of patients whose disease is
managed differently in routine practice. A major
reason for failure of many biomarkers to be

1 Translation of Biomarkers into Clinical Practice 3



translated to a test used in clinical practice is that
correlations between biomarker values and out-
comes observed in exploratory studies in
heterogeneous patient populations often do not
translate to information that is meaningful or
useful in clinical management.

Prognostic biomarkers are “used to identify
likelihood of a clinical event, disease recurrence
or progression” (FDA-NIH Biomarker Working
Group 2016). Presence of malignant cells in
lymph nodes of patients who undergo surgical
resection of their tumor predicts higher likeli-
hood of developing recurrent disease. Patients
with breast cancer who carry certain germline
BRCA1 or BRCA2 mutations are at higher risk
of developing a second primary breast cancer or
ovarian cancer (Brekelmans et al. 2007; Berg-
feldt et al. 2002). In oncology, the term prognosis
has generally been used in the clinical context of
patients receiving either no therapy (beyond
primary surgery) or a uniform standard therapy
that all patients are likely to receive. If the term
prognosis is used in other settings, for example in
the context of a targeted therapy, or in a setting
where patients could have received any of sev-
eral therapies, then there is risk that prognostic
and predictive effects (see definition of predictive
biomarker below) can become confused. Indeed,
potential targets for new therapies are often first
discovered as prognostic biomarkers. If a new
therapeutic can inhibit a biomarker with negative
prognostic effect, that new therapy might
improve clinical outcome. This was the situation
with HER2 overexpression which was first
identified as a negative prognostic factor;
HER2-targeted therapies were subsequently
developed that substantially improved survival
for patients in both the metastatic and adjuvant
settings. The importance of distinguishing these
terms is discussed further in the section Evalu-
ation of clinical utility.

Predictive biomarkers are “used to identify
individuals who are more likely than similar
patients without the biomarker to experience a
favorable or unfavorable effect from a specific
intervention or exposure” (FDA-NIH Biomarker
Working Group 2016). The term “predictive” has
been used somewhat variably in oncology so it is

important to be clear about the context. One way
in which the term predictive biomarker has been
used is in the setting of selecting between two
different treatments (one of which could be no
further treatment (beyond surgery, possibly with
radiation) as in an adjuvant setting for early stage
breast cancer), usually with focus on a time-to-
event endpoint (e.g., overall survival, recurrence-
free survival, disease-free survival, progression-
free survival). In this context alternate terms for
predictive biomarker are treatment-effect modi-
fier, treatment-guiding or treatment-selection
biomarker. The term treatment-selection bio-
marker will be used here; it means that the effect
of a particular treatment relative to some other
treatment varies depending on the value of the
biomarker. The biomarker could predict benefit,
lack of benefit, or even harm from a particular
treatment. In the simplest setting of a binary
biomarker, one could say that a positive bio-
marker result defines a population that benefits
from treatment A relative to B (e.g., longer sur-
vival when a patient receives treatment A com-
pared to treatment B) but the biomarker negative
group either does equally well under A and B or
does better under B than A. A classic example of
a treatment-selection predictive biomarker in
breast cancer is hormone receptor status to guide
use of endocrine therapy. Patients whose tumors
are negative for hormone receptors are unlikely to
benefit from endocrine therapy (with or without
concomitant chemotherapy), whereas the group
of patients whose tumors are positive will have an
overall reduced rate of recurrence and longer
survival if they receive endocrine therapy.

Biomarkers are increasingly used to enrich or
select the patient population for clinical trials of
targeted anti-cancer agents. This is an approach
used for development of new therapeutics, but it
has implications for the eventual regulatory
approval of the new therapeutic and its approved
indications for clinical use. Varied terminology
has been used to refer to such biomarkers,
including predictive biomarkers, selection
biomarkers, or enrichment biomarkers. This type
of biomarker will be referred to here as an en-
richment-predictive biomarker. The key distinc-
tion between an enrichment-predictive biomarker

4 L.M. McShane et al.



and a treatment-selection biomarker is that for an
enrichment-predictive biomarker there is no or
very little clinical evaluation of the new drug in
the “biomarker negative” subgroup. This drug
development path might have been chosen
because there was little or no biological rationale
for why the new drug should work in the bio-
marker negative group or because in pre-clinical
studies drug effects were observed only in mod-
els (e.g., cell lines, animal models, xenografts)
that were positive for the biomarker. For exam-
ple, if the drug is a monoclonal antibody one
might not expect it to work for patients whose
tumors do not express the target antigen. How-
ever, such assumptions are sometimes too sim-
plistic and might not account for off-target effects
of the drug or might be based on cutpoints for
defining positivity that are not optimal. When
varied assays are used to assess an
enrichment-predictive biomarker it is important
to consider whether any particular assay being
used identifies a patient population similar to the
one identified by the enrichment biomarker
actually used in the pivotal clinical trials of the
therapeutic agent. Further elaboration with an
example is discussed in the section Evaluation
of clinical utility.

In settings where chemotherapy is given as
the first treatment with or without subsequent
surgery (e.g., as neoadjuvant therapy or for
metastatic disease), biomarkers which can predict
tumor response (or possibly prolonged
progression-free survival or stable disease) may
be of interest. Such biomarkers are often called
predictive biomarkers, but they are indicated for
a purpose slightly different than the predictive
biomarkers just described for therapy selection.
They will be denoted response-predictive
biomarkers here. Rather than comparing between
treatments, response predictive biomarkers may
be used to indicate likelihood of drug activity—
either tumor objective response (complete or
partial response) or prolonged stable disease or
time to progression. Importantly, drug activity as
assessed by tumor response does not necessarily
translate to a clinical benefit in terms of pro-
longed overall or disease-free survival.

Monitoring biomarkers are “measured serially
for assessing status of a disease or medical con-
dition or for evidence of exposure to (or effect of)
an environmental agent or medical product.
Monitoring biomarkers may also be used to
indicate toxicity or assess safety, or to provide
evidence of exposure, including exposures to
medical products” (FDA-NIH Biomarker Work-
ing Group 2016). In oncology, blood-based
biomarkers and image-based biomarkers are
widely used for monitoring patients following
initial therapy to detect signs of persistent,
recurrent or progressive disease. CT scans to
assess tumor burden (which can be considered a
“biomarker”) are used routinely to monitor for
progression in advanced disease. Serum
biomarkers such as CEA, CA 15-3, and CA 27.29
have also been widely used for monitoring in
metastatic disease (Van Poznak et al. 2015), and
more recently circulating tumor cells or cell-free
DNA have been investigated for their potential
usefulness in monitoring [e.g., circulating tumor
cell evaluation in the randomized trial S0500
(NCT00382018; Smerage et al. 2014)].

1.3 Principles in Determination
of Fitness of a Biomarker Test
for an Intended Clinical Use

Evaluation of the suitability of a biomarker test
for a particular clinical use requires a series of
studies to address analytical validity, clinical
validity, and clinical utility. The nature of these
studies will depend on the type of assay
methodology used for measurement and the
intended use of the biomarker test. Some bio-
marker tests used in clinical care for breast can-
cer, for example, CELLSEARCH® Circulating
Tumor Cell Kit, Prosigna™, and MammaPrint®

have been reviewed and cleared by the FDA (U.
S. FDA 2006, 2013, 2015). Others such as
standard immunohistochemical tests including
ER, PR, and HER2 are performed routinely in
essentially all laboratories which analyze breast
tumor specimens; they may be performed using a
commercial assay kit or using a test developed in

1 Translation of Biomarkers into Clinical Practice 5



the laboratory offering it. Other tests such as
OncotypeDX® (Genomic Health 2016) are per-
formed at a central commercial laboratory. Bio-
marker tests performed in CLIA-certified
laboratories may have never been reviewed by
the FDA; however, CLIA-certified laboratories
are required to validate their assays and perform
quality monitoring, and many participate in
proficiency testing and education programs such
as those offered by the College of American
Pathologists (College of American Pathologists
2016). Regardless of the level of FDA or other
external review that a biomarker test has under-
gone, it is important that the appropriate evalu-
ations have been performed by some qualified
party to ensure that the test can be used safely
and its results can be relied upon to have a par-
ticular clinical interpretation.

1.3.1 Analytical validity

Analytical validity refers to “establishing that the
performance characteristics of a test, tool, or
instrument are acceptable in terms of its sensi-
tivity, specificity, accuracy, precision, and other
relevant performance characteristics using a
specified technical protocol (which may include
specimen collection, handling and storage pro-
cedures)” (FDA-NIH Biomarker Working Group
2016). Analytical validity pertains to a test’s
technical performance but says nothing about its
clinical usefulness. Design of analytic validation
studies will depend on the specific type of assay
under evaluation, but there are several helpful
references providing general guidance (Jennings
et al. 2009; Linnet and Boyd 2012; Pennello
2013; Becker 2015). A particularly good refer-
ence for analytic validation of immunohisto-
chemical assays is CLSI document I/LA28-A2
(CLSI 2010). Some researchers have published
analytical validation studies that they conducted
and these may also serve as useful guides;
examples of published analytical validation
studies for tests used for breast cancer include
those for CELLSEARCH® (Allard et al. 2004)
and several for omics tests including Prosigna™

gene expression ROR score (Nielsen et al. 2014)

and the OncotypeDX® Risk Score (Cronin et al.
2007). Publication of skillfully executed analyt-
ical validation studies should be encouraged to
disseminate best practices.

1.3.2 Clinical validity

Clinical validity refers to “establishing that the
test, tool, or instrument acceptably identifies,
measures, or predicts the concept of interest where
“concept” refers to a “clinical, biological, physi-
cal, or functional state, or experience” (FDA-NIH
Biomarker Working Group 2016). Clinical
validity is established by showing that the bio-
marker test results are related to the concept of
interest in the relevant clinical setting, typically by
demonstrating a statistically significant associa-
tion and quantifying its strength in an appropri-
ately designed study. For example, if a biomarker
test is intended to predict disease-free survival,
one might demonstrate that patient biomarker
values measured at diagnosis are statistically sig-
nificantly associated with disease-free survival
time using Cox proportional hazards regression
(Cox 1972) or other type of survival analysis, as
appropriate. To demonstrate clinical validity of a
biomarker test for monitoring for recurrence fol-
lowing treatment in the adjuvant setting one
might, for example, demonstrate that the bio-
marker value measured at one year after the end of
therapy is associated with likelihood of disease
recurrence within the following year using an
approach such as a landmark analysis (Anderson
et al. 1983). For a response-predictive biomarker
test that reports a continuous biomarker value, one
could show that the biomarker value associates
with likelihood of tumor response, for example by
showing that the area under the receiver operating
characteristic curve is significantly greater than the
chance value of 0.5 (Hanley and McNeil 1982;
Zou et al. 2007). Although these examples illus-
trate how associations could be estimated and
tested, more is needed to establish that it is bene-
ficial to use a biomarker test to guide clinical care.
This concept of benefit from use of a test relates to
the notion of clinical utility, which is discussed in
depth in the next section.

6 L.M. McShane et al.



1.3.3 Clinical Utility

Clinical utility for a biomarker test refers to a
conclusion that use of the test “will lead to a net
improvement in health outcome or provide useful
information about diagnosis, treatment, manage-
ment, or prevention of a disease. Clinical utility
includes the range of possible benefits or risks to
individuals and populations” (FDA-NIH Bio-
marker Working Group 2016). Assessment of
clinical utility for a biomarker test is predicated
on the test’s analytical and clinical validity
already having been established.

A laboratory or clinician may wish to evaluate
the evidence for clinical utility of a biomarker
test that is offered by another laboratory, or they
may wish to evaluate clinical utility for a test that
they newly developed. A laboratory might also
wish to offer its own version of a biomarker test
which has already been developed and confirmed
to have clinical utility as performed by another
laboratory. For the last situation in which a lab-
oratory’s intent is to transport the biomarker test
to an in-house test, it is important for the labo-
ratory to confirm that the test, as that specific
laboratory performs it, delivers results highly
concordant with those of the test as it was per-
formed in prior studies that established the test’s
analytical and clinical validity and confirmed its
clinical utility; if test results are not highly con-
cordant, it is incumbent upon the laboratory to
demonstrate that the test as performed in-house
maintains its clinical performance and utility. For
all of these situations a thorough understanding
of acceptable approaches for establishing clinical
utility is necessary.

The approach to demonstrating clinical utility
of a biomarker test will depend on the intended
clinical use. The three clinical uses as prognostic,
predictive, and monitoring tests are elaborated on
here. Thefirst step in evaluation of clinical utility is
a clear statement of the intended use; this includes
careful definition of the patient population to
which the test will be applied and the clinical
decision that the test will inform. Too often bio-
marker studies are carried out using convenience
sets of specimens with more attention paid to dis-
covering statistically significant correlations than

to what clinical decision the biomarker might help
to inform. Such studies of convenience rarely lead
to clinically helpful or viable biomarker tests
(McShane and Polley 2013; Simon et al. 2009).
Investigators aiming to developbiomarker tests for
clinical care should focus on the intended clinical
use as early as possible in the development process
to ensure that the clinical studies forming the evi-
dence base are performed in the relevant patient
population and clinical context.

1.4 Evaluation of Clinical Utility

1.4.1 Prognostic Biomarker Utility

To establish that a prognostic biomarker test has
clinical utility one should be able to demonstrate
that it can identify patients for whom different
prognoses, as forecast by the test, would lead to
different clinical management decisions and that
those decisions lead to a net benefit for the
patient. Additionally, the information provided
by the test should either add to existing routinely
used prognostic indicators or the test should
provide information comparable to existing
indicators and be more reliable, convenient, or
less invasive or expensive.

The 2016ASCOClinical Practice Guideline for
Biomarkers to Guide Decisions on Adjuvant Sys-
temic Therapy for Women with Early-Stage Inva-
sive Breast Cancer cites evidence of clinical utility
for prognosis for OncotypeDX®, EndoPredict®,
Prosigna™, Breast Cancer IndexSM and uPA/PAI-1
for women with ER/PgR positive/HER2-negative
(node-negative) breast cancer (Harris et al. 2016).
In the indicated group of patients each of these tests
was able to identify a subgroup with sufficiently
good outcome in the absence of chemotherapy
(e.g., low risk of disease recurrence) that
chemotherapy would not be recommended.
The ASCO guidelines committee did not find suf-
ficient evidence for clinical utility for prognosis for
any biomarkers in node-positive or HER2-positive
disease.

Reasons that the ASCO biomarkers guidelines
for early stage breast cancer did not recommend all
prognostic biomarkers assessed or any prognostic
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markers outside of the setting of ER/PgR
positive/HER2-negative node-negative breast
cancer were the lack of sufficient data in the other
subgroups or presentation of results only from
patient cohorts heterogeneous with respect to

standard prognostic variables and or treatments. As
an example of why it can be important to study a
group of patients who are relatively homogeneous
with respect to standard prognostic variables, one
can compare the prognostic ability of the

Fig. 1.1 Kaplan-Meier plots of distant recurrence by EP
and EPclin risk groups. Distant recurrence according to
EP risk groups (a and c) and EPclin risk groups (b and
d) in patients from the 2 validation cohorts (ABCSG-6

top; ABCSG-8 bottom). Cutoff points for EP were
prespecified at 5 (3.3 for EPclin) in the training set.
Numbers in parentheses indicate the 95 % CI of the HR
(Reprinted from Fig. 2 in Filipits et al. 2011)
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dichotomized EndoPredict® EP score within sub-
groups defined by standard prognostic variables
(Filipits et al. 2011). Significant differences in
distant recurrence rate between EP low-risk and EP
high-risk patients were observed in validation sets
from the ABCSG-6 (Fig. 1.1a) and ABCSG-8
(Fig. 1.1c) trials. At 10 years, the distant recur-
rence rates for patients with EP low and EP high
were 8 % (3–13 %) and 22 % (15–29 %) in
ABCSG-6 (P < 0.001) and 6 % (2–9 %) and 15 %
(11–20 %) in ABCSG-8 (P < 0.001), respectively.
The subgroup defined as low risk by dichotomized
EP score in both trials demonstrated 10-year distant
recurrence rate less than 10 %. Similar results are
shown for the EPclin score which incorporates
additional prognostic variables nodal status and
tumor size, although the separation between the
survival curves appears wider (Figs. 1.1b, d). If the
analyses are segregated by nodal status, then in the
combined trial cohorts only the low risk group
within the node-negative patients, and not the low
risk group within the node-positive patients,
achieves a distant recurrence rate less than 10 %
(Fig. 1.2).

For theMammaPrint® test (Agendia, Inc. Irvine
CA), the ASCO guidelines committee could not
establish clinical utility due to ambiguity regarding
the patient population and treatment setting in
which it could be confidently used. The studies of

the 70-gene prognosis signature (which was
commercially developed into MammaPrint®)
included patients with mixed prognostic variables
such as positive and negative nodal status and both
hormone receptor positive and negative tumors.
Patients with hormone receptor positive tumors
did not uniformly receive endocrine therapy, and
some patients received chemotherapywhile others
did not (Harris et al. 2016). This heterogeneity
among the studied patients made it impossible to
determinewhether the risk groups identified by the
70-gene prognosis signature were useful inde-
pendently of standard prognostic variables or were
indicating patients most likely to benefit or not
from endocrine therapy or from chemotherapy.
These examples illustrate that clinical context is
critically important for determination of the clini-
cal utility of a prognostic biomarker and studies
should be designed with clinical context in mind.

Although it is customary for biomarkers to be
categorized into two or more risk groups for
clinical decision making, it is important to
understand that any type of categorization of a
continuous risk score results in a loss of infor-
mation. For continuous prognostic risk scores it is
usually possible to display the risk of the event
(e.g., recurrence) at some fixed timepoint as a
function of the risk score value, and these risk
scores may include standard prognostic variables.

Fig. 1.2 Kaplan-Meier plots of distant recurrence by EP
risk groups. Distant recurrence according to EP risk
groups separately by nodal status (lymph node negative
left; lymph node positive right) for combined ABCSG-6
and ABCSG-8 validation cohorts. Cutoff points for EP

were prespecified at 5 in the training set. Ten-year distant
recurrence-free survival is less than 90 % in the low risk
lymph node positive group (Extracted from Fig. 9S in
Filipits et al. 2011 online supplement)
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The Kaplan-Meier plots shown in Fig. 1.3a, b
depict the prognostic ability of the EP and EPclin
continuous scores in the combined ABCSG-6 and
ABCSG-8 trial cohorts. These plots allow one to
predict distant recurrence risk within 5 years and
10 years as a function of a risk score. The
gray-shaded histograms also provide a visualiza-
tion of the distribution of risk scores in the study
population. Variation in absolute risk within each
of the low and high risk scores is evident in these
figures. This variation is not captured if the risks
are reported only in aggregate for each of the low
and high risk groups.

1.4.2 Predictive Biomarker Utility

The goal in demonstrating clinical utility for a
predictive biomarker is to establish that the bio-
marker will guide a decision to select a particular
treatment over a certain other treatment (the
second treatment potentially being no further
treatment) and that the selected treatment is
associated with benefit for the patient. Criteria for
establishing clinical utility vary somewhat for the
three types of predictive biomarkers (treatment
selection, enrichment-predictive, and
response-predictive). Here we highlight some
basic design considerations, and references are
provided for readers interested in more extensive
discussions. An excellent book length treatment
of trial designs for predictive medicine is the
book edited by Matsui et al. (2015).

1.4.2.1 Considerations
for Treatment-Selection
or Enrichment-Predictive
Biomarker Utility

To establish clinical utility for a treatment-
selection or enrichment-predictive biomarker,
data from a trial in which there is a randomization
between the treatments of interest is generally
needed. Either the trial must be conducted
prospectively or there must be an adequate
number of specimens available from an appro-
priate completed randomized trial. Note that
while it may be tempting to claim that a bio-
marker is predictive for benefit from a particular
therapy when it is associated with more favorable
outcome for those patients, such an effect may
only be reflecting a prognostic effect that would
be present independent of treatment (Polley et al.
2013a, b). Three basic phase III trial designs, or
combinations or variations of these designs, are
typically used to demonstrate clinical utility for
treatment-selection or enrichment-predictive
biomarkers: (1) the enrichment design, (2) the
stratified design, and (3) the strategy design
(Sargent et al. 2005; Freidlin et al. 2010). As will
be discussed next, all of these designs require
randomization, but they differ in other respects
such as patient selection, treatment allocation, and
the conclusions they support.

Fig. 1.3 Estimated probability of distant recurrence as
continuous functions of the EP risk score (a) and the EPclin
risk score (b). The continuous relation between the
respective score and the probability of developing a distant
recurrence within the first 5 and 10 years after surgery is
described by an independentmodel for each score generated
from all ABCSG-6 and ABCSG-8 data (n = 1702). The
thin curves indicate the 95 % CI. The gray histogram in the
background shows the distribution of scores for the patients
(Reprinted from Fig. 1 in Filipits et al. 2011)
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The enrichment design measures the bio-
marker on each patient at study entry and then
randomizes only those patients whose tumors are
positive between the experimental therapy
(which is hypothesized to be better for patients
who are biomarker positive) and some alternative
standard therapy; this design can establish
definitive evidence for clinical utility of the
experimental therapy in the population selected
by the enrichment-predictive biomarker if the
experimental therapy is demonstrated to be
superior to the standard therapy in that group. No
information is provided by this design regarding
which treatment is better for biomarker-negative
patients; it is assumed that existing evidence
suggests that biomarker-negative patients are not
likely to benefit from the experimental therapy
and thus they are not randomized. An enrichment
design does not require that the biomarker used
for enrichment perfectly identifies the group of
patients who benefit from the experimental
therapy. The biomarker only needs to be “good
enough” so that the treatment effect is sufficiently
amplified to be detected statistically in the enri-
ched patient group. Even if imperfect, biomarker
enrichment will have implications for the label-
ing of the new therapy, if the experimental agent
is successful in trials leading to approval.

The drug development path for trastuzumab in
breast cancer is an example for which the pivotal
trials used biomarker enrichment. The metastatic
trials enrolled only patients whose tumors were
positive by a clinical-trial grade immunohisto-
chemical assay for HER2, and in the adjuvant
setting the pivotal trials enrolled patients whose
tumors were positive for HER2 by either
immunohistochemical (IHC; protein) or in situ
hybridization (ISH; gene amplification) assays
(Wolff et al. 2007). Due to apparent benefit of
trastuzumab in patients whose tumors were neg-
ative on central testing but positive on a local
assay used for study entry in the pivotal adjuvant
studies, a new adjuvant trial, NSABP B-47
(NCT01275677), is underway to determine whe-
ther there is benefit of trastuzumab for patients
whose tumors are HER2-Low. HER2-Low is
defined in the B-47 trial as follows: 1 + by IHC; or
2 + by IHC and ratio of HER2 to chromosome

enumeration probe 17 (CEP17) must be <2.0 or, if
a ratio-based test was not performed, the HER2
gene copy number must be <4 per nucleus.
Patients whose tumors are negative by both IHC
and ISH are not eligible for the B-47 trial. This
example illustrates the difficulties in the initial
identification and subsequent refinement of an
enrichment-predictive biomarker.

If it is desired to establish that a biomarker has
clinical utility for treatment selection, then the
stratified design is the most efficient design to use
in most situations. The stratified design ran-
domizes all patients between treatment A
(thought to be better for biomarker positive
patients) and treatment B (usually some standard
therapy used irrespective of biomarker status)
with stratification of the randomization by bio-
marker status to ensure balance of the biomarker
values across treatment arms. To show clinical
utility of the biomarker for identifying the pop-
ulation of patients who will have an overall better
outcome with treatment A compared to treatment
B, one must demonstrate that in the biomarker
positive subgroup (in the simplest case of a
binary biomarker) outcome is superior with
treatment A, whereas, in the biomarker negative
subgroup treatment B is ether the same or better
than A. This design is the most informative in
that it clearly distinguishes which treatment has
greatest overall benefit in each biomarker
subgroup.

A variant of the stratified design is what is
sometimes referred to as an all-comers design.
For this design only the analysis, and not the
randomization, is stratified by the biomarker. The
biomarker analysis may occur at the same time as
the primary trial analysis or many years later
using archived specimens. If carried out with
appropriate rigor, such retrospective analyses of
specimens from all-comers trials (a type of
prospective-retrospective study) can provide a
high level of evidence for clinical utility (Simon
et al. 2009). Risks in using the all-comer design
are that the biomarker measurements might not
be available on some portion of the patients who
are randomized (reducing the statistical power for
the analyses) or the group of patients for whom
biomarker measurements are available are
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non-representative of the full patient group in
such a way that the relationship between bio-
marker and treatment effect is distorted. In many
situations these potential biases will not be a

major problem, particularly if specimen collec-
tion is mandatory for trial eligibility.

The strategy design is another design which is
sometimes used to establish that a biomarker has

Table 1.1 Comparison of biomarker-driven clinical trial designs
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Reprinted from Table 1 in Freidlin et al. (2010)
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clinical utility for treatment selection, but it has
some limitations. This design can be viewed as a
test of the combination of the biomarker test and
associated treatment assignment algorithm;
patients are randomized to have biomarker test-
ing or not. Patients randomized to the arm with
biomarker testing receive the treatment desig-
nated by a pre-defined algorithm based on bio-
marker value (e.g., experimental targeted therapy
for biomarker-positive patients and standard
therapy for biomarker-negative patients in the
simplest case of a binary biomarker). Patients
assigned to the no-testing arm receive a standard
treatment. Use of the strategy design is usually
discouraged because it is statistically inefficient
(because biomarker-negative patients receive the
same treatment on both arms) and does not allow
for separation of biomarker and treatment effects;
however, it may be the only viable option in sit-
uations where a biomarker takes many possible
values or the treatment assignment algorithm is
complex.

Summaries of biomarker-driven clinical trial
designs and questions they are able to address are
given by Table 4.1 in Micheel et al. (2012).
Freidlin et al. (2010) discuss advantages and
disadvantages for these designs (Table 1.1) and
interim monitoring considerations as well as
providing many examples of actual trials that
used these designs or hybrids of them (Freidlin
et al. 2010). Additionally, care must be taken in
the statistical design of the stratified (or all
comers) design to consider sequence of testing
within biomarker subgroups and appropriate type
I error control (Freidlin and Korn 2014). Further
statistical details are beyond the scope of this
discussion.

1.4.2.2 Considerations
for Response-Predictive
Biomarker Utility

Evaluation of clinical utility for a
response-predictive biomarker requires consider-
ation of both long and short term endpoints due to
the uncertainties in the association between a near
term response endpoint and a long term event-free
survival (EFS) endpoint which may include
overall survival as well as recurrence, progression,

or other events. In a neoadjuvant setting, the
ability to achieve a tumor response might offer the
advantage of allowing change in surgical man-
agement from mastectomy to lumpectomy,
resulting in less morbidity and a more favorable
cosmetic outcome for a patient. However, it must
also be considered whether the reduced surgery
could lead to less favorable long term event free
survival (EFS) or whether a delay in surgery due
to administration of pre-operative therapy could
have a detrimental effect on long term EFS,
especially if the pre-operative therapy is at best
modestly effective. In an advanced disease setting
where surgery is not an option and where it is
believed that a therapeutic agent will have long
term EFS benefit only if it demonstrates activity in
the form of tumor shrinkage, a biomarker would
have clinical utility as a response-predictive bio-
marker if it can be established to reliably predict
when a tumor will not respond. The clinical utility
of such a biomarker would lie in its ability to
identify futile treatments, sparing the patient tox-
icity and potentially allowing selection of an
effective treatment more quickly.

To demonstrate clinical utility of a response-
predictive biomarker in either the neoadjuvant or
metastatic setting, generally a randomized trial
would be needed comparing use of the biomarker
to not using it; or, in rare instances it might be
possible to rely on extensive historical data to
establish that acting on the response-predictive
biomarker leads to a net benefit to patients through
some combination of positive effects on short and
long term endpoints. Another challenge is that a
biomarker could predict response for two different
treatments but provide no information about which
treatment would lead to better survival; higher
response rate does not necessarily translate to better
survival outcome. For example, meta-analyses of
neoadjuvant clinical trials in breast cancer that
collected both pathologic complete response and
event-free survival outcomes were unable to
demonstrate that a certain magnitude of difference
in pathologic complete response rates reliably
translates to a particular magnitude of difference in
event-free survival (Cortazar et al. 2014; Berruti
et al. 2014; Korn et al. 2016). All of these examples
highlight the need for clinical evaluation of
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response-predictive biomarkers to consider the
impact of their use on both short and long term
endpoints.

1.4.3 Monitoring Biomarker Utility

Biomarkers are frequently used to monitor dis-
ease status during therapy for signs of treatment
response, toxicity, resistance or disease progres-
sion, or after therapy to detect signs of recurrence
or progression. In order to establish clinical
utility of such biomarkers it must be shown that
clinically significant changes can be detected
above the background noise and that detecting
those signals leads to a benefit that can be real-
ized by changing therapeutic management.
Demonstration of an association between a
monitoring biomarker and a clinical outcome
may be sufficient to establish clinical validity but
it is insufficient to establish clinical utility.
Generally it must be shown that the monitoring
biomarker test can detect the change in disease
status with sufficient lead time before the
appearance of clinical signs and that with that

lead time there are clinical decisions or actions
which can be taken to improve outcome for the
patient. Examples of clinical management chan-
ges when biomarker monitoring occurs during
therapy include a switch to a new therapeutic
agent or to a different treatment modality, a
change in dose or schedule of the current thera-
peutic agent, or possibly terminating treatment
completely. After completion of therapy, bio-
marker monitoring may be used to detect recur-
rent or progressive disease to allow for decisions
regarding resumption of therapy. Monitoring
biomarkers could also be used to guide decisions
regarding initiation of therapy in an active
monitoring situation for some in situ breast
cancers. Demonstration of clinical utility for a
monitoring biomarker typically requires a ran-
domized trial in which patient clinical outcomes
resulting from a strategy which acts on the bio-
marker is compared to that from a strategy
independent of the biomarker. The European
Group on Tumor Markers outlined a process for
the rigorous evaluation of tumor
biomarker-monitoring trials (Söletormos et al.
2013) as summarized in Table 1.2.

Table 1.2 Comparison of clinical trial phases I–IV of therapeutic trials and tumor biomarker-monitoring trials

Phases of clinical trials, clinical validity

Type of trial Phase I Phase II Phase III Phase IV

Therapeutic oncology
trial

Explores toxicity
and optimal
dosage and/or
schedule of a new
therapy or a new
use of an old
therapy

Estimates whether
the new therapy
shows evidence of
antineoplastic
activity. Usually
conducted for a
specific disease
condition

Compares, through
randomization, the
new therapy that
showed promising
results in phase II
trials with the
current standard of
care

Evaluates the
benefits, side
effects, risks, and
optimal use of the
therapy over an
extended period
through long-term
surveillance of
patients

Tumor
biomarker-monitoring
trial

Explores the
kinetics of the
biomarker and the
correlation
between a change
in tumor burden
and a change in
serial biomarker
concentrations

Estimates the
monitoring
performance of
serial biomarker
measurements to
identify, exclude,
and predict a
change in tumor
burden

Compares, through
randomization,
whether early
biomarker-guided
intervention
produces a clinical
change that
improves patient
outcomes

Evaluates the
change in
long-term outcome
in terms of overall
survival and
adverse effects
after the
biomarker-guided
intervention has
been introduced
into routine use

Reprinted from Table 1 in Söletormos et al. (2013)
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The S0500 trial is an example of a
biomarker-monitoring trial in which the role of
circulating tumors cells (CTCs) in managing
chemotherapy for women receiving first line
chemotherapy for metastatic breast cancer (newly
metastatic disease or progressive metastatic dis-
ease while on hormonal therapy) was assessed
(Smerage et al. 2014). Patients were first grouped
according to CTC level at baseline. Arm A
comprised those patients who did not have
increased CTCs at baseline and who were rec-
ommended to remain on initial therapy until
progression. Those patients who initially had
increased CTCs but experienced a decrease in
CTCs after 21 days of therapy were recom-
mended to remain on initial therapy (arm B).
Patients with persistently increased CTCs after
21 days of therapy were randomly assigned to
continue initial therapy (arm C1) or change to an
alternative chemotherapy (arm C2). This trial
design permitted several questions to be addres-
sed about the role of CTCs in the monitoring
setting. A comparison of arm A to arms B + C1
addresses the prognostic ability of baseline CTCs
in the context of unchanging standard therapy.
A comparison of arms C1 and C2 addresses
whether patients with persistently elevated CTCs
after 21 days of therapy benefit from a change in
chemotherapy; this treatment comparison con-
stitutes an enrichment trial (enrichment for
patients with persistently elevated CTCs after
21 days of therapy) embedded in the larger trial.
The S0500 study confirmed that baseline CTCs
were prognostic but was unable to demonstrate
that a switch of cytotoxic chemotherapy was
beneficial for those patients with persistently
elevated CTCs. A question that is not addressed
is whether patients who did not have elevated
CTCs at day 21 would have benefitted from a
change in chemotherapy. Nonetheless, it is
unlikely that there would be interest in address-
ing that question given the null trial results for
those patients with persistently elevated CTCs.

1.5 Regulatory Considerations

In the United States, CLIA regulations require
that laboratories performing biomarker tests and
returning the results to a patient or the patient’s
physician must follow good laboratory practices
(CMS 2016), but there are not specific CLIA
requirements for clinical validation or docu-
mentation of comparability of test results
between different laboratories. The FDA has
longstanding regulatory processes for approval or
clearance of biomarker tests which are marketed
as devices, but there has been confusion regard-
ing what types of tests meet the definition of a
laboratory developed test (LDT) not requiring
FDA review, versus fall under the regulatory
system for medical devices. Consequently there
is the potential for gaps in the evidence sup-
porting biomarker tests offered by some labora-
tories, particularly if those laboratories do not
participate in other quality assurance programs
such as those offered through the College of
American Pathologists (College of American
Pathologists 2016).

Historically FDA has defined an LDT as “an
IVD [in vitro diagnostic] that is intended for
clinical use and designed, manufactured and used
within a single laboratory” (U.S. FDA 2014b).
This definition would not cover, for example, a
laboratory test developed by a commercial or
health system central laboratory and offered
through multiple laboratories within its network;
such tests are technically subject to FDA review
because, strictly speaking, they are not LDTs
although rarely have they been reviewed by
FDA. FDA’s recent draft guidance on a proposed
new regulatory approach for LDTs signals its
intent to consider increased regulation of both
IVDs meeting the traditional LDT definition as
well as an expanded definition that would include
IVDs that are offered by a CLIA-certified labo-
ratory as an “LDT” (and have not undergone any
FDA review for clearance or approval) even
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though they might not meet the strict historical
definition of an LDT (U.S. FDA 2014b).

CLIA requirements, which apply any time a
test result is retuned to a patient or the patient’s
physician, must be adhered to regardless of
whether the biomarker test is being performed for
investigational purposes in the context of a
clinical trial or is being used for routine clinical
care. Researchers conducting clinical trials in
which biomarker tests will be used must also be
aware that such use might require an Investiga-
tional Device Exemption (IDE) (U.S. FDA
2014a). Applications for IDEs undergo review
for evaluation of the potential risks associated
with use of the test weighed against possible
benefits with particular emphasis on analytical
performance of the biomarker tests.

It is important for laboratories and clinical
investigators to remain current in their under-
standing of, and compliance with, regulatory
requirements. A large percentage of biomarker
tests currently in use for guiding clinical care
decisions have received little external review.
Whether through increased regulatory oversight,
or wider adoption of best practices for develop-
ment and evaluation of biomarker tests, it is
critical to ensure the safety and efficacy of bio-
marker tests used in clinical decision making.

1.6 Discussion

Biomarker-based tests are increasingly being
used in oncology and are integral to the imple-
mentation of precision medicine. Best practices
for the development and evaluation of these tests
need to be followed, just as rigorous processes
are required for the development of new thera-
peutics. Of paramount importance to this evalu-
ation process is careful consideration of intended
use, which includes the clinical setting, patient
and specimen characteristics, and the decisions
that are to be informed by use of the biomarker
test. The goal of this chapter was to outline the
principles of analytical and clinical validation
and considerations for assessment of clinical
utility to promote enhanced understanding of the
translational process and wider adoption of best

practices. Adherence to these best practices will
increase the chances that biomarker tests will
perform reliably on real-world clinical materials
and that the results can be relied upon to have
particular clinical interpretations leading to clin-
ical decisions that benefit patients.
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