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Purpose: The proliferation marker Ki-67 has been used as a prognostic marker to separate

low- and high-risk breast cancer subtypes and guide treatment decisions for adjuvant

chemotherapy. The association of Ki-67 with response to tamoxifen therapy is unclear. High-

throughput automated scoring of Ki-67 might enable standardization of quantification and

definition of clinical cut-off values. We hypothesized that digital image analysis (DIA) of Ki-

67 can be used to evaluate proliferation in breast cancer tumors, and that Ki-67 may be

associated with tamoxifen resistance in early-stage breast cancer.

Patients and Methods: Here, we apply DIA technology from Visiopharm using a custom

designed algorithm for quantifying the expression of Ki-67, in a case–control study nested in

the Danish Breast Cancer Group clinical database, consisting of stages I, II, or III breast

cancer patients of 35–69 years of age, diagnosed during 1985–2001, in the Jutland peninsula,

Denmark. We assessed DIA-Ki-67 score on tissue microarrays (TMAs) from breast cancer

patients in a case–control study including 541 ER-positive and 300 ER-negative recurrent

cases and their non-recurrent controls, matched on ER-status, cancer stage, menopausal

status, year of diagnosis, and county of residence. We used logistic regression to estimate

odds ratios and associated 95% confidence intervals to determine the association of Ki-67

expression with recurrence risk, adjusting for matching factors, chemotherapy, type of

surgery, receipt of radiation therapy, age category, and comorbidity.

Results: Ki-67 was not associated with increased risk of recurrence in tamoxifen-treated

patients (ORadj =0.72, 95% CI 0.54, 0.96) or ER-negative patients (ORadj =0.85, 95% CI

0.54, 1.34).

Conclusion: Our findings suggest that Ki-67 digital image analysis in TMAs is not

associated with increased risk of recurrence among tamoxifen-treated ER-positive breast

cancer or ER-negative breast cancer patients. Overall, our findings do not support an

increased risk of recurrence associated with Ki-67 expression.

Keywords: breast cancer, tamoxifen, proliferation, Ki-67, recurrence risk, tissue microarray,

TMA, digital image analysis, DIA

Introduction
In spite of the relatively good prognosis for early-stage breast cancer, studies with

as long as 20 years of follow-up suggest that the risk of recurrence remains

consistently elevated after diagnosis.1,2 Around 70% of breast cancers are estrogen

receptor (ER) positive (+). These patients are candidates for receiving endocrine

therapy, which reduces the five-year risk of recurrence by about one-half.3

Tamoxifen is an ER modulator that selectively binds to the ER and blocks its

Correspondence: Nina Gran Egeland
Department of Pathology, Stavanger
University Hospital, Box 8100, Stavanger
4068, Norway
Tel +47 924 25 622
Email nina.gran.egeland@sus.no

Clinical Epidemiology Dovepress
open access to scientific and medical research

Open Access Full Text Article

submit your manuscript | www.dovepress.com Clinical Epidemiology 2020:12 771–781 771

http://doi.org/10.2147/CLEP.S248167

DovePress © 2020 Egeland et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

C
lin

ic
al

 E
pi

de
m

io
lo

gy
 d

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://orcid.org/0000-0001-9772-925X
http://orcid.org/0000-0002-3950-0729
http://orcid.org/0000-0003-4378-8531
http://orcid.org/0000-0003-2133-3958
http://orcid.org/0000-0003-2158-3885
http://orcid.org/0000-0002-5240-5195
http://orcid.org/0000-0001-9738-2284
http://orcid.org/0000-0002-7760-5396
http://www.dovepress.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php


ligand estradiol, thereby preventing ER activation and

downstream tumor cell proliferation.4,5 Guidelines recom-

mend tamoxifen as treatment for premenopausal ER+

patients, and is an important alternative and/or sequential

treatment in postmenopausal patients. The tamoxifen treat-

ment regimen has recently been extended from five to 10

years.6 Unfortunately, as many as 30% of breast cancer

patients are, or become, resistant to the drug, either de

novo or by acquired resistance,7,9 resulting in recurrence

of disease. Furthermore, up to one-half of all patients stop

taking their medication because of adverse side effects or

for other reasons.10,12

Ki-67 immunostaining is used as a marker of prolifera-

tion and has a well-documented prognostic value in breast

cancer.13,16 Together with histological grade, Ki-67 prolif-

eration index can be used as a surrogate marker to separate

low-risk Luminal A subtype (i.e. low proliferation, low

grade, hormone receptor (HR)+, human epidermal growth

factor-receptor 2 (HER2) negative (−) from the higher risk

Luminal B subtype (i.e. high proliferation, high grade,

HR+-/HER2+).17 In this way, proliferation can be used to

guide treatment decisions regarding the use of adjuvant

chemotherapy.18 Changes in Ki-67 expression in tumors

following short-term neoadjuvant endocrine therapy have

also been suggested as a marker of treatment efficacy;

thus, breast cancer patients with tumors with high Ki-67

expression after treatment showed lower recurrence-free

survival.19 The association of pre-treatment Ki-67 prolif-

eration index with recurrence risk among women treated

with tamoxifen therapy is, however, unclear. In the

NSABP B-14 trial, among 16 cancer-related genes exam-

ined, MKI-67 gene expression of Ki-67 was not associated

with the effectiveness of adjuvant tamoxifen treatment.20

A second randomized trial including 564 premenopausal

women reported a more complex relationship between Ki-

67 index and tamoxifen response; patients whose tumors

showed either high or low Ki-67 levels benefitted more

from tamoxifen compared with patients whose tumors had

intermediate levels of Ki-67 expression.21 As such, further

evidence is needed on the potential association between

Ki-67 value and tamoxifen therapy.

Scoring Ki-67 on tissue sections is challenging, not

least because of a lack of standardized methods for per-

forming, scoring and interpreting Ki-67 immunohisto-

chemistry (IHC).22 Ki-67 is traditionally evaluated

visually with a standard microscope rather than by using

digital image analysis (DIA). As a result, the reproduci-

bility varies. There is no international consensus regarding

scoring methods or the most clinically relevant cut-off,

although until recently, a cut-off value of 30% was recom-

mended by the Norwegian Breast Cancer Group.23

Compared with standard visual scoring of Ki-67, DIA

offers a more objective, rapid and more reproducible

method to determine the fraction of proliferating cells.16

We hypothesized that DIA of Ki-67 stained sections can be

used to efficiently evaluate proliferation in breast cancer

tumor specimens; we applied this methodology to investi-

gate the potential association of the Ki-67 index with

a response to tamoxifen therapy.

Patients and Methods
Study Population
The source and study populations have been previously

described.24 In brief, the source population consisted of all

women (n=11,252) aged 35 to 69 living in the Jutland

Peninsula in Denmark, diagnosed with non-metastatic

(stages I–III) invasive breast cancer between 1985 and

2001, and registered in the clinical database of The

Danish Breast Cancer Group (DBCG) Registry.25 The

Jutland Breast Cancer Recurrence Biobank contains

tumor sections, DNA/RNA, tissue microarrays (TMAs)

and clinicopathological data. Derived from this biobank,

the study population consisted of 541 ER+ breast cancer

patients treated ≥1 year with Tamoxifen® (grouped ER+/

Tam+) with recurrence and their 541 matched controls

without recurrence, together with 300 ER-negative (ER−)

non-tamoxifen-treated (grouped ER−/Tam−) breast cancer

patients with recurrence and their 300 matched controls

without recurrence. An overview of the study design is

shown in Figure 1. We sought to evaluate any association

between Ki-67 score, as measured using the DIA-Ki-67

score, and breast cancer recurrence among women with

estrogen receptor-positive and -negative breast cancer,

treated with and without tamoxifen, respectively. Patients

not meeting the inclusion criteria were excluded. Controls

were matched to cases according to group (ER+/Tam+ or

ER−/Tam−), year of diagnosis, derived UICC (Union for

International Cancer Control) I–III cancer stage, menopau-

sal status, and county of residence at the time of diagnosis.

Controls were sampled using incidence density sampling

whereby controls had to be alive and at risk of breast

cancer recurrence on the date their corresponding case

recurred.26 Without replacement, controls were selected

from members of the source population, who were not

diagnosed with a breast cancer recurrence or contralateral
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breast cancer by the time of the matched case’s recurrence.

ER status was defined as positive if ≥10% cells in tumor

sections stained positive. Depending on the guidelines in

Denmark at the time of diagnosis, ER+/Tam+ women were

assigned to tamoxifen therapy protocols of >1 year.

Recurrent cases were defined as the occurrence of any

(local, regional, contralateral or distant) breast cancer

recurrence during follow-up time, as recorded in the

DBCG Registry. Follow-up time started from 1 year after

the primary surgery date until the date of the first breast

cancer recurrence, death from any cause or emigration

(assessed by DBCG registry), loss to follow-up, 10 years

of follow-up or September 1, 2006 (i.e. end of study).

Data Collection from Danish Registries
Patient data were collected from the DBCG registry (date

of diagnosis, UICC stage, tumor size, node status, histolo-

gical grade, ER/progesterone receptor (PR) status, surgery

type, chemotherapy, radiotherapy and hormonal therapy),

and the Danish National Registry of Patients (comorbid

diseases prevalent up to 10 years before breast cancer

diagnosis).

Tumor Tissue Microarray Construction
Archived formalin-fixed, paraffin-embedded (FFPE) primary

tumor tissue blocks from the cases and controls were col-

lected from pathology departments of treating hospitals.

A pathologist reviewed hematoxylin- and eosin (HE)-

stained tumor whole sections and identified regions of inva-

sive carcinoma for sampling into TMAs. Using a TMA

Master (3DHistech Ltd., Budapest, Hungary), cylindrical

1 mm diameter cores were sampled from each primary breast

tumor (donor block) and re-embedded into recipient TMA

paraffin blocks (n=35) using standard procedures.27 One

placental and two liver tissue cores were used as orientation

markers in each TMA. From each patient sample, one to

three representative tumor cores and one core with normal or

tumor margin tissue were sampled, yielding a total of some

Figure 1 Study design.

Notes: The source population consisted of all female residents aged 35–69 of Denmark’s Jutland Peninsula between 1985 and 2001, who were diagnosed with non-

metastatic breast cancer. Two-thirds of the women (n = 7617) were excluded because of an unknown treatment protocol or because they did not meet the inclusion

criteria. Ki-67 results were missing if tissue was unavailable or if the tumor core was unsatisfactory after processing, staining, and imaging.
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5500 tumor tissue cores available for IHC staining. Patients’

samples were not included in the TMAs if their tumor tissues

could not be analyzed because of inadequate material

(n=226) (Figure 1).

Immunohistochemistry for Ki-67
We assessed Ki-67 expression in all 35 TMAs using IHC.

Methods for tissue processing, antigen retrieval, antibody

dilution and signal detection have been described,28,29 and

are outlined in the Supplementary Material. Laboratory

personnel were blinded to all clinical information, includ-

ing ER/Tam status and case/control status.

Automated Digital Image Assessment of

Ki-67 Scores
Ki-67 expression was evaluated using the fully automated

VIS DIA VisioMorph system (Visiopharm®, Hoersholm,

Denmark), using similar image processing principles as

described previously.16 In brief, all TMA-slides were

scanned at 40x magnification using a Leica SCN400 slide

scanner (Leica Biosystems, Wetzlar, Germany) and

imported into the image analysis software program

Visiopharm®, and a digital image was recorded of each

core. We employed a customized analysis protocol package

(APP) for Ki-67 quantification based on the same principles

as before, with minor modifications and adjustments.

Detection was based on both size and morphology of the

nuclei; the tumor region of interest (ROI) was defined by

outlining an ROI mask of tumor cells (Figure 2). Inside this

mask of tumor cells, blue (negative) and brown (Ki-67-

positive) nuclei were segmented using a Bayesian classifier.

Pixels that contributed to Ki-67 positively stained nuclei

were identified based on their brown DAB (3,3ʹ-

diaminobenzidine) color deconvolution, whereas pixels of

the negative class were identified by their blue HE stain. All

cores were examined after the ROI had been defined, to be

either accepted or edited (by manually removing any DCIS,

TILs, artefacts, misclassifications, or empty cores and

excluding unsuitable cores). All pixels of an image were

then assigned a label for being either tumor cells expressing

the Ki-67 (label 001/green), or negative tumor/normal cells

(label 002/blue). Stromal cells were classified as back-

ground (label 003/red), and disregarded in the quantification

(Table S1). Labelling of image pixels and subsequent clas-

sification of cells are shown in Table S1.

The Ki-67 score was then calculated automatically by

the customized APP (Ki-67 score= [(area of Ki-67-

positive tumor cells)/(area positive + negative tumor

cells) x 100]), using the areas of classified negative cells

(i.e. blue nuclei) and classified positive cells (i.e. brown

nuclei) (Figure 3). Again, any erroneously segmented

areas were corrected manually. For some of the cores,

the material was missing (n~350), tumor tissue was absent

or less than 100 tumor cells were present (n~260), the Ki-

67-staining was either too weak (n~45) or too excessive

(n~60), or poor quality imaging or resolution (n~25), or

displayed a combination of reasons; these were all

excluded and the cores marked as missing. In total,

n=149 patients had insufficient or invalid tissue material

on the tissue microarrays (TMAs) to be appropriately

Figure 2 Tumor region of interest (ROI).

Notes: ROI (outlined in green) was defined semi-automatically in Visiopharm®, based on both size and morphology of the cells. Stroma and TILs were disregarded by the

customized APP.

Abbreviations: APP, analysis protocol package; TILs, tumor-infiltrating lymphocytes.
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scored, and were therefore excluded (examples of the

exclusion criteria are shown in Figure S1). Finally, all

cores were re-examined by two observers, adjusting the

ROI or the labelling when appropriate, as well as exclud-

ing unsuitable cores. We set 15% as the limit of acceptance

of intra-patient variability in the Ki-67 score (between the

different cores from the same patient). In those cases in

which this was exceeded, the cores were re-examined and

accepted, edited further or discarded. For the great major-

ity of the cores, the manual adjustments performed had

little impact on the Ki-67 score. Larger discrepancies

between the automated APP-generated and the edited Ki-

67 scores were double-checked. During the DIA-scoring,

observers were blind to all clinical information, including

ER/Tam, and case/control status.

Ki-67 Score
Out of 1456 individual patients with samples distributed in

the 35 TMAs, 149 patients (~10%) were excluded during

the DIA process (Figure 1), leaving a total of 1307 patient

samples with one or more cores. More specifically, all

three cores remained for 830 of the patients, two cores

remained for 302 patients, and one core remained for 174

patients. Table S2 summarizes the TMA-DIA set-up. The

proportion of tumor cells with a positive Ki-67 staining

was noted as a continuous metric from 0% - 100%. For

each patient between one and three cores were available,

the final index being calculated as mean of the scores for

the individual cores. The hotspot core was defined as the

single core for each patient with the highest Ki-67 score.

DIA-Ki-67 scores ranged from 0% - 92%. We created

a dichotomous variable of Ki-67 expression in the primary

breast tumors. A Ki-67 score above, or equal to, the study

sample’s median Ki-67 score (6.2%) was considered posi-

tive and a score below the study sample’s median Ki-67

score was considered to indicate no Ki-67 expression. In

line with previous recommendations,23 we initially exam-

ined the distributions of Ki-67 with a 30% cut-off. This

was, however, abandoned due to low numbers of patients

above 30%.

Statistical Analyses
All statistical analyses were conducted using SAS 9.4 (SAS

Institute, Cary, NC), and within strata of the two patient

groups (ER+/Tam+ and ER−/Tam−). Cases and controls

were characterized using descriptive statistics. Distribution

of patient clinicopathological factors was also characterized

according to median Ki-67 score. The data on Ki-67 were not

normally distributed and were therefore evaluated as

a categorical variable. To estimate the matched odds ratios

Figure 3 Representation of DIA scoring of Ki-67.

Notes: (A) before, and (B) after, the customized algorithm was run in the Visiopharm® program. Ki-67-positive tumor cells were identified and scored in relation to the

negative tumor cells: Ki-67 positively stained nuclei were identified based on their brown DAB staining, whereas negative cells were identified based on their blue H&E stain.

Ki-67 score= [(area of Ki-67-positive tumor cells)/(area positive + negative tumor cells) x 100]. DIA score in this particular core was calculated by the customized algorithm

to be 61%.

Abbreviation: DIA, digital image analysis.
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(ORs) between Ki-67 score and breast cancer recurrence, we

applied logistic regression models adjusting for the matching

factors. We adjusted for potential confounding variables

using unconditional logistic regression models, including

the matching factors, chemotherapy, type of surgery, receipt

of radiation therapy, age category and comorbidity. We per-

formed several sensitivity analyses: We reran the regression

models also adjusting for grade. We stratified the analyses by

time to recurrence, and by the receipt of chemotherapy. We

also performed analyses using the median Ki-67 score in

ER+/T+ patients, and the median Ki-67 score in ER−/Tam−

patients.

Results
Descriptive and clinical characteristics of the study popu-

lation differed little between the cases and their controls

(Table 1). These characteristics were evenly distributed

across Ki-67 score according to below (Table S3) or

above (Table S4) the median Ki-67 score. DIA-Ki-67

scores were equally distributed across strata, both for the

dichotomous value and the hotspot median. DIA-Ki-67

score was missing for 213 patients in the ER+/Tam+

group and for 118 patients in the ER−/Tam−. In the ER+/

Tam+ group, the majority (~80%) of patients had

a histological grade of either I or II. Conversely, for the

ER−/Tam− group, the majority (~80%) had a histological

grade of II or III. At the time of diagnosis, most patients

had tumor stage II (46% ER+ and 51% ER−) or III (52%

ER+ and 41% ER−). More women were older than 55

years in the ER+/Tam+ group compared with the ER−

group, and accordingly, more women were postmenopau-

sal in the ER+/Tam+ group, compared with the ER−/Tam−

group (94% vs 60%). For quite a high number of patients,

information was missing on grade, especially for the con-

trols (around 25%). These patterns are consistent with the

selection of patients into tamoxifen treatment according to

Danish guidelines in place at the time of the diagnoses.

For each ER/Tam group, estimates of the association

between breast cancer recurrence and DIA-Ki-67 score are

displayed in Table 2. DIA-Ki-67 score was not associated

with increased risk of breast cancer recurrence, neither in

the ER+/Tam+ (ORadj =0.72, 95% CI 0.54, 0.96), nor the

ER−/Tam− groups (ORadj =0.85, 95% CI 0.54, 1.34). This

was evident, both when assessing all available cores in

each of the individual patients, or just the hotspot core

(Table 2), using median DIA-Ki-67 score (6.2%) as a cut-

off. We also examined the distributions of the mean and

hotspot DIA-Ki-67 scores across ER/Tam strata with

a 30% cut-off, but this cut-off was abandoned due to

very few patients ≥30% (Table S5), and since the median

expression of Ki-67 was close to the mean and hotspot

values (Table S6). Furthermore, analyses using the median

Ki-67 expression for each ER-stratum did not change the

overall estimates, although for the ER− group with fewer

patients, the adjusted ORs were higher but still with wide

95% intervals (Table S7). The sensitivity analyses addi-

tionally adjusting for grade did not materially change the

effect estimates (ORadj2 = 0.74, 95% CI 0.52, 1.04)

(Table S8); nor did the analysis stratifying by time to

recurrence (Table S9), or by receipt of chemotherapy,

although the ER− patients with chemo did have higher

ORs (Tables S10 and S11).

Discussion
Our findings suggest that a high Ki-67-score is not asso-

ciated with a greater risk of breast cancer recurrence,

either in tamoxifen-treated patients, or in patients with

ER− negative tumors. In fact, somewhat puzzling, our

findings point to the opposite association, adding further

complexity to the existing discussion concerning the asso-

ciation of Ki-67 proliferation score with recurrence in

tamoxifen-treated breast cancer patients.30

Our study has several strengths including the large num-

ber of patients (n=1307), each with up to three representative

tumor cores on the TMAs and the use of high-quality IHC

assays. We had complete follow-up data from the DBCG

clinical database, comprehensive data on patient, tumor and

treatment characteristics.25,31 Additional strengths include

the application of a technically advanced digital scoring

system, for precisely assessing proliferation scores, specifi-

cally in tumor cells in the tissue cores.

Our study has some limitations. Although all patients

were assigned tamoxifen for 1, 2 or 5 years, most patients

who were assigned tamoxifen for only 1 or 2 years at

diagnosis, took tamoxifen for a longer duration because

of the emerging evidence of a survival benefit.24 In accor-

dance with the guidelines at the time, the threshold for ER

positivity was ≥10% positively stained cells, whereas

nowadays, with more sensitive detection methods, a 1%

threshold is used. In addition, the TMAs of the Jutland

Breast Cancer Biobank were not constructed specifically

for assessing Ki-67; therefore, although the region of

sampling was within the tumor area, and up to three

large cores (diameter 1 mm) were taken from each

tumor, the cores were not selected from the invasive

tumor front only. Ki-67 staining can be heterogeneous in
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Table 1 Patient and Clinical Characteristics for Cases and Controls of the Jutland Breast Cancer Recurrence Biobank

Patient Characteristics ER+/Tam+

No. (%)

ER−/Tam−

No. (%)

Recurrent Cases

n=541

Controls

n=541

Recurrent Cases

n=300

Controls

n=300

DIA Ki-67 score

< Median 245 (57) 276 (63) 76 (31) 79 (33)

Median or above 188 (43) 160 (37) 170 (69) 157 (67)

Missing 108 105 54 64

Hotspot

< Median 243 (56) 272 (62) 80 (33) 80 (34)

Median or above 190 (44) 164 (38) 166 (67) 156 (66)

Missing 108 105 54 64

Year of diagnosis

1985–1993 235 (43) 234 (43) 107 (36) 100 (33)

1994–1996 113 (21) 112 (21) 81 (27) 83 (28)

1997–2001 193 (36) 195 (36) 112 (37) 117 (39)

Age at diagnosis

35–44 16 (3.0) 13 (2.4) 68 (23) 58 (19)

45–54 116 (21) 111 (21) 120 (40) 113 (38)

55–64 286 (53) 281 (52) 82 (27) 86 (29)

65–69 123 (23) 136 (25) 30 (10) 43 (14)

Menopausal status

Premenopausal 34 (6.3) 34 (6.3) 121 (40) 121 (40)

Postmenopausal 507 (94) 507 (94) 179 (60) 179 (60)

UICC tumour stage

I 9 (1.7) 9 (1.7) 25 (8.3) 25 (8.3)

II 250 (46) 250 (46) 153 (51) 153 (51)

III 282 (52) 282 (52) 122 (41) 122 (41)

Histological grade

I 108 (25) 144 (35) 27 (11) 23 (10)

II 234 (54) 215 (52) 125 (49) 98 (43)

III 92 (21) 57 (14) 103 (40) 106 (47)

Missing 107 125 45 73

Surgery type

Breast-conserving 58 (11) 71 (13) 47 (16) 56 (19)

Mastectomy 483 (89) 470 (87) 252 (84) 244 (81)

Missing 0 0 1 0

Systemic adjuvant chemotherapy

Yes 70 (13) 65 (12) 248 (83) 188 (63)

No 471 (87) 476 (88) 52 (17) 112 (37)

Radiation therapy

Yes 183 (34) 191 (35) 128 (47) 123 (47)

No 358 (66) 350 (65) 166 (56) 137 (53)

Missing 0 0 6 40

Tamoxifen protocol, years

1 257 (48) 261 (48) - -

2 98 (18) 92 (17) - -

5 186 (34) 188 (35) - -

Abbreviations: ER, oestrogen receptor; Tam, tamoxifen; UICC, Union for International Cancer Control.
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breast cancers, and correct sampling is therefore impor-

tant. The periphery of the tumor is most often the area with

the highest percentage of Ki-67-positive cells i.e. the so-

called hotspot areas.16,32 As a consequence, our analysis

might misclassify Ki-67 scores compared with scores

obtained from the invasive front of the tumor alone, as is

the currently recommended protocol for performing Ki-67

assays in breast cancer.23 The International Ki67 in Breast

Cancer Working Group recommends Ki-67 scoring should

be counted in at least 500 tumor cells, a higher number

than the cell-limit of 100 we have applied herein.33 In

addition, our reported median Ki-67 of 6.5% is low com-

pared to other studies.34 However, in a previous report by

co-authors, the reported DIA-Ki-67 threshold was 6.5%,

this being the most robust and strongest prognosticator;

which is in concordance with the present study.16 Follow-

up started 1 year after the time of diagnosis, therefore any

recurrences within the first year are not recorded. Early

recurrences are often associated with highly proliferating

tumors,35 which would bias towards the null. The DBCG

follow-up program continues up to 10 years after diagno-

sis. Consequently, recurrences that occur later are not

recorded in this study. We did not have access to tumor

biopsies of recurrences, and were therefore unable to eval-

uate any change in Ki-67 levels over time.

Previous studies on the association of Ki-67 score and

response to tamoxifen therapy are conflicting.36 Yerushalmi

and colleagues examined the prognostic and predictive

potential of Ki-67 scores in breast cancer in a review of 22

studies. They concluded that, based on the existing literature,

no robust evidence could be found recommending Ki-67 as

a tool to identify patients who would benefit from a specific

endocrine treatment.36 The Breast International Group

(BIG)-1 98 trials showed that the aromatase inhibitor letro-

zole resulted in greater treatment benefit compared with

tamoxifen treatment for patients with a high Ki-67 labelling

index.37 However, in a small study of 70 post-menopausal

tamoxifen-treated breast cancer patients, high (cut-off 30%)

Ki-67 was associated with tamoxifen resistance and poor

prognosis, in terms of recurrence and survival.38

Furthermore, Ki-67 score was higher among patients who

developed early relapse (within the first 24 months) after

starting tamoxifen, yet there was no difference in relapse

risk for those with tumors expressing high versus low Ki-

67.38 In a more recent study, Beelen et al tested the expres-

sion of Ki-67 score in a cohort of 563 post-menopausal

women with ER+ breast cancers, and found that patients

with high Ki-67 counts did benefit from adjuvant

tamoxifen.39 However, in their study, high Ki-67 was defined

as ≥5% expression. Moreover, tamoxifen efficacy was

reduced in patients whose tumors had a high mitotic count,

but in patients with low mitotic count, tamoxifen was of

benefit. At the same time, they observed that patients with

tumors with a high mitotic count could still have low tumor

Ki-67 scores, and that mitotic count outperformed Ki-67 with

regard to prediction of the benefit of endocrine treatment.39

Of note, both these studies included postmenopausal patients.

Our study population consisted of mostly postmenopausal,

but also some premenopausal patients. Others have examined

the potential effect of pre-surgical short-term endocrine treat-

ment on Ki-67 score. Dowsett et al studied 158 patients with

HR+ primary disease, and correlated the change in Ki-67

score in tumor biopsies taken before and 2 weeks after,

treatment with anastrozole and/or tamoxifen. They reported

that only the change in Ki-67 level was associated with

treatment benefit, whereas the absolute level of Ki-67

Table 2 Associations Between Ki-67 Expression and Breast Cancer Recurrence Within ER/Tam Groups

Ki-67

Expression

ER+/Tam+ ER−/Tam−

Cases/

Controls (n)

Matched OR

(95% CI)

Adjusted ORa

(95% CI)

Cases/

Controls

Matched OR

(95% CI)

Adjusted ORa

(95% CI)

All cores

<median 245/276 1 1 76/79 1 1

≥median 188/160 0.74 (0.56,0.98) 0.72 (0.54,0.96) 170/157 0.87 (0.59,1.30) 0.85 (0.54,1.34)

Hotspot

<median 243/272 1 1 80/80

≥median 190/164 0.75 (0.57,1.00) 0.73 (0.55,0.98) 166/156 0.92 (0.62,1.3) 0.86 (0.55,1.35)

Notes: aAdjusted for year of diagnosis, menopausal status, county of residence, UICC stage, chemotherapy, type of surgery, age category, receipt of radiotherapy and

comorbidity.

Abbreviations: OR, odds ratio; CI, confidence interval.
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expression at baseline was not significantly associated with

recurrence-free survival.19 Similarly, Cohen et al found

a 40%mean decrease inKi-67 scores after only 7 days of pre-

surgical treatment and suggested using change in the Ki-67

index in future endocrine treatment trials.40

Taken together, these studies demonstrate the complex-

ity that exists when trying to assess tumor cell prolifera-

tion and its potential effects on tamoxifen treatment. The

prognostic information associated with the Ki-67 analysis

may be limited to very high or very low index scores.21

There is no consensus regarding the definition of high/low

Ki-67 proliferation indices. For instance, the reported opti-

mal cut-off value of Ki-67 to separate Luminal A and

Luminal B breast cancers, or low-risk from high-risk

patients, varies substantially across studies (i.e. from

10% to 30%).17,38,41,42

Muftah and co-workers analyzed Ki-67 scores in breast

cancer, comparing whole tissue sections with TMAs con-

structed with a single 0.6 mm diameter core from each

patient sample. They conclude that Ki-67 expression in

breast cancer can be evaluated in TMAs, as long as the

allowance is made for the substantial heterogeneity of Ki-

67 expression.42 In comparison with Muftah and co-

workers’ study, and other published studies, our TMAs

were constructed using up to three tumor cores, each

1mm in diameter, thus including in the TMAs consider-

ably larger areas of tumor tissue for assessment. This was

done in order to improve the representativeness of the

TMAs, and we believe it enhanced the precision of our

study. The amount of tumor tissue included in our TMAs

was considerably greater than that recommended as

a minimum by Khoury et al, who conclude that either

three 0.6-mm cores or a single 1.0-mm core was adequate

to be representative of whole tissue sections.43

We hypothesized that DIA of Ki-67 score could be

used to efficiently evaluate proliferation in breast cancer

tumors, and that high DIA-Ki-67 scores might be asso-

ciated with response to tamoxifen. As we have shown, the

DIA set-up and the automated DIA-Ki-67 scoring were

successful. However, it is important to emphasize that in

practice, pre-analytical variables (e.g. fixation, cutting,

staining issues, region of sampling, scanning, inclusion/

exclusion criteria) can have substantial effects on the out-

come of automated scoring.44

In our study, we also examined the Ki-67-score in ER−

tumors, and did not observe any substantial differences in

this when comparing recurrent cases and controls. Our

results are in line with the variability seen in other

studies,45 and underline the complexity and well-known

challenges of using the Ki-67 index as a biomarker in clinical

decision-making.46,47

Conclusion
In summary, we found that the Ki-67 index (as measured

digitally by image analysis in TMAs) was not associated

with increased risk of recurrence among tamoxifen-treated

ER+ breast cancer or ER− breast cancer patients. Overall,

our findings do not support an increased risk of recurrence

associated with Ki-67 expression. Future work should aim

to standardize and define a clinically relevant Ki-67

threshold before it is used for clinical decision-making in

tamoxifen-treated breast cancer patients.

Abbreviations
APP, analysis protocol package, DIA, digital image analysis;

ER+, estrogen receptor positive; ER−, estrogen receptor nega-

tive; IHC, immunohistochemistry; ROI, region of interest;

Tam, tamoxifen; TMA, tissue microarray.
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