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Abstract 

Background:  Multiple clinical trials demonstrate consistent but modest benefit of adjuvant extended endocrine 
therapy (EET) in HR + breast cancer patients. Predictive biomarkers to identify patients that benefit from EET are criti-
cal to balance modest reductions in risk against potential side effects of EET. This study compares the performance of 
the Breast Cancer Index, BCI (HOXB13/IL17BR, H/I), with expression of estrogen (ER), progesterone (PR), and androgen 
receptors (AR), and Ki67, for prediction of EET benefit.

Methods:  Node-positive (N+) patients from the Trans-aTTom study with available tissue specimen and BCI results 
(N = 789) were included. Expression of ER, PR, AR, and Ki67 was assessed by quantitative immunohistochemistry. 
BCI (H/I) gene expression analysis was conducted by quantitative RT-PCR. Statistical significance of the treatment by 
biomarker interaction was evaluated by likelihood ratio tests based on multivariate Cox proportional models, adjust-
ing for age, tumor size, grade, and HER2 status. Pearson’s correlation coefficients were calculated to evaluate correla-
tions between BCI (H/I) versus ER, PR, AR, Ki67 and AR/ER ratio.

Results:  EET benefit, measured by the difference in risk of recurrence between patients treated with tamoxifen for 10 
versus 5 years, is significantly associated with increasing values of BCI (H/I) (interaction P = 0.01). In contrast, expres-
sion of ER (P = 0.83), PR (P = 0.66), AR (P = 0.78), Ki67 (P = 0.87) and AR/ER ratio (P = 0.84) exhibited no significant 
relationship with EET benefit. BCI (H/I) showed a very weak negative correlation with ER (r = − 0.18), PR (r = − 0.25), 
and AR (r = − 0.14) expression, but no correlation with either Ki67 (r = 0.04) or AR/ER ratio (r = 0.02).

Conclusion:  These findings are consistent with the growing body of evidence that BCI (H/I) is significantly predictive 
of response to EET and outcome. Results from this direct comparison demonstrate that expression of ER, PR, AR, Ki67 
or AR/ER ratio are not predictive of benefit from EET. BCI (H/I) is the only clinically validated biomarker that predicts 
EET benefit.

*Correspondence:  dsgroi@mgh.harvard.edu

1 Molecular Pathology Research Unit, Department of Pathology, Harvard 
Medical School, Massachusetts General Hospital East, 149 13th Street, 
Charlestown, MA 02129, USA
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13058-022-01589-x&domain=pdf


Page 2 of 10Sgroi et al. Breast Cancer Research           (2022) 24:90 

Keywords:  Breast Cancer Index, BCI (H/I), Breast cancer, Predictive biomarker, Extended endocrine therapy

Background
Extending the duration of endocrine therapy from 5 to 
10  years has been demonstrated to provide consistent 
but modest benefits to breast cancer patients in the range 
of 1% to 5% in patients with hormone receptor-positive 
(HR+) early stage breast cancer [1, 2]. HR + patients 
treated with extended endocrine therapy exhibited a 
significant reduction in the risk of late recurrence [3–
5]. However, gains in risk reduction must be balanced 
against serious adverse events, such as bone and cardio-
vascular toxicities, endometrial cancer, and other adverse 
effects that are associated with the use of anti-estrogen 
therapies [3]. About 30–50% of HR + tumors fail to 
respond to endocrine therapy, while over 50% of recur-
rences occur more than 5  years after diagnosis [6–8]. 
Predictive biomarkers are essential to identify the subset 
of patients who are likely to benefit from extended endo-
crine therapy.

Estrogen receptors (ER), progesterone receptors (PR), 
androgen receptors (AR), and Ki67 are biomarkers with 
demonstrated clinical value in breast cancer. ER and PR 
expression, measured quantitatively, are canonical bio-
markers for classifying tumors as potentially endocrine 
sensitive and therefore eligible for endocrine therapy 
[9]. However, about 30–50% of ER-positive patients do 
not respond to endocrine therapy [8, 10, 11]. Further, 
translational studies in randomized cohorts from the 
Breast International Group 1–98 (BIG 1–98), Arimi-
dex, Tamoxifen, Alone or in Combination (ATAC), and 
Tamoxifen Exemestane Adjuvant Multinational (TEAM) 
clinical trials have demonstrated that quantitative ER or 
PR expression are not predictive biomarkers for endo-
crine response [12–14].

AR is reported as being positive in 60–90% of primary 
breast cancers [15]. Whether AR levels have predictive 
value for endocrine therapy remains controversial [16–
18]. Additionally, AR and ER expression values, com-
bined as a ratio (AR/ER), have been suggested to predict 
failure of endocrine therapy [19, 20]. Ki67 is a nuclear 
protein that is expressed in all proliferative phases of cell 
division (late G1, S, G2, and M). It has been shown to be 
prognostic in early stage, ER-positive/HER2-negative 
breast cancer [21], but is only moderately predictive of 
distant recurrence [7, 22].

The Breast Cancer Index (BCI) is a gene expression-
based signature comprising two functional biomarker 
panels [23, 24]. The Molecular Grade Index (MGI) is 
composed of five genes that measure tumor proliferation. 
BCI  (H/I) is a ratio of the HOXB13 and IL17BR genes 

and measures estrogen signaling. Integration of MGI 
and BCI  (H/I) provides a single prognostic score that 
quantifies the risk of both late (5–10  years) and overall 
(0–10 years) distant recurrence. BCI (H/I) has been vali-
dated to predict benefit from extended endocrine ther-
apy (EET) across multiple adjuvant endocrine treatment 
backgrounds in several prospective-retrospective studies 
[24–26].

The objective of this correlative biomarker study was to 
directly compare the predictive value of BCI  (H/I) with 
ER, PR, AR, and Ki67 protein expression and the AR/ER 
ratio in a large cohort of patients treated in the Adjuvant 
Tamoxifen—To Offer More (aTTom) clinical trial (or the 
Trans-aTTom cohort) with respect to extended endo-
crine therapy.

Methods
Aims
This study compares the performance of BCI  (H/I), 
with expression of ER, PR, AR, and Ki67, for predic-
tion of benefit from EET in a cohort of patients from 
the translational aTTom study. The translational aTTom 
study, Trans-aTTom, is a multi-institutional, prospec-
tive-retrospective study with the objective of validating 
BCI  (H/I) as a predictive biomarker of EET benefit in 
patients treated in the aTTom trial [24]. The University 
of Birmingham Cancer Research UK Clinical Trial Unit 
(CRCTU) was the sponsoring institution and secured 
ethical and regulatory approvals from the UK Research 
Ethics Committee (REC, reference 16/EM/0142), Health 
Research Authority (HRA), Confidentiality Advisory 
Group (CAG) and from the PBPP in Scotland, and also 
carried out final biomarker data integration with the 
aTTom clinical database.

Patients and tumor samples
The parent aTTom trial is a prospective, phase III trial 
that included 6956 breast cancer patients who remained 
disease free after having completed at least 4  years of 
adjuvant tamoxifen therapy and were randomized to 
either continue or stop tamoxifen treatment of an addi-
tional 5 years [27]. All patients previously randomized in 
the aTTom trial with available formalin-fixed paraffin-
embedded (FFPE) primary resection tumor blocks were 
included in the study. Exclusion criteria included absence 
of invasive tumor as evaluated by histopathology review, 
insufficient tumor on tissue microarray (TMA) for immu-
nohistochemical (IHC) analysis, and insufficient RNA for 
BCI analysis (Fig.  1). Centralized collection and sample 
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processing, construction of TMAs, and tissue sectioning 
was carried out by the University of Edinburgh Cancer 
Research Center (ECRC) as described previously [24].

Following the initial disclosure of the Trans-aTTom 
results reporting significant prediction of extended endo-
crine benefit by BCI (H/I) in node-positive (N+) patients 
[24], case collection continued in a pre-specified and 
blinded manner due to insufficient power of < 50% esti-
mated for both the overall cohort and the node-negative 
(N0) subset. After the completion of block collection 
(N = 3328), however, insufficient power prevented an 
analysis in the overall cohort and N0 subset. Therefore, 
the current analysis is based on 789 N+ patients from the 
final Trans-aTTom cohort.

Immunohistochemical analysis
Two 1-mm cores were obtained from each tumor block 
and duplicate TMAs were constructed. IHC staining of 
the TMAs was performed in a CLIA-certified labora-
tory at Massachusetts General Hospital using the Leica 
Bond III Autostainer (Leica Microsystems, Inc., Buffalo 
Grove, IL, USA). ER and PR were detected using Clone 
6F11 (Leica Biosystems, RRID:AB_2827388) and Clone 
16 (Leica Biosystems, RRID:AB_10554439), respectively. 
AR and Ki67 were detected using Clone AR441 (Gene-
Tex, RRID:AB_367520) and Clone K2 (Leica Biosystems, 
RRID:AB_2341199), respectively. TMAs were reviewed 
centrally and scored visually by two board-certified 
breast pathologists (DCS, EFB) who were blinded to all 
clinicopathological, BCI and outcome data. ER and PR 
were independently assessed by two pathologists (DCS, 
EFB), while AR and Ki67 were assessed by one board-
certified pathologist (DCS). ER and PR expression were 

scored in accordance with ASCO/CAP testing guidelines 
[9]. AR expression was scored in a manner similar to ER 
and PR using the same ≥ 1% cut-off for AR positivity. An 
Allred score that captures both the proportion and inten-
sity of staining for ER, PR and AR was determined fol-
lowing the methodology described [28]. Ki67 was scored 
as percentage of positively staining tumor cell nuclei 
using the International Ki67 in Breast Cancer Working 
Group “global” method [29].

BCI assay
BCI gene expression analysis by RT-PCR was carried out 
on formalin-fixed paraffin-embedded (FFPE) primary 
tumor specimens (Biotheranostics, A Hologic Company, 
San Diego, CA) blinded to clinical outcome as reported 
previously [30]. Briefly, macro-dissection was performed 
on FFPE sections to enrich tumor content before RNA 
extraction. Total RNA was reverse transcribed, and the 
resulting cDNA was pre-amplified by PCR using the 
PreAmp Master Mix Kit (Thermo Fisher Scientific, Carls-
bad, CA) before TaqMan PCR analysis. Calculation of 
BCI  (H/I) was carried out as described previously and 
was normalized into a range between 0 and 10 [23, 26].

Statistical analysis
Analyses were pre-specified in the statistical analysis 
plan. The primary endpoint was recurrence-free inter-
val (RFI), defined as the time from randomization to 
first local, regional, or distant recurrence. The statistical 
power for the N + patients was 94% to detect an interac-
tion of extended adjuvant tamoxifen by BCI (H/I) status 
at 0.05 significance level for the primary endpoint (RFI). 
The secondary endpoints were disease-free interval 

Fig. 1  Patient case flow for the Trans-aTTom study. The diagram shows tumor block collection, specimen processing, IHC and molecular testing, 
leading to a final analyzable cohort of 789N + patients
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(DFI), defined as the time from randomization to first 
local, regional, distant recurrence, or new breast pri-
mary, and disease-free survival (DFS), defined as time 
from randomization to first local, regional, distant recur-
rence, new breast primary, or breast cancer death. Dis-
tribution of each biomarker was graphically presented by 
histograms. Pearson’s correlation coefficients and scat-
terplots were calculated to evaluate correlations between 
BCI (H/I) versus ER, PR, AR, Ki67 and AR/ER ratio. Cox 
proportional models were used to evaluate the relation-
ship of the risk of recurrence as a function of continuous 
biomarker values in each treatment arm. The statistical 
significance of the treatment by biomarker interaction 
was assessed by likelihood ratio tests based on multivari-
ate Cox proportional models, adjusting for age, tumor 
size, grade and HER2 status.

Results
Patient demographics and characteristics
Primary tumor specimens from 3328 aTTom patients 
were collected retrospectively (Fig.  1)  [31]. Of the 2445 
HR + patients with BCI results, 789 (32%) had node-
positive (N+) disease. In the N+ subset, 87% (688/789) 
were ≥ 50  years old and 86% (679/789) were postmen-
opausal (Table  1). A total of 89% (698/789) of these 
patients had T1 or T2 tumors. Among N+ patients, 98% 
(771/789) had ER-positive disease and 91% (717/789) had 
PR-positive disease. HER2 positivity was confirmed in 9% 
(72/789) of patients. There were 43 and 32 local recur-
rences, and 113 and 94 distant recurrences in the 5-year 
and 10-year tamoxifen arms, respectively. No statistically 
significant differences were observed in clinical variables 
for N+ patients between the parent aTTom trial and the 
Trans-aTTom study.

Distribution of biomarker expression levels
Each biomarker assessed in this study exhibited a dis-
tinct distribution of expression levels (Fig.  2). For ER, 
the distribution was unimodal with a prominent peak of 
tumors displaying ≥ 80% ER-positive cells. PR exhibited a 
bimodal distribution, with a peak at ≥ 80% of tumor cells 
staining positive for PR, and another peak at < 10%. Simi-
larly, the distribution of AR was bimodal with a broad 
peak at > 60% of tumor cells staining positive for AR, 
and another peak at < 10%. In contrast, the distribution 
of Ki67 was different from the other biomarkers with a 
majority of tumors displaying a low percentage of Ki67-
positive cells. The majority of tumors exhibited an AR/ER 
ratio < 1. BCI (H/I) results, normalized to a scale from 0 
to 10, displayed an approximately Gaussian distribution 
with a median value of 5.1.

Benefit from extended tamoxifen is correlated 
with increasing levels of BCI (H/I)
The objective of this study was to investigate potential 
relationships between benefit from extended endocrine 
benefit and each biomarker by assessing the statistical 
significance of treatment by biomarker interaction. The 
results of these analyses showed that there was no sig-
nificant interaction between extended tamoxifen treat-
ment and expression of ER (P = 0.83), PR (P = 0.66), AR 
(P = 0.78), Ki67 (P = 0.87), or the AR/ER ratio (P = 0.84) 
for the primary endpoint RFI (Fig.  3) or the second-
ary endpoints DFI (Additional file  1: Fig.  1) and DFS 
(Additional file  1: Fig.  2), demonstrating that these 
biomarkers did not predict the benefit of 10 versus 

Table 1  Clinicopathological characteristics for HR + N + patients 
in the Trans-aTTom cohort

Trans-aTTom 
HR + pN + (N = 789)

Age

< 50 101 (13%)

50–59 272 (34%)

60–69 218 (28%)

≥ 70 198 (25%)

Menopause status

Pre 25 (3%)

Post 679 (86%)

Peri 28 (4%)

Not known 57 (7%)

Tumor size

T1 362 (46%)

T2 336 (43%)

T3 30 (4%)

Not known 61 (8%)

Histological grade

Well differentiated 118 (15%)

Moderately differentiated 369 (47%)

Poorly differentiated 161 (20%)

Not known 141 (18%)

ER status

Negative 17 (2%)

Positive 771 (98%)

Not known 1 (0%)

PR status

Negative 69 (9%)

Positive 717 (91%)

Not known 3 (0%)

HER2 status

Negative 711 (90%)

Positive 72 (9%)

Not known 6 (1%)
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5  years of endocrine therapy. In contrast, the magni-
tude of extended endocrine benefit was associated with 
increasing levels of BCI  (H/I) (Fig.  3, lower right cor-
ner). The interaction between BCI  (H/I) and extended 
endocrine treatment was statistically significant for RFI 
(P = 0.01), DFI (P = 0.01), and DFS (P < 0.01), when cor-
rected for age, tumor size, grade, ER, and PR status.

There was no significant interaction between the 
extended tamoxifen treatment and the combined propor-
tion and intensity of ER (P = 0.22), PR (P = 0.29) and AR 
(P = 0.26) expression as determined by the Allred scoring 
system (Additional file 1: Fig. 3). Similarly, no significant 
interaction was seen between endocrine treatment and 
ESR1 (P = 0.12) or PR (P = 0.45) mRNA expression. The 
benefit analysis shown in Fig.  3 was also performed for 
the overall HR + cohort (n = 2445) and is included for 
comparison (Additional file 1: Fig. 4).

Correlation of BCI (H/I) with ER, PR, AR, Ki67, and AR/ER 
ratio
The strength and direction of possible relationships 
between BCI  (H/I) and the other biomarkers were 

further assessed using Pearson correlation coefficients. 
BCI  (H/I) exhibited weak negative correlations with 
the percent positive cells stained for ER (r = −  0.18, 
P < 0.001), PR (r = − 0.25, P < 0.001) and AR (r = − 0.14, 
P < 0.001) (Fig.  4). In addition, no relationship was 
observed between BCI (H/I) and the percent of Ki67 
expressing cells (r = 0.04, P = 0.29) or the AR/ER ratio 
(r = 0.02, P = 0.56).

BCI is prognostic for late distant recurrence
Of the biomarkers evaluated in this study, only BCI 
was significantly prognostic for late distant recurrence 
(interquartile HR 1.37, P < 0.001; see Additional file  1: 
Table 1). ER protein (interquartile HR 0.92, P = 0.165), 
PR protein (interquartile HR 0.89, P = 0.281), AR pro-
tein (interquartile HR 0.87, P = 0.120), Ki67 protein 
(interquartile HR 0.96, P = 0.489), the AR/ER ratio 
(interquartile HR 0.99, P = 0.484), ER mRNA (inter-
quartile HR 1.05, P = 0.441), and PR mRNA (interquar-
tile HR 1.02, P = 0.811) did not provide statistically 
significant prognostic information.

Fig. 2  Distribution of biomarker expression in breast cancer tumors. Proportion of cells depicted as percent (%) immunohistochemical positivity for 
estrogen receptor (ER), progesterone receptor (PR), androgen receptor (AR), Ki67 AR/ER ratio and BCI (H/I) values
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Fig. 3  Benefit from 10 versus 5 y Tamoxifen is associated with increasing levels of BCI (H/I). Continuous risk curves based on RFI after 5- and 10 years 
of tamoxifen as a function of estrogen receptor (ER), progesterone receptor (PR), androgen receptor (AR), and Ki67 immunohistochemistry (IHC) 
expression, AR/ER IHC ratio and BCI (H/I) values

Fig. 4  BCI (H/I) shows weak negative correlation with ER, PR and AR and No Correlation with Ki67 or AR/ER ratio. Pearson’s correlation coefficients (r) 
for estrogen receptor (ER), progesterone receptor (PR), androgen receptor (AR), AR/ER ratio and BCI (H/I)
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Discussion
The findings presented here demonstrate that of the bio-
markers comparatively assessed in the Trans-aTTom 
study, BCI  (H/I)  is the only biomarker predictive of 
extended endocrine benefit. ER, PR, AR, Ki67, and the 
AR/ER ratio were found to have no significant clinical 
value for predicting benefit from extended endocrine 
therapy.

The quantitative immunohistochemical findings 
reported here both as proportion of cells, and the com-
bination the proportion and intensity of staining of cells 
(Allred score), are also consistent with results from other 
trials indicating that neither ER nor PR are predictive of 
benefit from extended endocrine therapy [12–14]. The 
ability of quantitative expression levels for ER and PR to 
predict benefit from letrozole over tamoxifen was exam-
ined in the BIG 1–98 trial [13]. Both ER and PR were 
found to be prognostic, but neither biomarker predicted 
benefit from extended endocrine therapy with respect 
to DFS. The ATAC trial assessed the ability of quanti-
tative expression levels of ER and PR to predict benefit 
from anastrozole over tamoxifen with respect to time to 
recurrence; however, neither ER nor PR were found to 
be predictive of benefit [12]. In addition, results from the 
TEAM trial demonstrated that PR expression levels are 
not predictive of benefit from exemestane over tamoxifen 
with respect to DFS, and that ER is not predictive of pref-
erential benefit from exemestane over tamoxifen [14].

The current results further highlight the unique clini-
cal value of BCI (H/I) as a predictive biomarker of endo-
crine benefit. BCI (H/I) provides distinct information 
regarding tumor biology, as evidenced by the lack of cor-
relations with ER, PR, AR and Ki67 (Fig.  4). BCI (H/I) 
interrogates estrogen signaling by evaluating the ratio 
of HOXB13 and IL17BR gene expression, with HOXB13 
expression potentially being the primary determinant 
of predictive activity. Transient HOXB13 overexpres-
sion in breast cancer cells was shown to rapidly repro-
gram and expand the binding pattern of ER to genomic 
regions that were previously inaccessible and inactive. 
Genomic regions newly bound by ER are enriched for 
genes involved in mammary gland development and dif-
ferentiation.  HOXB13 and  ER binding sites are colocal-
ized in about 50% of these genomic regions, suggesting a 
role for HOXB13 in transcriptional regulation of ER [32]. 
The collocation of DNA binding sites provides an oppor-
tunity for HOXB13 and ER to influence the expression 
of each other. Thus, BCI (H/I) provides additional func-
tional information on estrogen signaling and response to 
endocrine therapy beyond that provided by expression of 
ER and/or PR alone.

Previous studies suggested that low ESR1 mRNA levels 
are associated with tamoxifen resistance in ER-positive 

breast cancer [33]. ESR1 mRNA levels were shown not 
to predict benefit from extended endocrine benefit in the 
MA.17 trial [26]. More recently, ESR1 mRNA levels have 
been evaluated as a potential predictor of response to 
extended endocrine benefit in the NSABP B-42 trial [34]. 
The results of the analysis showed no significant interac-
tion between the response to extended letrozole therapy 
and ESR1 mRNA levels. The results presented here are 
consistent with these previous results and do not support 
the use of ESR1 expression as a predictive biomarker of 
response to extended endocrine benefit. These findings 
indicate that ESR1 mRNA levels alone are biologically 
not relevant to prediction of extended endocrine benefit, 
but rather point to the importance of modulating estro-
gen signaling by HOXB13 and potentially other cofactors, 
including FOXA1 and GATA-3 [35, 36]. This mechanism 
may allow HOXB13 to contribute to ER reprogramming 
in early stage breast cancer. Such functional reprogram-
ming may then lead to differential responses to endocrine 
therapy.

It should be noted that even though neither protein 
expression nor mRNA expression of ER were significant 
predictors of benefit from 10-year tamoxifen therapy, 
their expression patterns in relation to the benefit of 
extended endocrine therapy appear to be distinct: there 
was no differential benefit across the range of ER pro-
tein expression levels; however, higher mRNA expression 
of ER was associated with numerically less benefit from 
extended endocrine therapy. The difference may reflect 
the low concordance between protein and mRNA expres-
sion levels often observed for many biomarkers [37].

The clinical value of AR as a biomarker in breast cancer 
continues to be debated. AR levels have been reported 
as significant predictors of response to primary adju-
vant endocrine therapy, but only under certain circum-
stances: either in triple negative breast cancer or when 
only specific genotypes of AR are considered [38, 39]. On 
the other hand, AR alone has been reported to lack clini-
cal utility for predicting response to primary adjuvant 
endocrine therapy in HR + tumors [16, 17]. AR has not 
previously been examined as a predictive biomarker for 
extended endocrine benefit.

Combining AR and ER into an AR/ER ratio may pro-
vide additional information, and previous reports sug-
gest that an AR/ER ratio ≥ 2 is associated with increased 
resistance to endocrine therapy, as well as being a marker 
of increased cellular proliferation [19, 40]. The major-
ity of tumors in the current study exhibited an AR/ER 
ratio < 2 (Fig. 3), suggesting that the majority of patients 
would respond to endocrine therapy and exhibit less 
resistance. However, there was no statistically significant 
relationship between extended tamoxifen benefit and the 
AR/ER ratio in this study (P = 0.83).
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Due to the strong correlation between S phase and Ki67 
expression levels, quantitative evaluation of Ki67 can 
provide a precise estimate of tumor proliferation [16, 17]. 
Even though there is no significant relationship between 
Ki67 expression levels and either hormone receptors or 
HER2, Ki67 has been shown to be prognostic in early-
stage ER-positive/HER2-negative breast cancers [21]. 
As a marker of proliferation, Ki67 is strongly correlated 
with tumor size and nodal status but is only moderately 
predictive of distant recurrence [7, 22]. In the monarchE 
trial, Ki67 was found to be prognostic but not predictive 
of response to adjuvant abemaciclib [41]. Consistent with 
these previous results, Ki67 was observed in this study to 
have no value for predicting response to EET. In the cur-
rent study, Ki67 levels were determined as a percentage 
of positively staining tumor cell nuclei using the Inter-
national Ki67 in Breast Cancer Working Group “global” 
method [29] on TMAs, with each tumor represented 
by two 1-mm histospots taken from two different loca-
tions within each tumor block. Use of TMAs may have 
contributed to lower-than-expected Ki67 scores, in that 
it involves sampling less of the tumor. However, two 0.6-
mm histospots have been shown to adequately represent 
sampling from a complete tumor section [42]. A more 
likely explanation is that the parent aTTom trial only 
enrolled patients that had remained recurrence free after 
at least 4 years of adjuvant endocrine therapy [24], in that 
less than half of recurrences occur within 5 years of diag-
nosis [6, 7, 43]. Furthermore, any potential systematic 
bias would be expected to be uniform across the entire 
cohort. Because the Ki67 analysis was based on continu-
ous Ki67 measurements, any potential bias is unlikely to 
have affected the results in a significant manner.

The limitations of this study include applying a clini-
cally actionable threshold for ER, PR, AR, and Ki67 
expression, particularly in regard to inconsistent cut-
offs used to determine Ki67 positivity [9]. ASCO/CAP 
guidelines define tumors to be ER-positive if ER staining 
is observed in at least 1% of tumor nuclei; however, data 
are limited regarding benefit from endocrine therapy for 
patients with less than 10% of tumor cells staining posi-
tive for ER. Further, quantitation of ER and PR present 
technical challenges that can lead to varying or inconsist-
ent interpretation of results [16, 17].

Standardization of Ki67 measurement has been the 
goal of an international working group, which has pro-
duced recommendations to standardize laboratory pro-
cedures and to improve the analytical validity of Ki67 
measurements [29]. Although significant methodological 
improvements have been made, analytical validity con-
tinues to be a concern, affecting both the clinical utility 
of Ki67 and the ability to compare different studies [29]. 
Thus, some studies suggest that Ki67 may be predictive 

of response to adjuvant endocrine therapy [44], whereas 
other studies find that Ki67 is not predictive [45–47], 
indicating that no consensus has been reached. In the 
current study, no correlation was found between Ki67 
expression and response to extended endocrine therapy, 
indicating that Ki67 may be of limited use for clinical 
decision-making regarding extended endocrine benefit.

The results presented here highlight an important dis-
tinction between prognostic and distinctively predictive 
biomarkers in breast cancer. While the estimation of recur-
rence risk is an important factor in the consideration of 
extended endocrine therapy, prognostic factors are inad-
equate for determining whether patients should receive 
extended endocrine therapy; biomarkers predictive of 
response to endocrine therapy should be used as well. 
About 30–50% of HR + breast cancer tumors are resistant 
to endocrine therapy [8, 10, 11]. Endocrine resistance may 
contribute to recurrences, which occur at a steady rate of 
1–2% per year, with at least 50% of recurrences occurring 
more than 5 years following diagnosis [43]. Further, endo-
crine resistance may also alter sensitivity to subsequent 
chemotherapies [48]. Resistance to therapy and distant 
metastases are the leading causes of death in breast cancer 
[8]. Thus, it is critical that truly predictive biomarkers are 
used to identify those patients most likely to respond to 
EET. BCI has demonstrated its clinical value in predicting 
benefit from EET and has been included as the only predic-
tive biomarker of extended endocrine benefit in both the 
ASCO and NCCN clinical practice guidelines [49, 50].
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