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Introduction - Bringing Genomic

Anatomy to the Clinic

MammaPrint was the first genomic assay in breast cancer to be vali-
dated with a prospective randomized trial, the MINDACT trial. The
70 gene MammaPrint assay was developed to determine the risk of
distant metastasis in early stage breast cancer through gene expression
analysis and was the first FDA cleared genomic assay for breast cancer.
The assay identifies primary breast cancers likely to metastasize within
the first five years of diagnosis and has clinical utility for helping to
determine the expected benefit from adjuvant chemotherapy. The
MINDACT Trial was the first trial of a genomic assay in breast cancer
to provide prospective, randomized evidence of clinical utility for this
important clinical question, identifying a significant proportion of pa-
tients who could safely forgo chemotherapy within a cohort of patients
with high risk clinical characteristics. Nearly half of all patients (46%)
who would have been advised chemotherapy according to clinical
guidelines were identified genomically by MammaPrint as being low
risk and found to have equivalent rates of freedom from metastasis at
5 years with or without chemotherapy. Based upon the MINDACT
trial, the ASCO Biomarker Guidelines now approve the use of Mam-
maPrint to inform decisions regarding chemotherapy for women with
clinically high-risk ER+ breast cancer, and as the only approved as-
say for use in women with 1-3 involved lymph nodes. Recent studies
suggest information obtained from the 70-gene assay may also help
inform decisions regarding endocrine therapy, as well as chemother-
apy, targeted therapy and immunotherapy. Conclusion. The power of
gene expression analysis in breast cancer, effectively illustrated with
MammaPrint in the MINDACT trial, is now being explored through
examination of the full transcriptome in breast cancer.

but do so with as little harm as possible for
the individual with breast cancer. Given the
well-known acute and long-term toxicities

The widespread availability and awareness
of mammographic screening has led to the
fortunate circumstance that most women
diagnosed with breast cancer are diagnosed
at a curable stage (1). The challenge for cli-
nicians is therefore not only to achieve cure

of chemotherapy, a fundamental require-
ment for precision oncology is to identify
with certainty those patients who will ben-
efit from chemotherapy and those who will
not, in order to appropriately apply such
therapy. The advent of rapid genomic tech-
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nology has allowed the development of
clinically available genomic information,
through gene expression microarray test-
ing performed on cancer specimens. The
70-gene MammaPrint assay was the first
such test to reveal the genomic “anatomy” of
breast cancer, as it related to the most im-
portant aspect of early stage breast cancer,
the likelihood of metastasis. The ability to
detect this critical element of cancer biology
carried clear implications for clinical utility
when compared to classical morphology-
based pathology (2). The ultimate proof of
clinical utility for a genomic assay, however,
requires a randomized prospective trial, and
this has been achieved with the (Microarray
in Lymph Node Negative and 1-3 Lymph
Node Positive Disease May Avoid Chemo-
therapy) Trial MINDACT (3). This paper
will review the basis for the MINDACT trial,
the outcomes of the trial, and the implica-
tions it has provided for further application
of genomic profiling in early breast cancer.

MINDACT Trial Overview

The MINDACT trial is the first prospective
randomized trial reporting outcomes which
illustrate the importance of genomic infor-
mation for making appropriate treatment
decisions in early stage breast cancer (3).
The ability to routinely and rapidly analyze
the genomic anatomy of breast cancers has
revealed a level of information never before
applied to a large adjuvant therapy trial, and
the additional precision and clinical utility
provided by gene expression analysis was
clearly proven by the MINDACT trial (4).
The primary finding from MINDACT, that
a large proportion of women may be safely
spared chemotherapy, avoiding its associat-
ed toxicities and costs without affecting their
health outcomes, has broad implications for
the quality of life of women with early stage
breast cancer, as well as for health care costs
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(5). The significance of the findings in the
trial has continued to be appreciated since
the publication in the New England Journal
of Medicine in August 2016, with recogni-
tion of the practice-changing data by ASCO,
NCCN, St Gallen, AJCC, and the health care
insurance industry (6-9). The MINDACT
trial has, however, also been considered
complex in its design and extensive in the
extent of data it generated, prompting the
need for a broad and in-depth overview of
the origins, rationale, and outcomes of this
landmark trial.

The Question To Be Answered by the
MINDACT Trial

The MINDACT Trial was designed to de-
termine whether gene expression informa-
tion from newly diagnosed early stage breast
cancer (ESBC) could be used to identify
breast cancers which were unlikely to ben-
efit from chemotherapy and could safely
avoid overtreatment and the associated tox-
icity (10). The importance of this question
was emphasized by the fact that major clini-
cal guidelines such as NCCN and St Gallen
advised chemotherapy for a large propor-
tion of ESBC to reduce the risk of metastatic
recurrence based on clinical features and pa-
thology (8, 9). This was particularly true for
estrogen receptor positive (ER+) cancers, in
which chemotherapy was added in addition
to endocrine therapy based on clinical fea-
tures alone, without clear evidence that che-
motherapy was needed or beneficial in all
cases. The toxicity and cost of chemotherapy
mandated more concrete justification for
its use, in the new era of genomic or “preci-
sion” oncology, where further information
beyond simple immunohistochemical fac-
tors could be routinely obtained by assess-
ing patterns of gene expression in primary
breast cancers.
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Genomic Anatomy Viewed Through
the 70-Gene MammaPrint Assay

The gene expression microarray utilized
in MINDACT to provide this essential ge-
nomic information was the 70-gene panel
known as MammaPrint, which had been
developed and validated to predict the bio-
logical potential for metastasis in a primary
breast cancer (2, 11-13). The 70 genes which
make up the MammaPrint genomic assay
were discovered through an exhaustive, un-
biased analysis of a cohort of breast cancers,
collected and stored by the Netherlands
Cancer Institute, from women who had un-
dergone surgery, but had not received any
systemic therapy for their cancers. Although
the breast cancers from these women all
appeared to be clinically and histologically
similar, it was observed through long-term
clinical follow-up that some women had re-
mained entirely free of metastatic disease for
many years, while others had experienced
metastatic recurrences within the first five
years after diagnosis (see Figure 1). With-
out the effect of systemic therapy to alter the
outcome, this cohort provided a rare oppor-
tunity to identify the true biology of the po-
tential for metastasis, a feature which could
not be definitively identified by classical
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pathology alone. The genomic “anatomy’,
where the true pathology of cancer lies, was
assessed with microarray technology, and
gene expression from the entire genome was
assessed for all cancers (2).

The gene expression pattern in cancers
from women who did not have any inci-
dence of metastatic recurrence within 5
years of diagnosis was compared to the gene
expression pattern from cancers which had
recurred with metastatic disease during that
period, seeking differences which could dis-
tinguish the two groups. From this innova-
tive and ground-breaking scientific study,
70 genes were identified, whose expression
patterns could distinguish the non-metas-
tasizing “Low Risk” breast cancers, (which
may not have benefitted from adjuvant che-
motherapy had it been given), from those
early-metastasizing “High Risk” breast can-
cers, which clearly required systemic thera-
py. The 70 genes in the MammaPrint assay
were found to be components of seven func-
tional pathways involved in the metastatic
process, providing the basis for their ability
to predict the potential for metastasis (14,
15). The initial discovery was then validated
in two other, larger cohorts (12, 13), and the
consistent differences in clinical outcome
were profound: an approximately 10% risk
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Figure 1. Development of the 70-gene MammaPrint signature.




of metastasis at 10 years without any sys-
temic therapy for cancers with a Low Risk
70 gene MammaPrint profile, and a nearly
30% risk of metastasis at 10 years with the
High-Risk profile. With these data, Mam-
maPrint became the first genomic assay in
breast cancer to achieve FDA clearance (16).
The 70 genes, in their respective patterns of
under-expression or over-expression, effec-
tively and accurately separated breast can-
cers into either of the two groups, without
overlap; a breast cancer either had a signifi-
cant likelihood of metastasis within the first
five years, or it did not, as a binary quality.

The clear distinction between genomic
High Risk and genomic Low Risk cancers, in
the propensity to metastasize, paralleled the
binary clinical decision-making process, in
which a decision is made to administer che-
motherapy or not, based on a clinically-de-
rived assessment of metastatic risk. With the
advent of this powerful genomic technology,
readily accessible in the clinic, it was then
necessary to ask which method of risk-assess-
ment, clinical or genomic, was better able to
predict the risk of metastasis, and therefore
the need for systemic chemotherapy. This
was the origin of the MINDACT trial.

MINDACT Trial Design

MINDACT was designed to determine if
gene expression could identify individu-
als with genomic “Low Risk” breast cancers
who were unlikely to benefit from chemo-
therapy and could safely avoid it. Impor-
tantly, MINDACT was not designed (or
powered) to illustrate the extent of ben-
efit of chemotherapy for genomically “High
Risk” cancers, in part because cancers with
a high risk of metastasis may or may not
be chemo sensitive, may require additional
targeted therapies in some cases, and may
unfortunately relapse even with aggressive
systemic therapy. The optimal treatment for
such cancers continues to be the subject of
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intense research, although chemotherapy
remains the standard of care at this time. In
order to determine the answer to the MIN-
DACT question, it was necessary to identify
breast cancers which appeared to require
chemotherapy based on clinical risk assess-
ment (“clinically High Risk”) but would not
be predicted to benefit from chemotherapy
by genomic, MammaPrint risk assessment
(genomically Low Risk). If both methods of
risk assessment were in agreement in all pa-
tients, it would then be clear that genomic
assessment added nothing to standard clini-
cal assessment, and no improvement could
be made in the selection of patients requir-
ing chemotherapy. However, if there were a
substantial proportion of patients in which
clinical and genomic risk assessment dis-
agreed, it would be possible to determine the
relative accuracy of both methods by ran-
domizing such patients to have the chemo-
therapy decision based on either the clinical
or genomic risk and compare the outcomes.

Determining the Clinical Risk
Assessment

In order to make such a comparison, a stan-
dardized and reproducible method for clini-
cal risk assessment was required. MINDACT
was to be conducted in 9 European coun-
tries, with different languages and cultures.
The solution to this was the use of a comput-
er-based, universal algorithm for clinical risk
assessment, Adjuvant!Online (17). This pro-
gram, a compendium of clinical data from
numerous large prospective adjuvant thera-
py trials in breast cancer had been available
and familiar to all clinicians for many years
and provided an estimate of Overall Survival
without chemotherapy at 10 years. (For the
MINDACT trial, a modified version which
also integrated HER2 was employed).

The question also arose as to what level
of “clinical risk” warranted the use of che-
motherapy. In addition to the diversity of
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language and culture across the MINDACT
study sites, there were different regional
thresholds for the level of risk which justi-
fied the administration of chemotherapy, as
well as individual physician opinions regard-
ing when chemotherapy was warranted. The
common thread amongst all breast cancer
clinicians, however, was acknowledging the
importance of integrating the patient’s own
preferences when making the important
chemotherapy decision (18, 19). The risks
and toxicity of chemotherapy were of course
of great concern to patients; temporary risks
such as hair loss, fatigue, nausea; more per-
manent risks such as neuropathy and cog-
nitive dysfunction, as well as the rare life-
threating risks of acute leukemia and cardi-
ac disease. The patient-based threshold for
enduring chemotherapy to reduce the risk
of breast cancer recurrence versus the risk
of toxicity of chemotherapy was therefore
assessed through polling women regarding
their opinions. Prior studies from the Unit-
ed States, Australia and Europe had docu-
mented wide variation in patient thresholds
for the necessary magnitude of chemother-
apy benefit, ranging from 0.5% to over 5%
(18-21). The result obtained from the wom-
en polled for the design of the MINDACT
trial was that chemotherapy would be worth
the toxicity for most women with ESBC if it
provided a greater than 2% benefit for breast
cancer specific survival (BCSS). This thresh-
old then required calculation of the absolute
level of risk which is improved by at least 2%
with the use of chemotherapy, based on pri-
or clinical studies. The generally-recognized
benefit of chemotherapy, as reported by the
Early Breast Cancer Trialists Collaborative
Group (EBCTCQG) in the so-called Oxford
Overview, is to improve survival by approxi-
mately 25%, based on data from three de-
cades of adjuvant trials in breast cancer (22,
23). A 2% absolute benefit of chemotherapy,
would be obtained when the overall risk is
8%, as this would constitute a relative benefit

of 25%. With 8% risk being the minimum
risk for which chemotherapy is justified, any
patients with a clinical estimate of Overall
Survival, with endocrine therapy but with-
out chemotherapy, of 92% or higher at 10
years by Adjuvant!Online would be catego-
rized as Clinical Low Risk, and not likely to
derive meaningful benefit from adjuvant
chemotherapy. The clinical characteristics
of the Clinical Low Risk group included T1a
and T1b tumors of any grade, T1c tumors of
Grade 1 or 2, and Grade 1 tumors of 3 cm
or less. All others with an expected benefit
of chemotherapy of greater than 2% would
be classified as Clinical High Risk, with the
potential benefit sufficient to advise chemo-
therapy (10).

MINDACT Trial Methods

How often were clinical Risk (according to
Adjuvant! Online and genomic risk, (ac-
cording to MammaPrint risk assessment) in
agreement, and when they disagreed, which
method of risk assessment was better able
to predict the need for chemotherapy? This
central question for the MINDACT trial
were answered by conducting both clinical
and genomic risk assessment on every pa-
tient enrolled in the trial. If there was agree-
ment, or concordance, between the clinical
and MammaPrint methods for identifying
a Low Risk patient (clinically Low/genomi-
cally Low, or cL/gL), then no chemotherapy
would be advised, while if both agreed in
identifying a High-Risk patient (clinically
High/genomically High, or cH/gH), then
chemotherapy would be routinely advised,
and no randomization would be required.
However, for those patients classified as
clinically High Risk by Adjuvant!Online
but were identified as genomically Low Risk
by MammaPrint (cH/gL), i.e. discordant,
these patients would be randomly assigned
to have the chemotherapy decision based
on clinical risk or genomic risk. For those




patients whose treatment decision would
be based on genomic Low Risk with Mam-
maPrint, and no chemotherapy given, their
rates of recurrence with distant metastasis
needed to be at least as low as those patients
whose treatment was determined by their
clinical High-Risk category and did receive
chemotherapy. Therefore, MINDACT was
a “non-inferiority” trial, designed to deter-
mine whether the outcome of the treatment
decision based on genomically-assessed risk
would be as good as, or not inferior to, the
outcome when the therapy decision was
based on clinical risk assessment. In terms
of statistical significance, the non-inferiori-
ty goal would be a lack of statistically sig-
nificant difference between the clinical out-
comes of the two groups.

The Relevant Clinical Endpoint in
MINDACT: Distant Metastasis

Because the purpose of chemotherapy is
to reduce metastatic recurrence, the main
life-threatening aspect of breast cancer, the
optimal endpoint for making the compari-
son between the groups in MINDACT is the
incidence of distant metastasis (24). Many
clinical endpoints are collected in clinical
trials, but are less relevant to the question of
whether chemotherapy is needed to reduce
the rate of distant metastatic recurrence:
Disease Free Survival or DFS includes events
such as second primary cancers and local
in-breast recurrence, clinical events which,
while undesirable, are not the primary rea-
son chemotherapy is given, and Overall Sur-
vival, or OS, includes deaths from any cause,
and does not distinguish those who have ex-
perienced metastatic recurrence from those
who have not. As described in a consensus
statement in the Journal of Clinical Oncol-
ogy regarding relevant endpoints:

“The separation of distant as a specific
end point is also very important for ancil-
lary studies involving microarray analysis
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and for developing genetic panels for use in
determining prognosis and/or response to
treatment. In these situations, distant dis-
ease recurrence is often used as a marker
for survival to increase statistical power be-
cause there is such a strong correlation be-
tween these end points and because there
will be more distant events than deaths. Us-
ing a combined regional/distant end point
would dilute the correlation with survival
and weaken the discriminatory power of the
analysis” (24).

The optimal endpoint, therefore, in a
study to validate the clinical utility of a ge-
nomic assay, is one which registers distant
metastasis or death (“distant metastasis free
survival” or DMFS). If distant metastases
and only deaths due to breast cancer are
registered, the endpoint is “distant metasta-
sis free interval”, or DMFI. The MINDACT
trial was therefore designed and powered to
determine whether DMES for the clinically
High Risk/MammaPrint Low Risk group
would be the same at five years for those
who received chemotherapy and those who
did not. The assumption was made by the
MINDACT investigators that the minimum
acceptable outcome for DMFS for the cohort
not receiving chemotherapy was required to
be at least 92% at 5 years, and if it appeared
that the rate of metastatic recurrence during
the conduct of the trial appeared to exceed
this rate, the trial could be stopped early, for
patient safety.

The Role of Chemotherapy in
Reducing Metastatic Recurrence of
Breast Cancer

The Early Breast Cancer Trialist’s Collabora-
tive Group (EBCTCG) conducts periodic
meta-analyses of the long-term outcomes
of three decades of adjuvant therapy trials
in breast cancer, the results of which have
formed the basis of the standard of care and
clinical treatment guidelines for many years
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(22, 23). Such meta-analyses provided proof
of the overall benefit chemotherapy in re-
ducing metastatic recurrence and improving
overall survival, although only for a small
proportion of women with breast cancer, as
well as the incremental benefit of the addi-
tion of anthracyclines and taxanes to che-
motherapy regimens. A major observation
obtained from over 15 years of follow-up
of tens of thousands of women with ESBC,
is that the effect of chemotherapy in reduc-
ing metastatic recurrence is seen primarily
during the first five years after diagnosis.
The five years of follow-up reported in the
MINDACT trial were therefore considered
sufficient to identify all patients benefitting
from chemotherapy. Although metastatic
recurrences continue to occur after five
years, almost exclusively in estrogen recep-
tor positive breast cancer, such “late” recur-
rences occur at the same rate in women who
received chemotherapy as in those who did
not, indicating the need for interventions
other than chemotherapy to reduce these
recurrences, such as extended endocrine
therapy or targeted agents.

MINDACT Trial Enrollment

From 2007 through 2011, 6,693 patients
with breast cancer were enrolled, across 9
European countries, in over 110 individual

sites. Enrolled patients were required to
have a pathology-confirmed diagnosis of
breast cancer, a tumor stage of T1, T2 or op-
erable T3, and from 0 to 3 positive lymph
nodes. The majority of enrolled patients
had ER+ breast cancer (88.4%), and ranged
in age from 23 to 71, with the median age
being 55. Importantly, one third (33.2%) of
MINDACT patients were less than 50 years
of age.

Main Results of the MINDACT Trial

Figure 2 shows the distribution of patients
classified according to clinical risk by
Adjuvant!Online and genomic risk by Mam-
maPrint. Approximately half of all patients
were classified as clinically Low Risk, and
half as Clinically High Risk, while Mam-
maPrint identified 64% as genomically Low
Risk, and 36% as genomically High Risk.
The comparison of clinical risk assessment
with genomic risk assessment revealed
agreement, or concordance, in two thirds
(68%) of all patients, with 41% clinically
and genomically Low Risk (cl/gL) and 27%
clinically and genomically High Risk (cH/
gH), supporting the continued importance
of clinical factors in estimating the risk of
metastatic recurrence. However, clinical risk
was primarily concordant with genomic risk
in identifying Low Risk patients, who were

(N=6693)
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Figure 2. Distribution of Clinical Risk and Genomic Risk in the MINDACT Trial. From Ref. 3 Cardoso (2016).




unlikely to benefit from chemotherapy, with
4 out of 5 being concordant, and in only 1
one out of 5 did genomic analysis provide
additional information. In contrast, for the
50% of MINDACT patients identified to be
clinically High Risk, in only 1 of 2 was there
concordance with the genomic risk, with an
equal proportion having a discordant, ge-
nomic Low Risk. This finding supports the
original rationale of the MINDACT trial,
to seek to identify, by gene expression pat-
terns, those patients who may be potentially
overtreated when the decision to administer
chemotherapy is based on clinical risk as-
sessment alone.

The Primary Test Group in
MINDACT: Clinically High Risk but
MammaPrint Low Risk Patients

1550 patients were in the discordant cH/
gL group, with half randomly assigned to
receive chemotherapy based on the clinical
High-Risk assessment, or not to receive che-
motherapy, based on their genomic Low Risk
assessment. Figure 3a shows the outcome
for the cH/gL group which did not receive
chemotherapy (with 100% compliance “Per

100%

DMFS
at 5 years 50%

0%
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Protocol” with this treatment decision). The
DMEFS at 5 years for this group was 94.7%,
with a confidence interval ranging from
92.5% to 96.2%, well above the threshold of
92% set by the MINDACT investigators. The
MINDACT trial therefore met its required
endpoint and is considered a positive trial.
Most important, however, was the com-
parison of the DMFS at 5 years with the cH/
gL cohort who did receive chemotherapy.
Shown in Figure 3b is this comparison, us-
ing the “Intent to Treat” cohorts, taking
into account the small numbers of patients
(approximately 12.7%) in both groups who
did not follow their assigned treatment.
The reasons for not following the treatment
randomly assigned by the protocol were
described in the Supplementary Section of
the NEJM publication (3), and were primar-
ily due to patient preference; some assigned
to chemotherapy declined it, and some as-
signed to no chemotherapy requested to be
treated. The DMEFS for the group assigned
to receive chemotherapy was 95.9%, while
the group assigned to no chemotherapy
was 94.4%, a numerical difference of 1.5%
which was not statistically significant, with
a p-value of 0.267. The MINDACT trial

(N=644)
p-value = 0.00939
(Cl: 92.5-96.2)
Endocrine Therapy
alone

Figure 3a: Clinical High Risk/MammaPrint Low Risk Treated Without Chemotherapy (Per Protocol; (Distant Me-

tastasis Free Survival). From ref. 3 Cardoso (2016).

25



26

Acta Medica Academica 2019;48(1):18-34

100%

DMFS
at 5 years

50%

0%

Endocrine Therapy

alone

95.9%

(N=1550)
p-value = 0.267

Endocrine Therapy
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Figure 3b. Clinical High Risk/MammaPrint Low Risk treated with/without chemotherapy (intent to treat; (Distant

Metastasis Free Survival). From ref. 3 Cardoso (2016).

had sufficient patients enrolled, and recur-
rence events observed, to detect a clinically
meaningful difference, if it existed, between
the chemotherapy and no chemotherapy
groups. The lack of a statistically significant
difference in the frequency of metastatic re-
currence between these groups supported
the hypothesis that MammaPrint Low Risk
patients could safely avoid chemotherapy,
even when clinical High-Risk factors were
present.

The “Non-Significant” 1.5%

In the Editorial by Drs Hudis and Dickler
which accompanied the MINDACT trial
publication in the NEJM, the issue of the
1.5% numerical difference was addressed
(4). In their words, “a difference of 1.5%, if
real, might mean more to one patient than to
another”. Acknowledging that the threshold
for accepting the toxicity of chemotherapy
in return for some degree of protection from
recurrence is a matter of individual prefer-
ence, they agree that MammaPrint can iden-
tify patients “in whom any plausible benefit
of chemotherapy would be modest” Drs
Hudis and Dickler concluded that “On the

basis of the MINDACT study, clinicians may
consider ordering the 70-gene signature for
patients in line for chemotherapy who hope
to forgo it on the basis of a possibly low ge-
nomic risk”

The Lymph Node Positive Patients in
MINDACT

Nearly 1400 patients with 1-3 involved
lymph nodes were enrolled in MINDACT,
the largest cohort of node positive patients
reported in a randomized controlled trial
involving genomic profiling of breast can-
cer. Node positive patients represented 21%
of the entire enrolled population. However,
within the important primary test group of
clinically High Risk/MammaPrint low risk
patients, 48%, or 709 were node positive.
Figure 3c shows the DMFS rates at 5 years
for the 1-3 Lymph Node positive patients,
with those receiving chemotherapy at 96.3%
and those not receiving chemotherapy at
95.6% DMFS. As with the cH/gL group as
a whole, the p-value of 0.724 indicated no
statistically significant benefit to the addi-
tion of chemotherapy for this large cohort
with lymph node positive breast cancer.
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Figure 3c. Clinical High Risk/MammaPrint Low Risk treated with/without chemotherapy (intent to treat) 1-3

LN+. From ref. 3 Cardoso (2016).

The implications of this critical finding are
that cancers with the biological capacity to
reach regional lymph nodes do not always
have the capacity for distant metastases, and
my not require chemotherapy, in contrast
to recommendations in most clinical guide-
lines. MINDACT provides the first and only
prospective, randomized data in over 700
patients with 1-3 lymph node positive breast
cancer in which genomic profiling can iden-
tify those patients who can safely avoid che-
motherapy.

The Effect of Genomic Risk
Assessment in Early Stage Breast
Cancer

Additional endpoints beyond the primary
goal of identifying clinically high-risk pa-
tients who could safely avoid chemotherapy
were also analyzed. The effect of determin-
ing the need for chemotherapy for all pa-
tients based either on clinical risk assess-
ment or genomic risk assessment as mea-
sured by DMFS was assessed. For those
MINDACT patients in whom clinical risk
assessment was used to determine the need
for chemotherapy, the DMFS at 5 years was

95%, while those patients treated according
to their MammaPrint risk assessment had a
5-year DMFS of 94.7%. There was no statis-
tically significant difference in these clinical
outcomes; however, the MammaPrint risk
assessment allowed 46% of clinically high-
risk women to safely avoid chemotherapy.
The benefits of avoiding unnecessary, toxic
chemotherapy, for quality of life are likely to
be substantial, as well as the health econom-
ic benefits of avoiding costly therapy and
managing its side effects. Cost-effectiveness
data from MINDACT are being analyzed,
although previous studies have already
documented the cost-effectiveness of the 70
gene MammaPrint assay (5, 25).

Randomization of Chemotherapy
Regimen

Patients receiving chemotherapy in either
the concordant High-Risk cohort or the
discordant cohorts randomized to receive
chemotherapy were offered an optional sec-
ondary randomization to either standard
of care anthracycline-containing regimens
or the non-anthracycline study regimen,
docetaxel/capecitabine. Of the 2877 pa-
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tients receiving chemotherapy, 1806 (63%)
were in the clinical High/ Genomic High-
Risk group, 775 (27%) were Clin High/Ge-
nomic Low, and 292 (10%) were Clin Low/
Genomic High Risk. Not all patients partici-
pated in the secondary randomization, with
2227 (77%) receiving standard of care regi-
mens, and 650 (23%) treated with docetaxel/
capecitabine. The choice of regimen did not
affect clinical outcomes, which were similar
in the standard and non-standard arms (26).

Questions Arising from MINDACT:
Is MammaPrint Predictive of
Chemotherapy Benefit?

MINDACT was designed and patient en-
rollment numbers calculated to answer the
question of whether MammaPrint could
identify women with genomically Low Risk
ESBC who could safely avoid chemothera-
py. It was not designed to answer whether
chemotherapy would benefit women with
genomically High Risk breast ESBC. The
design of MINDACT was such that all pa-
tients with discordance between clinical and
genomic risk assessment were randomized
to have the decision to administer chemo-

100%

DMFI
at 5 years

50%

0%

Endocrine Therapy

alone

95.6 %

therapy based on one of the two methods.
Although the largest discordant group was
the primary test group described above,
Clinically High Risk and Genomically Low
Risk, (n=1550, 23% of total), there was also a
small cohort in which the Clinical Risk was
Low and Genomic Risk High (n=592, 9%
of total). The clinical characteristics of this
group were low risk due primarily to small
tumor size (98% T1) and low to intermedi-
ate grade (85%). Although the majority of
patients in this cohort were estrogen recep-
tor positive, approximately 12% were also
HER2+, while 9% were classified clinically
as “triple negative”.

This discordant group also underwent
randomization, per the protocol design, with
the group receiving chemotherapy based on
genomic High Risk having a 98.1% DMFI at
5 years, versus DMFI of 95.6% for the group
not receiving chemotherapy due to Low
Clinical Risk, a numerical difference of 2.5%
which did not reach statistical significance
(p value 0.282) (Figure 4). Due to the small
benefit of chemotherapy predicted by the
clinical Low Risk classification, a significant-
ly larger number of randomized patients, at
least 2000, would have been required to de-

(N=592)
p-value =0.724

Endocrine Therapy
+ Chemotherapy

Figure 4. Clinical Low Risk/MammaPrint High Risk treated with/without chemotherapy (intent to treat) Distant

Metastasis Free Interval (DMFI). From ref. 3 Cardoso (2016).




tect a statistically significant benefit of che-
motherapy in the MammaPrint High Risk
cohort (27). As the MINDACT trial was not
powered or designed to determine the ben-
efit of chemotherapy in MammaPrint High
Risk patients, MINDACT does not provide
definitive data to rule in or rule out the ben-
efit of chemotherapy in MammaPrint High
Risk patients. However, the lack of statistical
significance for the benefit of chemotherapy
in clinically low risk patients with a High
Risk MammaPrint index does not affect the
predictive value of the assay.

When Is a Test “Predictive”?

Diagnostic tests are generally used to predict
the likelihood of a medical condition and
have both a positive predictive value (PPV)
and a negative predictive value (NPV) for
predicting the presence of the condition.
Diagnostic tests may also be used to pre-
dict the likelihood of responding or not
responding to a specific therapy. A PPV in
this context is defined as the proportion of
patients with a “positive” test result who will
benefit from a therapy, while the NPV is the
proportion of patients with a “negative” test
result who will not benefit from the therapy.
Most diagnostic tests have significantly dif-
ferent predictive value if the test is “nega-
tive” or “positive”.

In breast cancer, the use of molecular
tests for the presence of estrogen receptor
protein (ER) and amplification of the HER2
gene are considered standard of care in pre-
dicting response to anti-estrogen therapy
and HER2-targeted therapy, respectively. Yet
the NPV and PPV of these tests vary signifi-
cantly. The presence of ER predicted a 60%
rate of response in ER+ metastatic breast
cancer (28), while when ER was absent, the
rate of response was 5-8%. Therefore, the
PPV of the ER test was 60%, while the NPV,
the ability to identify non-responders, was
far greater, at 92-95%. For the prediction of
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response to endocrine therapy, the NPV of
ER is of greater utility and accuracy.

With detection of amplification of HER2
as a predictive test for the likelihood of re-
sponse to HER2-targeted therapy, the origi-
nal studies of single agent trastuzumab in
metastatic breast cancer observed a 35%
response rate in HER2-amplified (FISH+)
patients, and a 7% response rate in patients
without HER2 amplification (29). Therefore,
the PPV of the presence of amplification of
HER2 for predicting response to trastu-
zumab was 35%. The NPV of the absence
of HER2 amplification was far greater, at
93% in this trial, and approaching 99% in
recent trials (30), predicting lack of benefit
of trastuzumab.

The Predictive Value of MammaPrint

In this context, the question of predictive
value may also be applied to MammaP-
rint. MammaPrint is indeed predictive. The
MINDACT trial tested the NPV of Mam-
maPrint for the potential benefit from che-
motherapy in preventing distant metastasis.
In other words, would a Low Risk Mamma-
Print index predict the absence of benefit
from chemotherapy? The answer from the
MINDACT trial was “yes’, in that the ad-
ministration of chemotherapy to patients
with a MammaPrint Low Risk index did not
yield a statistically significant difference in
freedom from metastasis, although a nu-
merical difference of 1.5% in DMFS was re-
ported. Therefore, the NPV of MammaPrint
for chemotherapy benefit is 98.5%, in that
MP correctly identified 98.5% of ER+, clini-
cally High-Risk patients who would not de-
rive benefit from chemotherapy. The NPV of
MammaPrint for predicting absence of che-
motherapy benefit is equal to the NPV of ER
or HER?2 in predicting the absence of benefit
to tamoxifen or trastuzumab, respectively.
Does a High-Risk MP score predict the
presence of benefit from chemotherapy? In
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other words, what is the PPV of MammaP-
rint? This question cannot be answered by
the MINDACT trial, as this would have re-
quired that all enrolled patients with a High-
Risk MP score be randomized to receive
either chemotherapy or no chemotherapy,
even those with concordant clinical high
risk, a design which would have been uneth-
ical by 21* century clinical trial standards.
The clinically Low Risk cohort (greater than
92% overall survival at 10 years without che-
motherapy, according to clinical/pathologic
features) within the MammaPrint High Risk
group were randomized, but with such a
good clinical prognosis, the ability to detect
a further benefit was exceedingly small. Of
these clinically Low Risk patients, 95.6%
were free of distant metastases (DMFI) with
endocrine therapy alone after 5 years, while
the addition of chemotherapy increased the
proportion without metastasis to 98.1%, a
difference of 2.5%. Since the remaining risk
of metastasis, despite endocrine therapy, was
4.4%, the MP High Risk patients benefitted
from chemotherapy by 2.5% of the 4.4%, a
relative risk reduction of 56% of the residual
risk. A very similar magnitude of relative
risk reduction has been observed in other,
non-randomized MammaPrint cohorts, in
which a pooled series of 541 ER+ patients
with both clinical high and low risk treated
with chemotherapy and endocrine therapy
had a distant disease free survival (DDES)
of 88%, in comparison to 76% DDES for
those receiving only endocrine therapy (31),
an absolute reduction of 12%, and a relative
risk reduction of 50%, in keeping with the
MINDACT data.

ASCO Clinical Practice Guidelines,
NCCN Guidelines, and the MINDACT
Trial

The results of the MINDACT trial were re-
viewed by the American Society of Clinical
Oncology (ASCO) Clinical Practice Guide-

line Expert Panel in an update in 2017 de-
voted entirely to the trial (6)). Based on
these data, the updated guidelines stated that
MammaPrint may be used in clinically high-
risk ER+, HER2-, Lymph Node negative and
1-3 Lymph node positive breast cancer to
“inform decisions in withholding adjuvant
systemic chemotherapy”. For women with
1-3 positive lymph nodes, the guidelines
further specified that “such patients should
be informed that a benefit of chemotherapy
cannot be excluded, particularly in patients
with greater than one involved lymph node”
However, the guideline recommended that
other genomic assays should not be used in
lymph node positive patients. MammaPrint
was identified as the first and only genomic
assay which could be used in this group.

In 2018, over two years after the publica-
tion of the MINDACT trial data, the NCCN
updated their Breast Cancer Guideline to
acknowledge that with the MINDACT trial,
MammaPrint was the only risk of recurrence
genomic assay with Level 1 evidence in both
lymph node negative and lymph node posi-
tive breast cancer (32). The only other risk
of recurrence genomic assay recognized to
also have Level I evidence limited only to
lymph node negative breast cancer, was the
21-gene Oncotype Dx assay, based upon the
Trial Assigning Individualized Options for
Treatment (TAILORX) (33).

Prospective Randomized Trials of
Genomic Assays in Breast Cancer:
MINDACT and TAILORx

MINDACT was the first reported prospec-
tive randomized trial of a risk of recurrence
genomic assay in breast cancer. Two years
after the publication of the MINDACT tri-
al, the second, and largest such trial of this
kind, (with over 10,000 patients enrolled),
TAILORx which evaluated the 21-gene On-
cotypeDx assay, also reported the prospec-
tive and randomized arms of the trial (33).




Unlike MINDACT, in which the primary
goal was to confirm the safety of withhold-
ing chemotherapy in clinically high risk/
MammaPrint low risk patients, TAILORx
was instead intended to clarify whether a
specific risk of recurrence “score” (RS) could
identify patients who could safely avoid
chemotherapy. Unlike MINDACT, TAI-
LORx was limited to lymph node negative
patients. Clinical risk category, as had been
determined by the MINDACT trial, was
assessed in TAILORx, but was not used in
the randomization or patient selection for
enrollment. The randomized cohort was
not balanced for clinical risk, in that 74% of
the randomized patients were clinical “Low
Risk” as defined in the MINDACT trial. The
cohorts randomized to receive chemothera-
py followed by endocrine or endocrine ther-
apy alone, were limited to those with RS 11-
25, with no randomization for RS 0-10, or
RS 26 and above. The results, without subset
analysis, showed no benefit in DFS with the
addition of chemotherapy with RS 11-25.
However, subset analysis revealed that these
findings did not apply equally to all ER+,
lymph node negative women, with a chemo-
therapy benefit of 5.8% seen for women 50
years old and younger with RS 16-25. The
low event rate in this study led some (34) to
question whether the predominance of clin-
ical low risk patients precludes drawing any
definitive conclusions regarding the utility
of an intermediate RS for determining the
need for chemotherapy with this assay.

Future Directions for MammaPrint
and Gene Expression Profiling in
Breast Cancer

The MINDACT trial proved the clinical
utility of stratifying breast cancers as hav-
ing a Low or High Risk MammaPrint Index,
through the expression patterns of 70 genes,
for identifying patients who could safely for-
go chemotherapy. Within the Low and High-
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Risk categories, further stratification of the
range of the MammaPrint index has pro-
vided additional information with clinical
utility which could not be obtained through
clinical features or pathology. Within the
Low Risk MammaPrint Range, from >0.00
to +1.00, all patients may safely forgo che-
motherapy, and ER+ patients are routinely
treated with 5 years of endocrine therapy
alone. However, a subset of these Mamma-
Print Low Risk patients, with indices from
>0.355 to +1.00 appear to have an extremely
low risk of recurrence, with or without 5
years of endocrine therapy, for over 20
years from diagnosis (35). Post-menopausal
women with node negative, ER+ cancers
3cm or less were randomized on the Stock-
holm Tamoxifen Trial (STO-3) to either 2 or
5 years of Tamoxifen, or no systemic therapy.
MammaPrint was performed on stored tu-
mor samples from these patients. The breast
cancer specific survival (BCSS) for the un-
treated patients with MammaPrint indices
of >0.355 was 94% at 20 years, compared to
97% for those receiving 2 or more years of
Tamoxifen. For those women with Low Risk
MammaPrint indices not in this “ultra low”
or Late Recurrence Low Risk (LRLR) range,
endocrine therapy was highly beneficial and
significantly improved survival. Pathology
features such as grade and Ki67 were unable
to identify these subsets.

Within the MammaPrint High Risk
range, indices 0.00 to-1.00, endocrine thera-
py appears to be inadequate for substantially
reducing the risk of recurrence, and addi-
tional therapy is needed. Data from the neo-
adjuvant I-SPY 2 Trial (Investigation of Se-
rial Studies to Predict Your Therapeutic Re-
sponse With Imaging And molecular Analy-
sis 2) has identified differential response to
chemotherapy and targeted therapies for
cancers with MammaPrint High Risk indi-
ces at the lower portion of the range (“High
17) compared to those at the upper portion
of the range (“High2”) (36-38). Cancers
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with a MammaPrint High 2 index were
highly likely to obtain pathologic complete
remission(pCR) with the PARP inhibitor ve-
liparib combined with carboplatin (36, 37),
as well as to immunotherapy with the pem-
brolizumab combined with paclitaxel (38).
MammaPrint High2 identified ER+ breast
cancers likely to respond to pembrolizumab,
a therapy with little activity in unselected
ER+ breast cancers.

Conclusion

The MINDACT trial provided the first re-
ported prospective randomized data sup-
porting the clinical utility of the Mam-
maPrint 70 gene assay in early stage breast
cancer and will provide a rich source of
additional data in the years to come as fur-
ther sub studies and additional follow-up
are performed. Gene expression profiling
with MammaPrint has the ability to identity
the risk of early metastasis, the likelihood
of long term disease specific survival with-
out therapy, and the likelihood of response
to targeted therapies. With such clinically
important information derived from only
70 genes, the potential information which
could be obtained from analysis of the full
transcriptome may be extraordinary. Full
transcriptome expression data can now be
obtained from any breast cancer also un-
dergoing MammaPrint testing, offering the
opportunity to explore a virtually unlimited
array of important questions in breast can-
cer. This valuable information is now being
collected through a registry trial sponsored
by Agendia known as FLEX (Full-genome
Data Linked with Clinical Data to Evaluate
New Gene Expression Profiles) in which full
transcriptome data will be correlated with
extensive clinical annotation (see Trivedi et
al, in this issue). Breast cancer clinicians may
eventually rely on access to the anatomy of
the full genome for the practice of precision

oncology, a process which began with the 70
gene MammaPrint assay.
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