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Abstract

Background: The percentage of cells staining positive for Ki67 is sometimes used for decision-making in patients with early invasive
breast cancer (IBC). However, there is uncertainty regarding the most appropriate Ki67 cut points and the influence of interlaboratory
measurement variability. We examined the relationship between breast cancer mortality and Ki67 both before and after accounting
for interlaboratory variability and 8 patient and tumor characteristics.

Methods: A multicenter cohort study of women with early IBC diagnosed during 2009-2016 in more than 20 NHS hospitals in England
and followed until December 31, 2020.

Results: Ki67 was strongly prognostic of breast cancer mortality in 8212 women with estrogen receptor (ER)-positive, human
epidermal growth factor receptor 2 (HER2)-negative early IBC (Pieng < .001). This relationship remained strong after adjustment for
patient and tumor characteristics (Pyend <.001). Standardization for interlaboratory variability did little to alter these results.
For women with Ki67 scores of 0%-5%, 6%-10%, 11%-19%, and 20%-29% the corresponding 8-year adjusted cumulative breast cancer
mortality risks were 3.3% (95% confidence interval [CI] = 2.8% to 4.0%), 3.7% (95% CI = 3.0% to 4.4%), 3.4% (95% CI = 2.8% to 4.1%), and
3.4% (95% CI = 2.8% to 4.1%), whereas for women with Ki67 scores of 30%-39% and 40%-100%, these risks were higher, at 5.1% (95% CI
=4.3% t0 6.2%) and 7.7% (95% CI = 6.6% t0 9.1) (Pirena < .001). Similar results were obtained when the adjusted analysis was repeated
with omission of pathological information about tumor size and nodal involvement, which would not be available preoperatively for
patients being considered for neoadjuvant therapy.

Conclusion: Our findings confirm the prognostic value of Ki67 scores of 30% or more in women with ER-positive, HER2-negative
early IBC, irrespective of interlaboratory variability. These results also suggest that Ki67 may be useful to aid decision-making in the

neoadjuvant setting.

Ki67 has been of interest as a marker of cell proliferation in breast
cancer research for several decades. Particular attention sur-
rounds the potential of Ki67 to help estimate long-term outcomes
in early-stage invasive disease and to predict responsiveness to
chemotherapy or endocrine therapy (1,2). Higher Ki67 scores
have consistently been associated with poorer outcomes (3),
and because Ki67 score data are available prior to surgery, they
might be of use in identifying patients who would benefit
from neoadjuvant therapy, or to identify the optimal neoadju-
vant regimen (4).

Uncertainty currently exists regarding the optimal cut points
for Ki67 to delineate high- and low-risk individuals in treatment
decisions. The International Ki67 in Breast Cancer Working
Group (IKWG) consensus recommended that Ki67 scores of 5% or
less and 30% or more (but not 6%-29%) can be used for clinical
decision making (2), whereas the widely used Predict online

breast cancer decision aid (http://www.predict.nhs.uk) uses a
10% cutoff (5) and, for adjuvant abemaciclib treatment, a 20%
cutoff has determined eligibility (6,7). There is also uncertainty
regarding the prognostic potential of Ki67 in the neoadjuvant set-
ting and the degree to which Ki67 scores provide additional infor-
mation over and above established prognostic factors such as
stage, grade and estrogen receptor (ER), progesterone receptor
(PR), and human epidermal growth factor receptor 2 (HER?2) sta-
tus (8). Finally, there are concerns about the lack of reproducibil-
ity of Ki67 measurements across different pathology laboratories
(1).

In England, Ki67 has been measured in specific hospitals and
in certain circumstances, such as for patients enrolled in some
trials. Therefore, to provide further information on the prognostic
value of Ki67 for breast cancer mortality, we investigated optimal
Ki67 cutoff values and explored interlaboratory variation in
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clinical use. We undertook a study of all women with early inva-
sive breast cancer (IBC) in England for whom Ki67 had been
measured at, or shortly after, their cancer diagnosis and we
examined the association between Ki67 score and breast cancer
mortality in different molecular subtypes.

Methods
Study population

Depersonalized data were obtained from the National Disease
Registration Service (NDRS) on all 308680 women registered in
England during January 2009 to December 2016 with breast can-
cer as their first invasive cancer. The data included information
on date of diagnosis, age at diagnosis, screening status, patholog-
ical staging (tumor size and number of positive nodes), grade, ER
status, HER2 status, PR status, deprivation index, self-reported
ethnicity, and, where applicable, date of emigration or death and
cause of death, up to December 31, 2020. Ki67 scores were
defined as the percentage of positively stained tumor cells among
all the malignant cells assessed. Ki67 is not one of the standard
variables listed in the NDRS data dictionary. However, when Ki67
has been measured, the result is included in text form in the
pathology record. These records were provided to the study team,
and information on Ki67 score was extracted using text interpre-
tation programs. Tabulations of the sources of the Ki67 scores
were provided by NDRS (Supplementary Table 1, available
online).

Ki67 scores were included if their date was between 3 months
before and 1 year after the cancer registry’s diagnosis date. In
total, 20457 such women were identified, of whom 6244 were
then excluded for the following reasons: registration from a
death certificate only, less than 3months of follow-up, histology
not IBC, younger than 18 years or older than 90 years at diagno-
sis; second cancer diagnosed within 3 months of first diagnosis,
metastatic disease at diagnosis, or received neoadjuvant therapy.
A further 1054 patients were excluded because the laboratory
reporting the Ki67 measurement had reported fewer than 20
measurements in that year. After these exclusions, a total of
13159 women remained in the study (Supplementary Figure 1,
available online).

Method of analysis

Ki67 scores were grouped according to the cut points specified in
the IKWG (5% and 30%), in the PREDICT online tool (10%), and in
the abemaciclib treatment guidelines (20%). However, nearly half
of the breast cancer deaths were in women with Ki67 scores of
30% or more. Therefore, an additional cut point at 40% was intro-
duced, resulting in 6 categories: 0%-5%, 6%-10%, 11%-19%, 20%-
29%, 30%-39%, and 40%-100%.

Women contributed to the person-years from 3 months after
their breast cancer diagnosis until the earliest of death, emigra-
tion, 95th birthday, or December 31, 2020. Crude annual breast
cancer mortality rates were estimated by dividing the number of
deaths by the number of person-years. Adjusted mortality rates
and rate ratios were estimated using Poisson regression by
including the number of person-years as the exposure and all of
the available characteristics as explanatory variables apart from
the use of chemotherapy, which might otherwise have been a
source of confounding bias. These analyses were repeated sepa-
rately for women with and without a record of receiving chemo-
therapy. Adjusted mortality rates were re-estimated after
pathological tumor size and number of positive nodes were omit-
ted from the adjustment, as these factors would not be available

for women being considered for neoadjuvant therapy (clinical
staging was not available). Adjusted cumulative breast cancer
mortality risks were derived from the adjusted mortality rates.
Further details are in sections A-C of the Supplementary Methods
(available online).

To investigate interlaboratory variation, the Ki67 scores were
transformed using natural logarithms. A laboratory-dependent
constant was then added to each transformed score, so that the
mean score was the same in each laboratory. The equality of
Ki67 distributions in different laboratories was assessed using
Kruskal-Wallis rank tests. Further details are in section D of
Supplementary Methods and Supplementary Figure 2 (available
online). Finally, as it was observed that there was considerable
digit preference in the recording of Ki67 scores, the analyses were
repeated using cut points that avoided the preferred digits.
Further details are in section E of Supplementary Methods (avail-
able online). All calculations were performed using Stata version
17.1. All statistical tests were 2-sided and a 5% cutoff for statisti-
cal significance was used.

Ethical approval

This study was approved by Public Health England’s Office for
Data Release (reference ODR1718_390). Informed consent from
individual participants was not required.

Results
Characteristics of the study population

Among the 13 159 women with early IBC and Ki67 measured at or
shortly after diagnosis, 8212 (62.4%) women had ER-positive,
HER2-negative disease (Figure 1). The median Ki67 score was 12%
(Table 1). Women with scores of 30% or above were likely to be
younger at diagnosis; not to be diagnosed through breast screen-
ing; have larger tumors, node-positive disease, high-grade dis-
ease, negative PR status, non-White ethnicity; and to have
received chemotherapy than those with lower scores. The pro-
portion of women with scores of 30% or above varied little with
calendar period of diagnosis, and index of multiple deprivation
was not associated with Ki67 score. During a median follow-up of
6.2 years, 760 women died, including 263 deaths from breast can-
cer. Results for other molecular subtypes are given in section F of
the Supplementary Methods, Supplementary Table 2, and
Supplementary Figures 3-5 (available online).

Breast cancer mortality and Ki67 scores in ER-
positive, HER2-negative disease

In women with ER-positive, HER2-negative disease, the crude
breast cancer mortality rate tended to increase with Ki67 score,
with rate ratios of 1.00, 1.29, 1.28, 1.75, 3.54, and 7.26 for Ki67
scores of 0%-5%, 6%-10%, 11%-19%, 20%-29%, 30%-39%, and
40%-100%, respectively (Pyena <.001) (Figure 2, A, top panel and
Supplementary Figures 6 and 7, available online). The 8-year
cumulative breast cancer mortality risks increased correspond-
ingly, taking values of 2.1% (95% confidence interval [CI] = 1.8%
to 2.5%), 2.8% (95% CI = 2.3% to 3.3%), 2.8% (95% CI = 2.3% to
3.3%), 3.7% (95% CI = 3.1% t0 4.4%), 7.4% (95% CI = 6.2% to 8.8%),
and 14.6% (95% CI = 12.7% to 16.8%) (Prena <.001) (Figure 3, A,
top panel, and Supplementary Table 3, available online).

When the analysis was repeated after adjusting for all factors
shown in Table 1, apart from chemotherapy, the breast cancer
mortality rate ratios still tended to increase with increasing Ki67
score, but the increases were smaller than those in the crude
analysis, taking values of 1.00, 1.10, 1.02, 1.03, 1.55, and 2.38 for
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Figure 1. Distribution of Ki67 score percentages in 8212 women with ER-positive and HER2-negative breast cancer. ER = estrogen receptor; HER2 =

human epidermal growth factor receptor 2.

Ki67 scores of 0%-5%, 6%-10%, 11%-19%, 20%-29%, 30%-39%, and
40%-100% respectively (Pyena <.001) (Figure 2, A, middle panel).
The corresponding 8-year cumulative breast cancer mortality
risks varied little over the first 4 categories, taking values of 3.3%
(95% CI = 2.8% to 4.0%), 3.7% (95% CI = 3.0% to 4.4%), 3.4% (95%
CI = 2.8% to 4.1%), and 3.4% (95% CI = 2.8% to 4.1%) for women
with Ki67 scores of 0%-5%, 6%-10%, 11%-19%, and 20%-29%,
respectively (Figure 3, A, middle panel). However, for women with
Ki67 scores of 30%-39% and 40%-100%, the 8-year cumulative
risks were higher, at 5.1% (95% CI = 4.3% to 6.2%) and 7.7% (95%
CI = 6.6% to 9.1%), respectively. When the analysis was repeated
adjusting for just 1 variable at a time, grade was the strongest
confounding factor (Supplementary Table 4, available online).
When the adjusted analysis was repeated with omission of
pathological information on tumor size and nodal involvement,
which would not be available for patients being considered for
neoadjuvant therapy, results were similar to those obtained
when these variables were included (Figure 2, A, and Figure 3, A,
bottom panels). When all 3 analyses were conducted separately
for women who received and who were not recorded to have
received chemotherapy, the results in the 2 groups were similar
(Figure 4). Trends were also similar when considering all-cause
mortality (Supplementary Figures 8 and 9, available online).

IKWG and PREDICT Ki67 cut points and breast
cancer mortality

When the above analyses were repeated based solely on the 3
categories specified in the IKWG consensus, the crude breast can-
cer mortality rate ratios were 1.00, 1.42, and 5.56 for Ki67 scores
of 0%-5%, 6%-29%, and 30%-100%, respectively (Piena<.001,
Figure 2, B, top panel). The corresponding 8-year cumulative
breast cancer mortality risks were 2.1% (95% CI = 1.8% to 2.5%),
3.0% (95% CI = 2.6% to 3.5%) and 11.4% (95% CI = 9.9% to 13.1%)
(Figure 3, B, top panel). With adjustment for all other factors
shown in Table 1, apart from receipt of chemotherapy, the breast
cancer mortality rate ratios were 1.00 and 1.05 for Ki67 scores of
0%-5% and 6%-29%, whereas for Ki67 scores of 30%-100% the
rate ratio was 1.98 and the corresponding adjusted 8-year cumu-
lative breast cancer mortality risks were 3.4% (95% CI = 2.8% to
4.1%), 3.5% (95% CI = 3.0% to 4.1%) and 6.6% (95% CI = 5.6% to
7.7%) (Figure 3, B, middle panel). Similar results were obtained
when the adjusted analysis was repeated omitting pathological

information about tumor size and nodal involvement (Figure 2, B,
and Figure 3, B, bottom panel).

When the analysis was repeated using just the 2 PREDICT cat-
egories, the crude breast cancer mortality rates were 1.00 and
2.54 for Ki67 scores of 0%-10% and 11%-100%, respectively
(Prrena < .001, Figure 2, C, top panel), leading to 8-year cumulative
breast cancer mortality risks of 2.4% (95% CI = 2.1% to 2.8%) and
6.0% (95% CI = 5.3% to 6.9%), respectively (Figure 3, C, top panel).
After full adjustment, these mortality rates were 1.00 and 1.28,
and did not differ statistically significantly (Piena = .10), while the
adjusted 8-year cumulative breast cancer mortality risks were
3.8% (95% CI = 3.2% to 4.5%) and 4.8% (95% CI = 4.1% to 5.6%),
respectively (Figure 3, C, top panel). When the adjusted analysis
was repeated omitting pathological information on tumor size
and nodal involvement, the rate ratios were 1.00 and 1.40
(Ptrena = .02), corresponding to adjusted 8-year cumulative breast
cancer mortality risks of 3.5% (95% CI = 3.0% to 4.1%) and 4.9%
(95% CI = 4.2% to 5.6%) respectively (Figure 2, C, and Figure 3, C,
bottom panel).

Interlaboratory variation and digit preference

The distributions of the Ki67 scores in the different laboratories
were skewed with heavy upper tails (Figure 5, A, and
Supplementary Figure 2, A, available online). However, with a
logarithmic transformation [y = In(x+ 1)], the distributions were
close to normal (Figure 5, B, Supplementary Figure 2, B, available
online). A further laboratory-specific scalar shift on the logarith-
mic scale bringing the means together completed the standard-
ization (Figure 5, C). The distributions of the standardized Ki67
scores in the different laboratories did not statistically signifi-
cantly differ from each other (P=.96). When the analyses shown
in Figure 2 were repeated using the standardized Ki67 scores, the
prognostic value of Ki67 using either the IKWG or the PREDICT
cut points was similar to that based on the unstandardized scores
(Figure 6). Considering the 6 groups, the standardized scores of
6% and above were more strongly prognostic of breast cancer
mortality than the unstandardized ones. However, scores of 5%
and below were associated with larger breast cancer mortality
rates relative to scores of 6%-10% after standardization than
before it. The adjusted rate ratios for the other known character-
istics were unchanged with standardization (Supplementary
Figures 10 and 11, available online).
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Table 1. Distribution of women with ER-positive and HER2-negative breast cancer by percentage Ki67 score and patient and tumor

characteristics®
Ki67 score (%) Total No. of
Total No.of  breast cancer
Characteristic [0-5] [6-10] [11-19] [20-29] [30-39] [40-100] women deaths
Calendar period of diagnosis (P =.005)
2009-2012 453 (31)  319(22)  221(15) 224 (15) 104 (7) 153 (10) 1474 (100) 71
2013-2014 901 (28) 706 (21) 596 (18) 508 (15) 264 (8) 317 (10) 3292 (100) 99
2015-2016 904 (27) 698 (20) 667 (19) 572 (17) 284 (8) 321 (9) 3446 (100) 93
Age at diagnosis, y (P <.001)
18-39 35 (14) 41 (16) 34 (14) 34 (14) 36 (14) 71(28) 257 (100) 20
40-49 320 (22) 291 (21) 218 (16) 230 (17) 125 (9) 202 (15) 1386 (100) 50
50-64 1046 (31) 734 (21) 633 (18) 537 (15) 260 (7) 287 (8) 3497 (100) 64
65-70 460 (30)  325(21) 316 (20) 227 (15) 108 (7) 115 (7) 1551 (100) 44
71-79 301 (27) 237 (21) 209 (19) 198 (18) 87 (8) 75 (7) 1107 (100) 53
80-89 96 (21) 95 (23) 74 (18) 78 (19) 36 (9) 41 (10) 420 (100) 32
Screen-detected cancer (P <.001)
Screen detected 1077 (33)  732(22) 661 (20) 468 (14) 182 (6) 176 (5) 3296 (100) 37
Not screen detected 1181(23) 991 (20) 823 (17) 836 (17) 470 (10) 615 (13) 4916 (100) 226
Tumor size, mm (P <.001)
1-20 1482 (30)  1111(23) 958 (20) 752 (15) 292 (6) 282 (6) 4877 (100) 62
21-50 516 (22) 430 (18) 357 (15) 411 (17) 282 (12) 386 (16) 2382 (100) 146
>50 71(22) 49 (15) 57 (17) 60 (18) 41 (12) 52 (16) 330 (100) 30
Unknown 189 (31) 133 (21) 112 (18) 81 (13) 37 (6) 71(11) 623 (100) 25
No. of positive nodes (P <.001)
0 1580 (30) 1191 (22) 992 (18) 823 (15) 369 (7) 439 (8) 5394 (100) 81
1-3 452 (24)  352(19) 337 (18) 329 (18) 191 (10) 206 (11) 1867 (100) 79
4-9 54 (16) 51 (15) 55 (16) 78 (23) 38 (11) 64 (19) 340 (100) 44
>10 25 (17) 18 (12) 24 (16) 19 (13) 26 (17) 37 (25) 149 (100) 40
Unknown 147 (32) 111 (24) 76 (16) 55 (12) 28 (6) 45 (10) 462 (100) 19
Tumor grade (P <.001)
Low 740 (45) 444 (27) 287 (18) 114 (7) 32 (2) 18 (1) 1635 (100) 11
Medium 1442 (27) 1156 (23) 1054 (21) 895 (18) 324 (6) 235 (5) 5106 (100) 126
High 69 (6) 113 (8) 136 (9) 294 (20) 292 (20) 537 (37) 1441 (100) 125
Unknown 7 (25) 10 (33) 7 (23) 1(3) (13) 1(3) 30 (100) 1
PR status (P <.001)
Positive 1385 (25) 1176 (21) 1094 (20) 976 (17) 467 (8) 480 (9) 5578 (100) 145
Negative 162 (23) 120 (17) 108 (15) 104 (14) 61(8) 163 (23) 718 (100) 60
Unknown 711(37)  427(22)  282(15) 224 (12) 124 (6) 148 (8) 1916 (100) 58
Chemotherapy (P <.001)
Yes 303(16) 292 (14) 296 (14) 375 (18) 287 (14) 501 (24) 2054 (100) 131
Not recorded® 1955(32)  1431(23)  1188(19) 929 (15) 365 (6) 290 (5) 6158 (100) 132
Index of multiple deprivation (P=.24)
<20% (least deprived) 525(30)  371(21) 293 (17) 257 (15) 124 (7) 175 (10) 1745 (100) 49
20%-39% 459 (28)  343(21) 298 (18) 254 (16) 130 (8) 153 (9) 1637 (100) 47
40%-59% 415(29)  321(21) 274 (18) 228 (15) 124 (8) 135 (9) 1497 (100) 50
60%-79% 391(26)  328(21) 296 (19) 247 (16) 132 (9) 137 (9) 1531 (100) 44
80+% (most deprived) 468 (25) 360 (20) 323 (18) 318 (18) 142 (8) 191 (11) 1802 (100) 73
Ethnicity (P <.001)
Black 25 (14) 38 (21) 33 (19) 36 (20) 19 (11) 27 (15) 178 (100) 3
East Asian 5(13) 8(22) 7 (19) 6 (16) 3(8) 8(22) 37 (100) 2
Other® 28 (22) 22 (17) 24 (18) 23 (18) 17 (13) 16 (12) 130 (100) 8
South Asian 35 (20) 33 (18) 37 (20) 34 (19) 16 (9) 26 (14) 181 (100) 8
White 1956 (28) 1476 (21) 1266 (18) 1109 (16) 558 (8) 667 (9) 7032 (100) 229
Unknown 209 (32) 146 (22) 117 (18) 96 (15) 39 (6) 47 (7) 654 (100) 13
Total No. of women (%) 2258 (27) 1723 (21) 1484 (18) 1304 (16) 652 (8) 791 (10) 8212 (100) —
Total No. of breast cancer deaths 37 36 30 36 36 88 — 263
Ki67, median (IQR) 5(3-5) 10 (8-10) 5(13-16)  23(20-25) 31(30-35) 50 (43-70) 12 (5-23) —
Ki67, mean (range) 4 (0-5) 9(6-10)  15(11-19) 23(20-29) 32 (30-39) 57 (40-100) 17 (0-100) —

2 Values are No. of women (%) unless otherwise indicated. P values are for y? tests of independence between characteristic and Ki67 score. IQR = interquartile

ragge; PR = progesterone receptor.

c

Other self-reported ethnicity.

The recorded Ki67 scores exhibited considerable digit prefer-
ence, with most scores reported as 5, 10, 20, 30, etc, and relatively
few reported as 4, 6, 9, 11, 19, 21, 29, 31, etc (Figure 1). This finding
suggests that, for example, many women for whom a score of 5 is
reported may actually have a score of 3, 4, 6, or 7. Therefore, to
mitigate any effect of digit preference, we replaced the 6 categories

Unable to distinguish between chemotherapy that has not been recorded and not receiving chemotherapy.

of Ki67 by 6 categories that did not use the preferred digits as cut
points: 0%-7%, 8%-17%, 18%-27%, 28%-37%, 38%-57%, and 58%-
100%. Repeating the analyses shown in Figure 2, A, Figure 6, A, and
Figure 4 using these alternative categories yielded broadly similar
results, although the predictive power of Ki67 was increased
(Figure 7 and Supplementary Figure 12, available online).
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A Ki67: six groups

B  Ki67: IKWG recommendations

C Ki67: PREDICT decision aid

Ki67 group Deaths/ Ki67 group Deaths/ Ki67 group Deaths/
[range of values] Women Rate ratio versus group 1 (95% FCI") [range of values] Women Rate ratio versus group 1 (95% FCI") [range of values] Women Rate ratio versus group 1 (95% CI°)
Crude (Pye,<.001) Crude (Pyens<.001) Crude (Pye,;<.001)
1[0-5] 37/2258 1.00 (0.72 to 1.38) 1[0-5] 37/2258 1.00 (0.72 to 1.38) 1[0-10] 73/3981 1.00 (1.00 to 1.00)
2[6-10] 36/1723 1.29 (0.93 to 1.79) 2[6-29] 102/4511 - 142 (117 to 1.72) 2[11-100] 190/4231 - 2.54 (1.94 to 3.33)
3[11-19] 30/1484 1.28 (0.90 to 1.83) 3 [30-100] 124/1443 - 556 (4.66 to 6.63)
4[20-29)] 36/1304 - 1.75 (1.26 to 2.42)
5 [30-39] 36/652 —s—  354(255104.90)
6 [40-100] 88/791 = 7.26(5.89 o 8.94)
Adjusted (Pye<.001) Adjusted (Pyen0<.001) Adjusted (Py.:=.10)
1[0-5] 37/2258 1.00 (0.71 to 1.42) 1[0-5] 37/2258 1.00 (0.71 to 1.41) 1[0-10] 73/3981 1.00 (1.00 to 1.00)
2[6-10] 36/1723 1.10 (0.78 to 1.54) 2[6-29] 102/4511 1.05 (0.88 to 1.24) 2[11-100] 190/4231 . 1.28 (0.95 to 1.72)
3[11-19] 30/1484 1.02 (0.71 to 1.47) 3 [30-100] 124/1443 - 1.98 (1.54 to 2.56)
4[20-29] 36/1304 1.03 (0.74 to 1.43)
5 [30-39] 36/652 —-— 155 (1.11 t0 2.17)
6 [40-100] 88/791 - 2.38 (1.80 to 3.14)
Adjusted (excluding size & nodes) (Rye,<.001) Adjusted (excluding size & nodes) (Pyc..<.001) Adjusted (excluding size & nodes) (Py..:=.02)
1[0-5] 37/2258 1.00 (0.71 to 1.42) 1[0-5] 37/2258 1.00 (0.71 to 1.41) 1[0-10] 73/3981 1.00 (1.00 to 1.00)
2[6-10] 36/1723 1.10 (0.79 to 1.54) 2[6-29] 102/4511 1.09 (0.92 to 1.29) 2[11-100] 190/4231 |- 1.40 (1.04 to 1.88)
3[11-19] 30/1484 1.07 (0.74 to 1.54) 3[30-100] 124/1443 —-— 2.32 (1.80 to 2.99)
4[20-29] 36/1304 1.12 (0.81 to 1.55)
5 [30-39] 36/652 - 1.80 (1.29 to 2.51)
6 [40-100] 88/791 - 2.87 (21810 3.78)
T T T T T T T R —
05 1 2 4 8 05 1 2 4 8 05 1 2 4 8

* Floating confidence interval
* Confidence interval

Figure 2. Breast cancer mortality rate ratios in women with ER-positive and HER2-negative breast cancer by percentage Ki67 score. A) Ki67 categorized
in 6 groups. B) Ki67 grouped according to the IKWG recommendations. C) Ki67 grouped according to the PREDICT decision aid. Adjustment in the
middle row is for all variables shown in Table 1 (except chemotherapy) using the categories shown in Table 1. Adjustment in the bottom row is similar
but also omits tumor size and number of positive nodes. Breast cancer mortality rate ratios by other variables shown in Table 1 are in Supplementary
Figures 6 and 7 (available online). Analyses of all-cause mortality are in Supplementary Figure 8 (available online). ER = estrogen receptor; HER2 =
human epidermal growth factor receptor 2; IKWG = International Ki67 in Breast Cancer Working Group.

Discussion

Our findings in this large multicenter study in National Health
Service hospitals in England confirm the prognostic ability of the
Ki67 score for breast cancer mortality in women with ER-positive,
HER2-negative early IBC. After adjusting for a wide range of
patient and tumor characteristics, Ki67 remained prognostic for
Ki67 scores above about 30%, and strongly prognostic for scores
above about 40%. These results changed little when pathological
tumor size and extent of nodal involvement were omitted from
the adjustment, suggesting that Ki67 may be useful in the neoad-
juvant setting. These findings support the 30% Ki67 cut point sug-
gested by the IKWG to denote high-risk tumors, more so than the
10% cut point used in the PREDICT decision aid. Last, although
there was clear evidence of systematic differences between labo-
ratories, standardization for interlaboratory variation had little
impact on our findings.

Concern about interlaboratory variability in Ki67 scores has
limited the adoption of Ki67 into treatment guidelines and clini-
cal practice (1,9,10). We have demonstrated that standardizing
Ki67 scores for interlaboratory variation made little difference to
our results. This finding suggests that, in practice, interlaboratory
variation may be less of a problem than sometimes thought. In
addition, initiatives now underway to improve Ki67 scoring meth-
ods in breast cancer may further reduce the effect of interlabora-
tory variation (1,11,12).

Although many studies have identified the prognostic proper-
ties of Ki67 in early breast cancer, these studies vary substantially
regarding the selection of patients, the tumor molecular subtypes
included, the  oncological
(Supplementary Figure 13, Supplementary Table 5, available
online). Many early studies also used a single cut point to demar-
cate women with “high-risk” cancers, and the cut points chosen
varied across studies. These issues make pooled analyses of the
literature challenging (4).

and outcomes  considered

The decision to recommend chemotherapy in ER-positive,
HER2-negative disease either before or after surgery is often diffi-
cult. As a result, several commercial multigene assays have been
developed and are widely used to estimate the risk of distant
recurrence (13-17). Many of these are expensive and require cen-
tral analysis of tissue with accompanying time delays, and they
may not be accessible to all centers (18). Ki67, combined with
other routinely reported molecular markers (ER, PR, and HER2),
has been proposed as a more accessible, less expensive, and
equally informative alternative (19). Our study provides real-
world evidence in support of the use of Ki67 in this role.

The IKWG consensus recently recommended that multigene
assays to determine prognosis for patients with ER-positive
breast cancer were not needed for those with low (<5%) or very
high (>30%) Ki67 scores, but that interlaboratory concordance
was insufficient for intermediate values to be considered reliable
(2). Our findings confirm the increase in breast cancer mortality
rate with increasing Ki67. However, we have also revealed that
there is considerable digit preference in Ki67 scores (Figure 1),
suggesting that patients would be more effectively separated into
groups with different risks if the cut points were set at values
that are not subject to digit preference (eg, 7/8, 17/18, 27/28, etc).

Other roles of Ki67 in breast cancer management have also
emerged in recent years, such as triaging care during the Covid-
19 pandemic, where Ki67 has been proposed as an objective
method of identifying women who should have a high priority for
surgery or neoadjuvant chemotherapy when access to these
treatments is limited (20,21). Our findings confirm the prognostic
value of Ki67 in such situations, even where information on
extent of nodal involvement and pathological tumor size are not
available.

This study is to our knowledge the largest to date to character-
ize the risks of breast cancer mortality according to Ki67 score
and the first to examine its prognostic value in routine care in
more than 20 centers without the use of a central laboratory for
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A Ki67: six groups B Ki67: IKWG recommendations C  Ki67: PREDICT decision aid
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Figure 3. Cumulative breast cancer mortality risks in women with ER-positive and HER2-negative breast cancer by time since diagnosis and percentage
Ki67 score. A) Ki67 categorized in 6 groups. B) Ki67 grouped according to the IKWG recommendations. C) Ki67 grouped according to the PREDICT
decision aid. Top row based on crude rates, middle row based on rates adjusted for all other variables shown in Table 1 (except chemotherapy), bottom
row based on rates adjusted for all other variables in Table 1 except chemotherapy, tumor size, and number of positive nodes. Shaded areas in B) and C)
show 95% confidence intervals. Plotted values and numbers of women at risk are in Supplementary Tables 3, (i)-(iii) (available online). Analyses of all-
cause mortality are in Supplementary Figure 9 (available online). ER = estrogen receptor; HER2 = human epidermal growth factor receptor 2; IKWG =

International Ki67 in Breast Cancer Working Group.

determination of Ki67 scores. Our analyses were confined to
women who received surgery for early breast cancer and are
therefore not directly generalizable to women with metastatic
disease.

The sensitivity of methods to detect Ki67 has increased stead-
ily over time. However, because we adjusted for calendar year in
our analyses, the increase should have little effect on our results.
We have considered breast cancer mortality only and not IBC
recurrences because reliable population-based information on
breast cancer recurrences in England is lacking. Other limitations
in our data were missing values for some patient and tumor

characteristics, but apart from PR status, this affected only a
small proportion of women. Data on Ki67 scores throughout
England have been recorded within NDRS only in recent years,
and therefore follow-up information for these women is limited
to 8 years, as reported in this article. In the future, further follow-
up will allow evaluation of how these trends develop in the longer
term.

Of the cut points widely cited in the literature, we have shown
that Ki67 values of 30% or more in particular, are strongly associ-
ated with higher breast cancer mortality. One of the main factors
limiting the routine use of Ki67 in breast cancer is concern over
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A Ki67: six groups, chemotherapy given [n=2054] B Ki67: six groups, no record of chemotherapy [n=6158]
Ki67 group Deaths/ Ki67 group Deaths/

[range of values] Women Rate ratio versus group 1 (95% FCI’) [range of values] Women Rate ratio versus group 1 (95% FCI’)
Crude (Py.cg<.001) Crude (Py..«<.001)

1[0-5] 10/303 =—tp— 1.00 (0.54 to 1.86) 1[0-5] 27/1955 —4— 1.00 (0.69 to 1.46)
2[6-10] 12292 —f-a— 1.29 (0.73 t0 2.27) 2[6-10] 24/1431 —fe— 1.23 (0.82 to 1.83)
3[11-19] 13/296 —i— 1.39 (0.81 to 2.40) 3 [11-19] 17/1188 —m— 1.08 (0.67 to 1.74)
4 [20-29] 17/375 T 1.44 (0.90 to 2.32) 4 [20-29] 19/929 —— 1.54 (0.98 to 2.42)
5 [30-39] 22/287 — 2.51 (1.65 to 3.80) 5 [30-39] 14/365 —_—— 2.92 (1.73 t0 4.94)
6 [40-100] 57/501 —— 3.73 (2.88 t0 4.84) 6 [40—100] 31/290 —=— 8§63 (6.07 t0 12.27)
Adjusted (P,,,=.006) Adjusted (P,.,,=.007)

1[0-5] 10/303 —4— 1.00 (0.52 to 1.93) 1[0-5] 2711955 —4— 1.00 (0.67 to 1.50)
2[6-10] 12/292 —at— 0.96 (0.53 to 1.72) 2[6-10] 2411431 —fa— 1.08 (0.72 to 1.62)
3[11-19] 13/296 —fo— 1.08 (0.61 to 1.92) 3[11-19] 17/1188 —at— 0.91 (0.56 to 1.48)
4[20-29] 17/375 —p— 1.08 (0.66t0 1.76) 4 [20-29] 19/929 —a— 0.93 (0.59 to 1.47)
5 [30-39] 22/287 —_— 1.67 (1.09 to 2.57) 5 [30-39] 14/365  —1w— 1.26 (0.73 to 2.16)
6 [40-100] 57/501 — 2.06 (1.48 to 2.86) 6 [40-100] 31/290 — 3.12 (1.98 t0 4.92)

Adjusted (excluding size & nodes) (Pie.=.004)

Adjusted (excluding size & nodes) (P,...=.003)

1[0-5] 10/303 —4— 1.00 (0.52t01.92)  1[0-5] 2711955 —p— 1.00 (0.67 to 1.50)
2[6-10] 12/292 —4— 0.96 (0.54101.73) 2 [6-10] 2411431 —p— 1.06 (0.70 to 1.59)
3[11-19] 13/296 —fo— 110(06310192)  3[11-19] 17/1188 —a— 0.92 (0.57 to 1.49)
4[20-29] 17/375 —tp— 1.01(062t0164)  4[20-29] 19/929 —a— 0.95 (0.61 10 1.49)
5[30-39] 22/287 —_— 174 (1.1410265)  5[30-39] 14/365 — —t—m— 1.34(0.78 10 2.31)
6 [40-100] 57/501 —— 207 (1.50102.85) 6 [40-100] 31/290 — 3.28 (21310 5.04)

T T T T T T T T T T

05 1 2 4 8 16 05 1 2 4 8 16

* Floating confidence interval

Figure 4. Breast cancer mortality rate ratios in women with ER-positive and HER2-negative breast cancer by percentage Ki67 score categorized in 6
groups: A) for women with and B) for women without a record of receiving chemotherapy treatment. Adjustment in middle row is for all other variables

shown in Table 1 using the categories shown in Table 1 (except chemotherapy). Adjustment in bottom row is for all other variables shown in Table 1

except chemotherapy, tumor size and number of positive nodes. ER = estrogen receptor; HER2 = human epidermal growth factor receptor 2.
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Figure 5. Box and whisker plots of Ki67 scores from 25 different pathology laboratories for 8212 women with ER-positive and HER2-negative breast
cancer: A) raw scores, B) log-transformed scores and C) standardized Ki67 scores. The boxes include all values from the 25th to 75th centile (ie, the IQR),
the vertical internal lines are the medians (laboratories are ordered by value of median in A)). This IQR determines the length of the whiskers. The

whiskers extend 1.5 times the IQR above and below the 75th and 25th centile respectively. Dots represent outlier values that are outside the range of
the whiskers. The number of samples that the laboratory recorded in the study is in the right-hand column. See section D of Supplementary Methods
(available online) for further details on the standardization method. ER = estrogen receptor; HER2 = human epidermal growth factor receptor 2; IQR =

interquartile range.
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A Standardized Ki67: six groups B Standardized Ki67: IKWG recommendations C Standardized Ki67: PREDICT decision aid
Ki67 group Deaths/ Rate ratio Ki67 group Deaths/ Rate ratio Ki67 group Deaths/ Rate ratio
[range of values] Women versus group 1 (95% FCI") [range of values] Women versus group 1 (95% FCI’) [range of values] Women versus group 1 (95% CI’)

Crude, lab-standardized Ki67 (P,.,.<.001) Crude, lab-standardized Ki67 (P,..<.001) Crude, lab-standardized Ki67 (P,...<.001)
11[0-5] 2711357 1.00 (0.69 to 1.46) 11[0-5] 27/1357 —.— 1.00 (0.69 to 1.46) 1[0-10] 55/3662 1.00 (1.00 to 1.00)
2[6-10] 28/2305 ~ —=—| 0.64 (0.45 t0 0.93) 2[6-29] 137/5790 - 1.27 (1.08 to 1.50) 2[114] 208/4550 - 3.19 (2.37 to 4.30)
3[11-19] 53/2181 1.32(1.00 to 1.72) 3[30+] 99/1065 = 516 (4.24106.29)
4[20-29] 56/1304 - 2.34 (1.80 to 3.04)
5[30-39] 25/369 —=—  3.69(2.49t0 5.46)
6[40+] 74/696 = 597 (4.76 to 7.50)
Adjusted, lab-standardized Ki67 (Pe,4<.001) Adjusted, lab-standardized Ki67 (Py.,4=.002) Adjusted, lab-standardized Ki67 (Py..4=.008)
1[0-5] 27/1357 1.00 (0.67 to 1.49) 11[0-5] 27/1357 —.— 1.00 (0.67 to 1.48) 1[0-10] 55/3662 1.00 (1.00 to 1.00)
2[6-10] 28/2305 —— 0.62 (0.42 t0 0.92) 2[6-29] 137/5790 - 0.89 (0.76 to 1.03) 2[11+4] 208/4550 —— 1.53 (1.1 t0 2.12)
3[11-19] 53/2181 0.91(0.69 to 1.21) 3[304] 99/1065 - 1.67 (1.29t0 2.18)
4[20-29] 56/1304 1.17 (0.90 to 1.52)
5[30-39] 25/369 —-— 1.64 (1.10 to 2.45)
6 [40+] 741696 —-— 1.91(1.44 to 2.53)
Adjusted, lab-standardized Ki67 (excl. size & nodes) (P..c<.001) Adjusted, lab-standardized Ki67 (excl. size & nodes) (Py..s<.001) Adjusted, lab-standardized Ki67 (excl. size & nodes) (P..s<.001)
1[0-5] 27/1357 1.00 (0.67 to 1.49) 1[0-5] 27/1357 —— 1.00 (0.67 to 1.49) 1[0-10] 55/3662 1.00 (1.00 to 1.00)
2[6-10] 28/2305 ~—=— 0.59 (0.40 to 0.86) 2[6-29] 137/5790 - 0.90 (0.78 to 1.04) 2[114] 208/4550 - 1.72 (1.24 t0 2.38)
3[11-19] 53/2181 0.96 (0.73 to 1.26) 3[30+] 99/1065 - 1.85(1.421t02.41)
4[20-29] 56/1304 1.29 (0.99 to 1.67)
5[30-39] 25/369 —— 1.79 (1.21 to 2.66)
6[40+] 74/696 - 2.22 (1.67 t0 2.94)
U A T S — T S —
051 2 4 8 0.5 2 4 8 0.5 2 4 8

* Floating confidence interval
* Confidence interval

Figure 6. Breast cancer mortality rate ratios in women with ER-positive and HER2-negative breast cancer by percentage Ki67 score with standardization
for pathology laboratory. A) Standardized Ki67 categorized in 6 groups, B) standardized Ki67 grouped according IKWG recommendations, C)
standardized Ki67 grouped according to PREDICT decision aid. In middle row adjustment in middle panels is for all variables shown in Table 1 (except
chemotherapy) using the categories shown in Table 1. In bottom row adjustment is for all variables except chemotherapy, tumor size and number of
positive nodes. Breast cancer mortality rate ratios by other variables shown in Table 1 are in Supplementary Figures 10 and 11 (available online). ER =
estrogen receptor; HER2 = human epidermal growth factor receptor 2; IKWG = International Ki67 in Breast Cancer Working Group.

A No laboratory standardization B With standardization for pathology laboratory
Ki67 group Deaths/ Ki67 group Deaths/
[range of values] Women Rate ratio versus group 1 (95% FCI) [range of values] Women Rate ratio versus group 1 (95% FCI")
Crude Ki67 (Py.n<.001) Crude, lab-standardised Kié7 (P,}.,<.001)
1[0-7] 422611 —4— 1.00 (0.74 to 1.35) 1[0-7] 29/1597 —e— 1.00 (0.69 to 1.44)
2[8-17] 57/2656  |—=— 1.36 (1.05 to 1.77) 2[8-17] 66/3742 —p— 1.04 (0.82t0 1.33)
3[18-27] 39/1389 —— 1.81 (1.33 to 2.48) 3[18-27]) 54/1499 il 212 (1.62t0 2.77)
4 [28-37] 35/725 —— 3.17 (2.28 t0 4.42) 4[28-37] 35/622 —— 3.35 (2.41t0 4.67)
5[38-57] 48/502 — 6.19 (4.67 to 8.22) 5[38-57] 47/449 — 6.42 (4.83 to 8.55)
6 [58-100] 42/329 —s—  8.72 (6.44 to 11.80) 6 [58+] 32/303 —— 6.53 (4.62 t0 9.24)
Adjusted Ki67 (Py.s<.001) Adjusted, lab-standardised Ki67 {P,.,,<.001)
1[0-7] 422611 —4— 1.00 (0.71 to 1.40) 1[0-7] 29/1597 —4— 1.00 (0.68 to 1.47)
2[8-17] 57/2656 —m— 1.05 (0.79 to 1.39) 2[8-17] 66/3742 —=t 0.83 (0.63 to 1.08)
3[18-27] 39/1389 —=— 1.10 (0.80 to 1.52) 3[18-27] 54/1499 - 1.10 (0.84 to 1.44)
4[28-37] 35/725 —e— 1.42 (1.02 to 1.99) 4[28-37] 35/622 —-— 1.39 (0.99 to 1.95)
5[38-57] 48/502 — 2.22 (1.62 to 3.02) 5 [38-57] 47/449 — 2.06 (1.51 to 2.82)
6 [58-100] 42/329 —_— 2.48 (1.74 to 3.53) 6 [58+] 32/303 —_— 1.90 (1.28 to 2.80)
Adjusted Ki67 (excluding size & rjodes) (Py.n.<.001) Adjusted, lab-standardised Ki67 (excluding size & nodes) (Py..s<.001}
1[0-7] 42/2611 —4— 1.00 (0.71 to 1.40) 1[0-7] 29/1597 —+— 1.00 (0.68 to 1.48)
2[8-17] 57/2656  —f=— 1.13 (0.85 to 1.49) 2[8-17] 66/3742 —=t+ 0.84 (0.64 to 1.10)
3[18-27] 39/1389 1e— 1.20 (0.88 to 1.64) 3[18-27] 54/1499 r-— 1.24 (0.95to0 1.62)
4 [28-37] 35/725 — 1.70 (1.22 to 2.36) 4 [28-37] 35/622 — 1.52 (1.08 to 2.12)
5[38-57] 48/502 — 2.66 (1.96 to 3.62) 5[38-57] 47/449 — 2.58 (1.90 to 3.51)
6 [58-100] 42/329 —_— 2.92 (2.04 to 4.17) 6 [58+] 32/303 —_— 2.05 (1.39 to 3.02)
T T T T T T T T T T
05 1 2 4 8 16 05 1 2 4 8§ 16

* Floating confidence interval

Figure 7. Breast cancer mortality rate ratios by Ki67 score classified into 6 groups avoiding the use of preferred digits as cut points in women with ER-
positive and HER2-negative breast cancer: A) without standardization and B) with standardization for pathology laboratory. Adjustment in middle
panels is for all variables shown in Table 1 using the categories shown in Table 1. Adjustment in bottom panel is for all variables except tumor size and
number of positive nodes. ER = estrogen receptor; HER2 = human epidermal growth factor receptor 2.
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interlaboratory variation. Our study has confirmed that although
this variation is certainly present, Ki67 nevertheless has strong
prognostic value for breast cancer mortality in women with ER-
positive, HER2-negative early IBC in the general hospital setting,
even after adjusting for a wide range of patient and tumor fac-
tors. Our results may help to bring Ki67 into wider use as a factor
considered in routine decision making in many aspects of breast
cancer treatment. Coordinated international work is currently
ongoing to reach agreement and improve standardized assess-
ment and reporting of Ki67. Numerical methods of standardiza-
tion, such as the one we have used, could complement this work.
This should refine the prognostic value of Ki67 and its clinical
utility. More work is also required to support the routine report-
ing of Ki67, as well as validating its potential in comparison with
commonly used gene expression molecular profiling assays.

Data availability

Depersonalized study data may be made available on request to
accredited researchers who submit a proposal that is approved
by the National Disease Registration Service Office for Data
Release.

Author contributions

Jake Probert, MSc (Data curation; Formal analysis; Investigation;
Writing—original draft; Writing—review & editing) David
Dodwell, FRCR (Investigation; Writing—original draft; Writing—
review & editing) John Broggio, MSc (Data curation; Writing—orig-
inal draft; Writing—review & editing) Jackie Charman, BSc (Data
curation; Writing—original draft; Writing—review & editing)
Mitch Dowsett, FMedSci (Writing—original draft; Writing—review
& editing) Amanda Kerr, DPhil (Writing—original draft; Writing—
review & editing) Paul McGale, PhD (Conceptualization; Data

curation; Formal analysis; Investigation; Methodology;
Supervision; Writing—original draft; Writing—review & editing)
Carolyn Taylor, FRCR (Conceptualization; Investigation;

Methodology; Supervision; Writing—original draft; Writing—
review & editing) Sarah C Darby, FRS (Conceptualization; Formal
analysis; Investigation; Methodology; Project administration;
Supervision; Writing—original draft; Writing—review & editing)
Gurdeep Singh Mannu, MRCSEd DPhil (Conceptualization;
Investigation; Methodology; Project administration; Supervision;
Writing—original draft; Writing—review & editing).

Funding

Funding was provided by Cancer Research UK (grant C8225/
A21133, PRCRPG-Nov21\100001), Cancer Research UK Clinician
Scientist Fellowship (grant ref: RCCCSF-Nov22/100002), and the
National Institute for Health Research.

Conflicts of interest

All authors have completed the ICMJE uniform disclosure and
declared that they have no financial relationships with any
organizations that might have an interest in the submitted work
during the previous 3 years, and no other relationships or activ-
ities that could appear to have influenced the submitted work.

J. Probertetal. | 9

Acknowledgments

We thank patient contributors Hilary Stobart and Mairead
MacKenzie on behalf of Independent Cancer Patients’ Voice who
proposed this study's research question and informed our
approach and the outcome measures of interest. They reviewed
and provided comments on our main findings in face-to-face
meetings and in teleconferences. They have agreed to help with
dissemination of these findings. This work uses data provided by
patients and collected by the National Health Service (NHS) as
part of their care and support. The data were collated, main-
tained, and quality assured by the National Disease Registration
Service, which is part of NHS England. The funding bodies had no
role in the design or conduct of the study; in the collection, man-
agement, analysis or interpretation of data; in the preparation,
approval or review of the manuscript; or in the decision to submit
the manuscript for publication. The results have already been
presented to representatives of appropriate patient groups. After
publication, these results will be freely available both to stake-
holders and the broader public.

References

1. Dowsett M, Nielsen TO, A'Hern R, et al.; International Ki-67 in
Breast Cancer Working Group. Assessment of Ki67 in breast
cancer: recommendations from the International Ki67 in Breast
Cancer Working Group. J Natl Cancer Inst. 2011;103(22):
1656-1664.

2. Nielsen TO, Leung SCY, Rimm DL, et al. Assessment of Ki67 in
breast updated recommendations from the
International Ki67 in Breast Cancer Working Group. J Natl Cancer
Inst. 2021;113(7):808-819.

3. de Azambuja E, Cardoso F, de Castro G, et al. Ki-67 as prognostic
marker in early breast cancer: a meta-analysis of published
studies involving 12155 patients. Br ] Cancer. 2007;96(10):
1504-1513.

4. Yerushalmi R, Woods R, Ravdin PM, et al. Ki67 in breast cancer:
prognostic and predictive potential. Lancet Oncol. 2010;11(2):
174-183.

5. Wishart GC, Rakha E, Green A, et al. Inclusion of KI67 signifi-
cantly improves performance of the PREDICT prognostication
and prediction model for early breast cancer. BMC Cancer. 2014;
14:908.

6. Harbeck N, Rastogi P, Martin M, et al.; monarchE Committee
Members. Adjuvant abemaciclib combined with endocrine ther-
apy for high-risk early breast cancer: updated efficacy and Ki-67
analysis from the monarchE study. Ann Oncol. 2021;32(12):
1571-1581.

7. Royce M, Osgood C, Mulkey F, et al. FDA approval summary:
abemaciclib with endocrine therapy for high-risk early breast
cancer. ] Clin Oncol. 2022;40(11):1155-1162.

8. Stuart-Harris R, Caldas C, Pinder SE, et al. Proliferation markers
and survival in early breast cancer: a systematic review and
meta-analysis of 85 studies in 32,825 patients. Breast 2008;17(4):
323-334.

9. Focke CM, Burger H, van Diest PJ, et al; German Breast
Screening Pathology Initiative. Interlaboratory variability of
Ki67 staining in breast cancer. Eur J Cancer. 2017;84:219-227.

10. Penault-Llorca F, Radosevic-Robin N. Ki67 assessment in breast
cancer: an update. Pathology. 2017;49(2):166-171.

11. Leung SCY, Nielsen TO, Zabaglo L, et al. Analytical validation of
a standardized scoring protocol for Ki67: phase 3 of an interna-
tional multicenter collaboration. NPJ Breast Cancer. 2016;2:16014.

cancer:

€202 JoqWianoN Lz uo 1sanb Aq 02| ¥2./yS0PeNd/S/ 2 /a1o1e/soioul/w0d dno s peo.//:sd)y Wolj Papeojumod



10

12.

13.

14.

15.

16.

| JNCI Cancer Spectrum, 2023, Vol. 7, No. 5

Rimm DL, Leung SCY, McShane LM, et al. An international mul-
ticenter study to evaluate reproducibility of automated scoring
for assessment of Ki67 in breast cancer. Mod Pathol. 2019;32(1):
59-69.

McVeigh TP, Kerin MJ. Clinical use of the oncotype DX genomic
test to guide treatment decisions for patients with invasive
breast cancer. Breast Cancer (Dove Med Press). 2017;9:393-400.
Sestak I, Martin M, Dubsky P, et al. Prediction of chemotherapy
benefit by EndoPredict in patients with breast cancer who
received adjuvant endocrine therapy plus chemotherapy or
endocrine therapy alone. Breast Cancer Res Treat. 2019;176(2):
377-386.

Baskota SU, Dabbs DJ, Clark BZ, et al. Prosigna® breast cancer
assay: histopathologic correlation, development, and assess-
ment of size, nodal status, Ki-67 (SiNK™) index for breast can-
cer prognosis. Modern Pathol. 2021;34(1):70-76.

Cardoso F, Van't Veer L, Poncet C, et al. MINDACT: Long-
term results of the large prospective trial testing the 70-gene
signature MammaPrint as guidance for adjuvant chemother-
apy in breast cancer patients. J Clin Oncol. 2020;38(suppl
15):506-506.

17.

18.

19.

20.

21.

Kwa M, Makris A, Esteva FJ. Clinical utility of gene-expression
signatures in early stage breast cancer. Nat Rev Clin Oncol. 2017;
14(10):595-610.

Smith I, Robertson J, Kilburn L, et al. Long-term outcome and
prognostic value of Ki67 after perioperative endocrine therapy
in postmenopausal women with hormone-sensitive early breast
cancer (POETIC): an open-label, multicentre, parallel-group,
randomised, phase 3 trial. Lancet Oncol. 2020;21(11):1443-1454.
Cuzick J, Dowsett M, Pineda S, et al. Prognostic value of a com-
bined estrogen receptor, progesterone receptor, Ki-67, and
human epidermal growth factor receptor 2 immunohistochemi-
cal score and comparison with the Genomic Health recurrence
score in early breast cancer. J Clin Oncol. 2011;29(32):4273-4278.
Dietz JR, Moran MS, Isakoff SJ, et al. Recommendations for pri-
oritization, treatment, and triage of breast cancer patients dur-
ing the COVID-19 pandemic. the COVID-19 pandemic breast
cancer consortium. Breast Cancer Res Treat. 2020;181(3):487-497.
Dowsett M, Ellis MJ, Dixon JM, et al. Evidence-based guidelines
for managing patients with primary ER+ HER2- breast cancer
deferred from surgery due to the COVID-19 pandemic. NPJ Breast
Cancer. 2020;6:21.

€202 JoqWianoN Lz uo 1sanb Aq 02| ¥2./yS0PeNd/S/ 2 /a1o1e/soioul/w0d dno s peo.//:sd)y Wolj Papeojumod



	Active Content List
	Results
	Discussion
	Conflicts of interest
	Acknowledgments
	References


