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ABSTRACT

Objectives:  Ki-67 has been proposed to be used as 
a surrogate marker to differentiate luminal breast 
carcinomas (BCs). The purpose of this study was to 
determine the utility of and best approaches for using 
tissue microarrays (TMAs) and Ki-67 staining to 
distinguish luminal subtypes in large epidemiology studies 
of luminal/human epidermal growth factor receptor 2 
(HER2)–negative BC.

Methods:  Full-section and TMA (three 0.6-mm cores 
and two 1.0-mm cores) slides of 109 cases were stained 
with Ki-67 antibody. We assessed two ways of collapsing 
TMA cores: a weighted approach and mitotically active 
approach.

Results:  For cases with at least a single 0.6-mm TMA core 
(n = 107), 16% were misclassified using a mitotically active 
approach and 11% using a weighted approach. For cases 
with at least a single 1.0-mm TMA core (n = 101), 5% 
were misclassified using either approach. For the 0.6-mm 
core group, there were 33.3% discordant cases. The number 
of discordant cases increased from 18% in the group of two 
cores to 40% in the group of three cores (P = .039).

Conclusions:  Ki-67 tumor heterogeneity was common 
in luminal/HER2– BC. Using a weighted approach was 
better than using a mitotically active approach for core to 
case collapsing. At least a single 1.0-mm core or three 0.6-
mm cores are required when designing a study using TMA.

Breast cancer (BC) is a heterogeneous disease that can 
be divided into four classes: luminal A–like, luminal B–
like, human epidermal growth factor receptor 2 (HER2) 
enriched, and basal-like.1,2 Immunohistochemistry sur-
rogate markers have been introduced to aid in separat-
ing these molecular subtypes. Ki-67, a nuclear marker 
expressed in all phases of the cell cycle other than the G0 
phase,3 has been proposed to separate luminal A  from 
luminal B. Urruticoechea et al4 have found that in 17 of 
the 18 studies that included more than 200 patients, there 
was a statistically significant association between Ki-67 
and tumor outcome. However, the cutoffs to distinguish 
“Ki-67 high” from “Ki-67 low” varied from 1% to 28.6%, 
limiting its clinical utility.5
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Multiple factors are attributed to this wide range 
of cutoffs, including preanalytical issues such as type 
of biospecimen used (core biopsy specimen vs tissue 
microarrays [TMA] vs full section [FS]), fixation time, 
cold ischemia time, how the specimen was stored long 
term, conditions and duration of long-term sectioned 
slide storage, overnight delay before fixation, freezing the 
specimen for frozen-section analysis before fixation, use 
of ethanol or Bouin solution rather than neutral buffered 
formalin fixation, use of EDTA or acid decalcification 
protocols, and the choice of Ki-67 antibody and staining 
protocol.6-10 There are analytical issues, including intraob-
server and interobserver reproducibility, number of cells 
counted, tumor heterogeneity, and minimal threshold of 
staining to be considered positive.5 Moreover, counting 
nontumor cells such as tumor infiltrating lymphocytes 
(TILs) may contribute to this variability.11,12 Another pos-
sible confounding factor is counting noninvasive tumor 
such as ductal carcinoma in situ (DCIS).

To conduct large studies such as large phase III clin-
ical trials or epidemiologic studies, arranging patient 
tissues into TMAs is the best way to handle high-through-
put analyses. However, it is unclear if  TMA cores reli-
ably represent the FS. Moreover, the literature is sparse 
in terms of how to design a study in which TMAs can 
be used instead of FS. Thus, we conducted this method-
ologic study, with a particular goal to provide informa-
tion for the basis of immunohistochemistry (IHC) and 
scoring in the context of the African American Breast 
Cancer Epidemiology and Risk (AMBER) consortium, a 
large multicenter study of risk factors for BC subtypes in 
African American women.

The goals of  this study were (1) to evaluate the rate 
of  discordance between FS and TMA based on the 
TMA core size and the number of  cores, (2) to investi-
gate the best way of  collapsing cores to reflect the FS 
by evaluating two different collapsing methods, (3) to 
examine tumor heterogeneity using different cutoffs, and 
(4) to evaluate the effect of  TILs and DCIS on tumor 
classification.

Materials and Methods

Case Selection

The BC patient database at Roswell Park Cancer 
Institute was searched for cases that were estrogen recep-
tor (ER) positive and/or progesterone receptor (PR) posi-
tive and HER2 BC negative between 2006 and 2013. ER/
PR staining was considered positive when the Allred score 

was more than 2. The Allred score is a semiquantitative 
scoring system incorporating the staining intensity and 
the percentage of positive cells.13 HER2 scoring was con-
ducted using the American Society of Clinical Oncology/
College of American Pathologists 2007 guidelines, as 
these cases were selected between 2007 and 2013 when the 
recent guidelines had not been published yet. HER2 was 
considered negative by IHC when the score was 0 or 1+ 
or by fluorescence in situ hybridization when the HER2/
Cep17 ratio was less than 1.8.14 The cases were selected 
on the basis of having enough tissue to provide five cores 
for the TMA blocks: three 0.6-mm cores and two 1.0-mm 
cores. Therefore, we reviewed only tumors larger than 20 
mm. The number and size of the TMA cores were chosen
to reflect the AMBER consortium study, which includes
two TMA core sizes: 0.6 mm and 1.0 mm. The area size
is 0.85 mm2 for three 0.6-mm cores and 0.78 mm2 for a
single 1.0-mm core. The slides of the candidate cases (n =
109) were annotated. TILs were scored by one pathologist
(T.K.) following the international working group recom-
mendations from 0% to 100%.15

TMA Construction and Slide Sectioning

First, four FS from the blocks were cut and stored in 
a –80°C chamber before punching the blocks for TMA 
construction. Then, TMAs blocks were constructed using 
the Beecher tissue puncher and array system (Beecher 
Instruments, Silver Spring, MD). The core sites were ran-
domly chosen in the tumor regions to avoid bias. FS slides 
were cut at the time when Ki-67 staining was validated 
and the TMA technician was ready to perform the TMA 
blocks construction.

Ki-67 Staining

Ki-67 (M7240, clone MIB1) antibody was purchased 
from DAKO (Carpinteria, CA). IHC was performed at the 
University of North Carolina, Translational Pathology 
Laboratory using the Bond fully automated slide staining 
system (Leica Microsystems, Norwell, MA). All staining 
was optimized under pathologist supervision (T.K.), and 
final conditions were independently reviewed by an addi-
tional pathologist (J.G.).

TMA and FS slides were deparaffinized in Bond 
Dewax solution (AR9222; Leica Microsystems) and 
hydrated in Bond Wash solution (AR9590; Leica 
Microsystems). Antigen retrieval was performed at 
100°C for 30 minutes in Bond epitope retrieval solution 
1 at pH 6.0 (AR9961; Leica Microsystems). Primary 
antibody against Ki-67 (1:200) was applied for 15 min-
utes. Antibody detection of  Ki-67 was performed using 



the Bond Polymer Refine Detection System (DS9800; 
Leica Microsystems). A control TMA containing neg-
ative and positive (range of  intensities) breast tissue 
samples was constructed and used as a staining con-
trol. Negative controls (no primary antibody) were also 
included.

Stained slides were digitally imaged at ×20 using the 
Aperio ScanScope XT (Aperio Technologies, Vista, CA). 
Digital images were stored in the Aperio Spectrum eSlide 
Database.

Slide Annotation and Scoring

Regions of interest on images of whole tissue sec-
tions were manually annotated using ImageScope (Aperio 
Technologies). Image analysis (Aperio XT; Aperio 
Technologies) was performed. Three annotation layers 
(FS, DCIS, and lymphocytic aggregate) were created by 
the breast pathologist (T.K.). FS is defined as annota-
tion around the tumor, including all components, inva-
sive tumor cells, DCIS, TILs, and stromal cells. The final 
Ki-67 score in the FS is defined as the mean score among 
all of these constituents, not a specific area (eg, hot spot). 
DCIS is defined as tumor confined to the basement mem-
brane. Lymphocytic aggregate is defined as grouped lym-
phocytes separated from the tumor cells. TILs that were 
intermingled with the tumor were not annotated. All cells 
in annotated regions were analyzed separately using the 
Aperio Nuclear V9 algorithm (Aperio Technologies) with 
minor adjustments for cell shape and stain optical den-
sities. Tissue cores in images from TMA slides were seg-
mented using TMA lab (Aperio Technologies) and were 
analyzed with the same algorithm that was used for whole 
tissue sections.

First, the quality of the cores was assessed by one 
of the pathologists (T.K.). Cores were excluded from the 
analysis due to folded or substantial absence of the tissue 
(>75% of the core). In addition, to exclude these compo-
nents as the reason for discordance between FS and TMA 
cores, cores with pure DCIS (n = 5 cores) or heavy TILs 
(n = 4 cores) were excluded from the analysis. Heavy TILs 
are defined as a TIL percentage of more than 20%. The 
total number of evaluable cores was 89 for 0.6-mm core 1, 
87 for 0.6-mm core 2, 95 for 0.6-mm core 3, 91 for 1.0-mm 
core 1, and 87 for 1.0-mm core 2.

A tumor cell was considered positive by automated 
image analysis when there was staining at any intensity 
above the positivity threshold recognized by the Aperio 
algorithm (marked yellow, orange, or red, with the latter 
being the most intense staining). We first used a range 
of cutoffs from 5% to 20% to evaluate accuracy and rate 
of discordance with each cutoff  sequentially. Then, 
we 

used more commonly employed cutoffs (10% and 14%) 
for more detailed analyses. A 14% cutoff was suggested 
to separate the tumors into luminal A  and luminal B.16 
However, we acknowledge the fact that this cutoff  has 
not been validated. To maximize our ability to address 
potential issues that could arise in the AMBER consor-
tium data or other large studies that use TMA techniques, 
we did the following comparisons in duplicate (using a 
14% cutoff and a 10% cutoff) using 2 × 2 tables: (1) FS 
vs two annotated layers (DCIS and aggregated lympho-
cytes), (2) FS vs every single core (three 0.6-mm cores 
and two 1.0-mm cores), and (3) evaluate Ki-67 expression 
heterogeneity.

When there were at least two cores to collapse, we 
tested two core-to-case collapsing methods to define 
Ki-67 status for each case, the weighted approach 
and the mitotically active approach, as previously 
described.17 The first assigned case-level status using 
a tumor cellularity–weighted approach. The weighted 
average of  percent positivity was calculated by sum-
ming the product of  percent positivity and core weight 
across all cores per case. Core weight was defined as the 
number of  nuclei in a given core divided by the total 
number of  tumor nuclei across all cores for that case. 
Two thresholds (≥14% and ≥10%) were subsequently 
and separately applied to define a dichotomous status. 
The second core-to-case collapsing method classified 
the case as mitotically active if  any core had Ki-67 
expression greater than or equal to the cutoff  (14% and 
10% in two separate analyses). For example, if  there are 
two cores from a single case with Ki-67, and the  score 
in core 1 was 100 positive cells/1,000 total cells (10%) 
and in core 2 was 20 positive cells/100 total cells (20%), 
there will be two scores using the weighted approach 
and the mitotically active approach. In the weighted 
approach, the final score equals the average of  these 
two scores, taking into consideration the weight of  each 
core. Therefore, the final score equals 100 + 20 positive 
cells/1,000 + 100 total cells = 10.9%. In the mitotically 
active approach, the final score is the highest among 
the cores regardless of  the number of  cells represented 
in each. In this example, the final score is 20%.

Statistical Analysis

Agreement between scores was measured with 
Cohen’s κ. Nonparametric associations were measured 
with Spearman’s rank correlation coefficient. Rank-sum 
tests were used to compare median tumor cellularity 
between cases with all cores concordant vs cases with at 
least one discordant core, and χ2 tests were used to com-
pare rates of biomarker discordance among cases with 

two and three TMA cores. All analyses were performed 
using SAS 9.4 statistical software (SAS Institute, Cary, 
NC). A P value of less than .05 was considered statisti-
cally significant, and all statistical tests were two-sided.

Results

TILs and Their Correlation With Ki-67 Score

There were only five cases with TILs more than 20%. 
Most cases (n = 100, 92%) had TILs of 10% or less. There 
was no correlation between the degree of TILs and Ki-67 
expression (data not shown).

Automated Analysis of FS and Annotated Layers

The median (range) of  Ki-67 score was 8.2% (0.56%-
28.3%) for FS, 6.0% (0.21%-32.9%) for DCIS, and 4%
(0%-9.9%) for aggregated lymphocytes. We compared FS
with the annotated layers. The findings were similar using
either cutoff (14% or 10%). DCIS had a higher Ki-67 score
than the FS in three (5.5%) of  55 cases (Supplemental
Figure 1; all supplemental materials can be found
at American Journal of Clinical Pathology online) and
a lower score in six (10.9%) (Supplemental Figure 2).
Aggregated lymphocytes had a higher Ki-67 score in zero
of 74 cases and a lower score in 14 (18.9%). If DCIS were
scored instead of invasive carcinoma, nine (8.2%) cases
would have had different results from the FS. When DCIS
and aggregated lymphocytes layers were subtracted from
the FS, the outcome was not affected using either cutoff.

Comparisons for FS vs TMA Cores

FS vs Single TMA Cores
Using a 14% cutoff. For 0.6-mm cores, the number 

of cores with discordant scores was 14 (16%) for core 1, 
11 (13%) for core 2, and 18 (19%) for core 3. For 1.0-mm 
cores, the number of cores with discordant scores was 
seven (8%) for each core. While 0.6-mm cores had better 
sensitivity, 1.0-mm cores had better specificity. However, 
core 3 had a very low sensitivity of 24% that is due to the 
small number of cases that had Ki-67 of 14% or more. 
The overall accuracy for 1.0-mm cores was better than 
that for 0.6-mm cores (92% vs 81% to 87%) ❚Table 1❚ and 
❚Figure 1❚.

Using a 10% cutoff. For 0.6-mm cores, the number 
of cores with discordant scores was 23 (26%) for core 1, 
21 (24%) for core 2, and 27 (28%) for core 3. For 1.0-mm 
cores, the number of cores with discordant scores was 18 
(19%) for core 1 and 21 (24%) for core 2 (Table 1 and 
Figure 1).
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Overall, after excluding core 3, the sensitivity was 
better for 0.6-mm cores and specificity was better for 
1.0-mm cores. The overall accuracy was slightly better 
for 1.0-mm cores vs 0.6-mm cores (80% and 76% vs 76% 
vs 74%).

When using a range of cutoffs from 5% to 20%, there 
was an overall trend of better accuracy and less discor-
dance toward higher cutoffs regardless of the core size. 
However, the variability was more pronounced in 0.6-mm 
cores (Supplemental Figure 3).

Core-to-Case Collapsing Analyses

Three 0.6-mm cores from each case were assembled 
in three TMA blocks. However, the number of cases that 
had three evaluable cores was 68 (63%), two evaluable 
cores was 28 (26%), and a single evaluable core was 11 
(10%). Two 1.0-mm cores from each case were assembled 
in two TMA blocks. However, the number of cases that 
had a single evaluable core was 24 (22%), and two evalu-
able cores was 77 (71%). The number of cases that did not 
have any evaluable core was one (1%) for 0.6-mm cores 
and seven (6%) for 1.0-mm cores.

In this analysis, we included all cases that had at least 
a single 0.6-mm evaluable core. We used two approaches 
to collapse cores, the mitotically active approach and the 
weighted approach ❚Table 2❚ and ❚Figure 2❚.

1	 0.6-mm cores using a 14% cutoff: The number of 
cases with discordant scores was 16 (15%) using the 
mitotically active approach and 11 (11%) using the 
weighted approach with accuracies of 85% and 90%, 
respectively.

2. 0.6-mm cores using a 10% cutoff: The number of
cases with discordant scores was 28 (26%) using the
mitotically active approach and 20 (18%) using the
weighted approach with accuracies of 74% and 81%,
respectively.

3. 1.0-mm cores using a 14% cutoff: A similar approach
was conducted for 1.0-mm cores. The number of cases
with discordant scores was five (5%) using either
approach, with an accuracy of 95% for each.

4. 1.0-mm cores using a 10% cutoff: The number of
cases with discordant scores was 22 (22%) using the
mitotically active approach and 19 (18%) using the
weighted approach with accuracies of 78% and 81%,
respectively.

When using a range of cutoffs from 5% to 20%, 
there was a trend of better accuracy and less discordance 
toward higher cutoffs in 1.0-mm cores when the weighted 
approach was used. This trend was less obvious in the 



example, if  a 0.6-mm core had a score of 11% and the sec-
ond core had a score of 20%, the case was considered het-
erogeneous using a 14% cutoff and homogeneous using a 
10% cutoff ❚Table 3❚.

1. Using a 14% cutoff: In the 0.6-mm core group that had
at least two cores per case, there were 32 (33%) of 96 dis-
cordant cases. The number of discordant cases increased 
from five (18%) of 28 in the group of two cores to 27
(40%) of 68 in the group of three cores (P = .039). This

❚Table 1❚
Comparisons Between Full Section and Single TMA Cores Using 14% and 10% Cutoffs

TMA cores

Full Section

<14%, No. (%) ≥14%, No. (%) Total, No. (%) Sensitivity, % Specificity, % Accuracy, % κ (95% CI)

0.6 mm
Core 1

    <14% 59 (66) 4 (5) 63 (71) 80 86 84 0.59 (0.40-0.78)
    ≥14% 10 (11) 16 (18) 26 (29)

   Total 69 (77) 20 (23) 89 (100)
Core 2

    <14% 62 (71) 6 (7) 68 (78) 70 93 87 0.64 (0.44-0.83)
    ≥14% 5 (6) 14 (16) 19 (22)

   Total 67 (77) 20 (23) 87 (100)
Core 3

    <14% 72 (76) 16 (17) 88 (93) 24 97 81 0.28 (0.05-0.50)
    ≥14% 2 (2) 5 (5) 7 (7)

   Total 74 (78) 21 (22) 95 (100)
1.0 mm

Core 1
    <14% 71 (78) 6 (7) 77 (85) 68 99 92 0.74 (0.56-0.92)
    ≥14% 1 (1) 13 (14) 14 (15)

   Total 72 (79) 19 (21) 91 (100)
Core 2

    <14% 68 (78) 6 (7) 74 (85) 67 99 92 0.73 (0.54-0.92)
    ≥14% 1 (1) 12 (14) 13 (15)

   Total 69 (79) 18 (21) 87 (100)
0.6 mm

Core 1
    <10% 39 (44) 8 (9) 47 (53) 77 72 74 0.48 (0.30-0.66)
    ≥10% 15 (17) 27 (30) 42 (47)

   Total 54 (61) 35 (39) 89 (100)
Core 2

    <10% 41 (47) 10 (11) 51 (59) 71 79 76 0.50 (0.32-0.69)
    ≥10% 11 (13) 25 (29) 36 (41)

   Total 52 (60) 35 (40) 87 (100)
Core 3

    <10% 54 (57) 23 (24) 77 (81) 38 93 72 0.34 (0.16-0.52)
    ≥10% 4 (4) 14 (15) 18 (19)

   Total 58 (61) 37 (39) 95 (100)
1.0 mm

Core 1
    <10% 50 (55) 13 (14) 63 (69) 64 91 80 0.57 (0.40-0.74)
    ≥10% 5 (5) 23 (25) 28 (31)

   Total 55 (60) 36 (40) 91 (100)
Core 2

    <10% 45 (52) 12 (14) 57 (66) 64 83 76 0.48 (0.29-0.67)
    ≥10% 9 (10) 21 (24) 30 (34)

   Total 54 (62) 33 (38) 87 (100)

CI, confidence interval; TMA, tissue microarray.

other categories (0.6 mm using any of the two approaches 
or 1.0  mm using the mitotically active approach) 
(Supplemental Figure 4).

Ki-67 Expression Tumor Heterogeneity

We explored tumor heterogeneity in this analysis. A 
case was considered heterogeneous when at least one core 
in the same core size group (0.6 mm or 1.0 mm) had a 
score different from the other core(s). This analysis was 
performed using two different cutoffs (10% and 14%). 
For 



calculation could not be performed for the 1.0-mm core 
group, as a maximum of two cores were constructed in 
the TMA blocks. The median cellularity was not statis-
tically significantly different between cases with concor-
dant cores and those with any discordant cores using 
either core size (P = .085 for the 0.6-mm core group and 
.128 for the 1.0-mm core group).

2. Using a 10% cutoff: In the 0.6-mm core group that
had at least two cores per case, there were 32 (33%) of
96 discordant cases. The number of discordant cases
increased from six (21%) of 28 in the group of two
cores to 36 (53%) of 68 in the group of three cores
(P = .005). The median cellularity was not statistically
significantly different between cases with concordant
cores and those with any discordant cores using either
core size (P = .682 for the 0.6-mm core group and .24
for the 1.0-mm core group).

Discussion

Overall, using 1.0-mm cores was better than using 
0.6-mm cores to reflect Ki-67 scores in FS (Table 1 and 
Figure 1). The incidence of tumor heterogeneity was 
higher in 0.6-mm cores than in 1.0-mm cores (Table 3). 
The weighted approach was better than the mitotically 
active approach when collapsing core to case in three 
of 

the four comparisons: 0.6 mm (14% cutoff), 0.6 mm (10% 
cutoff), and 1.0 mm (10% cutoff). For 1.0 mm (14% cut-
off), the accuracy was the same in both approaches (Table 
2 and Figure 2).

As mentioned above, many preanalytical and analyt-
ical factors could affect Ki-67 scoring. To control these 
factors, we chose cases from a single institution where the 
time in formalin, cold ischemia time, type of fixation, and 
the conditions of tissue block storage are well controlled. 
We have developed a system in our institution to ensure 
proper tissue handling, and we published a series of stud-
ies on the effect of cold ischemia time (also known as 
delay to formalin fixation) and time in formalin on breast 
biomarkers.18-20 We did not use any frozen tissue or tissue 
that was previously used for frozen-section diagnosis. All 
tissues were uniformly fixed in 10% neutral buffered for-
malin. To avoid slide prolonged section storage, we cut 
the FS slides immediately before constructing the TMA 
blocks. The staining protocol was verified, and staining 
started 2 weeks after sectioning. Meanwhile, the FS slides 
were stored in a –80°C chamber. We chose the recom-
mended antibody for Ki-67 (MIB-1) by the international 
Ki-67 in BC working group.5 To avoid interobserver and 
intraobserver variability, we performed automated image 
analysis.

Acs et al11 found that the mitotic activity of stromal 
cells including TILs in luminal/HER2 correlated with 
high Oncotype DX recurrence score. They proposed that 
high Ki-67 index in these cells may have contributed to 
false high Oncotype DX scores. However, in a study con-
ducted by us where we found a similar correlation, we 
proposed that the reason for that could be due to tumor 
genetic instability, making the tumors more prone to bet-
ter response to chemotherapy.12 Nonetheless, since stro-
mal cells may express Ki-67 and potentially could be a 
confounding factor in the rate of concordance between 
the TMAs and the FSs, we evaluated Ki-67 in TILs. For 
that, we estimated TIL density following the international 
TILs Working Group15 and annotated the clusters of 
lymphocytes in the FSs separately. We found that most 
of the cases had low TILs (>90% had TILs in ≤10% of 
the stromal spaces) as we previously reported.21 Ki-67 
index was relatively low. Moreover, when we subtracted 
this component from the FS scores, the concordance with 
the TMA scores did not change using either cutoff  (10% 
or 14%). DCIS has not been studied in terms of compar-
ing Ki-67 index between DCIS and the concurrent inva-
sive carcinoma in the same tissue section or evaluated 
in terms of its role in the discordance between FSs and 
TMAs. For that, we also annotated DCIS separately. We 
found that the Ki-67 index varied between DCIS and the 

❚Figure 1❚  Bar plot reflecting the findings in Table 1, showing
accuracy of scores in each core compared to frozen section,
using 14% or 10% cutoffs. Note the following: the accuracy
of 1.0-mm cores is better than 0.6-mm cores using a 14%
cutoff, the accuracy is slightly better using a 10% cutoff, and
the overall accuracy is better across all cores using a 14%
cutoff than a 10% cutoff.



❚Table 2❚
Core-to-Case Collapse Analyses Using 14% and 10% Cutoffsa

TMA Cores

Full Section

<14%, No. (%) ≥14%, No. (%) Total, No. (%) Sensitivity, % Specificity, % Accuracy, % κ (95% CI)

0.6 mm
  <14%b 70 (65) 0 (0) 70 (65) 100 81 85 0.63 (0.48-0.79)
  ≥14%b 16 (15) 21 (20) 37 (35)
  Totalb 86 (80) 21 (20) 107 (100)
  <14%c 81 (76) 6 (6) 87 (81) 71 94 90 0.67 (0.49-0.85)
  ≥14%c 5 (5) 15 (14) 20 (19)
  Totalc 86 (80) 21 (20) 107 (100)
1.0 mm
  <14%b 79 (78) 3 (3) 82 (81) 85 98 95 0.84 (0.71-0.98)
  ≥14%b 2 (2) 17 (17) 19 (19)
  Totalb 81 (80) 20 (20) 101 (100)
  <14%c 81 (80) 5 (5) 86 (85) 75 100 95 0.83 (0.68-0.97)
  ≥14%c 0 (0) 15 (15) 15 (15)
  Totalc 81 (80) 20 (20) 101 (100)
0.6 mm
  <10%b 45 (42) 5 (5) 50 (47) 87 66 74 0.49 (0.33-0.64)
  ≥10%b 23 (21) 34 (32) 57 (53)
  Totalb 68 (64) 39 (36) 107 (100)
  <10%c 60 (56) 12 (11) 72 (67) 69 88 81 0.59 (0.43-0.75)
  ≥10%c 8 (7) 27 (25) 35 (33)
  Totalc 68 (64) 39 (36) 107 (100)
1.0 mm
  <10%b 51 (50) 10 (10) 61 (60) 74 81 78 0.54 (0.37-0.71)
  ≥10%b 12 (12) 28 (28) 40 (40)
  Totalb 63 (62) 38 (38) 101 (100)
  <10%c 57 (56) 13 (13) 70 (69) 66 90 81 0.58 (0.42-0.75)
  ≥10%c 6 (6) 25 (25) 31 (31)
  Totalc 63 (62) 38 (38) 101 (100)

CI, confidence interval; TMA, tissue microarray.
aAt least one matching core is required to be included in the comparison.
bComparison is made using mitotically active approach.
cComparison is made using weighted approach.

❚Figure 2❚  Bar plot showing the difference between using the weighted approach and the mitotically active approach. Note
that the accuracy is better for the weighted approach vs the mitotically active approach regardless of the cutoff (14% or
10%) used or the size of cores (0.6 mm vs 1.0 mm), except for the 1.0-mm core when a 14% cutoff is used, where both
approaches have similar accuracy rates (95%, third and fourth bars from the left).



concurrent invasive carcinoma in the FSs in 16.4% of the 
cases (Supplemental Figures 1 and 2). However, when 
DCIS scores were subtracted from the FS scores, it had 
no effect on the concordance between the TMAs and FSs. 
We conclude that these two variables are not confounding 
factors affecting the concordance rate between FSs and 
TMAs when classifying luminal tumors.

It is controversial to use TMAs instead of FSs, par-
ticularly in clinical trials and epidemiologic studies, to 
evaluate Ki-67 scores.5 The issues related to using TMAs 
are how representative the TMA cores are of the FSs and 
what is the best way to design the study in terms of the 
core size and number of cores, as well as the best way of 
core-to-case collapsing when more than a single core is 
included in the TMA. For that, we chose three 0.6-mm 
cores and two 1.0-mm cores and compared their Ki-67 
scores with the FS. When more than a single core was 
included in the analysis, we performed two methods of 
core-to-case collapsing. The first method, the weighted 
approach, accounts for the cellularity of the core, whereas 
the second method, the mitotically active approach, 
accounts for the degree of positivity in every core sepa-
rately regardless of the number of cells in each core.

We found significant tumor heterogeneity in the inva-
sive carcinoma whereby up to 40% (using a 14% cutoff) 
and 52% (using a 10% cutoff) of the cases had at least 
one discordant core in the 0.6-mm core group (Table 3). 
Two factors could affect the evaluation and interpre-
tation of Ki-67 heterogeneity: the degree of TILs and 
DCIS. However, as described above, these two factors 
did not have any effect on the concordance between the 
TMA scores and FSs. Therefore, we conclude that 
Ki-67 

heterogeneity is real. Tumor heterogeneity, therefore, is 
believed to be responsible for the higher number of discor-
dant cases in the 0.6-mm core group vs the 1.0-mm core 
group, as the degree of tumor heterogeneity was higher 
in the 0.6-mm group. Similarly, tumor heterogeneity was 
responsible for the higher degree of discordance when a 
10% cutoff was used vs 14%, as tumor heterogeneity was 
higher when a 10% cutoff was used.

When there were two or more cores, the best way of 
core-to-case collapsing that reflected the FS score was the 
weighted approach ❚Image 1❚. When the mitotically active 
approach was used for 0.6-mm cores and setting 14% as a 
cutoff, 15% of the cases had Ki-67 of 14% or more in at 
least one core and less than 14% in the FS with an accu-
racy of 85%. This number became 26% using a 10% cut-
off  with an accuracy of 74%. When cores are small (0.6 
mm) and many (up to three) taken from a tumor that has
a high level of heterogeneity, the chance of having at least
a single discordant core is high. There was no difference
in the number of discordant cases (n = 5) or the accu-
racy rate (95%) for 1.0-mm cores using either approach
when a 14% cutoff was used. However, the accuracy rate
decreased when a 10% cutoff was used. It is worth not-
ing that using the weighted approach was better than the
mitotically active approach (78% vs 81%) (Table 2 and
Figure 2). That is due to the increased tumor heterogene-
ity using a 10% cutoff vs a 14% cutoff (Table 3).

Knutsvik et  al22 compared FS vs TMA (1.0  mm in 
triplicate) cores in all types of BC. They did not explicitly 
report the difference between the two samples in the lumi-
nal/HER2– subtype (n = 350). However, Ki-67 expression 
was lower in the TMA cores than in FS. When they used 

❚Table 3❚
Impact of Tumor Sampling on Ki-67 Discordance Between Tissue Microarray Cores Including All Cases With at Least Two Cores
Using 14 and 10% Cutoffs

0.6-mm Cores 1.0-mm Cores

Characteristic No. (%) Conc (n = 64) Disc (n = 32) P Value No. (%) Conc (n = 69) Disc (n = 8) P Value

14% cutoff
Cellularity, median 

(IQR)
107 (100) 3,350 (2,752- 

4,254)
3,789 (3,156- 

4,358)
.085 101 (100) 7,540 (5,945- 

9,479)
9,675 (7,809- 

10,454)
.128

Core number, No. (%)
    1 11 (10) NA NA 24 (24) NA NA
    2 28 (26) 23 (82) 5 (18) .039 77 (76) 69 (90) 8 (10) NA
    3 68 (64) 41 (60) 27 (40)
10% cutoff

Cellularity, median 
(IQR)

107 (100) 3,475 (2,828- 
4,263)

3,632 (2,760- 
4,346)

.682 101 (100) 7,540 (6,022- 
9,744)

8,644 (6,156- 
10,101)

.24

Core number, No. (%)
    1 11 (10) NA NA 24 (24) NA NA
    2 28 (26) 22 (79) 6 (21) .005 77 (76) 61 (79) 16 (21) NA
    3 68 (64) 32 (47) 36 (52)

Conc, concordant Ki-67 status between all cores for a given case; Disc, discordant Ki-67 status between any cores for a given case; IQR, interquartile range; NA, not 
applicable.



a 14% cutoff, 40.9% of luminal B–like cases (Ki-67 ≥14%) 
were misclassified in the TMA as luminal A  compared 
with the FS, and only 0.3% were misclassified as luminal 
B. There are a few issues with this study. They manually 
counted 500 cells by a single pathologist. Although there 
was minimal interobserver and intraobserver variability in 
this study as they described, it is known that when Ki-67 
is manually counted, the pathologist tends to choose a 
hot spot area. This would bias the results to higher Ki-67 
expression in the FS vs the TMA cores. In our study, we 
found variability between TMA cores, and FS goes both 
ways. That is mainly due to using image analysis of FS to 
count all cells in the TMA core, which prevents selection 
bias. There were cases where the TMA core had a higher

Ki-67 score than the FS, particularly with single 0.6-mm 
cores (Tables 1 and 2).

Plancoulaine et  al23 and Besusparis et  al24 studied 
the impact of sampling on the accuracy of Ki-67 in BC. 
They included 297 BC cases (189 cases of luminal type) 
and performed TMA simulation using hexagonal tiling 
with the size of each hexagon 0.75 mm, equivalent to an 
approximately 1.0-mm core. They found that to achieve 
a coefficient error of 10%, five to six cores were needed 
for homogeneous cases, 11 to 12 cores for heterogeneous 
cases, and in mixed tumor populations, eight TMA cores 
were required. It typically is not feasible to acquire at least 
five 1.0-mm cores from a single tumor for an epidemio-
logic study. In fact, in our study, we were able to design the 

❚Image 1❚  Ki-67 tumor heterogeneity effect on discordance with 0.6-mm cores and the advantage of using a weighted
approach. Negative nuclei are shown in blue, low intensity in yellow, medium intensity in orange, and strong intensity in red.
A, B, Ki-67 = 7.9%. C, D, Ki-67 =14.4%.



study acquiring three 0.6-mm cores and two 1.0-mm cores 
when the tumor was larger than 20 mm to leave 50% of 
the tumor in the block for future studies. Moreover, many 
of the luminal/HER2– type BC tumors are smaller than 
10 mm, making it impossible to acquire a relatively large 
number of cores. We found that a single 1-mm core could 
give an accuracy of 95% in this tumor type. Therefore, 
for an epidemiologic study that uses a high-throughput 
method, a single 1.0-mm core is practically sufficient.

We conclude that when designing a study that requires 
high-throughput analysis and TMA technique is elected, 
three 0.6-mm cores or a single 1.0-mm core is adequate, 
but two is preferred as the second core acts as a backup 
in case the first core is lost. If  the size of the TMA core 
is 0.6 mm, it is recommended to use at least three cores. 
However, tumor heterogeneity might be a limiting fac-
tor. With decreasing the value of the cutoff  (10% instead 
of 14%), the number of discordant cases increases and 
the accuracy rate decreases. Regardless of the cutoff, the 
weighted approach is a better collapsing method than the 
mitotically active approach, which minimizes the effect of 
tumor heterogeneity.
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