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Abstract

Purpose Ki-67 has been clinically validated for risk assessment in breast cancer, but the analytical validation and cutpoint-
definition remain a challenge. Intraclass correlation coefficients (ICCs) are a statistical parameter for Ki-67 interobserver
performance. However, the maximum degree of variance among pathologists allowed for meaningful biomarker results has
not been defined.

Methods Different amounts of variance were added to central pathology Ki-67 data (n=9069) from three cohorts (IBCS-
GVIII +IX, BIG1-98, GeparTrio) by simulation of 4500 evaluations for each cohort, which were grouped by ICCs, ranging
from excellent (ICC =0.9) to poor concordance (ICC=0.1). Endpoints were disease-free survival (DFS) and pathological
complete response (pCR, GeparTrio).

Results Ki-67 was a significant continuous prognostic marker for DFS over a wide range of cutpoints between 8% and 30%
in all three cohorts. In our modelling approach, Ki-67 was a stable prognostic marker despite increased interpathologist
variance. Even for a poor ICC of 0.5, one or more significant Ki-67 cutoffs were detected in 86.8% (GeparTrio), 92.4%
(IBCSGVIII +1X) and 100% of analyses (BIG1-98). Similarly, in GeparTrio, even with an extremely low ICC of 0.2, 99.6%
of analyses were significant for pCR.

Conclusions Our study shows that Ki-67 is a continuous marker which is extremely robust to pathologist variation. Even
if only 50% of variance is attributable to true Ki-67-based proliferation (ICC=0.5), this information is sufficient to obtain
statistically significant differences in clinical cohorts. This stable performance explains the observation that many Ki-67 stud-
ies achieve significant results despite relevant interobserver variance and points to a high clinical validity of this biomarker.
For clinical decisions based on analysis of individual patient data, ongoing efforts to further reduce interobserver variability,
including ring trials and standardized guidelines as well as image analysis approaches, should be continued.
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Introduction

Despite more than 30 years of research [1], the utility of the
proliferation marker Ki-67 for clinical decisions is still under
discussion [2-5]. Several metaanalyses have summarized the
available data on Ki-67 in different clinical cohorts [6-11].
The main conclusion is that an increased Ki-67 is signifi-
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some tumors exist in this group that show an increased
response to chemotherapy. In different studies, Ki-67 cut-
points between 1% and 28% have been used [10, 13, 14].

The main limitation for a broad clinical implementation
of Ki-67 is the limited analytical validity and, in particular,
the interobserver variability between different pathologists.

The International Ki-67 Working Group [15] has con-
ducted several Ki-67 ring trials [16—18], and additional
validation projects are ongoing. In these projects, the intra-
class correlation coefficient (ICC) has emerged as the single
most useful parameter for evaluation of Ki-67 interobserver
variance. The ICC—with values between 0 and 1-reflects
the variation in the data that is based on the true biological
variability of the marker. A high ICC suggests that the main
variance derives from the true biological differences, while a
low ICC indicates a considerable contribution of pathologist
variation to the measurement of the marker.

In the first Ki-67 ring trial, ICCs between 0.94 (for
intralaboratory reproducibility) and 0.59 (for interlaboratory
reproducibility with local staining and evaluation) have been
reported [16]. In the ring trial phase 2, the ICC for central
staining and local evaluation was 0.94 after a mandatory
calibration exercise [17].

For the successful conduction of ring trials, an observed
ICC significantly over 0.70 (for the second phase) [17] or
> (.8 (for the third phase) was predefined [18]. These ICC
cutpoints are based on expert opinion and not derived from
analysis of data, and the amount of pathologist variance
that is allowed for meaningful biomarker results is still not
defined. The problem is that ring trials typically evaluate a
small number of tumors so that clinical endpoints cannot
be analyzed. On the other hand, large studies with clinical
outcome data are typically performed in a central labora-
tory, and it is not feasible to perform the evaluation of large
datasets in parallel by several pathologists with the aim to
determine an ICC.

In this study, we investigated the degree of analytical
variation among pathologists that is needed for a clinically
meaningful biomarker result for Ki-67. We asked the ques-
tions: How would the results of a Ki-67 biomarker study
change with increasing magnitude of variation among
pathologists? What degree of variation between pathologist
leads to a loss of significance of Ki-67 for clinical endpoints
such as chemotherapy response and prognosis?

The traditional approach to address this question would
be the evaluation of Ki-67 in a clinical study cohort with
existing outcome data by large number of pathologists and
a subsequent statistical evaluation for different pathologist
groups with different ICCs. However, this approach is not
feasible in the real world, as the workload for the partici-
pating pathologists in an adequately powered clinical study
cohort would be too high. Furthermore, if the only purpose
of this evaluation is to add different degrees of background
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noise to the Ki-67 data, it is not necessary to involve real
human pathologists.

Therefore, we used a Monte Carlo simulation approach
with mathematical modeling for an “in silico Ki-67 ring
trial” based on existing Ki-67 datasets from three clinical
trials with a total of 9069 participants. Carrying out the in
silico ring trial, we perturbed the existing data to simulate
a total of 4500 virtual pathologists, each of them has evalu-
ated each single tumor from the three independent clini-
cal cohorts. This results in a total of 40.810.500 in silico
Ki-67 measurements. The pathologists were divided into
nine groups of 500 pathologists with ICCs for each group
between 0.1 and 0.9, separately for each clinical trial cohort.
We evaluated the influence of the different ICCs on the sig-
nificance of the clinical endpoints pathological complete
response (pCR) in the neoadjuvant GeparTrio cohort as well
as disease-free survival (DFS) in all three clinical studies.
The analysis was performed with Ki-67 as a continuous
marker and with a systematical analysis of different cut-
points using the cutoff finder approach [19].

Patients and methods
Clinical study cohorts

This study is based on Ki-67 evaluations in a total of 9069
tumor samples from three clinical cohorts (IBCSG Trials
VIII +IX, IBCSG-led BIG 1-98, GeparTrio) [20-22]. The
BIG trial 1-98 (NCT00004205) was a randomized adjuvant
phase III trial comparing 5 years of letrozole or tamoxifen,
or sequential treatment with 2 years of one agent followed
by 3 years of the other, in postmenopausal women with hor-
mone-receptor positive early breast cancer. From the 8010
patients randomized between 1998 and 2003, a total of 6090
(76%) paraffin blocks were available for central Ki-67 [23,
24].

The IBCSG Trials VIII+IX included a total of 2732
patients enrolled between 1988 and 1999 and compared
adjuvant endocrine therapy alone with sequential chemo-
endocrine therapy in premenopausal (VIII, n=1063) and
postmenopausal (IX, n=1669) women with node-negative
breast cancer. Randomization was stratified by estrogen
receptor (ER) status, and in 1998, enrollment was limited
to ER + disease. A total of 1907 samples (70%) were evalu-
ated centrally for Ki-67 [11]. In the BIG 1-98 and IBCSG
VIII +IX trials, hormone receptor positive status was
defined as ER > 1% and/or PR > 1%.

The GeparTrio trial (NCT00544765) was a neoadjuvant
trial including primary breast cancer. Details of the eligibil-
ity criteria and chemotherapy have been published before
[25] Ki-67 was determined centrally in 1166 tumor samples
(56%) [14]. In GeparTrio, hormone receptor positive status



Breast Cancer Research and Treatment (2019) 176:557-568

559

was defined as at least 10% positive tumor cells. The cur-
rent dataset was derived from the updated GBG MetaDB
V20160226.

For all trials, institutional review boards/ethics commit-
tees reviewed and approved the trial protocols, and informed
consent was obtained according to the criteria established
within the individual countries.

Definition of endpoints

In GeparTrio, pCR was defined as no invasive or nonin-
vasive residual cancer in breast and lymph nodes (ypTO,
ypNO). DFS was defined as the time from randomization
to the earliest time of invasive recurrence at local, regional
or distant sites, a new invasive cancer in the contralateral
breast, any second (non-breast) malignancy, or death from
any cause. In the absence of an event, DFS was censored at
the date of last follow-up.

The analysis was performed based on a predefined statis-
tical analysis plan that was agreed upon before analysis by
the collaborating clinical groups. An evaluation of different
therapies was not part of this analysis plan, because this had
already been reported previously for each trial.

Cutoff finder approach

As a first step, we used the cutoff finder approach for a sys-
tematical evaluation of all possible Ki-67 cutoffs in the three
clinical trial cohorts. The influence of the cutoff point for
Ki-67 positivity on ORs for pCR and on HRs for DFS was
investigated using the cutoff finder method [26]. Plots of
ORs and HRs including 95% confidence intervals were gen-
erated for each possible cutoff point.

Statistical analysis—mathematical modeling
approach

In a systematic modeling approach, we simulated Ki-67
analysis of each single tumor by a total of 4500 pathologists
by perturbing the existing central pathology Ki-67 datasets
(Fig. 1). The analysis was conducted independently for each
clinical cohort. Monte-Carlo simulations (“in silico ring tri-
als”) were carried out to analyze the effect of interpatholo-
gist variance on Ki-67 evaluation in GeparTrio, BIG 1-98
and IBCSG VIII-IX. To this end, Ki-67 data were perturbed
to simulate nine groups of pathologists with 500 observers
in each of the groups. Perturbation strengths were increased
to result in decreasing intraclass correlations of ICC=0.9,
0.8, ..., 0.1 in the nine groups. ICCs were calculated using
the function icc from the R package irr with the arguments
model =twoway, type =agreement and unit=single [27].
This corresponds to the version ICC(2, 1) of intraclass cor-
relation coefficients in the notation of Shrout and Fleiss [28].

Performing the perturbations, it was taken into account that
Ki-67 is easier to evaluate when very low or very high (close
to 0% or 100%) and more difficult to evaluate when there are
both many positive and many negative cells. In detail, given
a value of x% for the percentage of Ki-67 positive cells, an
additive perturbation was drawn from a normal distribution
with standard deviation proportional to x for x <50% and
proportional to 100% — x for x> 50%. Values smaller than
0% after perturbation were set to 0%, and values larger than
100% after perturbation were set to 100%.

These evaluations were grouped into 9 groups of 500
pathologists with defined ICCs, ranging from very good
concordance (ICC=0.9) to extremely poor concordance
(ICC=0.1). As endpoints, we used HR for DFS for all three
study cohorts and in addition OR for pCR for the neoadju-
vant cohort. As a first step, we evaluated Ki-67 as a continu-
ous marker in the different pathologist groups with different
ICC:s.

Results
Clinical study cohorts and baseline parameters

As shown in Table 1, the clinical cohorts were different
regarding clinicopathological variables, which is in line
with the different clinical settings. In GeparTrio, 32.8%
of patients had T3-T4 tumors, compared to only 1.1% in
IBCSG VIII+1IX and 2.8% in BIG 1-98. IBCSG VIII +IX
included only patients with node negative disease, while in
BIG 1-98 (42%) and GeparTrio (54%) also patients with
node-positive tumors were included. In BIG 1-98, 98.5% of
patients had centrally confirmed hormone receptor positive
tumors (ER > 1% and/or PgR > 1%), while IBCSG VIII +1X
had 80.4% and GeparTrio 68.5% hormone receptor positive
tumors.

Reflecting the more aggressive tumor phenotype in
GeparTrio, the mean Ki-67 was 32% in this trial, compared
to 25% in IBCSG VIII +1X and 14% in BIG-1-98. Inter-
estingly, the mean Ki-67 values were more similar in the
three cohorts if stratified for HR and HER?2 status (details
see Table 1). The distribution of Ki-67 values is shown in
Fig. 2a—c.

Systematical evaluation of different Ki-67 cutpoints
in all three clinical cohorts

The cutoff finder tool has been designed for a convenient and
comprehensive evaluation of quantitative biomarkers in can-
cer. In a previous study, we have used this tool to evaluate
different cutoffs for Ki-67 in the GeparTrio cohort. We have
shown that many different cutoffs to define Ki-67 positive
vs. negative are significant for pCR as well as DFS and that
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Fig.1 a Overview. The in silico ring trial evaluates the actual clini-
cal relevance of different levels of pathologist concordance. The three
Ki-67 datasets were perturbed to simulate the evaluation by a total of
4500 pathologists that were divided into 9 pathologist groups with

it is not possible to define the “best” cutoff. The additional
datasets from BIG 1-98 and IBCSG VIII 41X provide the
opportunity to validate this observation for DFS.

As shown in Fig. 2d, Ki-67 was significant over a wide
range of cutpoints for DFS in all three studies. The data on
GeparTrio, with significant p values for DFS for all Ki-67
cutoffs values between 5% and 52%, have been published
before and are shown for comparison. For IBCSG VIII +IX,
the results are similar to GeparTrio, with significant p values
for Ki-67 cutoffs between 7.5% and 32.5% (Fig. 2).

For the large hormone-receptor positive BIG 1-98 cohort
investigating endocrine therapies, all Ki-67 cutpoints
between 1.5% and 79% were significant for prediction of
DFS. In BIG 1-98 the hazard ratio for reduced DFS was
continuously increased with increased Ki-67 values, similar
to previous evaluations [23].
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different ICCs, three examples for ICC 0.4, 0.6 and 0.8 are shown
below. b Examples for comparison of two pathologists with defined
ICCs of 0.4, 0.6 and 0,.8; illustrating the increased concordance with
higher ICCs. The examples are from the GeparTrio dataset

Inssilico ring trial for evaluation of Ki-67 as a marker
for pCR and prognosis

In the in silico ring trial approach presented here, we used
mathematical modeling to simulate the evaluation of Ki-67
as a biomarker in the complete dataset of 9069 tumors
by 4500 individual pathologists. This comprehensive in
silico modeling approach resulted in a complex dataset of
40,810,500 individual Ki-67 values. To assess the impact
of different degrees of variability between pathologists, the
4500 pathologists were divided into 9 groups of each 500
pathologists, with different ICCs for each group (Fig. 1a).
These ICCs ranged from 0.9, which is well accepted as
a high concordance, to 0.1, which indicates a very poor
concordance. Typical examples of pathologists with ICCs
of 0.4, 0.6 and 0.8 are shown in Fig. 1b, visualizing the
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Table 1 Clinicopathological
parameters of the three cohorts

Parameter GeparTrio cohort N (%) IBCSG VIIT+1IX BIG 1-98 cohort N (%)
cohort N (%)
Number of samples 1166 1926 6107
Age (years)
<40 187 (16.0%) 152 (7.9%) 6 (0.1%)
40-49 378 (32.4%) 499 (25.9%) 256 (4.2%)
50-59 336 (28.8%) 603 (31.35) 2368 (38.8%)
>60 265 (22.7%) 672 (34.9%) 3477 (56.9%)
Median age 50 55 61
Tumor stage’
T1 15 (1.3%) 1129 (58.6%) 3779 (61.9%)
T2 764 (65.5%) 729 (38.3%) 2117 (34.7%)
T3 224 (19.2%) 22 (1.1%) 171 (2.8%)
T4 159 (13.6%) 0 (0%) 0 (0%)
Unknown 4(0.3%) 39 (1.9%) 40 (0.7%)
Nodal status’
NO 530 (45.5%) 1926 (100%) 3481 (57%)
N+ 624 (53.5%) 0 (0%) 2566 (42%)
Unknown 12 (1.0%) 0 (0%) 60 (1.0%)
Tumor grade
Gl 46 3.9%) 268 (13.9%) 1235 (20.2%)
G2 654 (56.1%) 910 (47.2%) 3438 (56.3%)
G3 407 (34.9%) 738 (38.3%) 1423 (23.3%)
Unknown 59 (5.1%) 36 (1.9%) 11 (0.2%)
Hormone receptor status
Negative 359 (30.8%) 376 (19.5%) 77 (1.3%)
Positive 782 (67.1%) 1548 (80.4%) 6015 (98.5%)
Unknown 25 (2.1%) 2 (0.1%) 11 (0.2%)
HER?2 status
Negative 819 (70.2%) 1601 (69.2%) 5694 (93.2%)
Positive 271 (23.2%) 308 (16.0%) 405 (6.6%)
Unknown 76 (6.5%) 17 (0.9%) 8 (0.1%)
Molecular tumor type
HR+/HER2—- 569 (48.8%) 1332 (69.2%) 5629 (92.2%)
HR-+/HER2+ 166 (14.2%) 201 (10.4%) 384 (6.3%)
HR—/HER2+ 101 (8.7%) 107 (5.6%) 20 (0.3%)
TNBC 236 (20.2%) 267 (13.9%) 57 (0.9%)
Unknown 94 (8.1%) 19 (1.0%) 17 (0.3%)
Mean Ki67 (%) 32 25 14
Mean Ki67 (%) in molecular subtype
HR+/HER2—- 23 20 13
HR+/HER2+ 27 25 22
HR—/HER2+ 37 34 28
TNBC 53 47 35
Chemotherapy response
pCR 184 (15.8%) na na
No pCR 982 (84.2%) na na
Not applicable 0 (0%) 1926 (100%) 6107 (100%)
Mean DFS (years) 7.79+0.12 8.41+0.07 8.52+0.04
Type of therapy
Neoadjuvant chemotherapy 1166 (100%) na na
Adjuvant chemotherapy
Yes 0% 1094 (56.8%) 1396 (22.9%)
No 0% 832 (43.2%) 4711 (77.1%)
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Table 1 (continued)
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approach: Systematical evaluation of cutoff points for the percent-
age of Ki-67 positive cells to define a tumor as Ki-67 positive. DFS
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Parameter GeparTrio cohort N (%) IBCSG VIII+IX BIG 1-98 cohort N (%)
cohort N (%)
Adjuvant endocrine therapy
Yes - 1667 (86.5%) 6107 (100%)
No - 259 (13.4%)* 0 (0%)
No data in CRF 1166 (100%)**

*The IBCSG Trial VIII included also a third treatment group receiving chemotherapy alone

**For GeparTrio, endocrine therapy was not captured but was recommended according to the current
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HRs (Ki-67 positive vs. negative) with 95% confidence intervals are
plotted each possible cutoff point. The range of cutoffs resulting in
statistically significant (p <0.05) differences of prognostic association
of Ki-67 positivity with of DES is marked by thick lines. In all three
cohorts, at least all cutpoints between 8% and 30% were significant
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Fig. 3 Mathematical modeling of differences in pathologist variation »
for Ki-67 (“in silico ring trial”). The existing data from three clinical
trial cohorts were used to model different degrees of pathologist vari-
ation in 9 different simulated groups, each comprising 500 patholo-
gists. The results are shown for Ki-67 as a continuous variable for
the association of Ki-67 with response to neoadjuvant chemother-
apy (pCR) in GeparTrio (a), as well as for DFS in all three cohorts:
GeparTrio (b), IBCSG VIII+IX (c¢) and BIG 1-98 (d). Each box
visualizes the results, as OR or HR for the association of Ki-67 with
the clinical endpoint, of a group of 500 virtual pathologists (5%, 25%,
50%, 75% and 95% quantiles). The numbers below are the percentage
of pathologists in each ICC group with statistically significant results
for association of Ki-67 with pCR or DFS. The blue lines indicate
the actual OR or HR results of the clinical trial cohort in the origi-
nal central analysis. The ORs and HRs are remarkably stable over a
wide range of different ICCs. ICC intraclass correlation coefficient,
OR odds ratio, CI confidence interval

different degrees of agreement. The analysis was performed
separately for each clinical trial cohort.

As the next step, we performed a statistical analysis to
assess whether Ki-67 was a statistically significant predictor
for pCR (GeparTrio) as well as prognostic marker for DFS
(all three cohorts) for each of the 4500 pathologists. This
approach allows us to analyze Ki-67 as a biomarker for pCR
and/or DFS for each single pathologist and to correlate the
ORs or HRs with the interobserver variance measured as
ICC. As a first step, the analysis was performed using Ki-67
as a continuous marker. Figure 3 shows the odds ratio for
the association of Ki-67 with pCR (A, GeparTrio) as well as
the DFS hazard ratios (B-D, all three cohorts) for nine dif-
ferent groups of pathologists with nine different ICCs. Each
box plot shows the results of 500 pathologists within the
group defined by ICC values (box plots show 5%, 25%, 50%,
75% and 95% quantiles of the 500 estimated odds ratios or
hazard ratios). The number below indicates the percentage
of pathologists from each ICC group, whose Ki-67 scoring
results show a statistically significant association with pCR
or DFS. For example, for GeparTrio and the pCR endpoint,
100% of the pathologists with an ICC of 0.5 showed a statis-
tically significant association of Ki-67 with pCR. We note,
however, that—while the p values are still significant—the
odds ratio decreased with lower ICC values, indicating that
information on the size of the effect is diminishing.

Evaluation of different cutpoints in all three study
cohorts

In addition to the analyses of Ki-67 as a continuous marker,
we also evaluated the impact of pathologist variation on
the association of Ki-67 positive versus negative with
pCR and DFS using different Ki-67 cutoffs. The results
are shown for pCR (GeparTrio) in Fig. 4 and for DFS (all
three cohorts) in Fig. 5. Three of the 9 pathologist groups
with high (ICC =0.8) moderate (ICC =0.6) and poor
(ICC=0.4) agreement are shown. This analysis shows that
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Fig.4 Mathematical modeling of differences in pathologist varia-
tion—relevance of different Ki-67 cutpoints for pCR in GeparTrio.
Three different virtual pathologist groups of 500 pathologists with
either poor performance (ICC=0.4; a), or moderate performance
(ICC=0.6, b) or good performance (ICC=0.8, ¢) are shown. Each
box visualizes the OR for prediction of pCR for the results of a group
of 500 virtual pathologists (5%, 25%, 50%, 75% and 95% quantiles)
and a given Ki-67 cutpoint. Different cutpoints between Ki-67 of 5%
and 95% are systematically evaluated. The blue lines indicate the
actual OR for prediction of pCR (with 95% CI) based on the central
Ki-67 evaluation in the GeparTrio trial. The ORs are remarkably sta-
ble over a wide range of different ICCs. ICC intraclass correlation
coefficient, OR odds ratio, CI confidence interval
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the prognostic significance of Ki-67 is observed in the large
majority of evaluations, even with poor pathologist concord-
ance of 0.4, though again, with reduced HRs, that indicate an
attenuation of the “true” estimation of prognostic association
of Ki-67 positivity with the endpoints.

Discussion

Our results suggest that the prognostic role of Ki-67 on a
trial basis is extremely robust to variation between patholo-
gists. This stable performance of Ki-67 provides an expla-
nation for the observation that many Ki-67 studies achieve
statistically significant prognostic association despite the
interobserver variance and heterogeneity issues. It might
also suggest a relevant clinical utility for Ki-67 despite con-
siderable variation introduced in the evaluation. Our analy-
sis shows that for a clinical trial cohort, the introduction of
Ki-67 testing will provide significant prognostic information
that would not be available without Ki-67 testing and that for
the cohort of patients the prognostic assessment is signifi-
cant despite the variation among pathologists. This indicates
the tumor proliferation is a strong driver of prognosis, and
therefore—from our point of view—the proliferation rate
should be known for each patient as a part of the biological
assessment of the tumor.

As a cautionary statement, it should be noted that this
stable performance of Ki-67 is only observed if we evalu-
ate this marker on a trial level looking at a large cohort of
patients. On a patient level, there might still be situations
where there is a considerable disagreement of different
pathologists in Ki-67 evaluation. This is very similar to the
situation observed for clinical validation of a new therapy:
The new therapy could be significantly superior to the stand-
ard-of-care in a large clinical trial, nevertheless there will
always be individual patients that do not benefit from this
therapy, that will develop adverse effects and that might even
show a progress of the disease during the new therapeutic
approach. For an oncological therapy, we are used to the
fact that not all patients do respond, but for a biomarker, the
general expectance is that there should be a 100% agreement
in all situations. Therefore, discussions on the limited valid-
ity of Ki-67 typically focus on a small number of patient
with discrepant results, instead of looking at the generally
superior outcome of the complete cohort. It should be noted
that on the one hand, we should take all necessary steps to
ensure that each single patient will receive the best possible
Ki-67 measurement, but on the other hand the existence of
single patients with an discordant Ki-67 measurement does
not allow the conclusion that the marker is not a useful addi-
tion to the diagnostic assessment. This conclusions should
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Fig.5 Mathematical modeling of differences in pathologist varia-
tion—systematical evaluation of different Ki-67 cutpoints for DFS
in three clinical studies. Three different virtual pathologist groups
of each 500 pathologists with either poor performance (ICC=0.4;
a—c), or moderate performance (ICC=0.6, d—f) or good performance
(ICC=0.8, g-i) are shown for GeparTrio (a, d, g), IVCSG VIII-IX
(b, e, h) and BIG 1-98 (c, f, i). Each box visualizes the OR for pre-
diction of pCR for the results of a group of 500 virtual pathologists

only be based on the results of clinical trials, which are—as
shown in out study—highly robust to pathologist variation.

It must be emphasized that the integration of Ki-67 into
clinical decisions requires an extremely careful assessment
for each individual patient—similarly to the administration
of a new therapeutic strategy. To achieve this high stand-
ard of assessment several precautions have to be taken: The
evaluation must be based on the recommendations of the
International Ki-67 Working Group, the staining conditions
and the preanalytical variables must be carefully controlled,
and the quantification method must allow an exact determi-
nation of the number of positive cells.

Pathologists and clinicians should be aware of the limi-
tations of the method. In particular, for Ki-67 values in

Ki67 (% positive cells)

Ki7 (% positive cells)

(5%, 25%, 50%, 75% and 95% quantiles) and a given Ki-67 cutpoint.
Different cutpoints between Ki-67 of 5% and 95% are systematically
evaluated. Blue lines indicate the actual HR for DFS (with 95% CI)
based on the central Ki-67 evaluation in the original clinical trial
dataset. The HRs are remarkably stable over a wide range of differ-
ent ICCs. ICC intraclass correlation coefficient, HR hazard ratio, CI
confidence interval

the intermediate range between 10% and 25%, where the
interobserver heterogeneity is most relevant according to
the Ki-67 ring trials [17, 29]; it might be necessary to use
additional, more advanced prognostic assays, including gene
expression assays.

As established by the International Ki-67 Working group,
the best indicator of interobserver performance for a con-
tinuous biomarker is the intraclass correlation coefficient
(ICC). The ICC refers to the combined overall performance
across the dataset and across the complete range of Ki-67
values. Therefore, even with a high ICC of 0.8, individual
tumors may exist for which the Ki-67 values differ substan-
tially among individual observers. The ICC as a statistical
performance parameter does not require the minimization of
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all individual outlier values. In clinical practice, the prob-
lem of individual outliers remains and must be considered
for individual clinical decisions. Thus, clinicians should be
aware of the fact that there may be a small number of outliers
in any Ki-67 cohort, which have larger absolute differences
between pathologists.

In a previous study on the GeparTrio cohort, we had
already pointed out that Ki-67 is a continuous parameter
and that is it not possible to define an optimal cutpoint to
define positive vs. negative Ki-67. We have now validated
this result in the additional datasets from BIG 1-98 and
IBCSG VIII +IX, that also showed very similar hazard
ratios for the association of Ki-67 positivity with DFS
across a wide range of Ki-67 cutpoints. This is in line
with the statement of the International Ki-67 guideline
published in 2011, which stated that the experts were not
able to come to a conclusion regarding valid Ki-67 cut-
points [15]. This can be easily explained by the biology of
tumor cell proliferation, which is a continuous parameter
when observed on the level of a tumor cell population.
In addition, the proliferation rate of a tumor is not fixed
at a defined value, but is dependent on the proliferative
capacity of the tumor cells, but also in the local micro-
environment including oxygen and energy supply, con-
stitution of the tumor stroma and vascular density. This
variability results in temporal and spatial heterogeneity of
proliferation and thus Ki-67 expression. As a conclusion,
international efforts to define cutpoints for Ki-67 should
be stopped and clinicians should get used to the interpreta-
tion of this marker as a continuous rather than a discrete
parameter.

In conclusion, it is important to emphasize that our
study is evaluating the performance of Ki-67 as a prog-
nostic marker in large clinical trial cohorts. In contrast, in
the daily clinical diagnostic setting, the aim is to provide
a reliable Ki-67 value for a single patient. To achieve the
best result for each patient, it is necessary that the local
Ki-67 staining is standardized to achieve optimal perfor-
mance. Therefore, ongoing efforts to further reduce inter-
observer variability, including ring trials and standardized
guidelines as well as image analysis approaches, should be
continued [30, 31].
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