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Abstract

Accurate assessment of Ki67, a marker of cellular proliferation, is critical for breast cancer diagnostics and treatment deci-
sion-making. This study evaluates an automated Ki67-area identification approach, combined with digital image analysis
(DIA) for exact Ki67 quantification. A total of 61 tissue samples from breast cancer patients from two clinical trials (Gepar-
Sixto and GeparSepto) were analyzed. The supervised DIA workflow employed automated Ki67-stained tumor area identi-
fication, followed by automated Ki67 scoring and was quality-controlled by trained pathologists. Comparisons with manual
assessments were conducted to evaluate concordance and scoring precision. The DIA approach identified 232 tumor areas
across 61 whole slide images (WSIs). The supervised system demonstrated a high correlation with manual scores (r=0.78),
and improved precision (standard deviation between evaluated tumor areas) was noted in therapy-naive samples (p <0.001).
While manual assessments predominantly employed stepwise increments (5%), DIA provided finer, more continuous scor-
ing, optimally reflecting the continuous nature of tumor proliferation. Overall, DIA scoring was more robust, with reduced
inter-ROI variability and improved reproducibility compared with manual assessment. In conclusion, the study highlights
the potential of supervised DIA to enhance Ki67 scoring accuracy and standardization. The methodology’s effectiveness in
addressing standardized Ki67 scoring suggests its utility in clinical diagnostic workflows. This approach contributes towards
improved integration of computational pathology into routine practice for improved breast cancer management.
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Introduction

Sustaining uncontrolled proliferation is one of the hall-
marks of cancer influencing tumor progression and patient
prognosis [10]. In breast cancer, Ki67, a nucleic marker
expressed during late S-phase, G2 and M-phase, is widely
used to calculate the proliferation index. Precise assess-
ment of proliferation plays a pivotal role in pathological
routine diagnostics [9]. A comparison of clinical guide-
lines such as those from the European Society for Medical
Oncology (ESMO), the German S3 Guideline, and the St.
Gallen Consensus Conference reveals no global consen-
sus regarding factors such as the number of tumor cells
or tumor areas to assess or Ki67 cutoffs for differentiat-
ing between low- and high-proliferating tumors [2, 21],
Leitlinienprogramm [16].

Besides its well-known prognostic impact, Ki67 has
been described as a predictive biomarker for therapy
response in the neoadjuvant setting [6—8]. Especially in
hormone receptor (HR)-positive, human epidermal growth
factor receptor 2 (HER2)-negative early breast cancer,
Ki67 is a driving factor for adjuvant chemotherapy indi-
cation. Since 2022, Ki67 is approved by the U.S. Food
& Drug Administration (FDA) as companion diagnostics,
guiding adjuvant therapy with Abemaciclib. Patients with
HR-positive, HER2-negative early or metastatic breast
cancer showing >20% Ki67-positive tumor cells are eli-
gible for adding Abemaciclib to adjuvant standard-of-care
endocrine therapy (ET) [11].

Since Ki67 was introduced as both a predictive and ther-
apy-guiding biomarker, as well as a companion diagnostic
for therapeutic decision-making, an objective and standard-
ized procedure for assessing Ki67 is essential. According to
the German S3 Guidelines, pathologists should assess more
than three tumor areas and count approximately 100 to 300
tumor cells, which may require a considerable amount of
time. The international Ki67 Working Group (IKWG) pub-
lished guidelines for the implementation of Ki67 in clinical
breast cancer assessment, highlighting the necessity for a
standardized approach to Ki67 assessment [19].

Digital software tools for assessing a wide range of
immunohistochemical markers are currently under devel-
opment, aiming to standardize diagnostic procedures that
are especially crucial in routine diagnostics. These sys-
tems are discussed as offering a significant opportunity
to overcome the challenges currently faced in traditional
diagnostics [23]. However, despite their potential, many
of these systems are difficult to implement in a clinical
routine due to complex workflows or poor correlation with
traditional scoring methods [3].

The Cognition Master Professional Suite (CMPS) soft-
ware, a comprehensive toolset developed for clinical use
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in pathological research and diagnostics, introduced an
easily applicable workflow for standardized digital Ki67
scoring that has been validated in different clinical studies
[1, 12, 26, 27].

Here, we benchmark a novel supervised digital image
analysis (DIA) protocol employing the CMPS using auto-
mated identification of representative Ki67-stained regions
of interest (ROI) on whole-slide images (WSI), followed by
automated Ki67 scoring using the Ki67 Quantifier Clinical
module and subsequent pathologist supervision. The pri-
mary objective of this study is to compare this WSI-based
DIA approach with manual Ki67 assessment performed
according to established clinical practice guidelines, focus-
ing on concordance, variability (standard deviations), and
time required for each assessment method.

Therefore, we used FFPE tumor samples of two multi-
center randomized clinical German Breast Group (GBG)
trials, with tissue sections CNB taken prior to and during
neoadjuvant chemotherapy (NACT) and surgical resection
specimens obtained after completion of NACT.

Materials and methods
Sample collection

Sixty-one randomly selected longitudinal tissue samples
were derived from 29 female breast cancer patients enrolled
in the clinical GBG trials GeparSixto (G6) and GeparSepto
(G7) [22, 24]. Where applicable, we assessed longitudinal
samples with up to three time points from one patient: ther-
apy-naive sample from core needle biopsies (CNB) prior
to neoadjuvant treatment (pretherapeutic), mid-treatment
(intratherapeutic) samples using CNB after 2 cycles of
chemotherapy (GeparSixto) or from window phase (one
dose of anti-HER2 treatment in GeparSepto) and surgical
resection specimens obtained after completion of neoadju-
vant chemotherapy (postNACT, postherapeutic) according
to the clinical trial.

All patients provided written informed consent for study
participation and biomaterial collection for translational
research. Ethical approvals for translational research pro-
jects were given by Charité University Hospital Berlin
(EA1/139/05), as well as Philipps-University Marburg
(38/20). All clinical trials underlying this study were con-
ducted in accordance with the Declaration of Helsinki.

Immunohistochemistry and digitalization

Immunohistochemical staining targeting Ki67 was con-
ducted on whole-slide sections of 2 um using monoclonal
mouse anti-human-Ki67 antibody (Clone MIB-1, Dako
Denmark A/S) with a 1:100 dilution and EDTA antigen
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retrieval. Enhancing visualization, hematoxylin (SS3301,
Dako, Denmark A/S) was employed as counterstain on a
Leica Bond Max (Dako, Denmark A/S) automatized stainer.
Subsequently, tissue slide digitalization was carried out on a
MS slide scanner (PreciPoint GmbH, Germany) at a magni-
fication of 20 X generating whole-slide images (WSI).

Manual Ki67 assessment

Manual Ki67 scoring was performed on the digitized WSI
on a digital screen. Five pathologists were instructed to score
according to their standard practice in accordance with St.
Gallen Consensus guidelines (2021) as well as the German
S3 guideline (version 4.4, 2021) [4], Leitlinienprogramm
[16]. According to these recommendations, pathologists
assessed at least three representative high-power fields and
counted a minimum of 100 tumor cells per field, covering
areas with representative staining intensities and proportions
of positive cells. Malignant cells were counted as positive if
they showed low to strong nuclear staining. Individual Ki67
values were calculated as the number of positively stained
tumor cells in relation to the total number of assessed tumor
cells. For each slide, the manual Ki67 score used as a gold
standard for comparative data analysis was based on the
mean scores of all pathologists.

Supervised digital image analysis

Supervised Ki67 scoring followed a three-step protocol
using two modules of the Cognition Master Professional
Suite (VMscope GmbH, Berlin, Germany), and a manual
review in-between. First, Ki67 ROI detection with the soft-
ware module “Scan Connect” (VMscope GmbH, Berlin,
Germany) was used to automatically identify up to four
single tumor areas per WSI. Each area was standardized
to 600 X 600 dpi. The automatic selection of valid ROI
regions was based on the staining intensity of the immuno-
histochemistry (IHC) signal after color deconvolution. To
optimize the region selection, the candidate regions were
prioritized by proportion of the positive IHC signal, and
also their cell—cell as well as possible ROI-ROI proximity
to each other, in order to better account for the tumor hetero-
geneity. These unsupervised images were quality controlled
by a trained pathologist, who removed remaining regions
with staining artifacts and ROI with poor tumor tissue qual-
ity. The final fully automated step of the Ki67 cell detection
and scoring was performed by the Ki-67 Quantifier clinical
module (VMscope GmbH, Berlin, Germany) for each indi-
vidual tumor area. The module’s algorithmic workflow can
be summarized as follows: First, colour deconvolution is
performed to separate the Ki67 signal from the counterstain.
Subsequently, the colour space of both signal components
is analyzed to determine image-specific threshold values.

This is followed by contour-based segmentation and contour
length analysis to define image-specific object sizes. The
detected contours are then classified into tumor cells and
other objects (e.g., lymphocytes) based on size, color, and
shape features. In a subsequent step, tumor cells are clas-
sified as positive or negative according to the previously
defined signal components. Finally, all relevant objects
are counted, the Ki67 ratio is calculated, and the result is
displayed.

Data comparison and statistical analysis

Concordance analyses were performed using Ki67 values
obtained from both manual assessment and digital image
analysis (DIA). Within the manual Ki67 scoring approach,
statistical comparisons were conducted using the Ki67 val-
ues derived from five independent pathologists. For the DIA
approach, Ki67 values were calculated based on automati-
cally identified regions of interest (ROIs). Statistical anal-
yses were conducted using GraphPad Prism 6 (GraphPad
Software Inc, Boston, USA) software and R (version 4.1.2).
Paired sample two-sided t-tests were performed comparing
manual and supervised DIA scores. The assumption of vari-
ance homogeneity was assessed using F-tests. Sample corre-
lation was calculated by Pearson’s method, assigned brackets
indicate the 95% confidence interval. A significance level
of p<0.05 was used to determine statistical significance.
Scoring accuracies are a measure of the standard deviation
(precision), assessing inter-observer (manual Ki67 assess-
ment) and inter-ROI (un-/supervised DIA) deviations.

To evaluate clinical coherence, WSIs were grouped into
Ki67 groups: low (< 10%), intermediate (<25%), and high
(>25%), based on German S3 Guidelines from 2020 for
breast cancer [15] as well as Ki67 groups according to the
St. Gallen consensus: low (<5%), intermediate (5-30%), and
high (>30%) [4], Leitlinienprogramm [16]. Concordances
were calculated as the ratio of samples classified identically
using both approaches to the total number of samples within
each group, as classified manually.

Results
Flow of samples and basic characteristics

Within 61 whole slide images (WSIs) Ki67 ROI detection
identified 232 individual tumor areas, with three to four
ROIs per WSI (four ROIs: 55/61 (90.2%), three ROIs: 2/61
(3.3%), two ROIs: 2/61 (3.3%) and one ROI: 2/61 (3.3%)
(Fig. 1). Subsequent Ki67 scoring using DIA was performed
on an average of 1124 tumor cells per sample. ROI identifi-
cation, Ki67 scoring and manual review took around 1.5 min
per WSI. The manual review section took up most of the
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Fig. 1 Illustration of the super-
vised DIA workflow: Up to
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active assessment time since steps upfront are performed
in an automated manner. In a direct comparison, the reduc-
tion in times becomes apparent since pathologists reported
an active Ki67 assessment time of between five and ten
minutes.

During the supervision of the DIA by an experienced
pathologist, 44 (18.9%) of 232 tumor areas were partially
or entirely excluded due to staining artifacts, large necrotic
areas, or other quality-reducing factors. This led to exclu-
sion of eight WSIs on which no tumor areas remained (7
intratherapeutic and 1 post-NACT sample). These samples
were excluded from further analysis, resulting in a data set
of 53 WSIs. The supervision process by trained patholo-
gists significantly reduced the Ki67 inter-ROI deviation
from unsupervised 9.83 to 6.11 in the supervised setting
(p=0.008). Precision variance comparison showed a signifi-
cantly reduced variance following supervision (unsupervised
97.4, supervised 43.2 F-test p=0.003) (Supp. Figure 1).

Comparison of manual and supervised-DIA Ki67
assessment

Analysis of the mean Ki67 scores revealed a notable dif-
ference in scoring methodology (Fig. 2). Manual scoring
predominantly produced scores that were assigned in incre-
ments of approximately 5% intervals, reflecting the semi-
quantitative assessment that is typically performed by human
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evaluators. In contrast, the supervised DIA system delivers
stepless values.

Our results show that manual and supervised DIA Ki67
scorings are comparable according to their mean Ki67 values
per sample with no significant differences (#-test p =0.333;
Pearson’s correlation: r=0.781, 95% CI 0.648-0.868)
(Fig. 3A, B). However, computational assessment exhibited
lower mean standard deviation (precision) per sample, with
a statistically significant lower mean per-sample standard
deviation (#-test p=0.011), whereas in precision variance no
significant difference was observed (manual 38.7, supervised
DIA 43.2 F-test p=0.682) (Fig. 3C). Upon stratifying tis-
sue samples based on timepoint of treatment, both cohorts
displayed notable consistency between pathologists and
computational systems: pre-NACT (¢-test p =0.338; Pear-
son’s correlation: r=0.707, 95% CI 0.460-0.853) and intra-
therapeutic (¢-test p=0.455; Pearson’s correlation: r=0.820,
95% CI 0.609-0.923) (Fig. 3D-H). Supervised DIA scor-
ing demonstrated superior scoring accuracy compared with
the manual approach for pre-NACT samples. Mean scoring
accuracy for supervised DIA was significantly lower (two-
sided r-test p <0.001), as well as precision variance (manual
24.1, supervised DIA 10.4 F-test p=0.029) (Fig. 3F). The
intratherapeutic cohort showed no significant differences in
mean accuracy (z-test p=0.732) while precision variance
was significantly better for manual assessment (manual 30.7,
supervised DIA 90.8 F-test p=0.008) (Fig. 3I).
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Fig.2 Comparison of mean Ki67 scores using manual Ki67 assess-
ment and supervised DIA. Each dot represents a whole slide images
Ki67 score assessed either manually by a pathologist (A, blue) or by
supervised DIA (B, purple). Samples are not matched, but sorted by
mean Ki67 values indicating the sensitivity in scoring

Precision assessment and clinical coherence in Ki67
subgroups

Based on the national German S3 guideline for breast cancer,
Ki67 values were categorized into three groups: Ki67 low
(< 10%), intermediate (<25%), and high (>25%). Manual
scoring identified 12/53 (22.6%) WSIs as Ki67 low, 14/53
(26.4%) as Ki67 intermediate, and 27/53 (50.9%) as Ki67
high. Supervised DIA scoring identified 11/53 (20.8%) WSIs
as Ki67 low, 10/53 (18.9%) as Ki67 intermediate, and 32/53
(60.4%) as Ki67 high. As indicated in Fig. 4, assessment of
scoring precision showed low inter-observer and inter-ROI
area deviations for Ki67 low and intermediate, respectively
(man. and semi-aut.: low sd=4.5 and 1.7; int. sd=6.7 and
4.6; high sd=12.5 and 8.1).

Classification based on the St. Gallen consensus (low
(<5%), intermediate (5-30%), and high (>30%)) shifted
more samples into the intermediate group (Fig. 4B). Manual

scoring identified 7/53 (13.2%) WSIs as Ki67 low, 21/53
(39.6%) as Ki67 intermediate, and 25/53 (47.2%) as Ki67
high. Supervised DIA scoring identified 10/53 (18.9%) WSIs
as Ki67 low, 17/53 (32.1%) as Ki67 intermediate and 26/53
(49.1%) as Ki67 high. We observed a coherent trend in inter-
observer and inter-ROI area deviations compared to the Ger-
man S3 consensus (man. and DIA: low sd=3.4 and 1.1; int.
sd=7.9 and 5.7; high sd=11.9 and 8.3).

The clinical scoring coherence between the two meth-
ods was 71.7% (38/53 cases) (Supp. Table 1). However,
Ki67 group stratification revealed differences in scoring
concordance between groups: Ki67 low (CR=66.7% (8/12
cases)), intermediate (CR=35.7% (5/14 cases)), and high
(CR=92.6% (25/27 cases)).

Discussion

Digital software tools for the assessment of a broad range of
immunohistochemical markers are currently under develop-
ment with the aim of standardizing diagnostic procedures
in routine clinical practice. These systems are discussed as
offering a significant opportunity to overcome the challenges
currently faced in traditional diagnostics [23]. Ki67, in par-
ticular, lacks standardized scoring procedures, highlighting
the potential benefits of digital tools. In this study, we evalu-
ated a supervised DIA approach that combines automated
Ki67 ROI identification with image analysis, followed by
professional supervision.

Our results show almost comparable Ki67 scores between
manual assessment and supervised DIA, with lower inter-
ROI deviation (supervised DIA) compared to inter-observer
variances. To our knowledge, this is the first time that super-
vised DIA was employed using automated Ki67-stained ROI
detection on whole-slide images with subsequent supervised
Ki67 scoring using longitudinal breast cancer tumor mate-
rial. Previous studies relied on manual identification of
representative tissue areas (ROI) and annotation, followed
by DIA [3, 13, 20, 25]. In a study conducted by Alataki
et al., the CMPS was employed using the Ki67 Quantifier
module (VMscope, Berlin, Germany) on both core biopsies
and excision specimens. The tumor areas analyzed were
selected manually, in contrast to the approach employed in
this study. Alataki et al. reported a correlation of r=0.92 CI
(0.87-0.94) for core biopsies and r=0.95 CI (0.86-0.98) for
excision specimens [1].

Although a high correlation between manual Ki67 assess-
ment and DIA was observed, the process of manual tissue
area selection requires considerable effort and expertise. In
contrast, automated approaches offer potential for increased
efficiency and time savings. Moreover, manual selection
may be influenced by various factors, including tissue and
staining quality, as well as necrosis or therapy-related tissue
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Fig.4 Interrater (manual assessment) and inter-tumor area stand-
ard deviations (supervised DIA) in Ki67 classification groups: A
following German S3 Guideline cutoffs low>10%, intermediate

remodeling (e.g., fibrosis). The use of a system that automat-
ically identifies ROIs has the potential to reduce the manual
workload associated with this process, while also improving
the methods’ independence from subjective annotations, as
discussed by Dawe et al. [5].

To address the issue of standardization in Ki67 assess-
ment, we employed supervised DIA. In the initial stage,
Ki67 ROIs were identified autonomously using the Scan
Connect software module, and subsequently, the Ki67 Quan-
tifier autonomously scored Ki67 on the selected tumor areas.
Finally, the data were reviewed by a trained pathologist.

Our results demonstrated that unsupervised DIA basi-
cally matches with the manual approach but significantly
improved with pathologist supervision (= supervised DIA).
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In comparing manual and supervised DIA scoring for Ki67,
most pathologists approximated scores in 5% increments.
Given that no standard Ki67 analysis was proposed, minor
discrepancies were to be expected, in line with the findings
of previous studies [18]. Comparatively, supervised DIA
provided more continuous scoring, promoting standardiza-
tion over approximation.

When interrater and inter-ROI standard deviations were
compared to assess method precision, supervised DIA
demonstrated higher scoring homogeneity regarding Ki67
scores. Stratification into pre-NACT and intratherapeutic
tissues revealed high correlations in both subgroups, with
significantly higher precision of pre-NACT scores com-
pared to the precision of intratherapeutic scores. A recent
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study using DIA with manual area determination on post-
treatment specimens has reported challenges in scoring,
due to tissue artifacts and lowered numbers of cells [1].
Chemotherapy induces a reduction in proliferative cells
and an increase in reactive morphologic changes, which
may cause accurate scoring more challenging. Neverthe-
less, the less significant results in intra-therapeutic tumor
samples may be due to a lower case number. DIA are
mostly trained on therapy-naive tumor tissue with high
cellularity, leading to a training bias. Due to the reduced
cell content and irregular shape of the cells after chemo-
therapy, this data does not align with the training data,
which consequently reduces data quality.

In clinical routine, Ki67 scores are employed for the
purposes of case subtyping, e.g. differentiating luminal A
and B hormone receptor subtypes and for making thera-
peutic decision-making. Consequently, the clinical valid-
ity of the supervised DIA approach must be addressed.
Ki67 index categorization is heterogenous across different
working groups. According to German S3 Guideline for
breast cancer, Ki67 is classified into three index groups:
low (< 10%), intermediate (<25%), and high (>25%). In
clinically sensitive groups with low (< 10%) and interme-
diate (£25%) (German S3 guideline) Ki67 values, mini-
mal interrater and inter-ROI deviations were observed,
indicating high accuracy for Ki67 scoring in these clini-
cally relevant groups. The degree of concordance between
manual and supervised DIA classification of Ki67 var-
ied across the three classification categories. The highest
concordance was observed in cases with high Ki67 levels
(93%), followed by those with low Ki67 levels (67%). The
lowest concordance was observed for Ki67-intermediate
(Ki67-int) cases. It is already well known in routine clini-
cal practice that scoring Ki67, particularly in the case of
Ki67-int, is a challenging task [14, 17]. These findings
were reproduced when Ki67 groups are classified accord-
ing to the St. Gallen consensus.

The limited size of the study cohort may reduce the gen-
eralizability of our results, particularly in the context of
clinical applications. Further validation studies are needed
to ensure the robustness and reliability.

In conclusion, our results demonstrate that the supervised
DIA method, which employs autonomous ROI detection,
automated Ki67 scoring, and manual supervision, achieves
high concordance with traditional clinical scoring. Super-
vised DIA shows lower variability compared to manual
scoring; therefore, DIA should be preferred, especially for
clinically relevant decision-making.
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DIA: Digital image analysis; ET: Endocrine therapy; FDA: U.S.
Food & Drug Administration; G6: GeparSixto; G7: GeparSepto;
GBG: German Breast Group; HER2: Human epidermal growth fac-
tor receptor 2; HR: Hormone receptor; ICH: Immunohistochemistry;
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