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Abstract 
Breast Cancer (BC) has evolved from traditional 
morphological analysis to molecular profiling, identifying 
new subtypes. Ki-67, a prognostic biomarker, helps 
classify subtypes and guide chemotherapy decisions. This 
review explores how artificial intelligence (AI) can 
optimize Ki-67 assessment, improving precision and 
workflow efficiency in BC management. 

The study presents a critical analysis of the current state of 
AI-powered Ki-67 assessment. Results demonstrate high 
agreement between AI and standard Ki-67 assessment 
methods highlighting AI's potential as an auxiliary tool for 
pathologists. Despite these advancements, the review 
acknowledges limitations such as the restricted 
timeframe and diverse study designs, emphasizing the 
need for further research to address these concerns. 

In conclusion, AI holds promise in enhancing Ki-67 
assessment's precision and workflow efficiency in BC 
diagnosis. While challenges persist, the integration of AI 
can revolutionize BC care, making it more accessible and 
precise, even in resource-limited settings. 
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Introduction 
Unveiling Ki-67: A Key Player in Cell Proliferation and 
Cancer Research 
Ki-67 is a protein found within the cell nucleus and is 
present during the active stages of the cell cycle, which 
include the G1, S, G2, and M phases. It serves as a 
commonly utilized marker for assessing cell proliferation, 

playing a significant role in cancer-related studies. A 
heightened Ki-67 index is indicative of tumour 
aggressiveness, making it a crucial factor in influencing 
treatment choices in most cancers.1,2 

Ki-67's Role in Breast Carcinoma: Why It Matters 
Breast cancer (BC) is responsible for approximately 1.7 
million new cancer cases annually.2 There has been a 
notable shift in the approach to BC research, transitioning 
from primarily morphological analysis to a molecular 
perspective. This shift has brought about significant 
advancements in the diagnosis and management of BC.2 
It has lead to the emergence of various morphological 
patterns, behaviours, responses to treatments, and 
molecular characteristics, resulting in the identification of 
new molecular subtypes.1,2 Following the guidelines of 
the American Society of Clinical Oncology (ASCO), the 
utilisation of prognostic and predictive markers such as 
estrogen receptor (ER) status, progesterone receptor (PR) 
status, and human epidermal growth factor receptor-2 
(HER2) status has become standard practice in BC 
management.3 Additionally, the assessment of Ki-67 
proliferation has become routine in the evaluation of BC 
cases, mirroring its incorporation into the standard 
protocols for several other cancer types, including 
prostate, cervical, lung, soft tissue, neuroendocrine 
cancers, and gastrointestinal stromal tumours.2 

Furthermore, Ki-67's significance extends to its role in 
distinguishing between Luminal A and Luminal B 
molecular subtypes of breast cancer. It is closely linked to 
the assessment of tumour aggressiveness and 
proliferation, thereby deciding the benefit of 
chemotherapy candidacy among Luminal BCs.3As a 
valuable prognostic biomarker for predicting patient 
survival and treatment response, it helps in clinical 
decision-making in patients with Luminal type of BC that 
can be spared from chemotherapy as a part of their 
treatment (overtreatment).4 However, its utility as a sole 
clinical decision-making tool is questionable yet, 
therefore it is always assessed with the other clinical and 
prognosis assessment tools like Oncotype Dx, 
MammaPrint, Endo-Predict, and Prosigna etc.4 
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Materials and Methods 
The studies included in this literature review were 
identified through a comprehensive search of electronic 
databases, including PubMed, Embase, and Google 
Scholar from August 2023 to October 2023. The search 
was conducted to identify relevant articles published 
between January 2015 and July 2023. The following 
keywords and phrases were used: "Ki-67 assessment," 
"breast cancer," "artificial intelligence," "AI," "image 
analysis," "digital pathology," and variations thereof. The 
search strategy aimed to identify studies that investigated 
the application of AI in Ki-67 assessment for breast cancer. 

Inclusion Criteria: Studies were included in this review if 
they met the following criteria: Published in peer-
reviewed journals, Investigated the use of AI or machine 
learning techniques for Ki-67 assessment in breast cancer, 
included relevant information on study design, sample 
size, analysis methods, results, and conclusions. 

Exclusion Criteria: Studies were excluded if they did not 
meet the inclusion criteria or if they were conference 
abstracts, posters, reviews, or duplicate publications. 

Data from the selected studies were extracted and 
organized into a summary table (Table 1). The following 
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Table 1: Summary of Studies on AI-Assisted Ki-67 Assessment in Breast Cancer

Author 
Name

Study Design 
and Year

Sample Size Analysis Methods Results Conclusion

1:  Deng et al 
(29)

Observational 
study.2021

100 AI-assisted Ki-67 scoring 
using fully automatic and 
semi-automatic methods

The study demonstrates that 
both semi-automatic and 
automatic AI counting methods 
for Ki-67 scoring in clinical 
invasive ductal carcinoma (IDC) 
show high agreement with 
manual counting, with 
differences within 10% for 60-
78% of cases. However, the 
Intra-class correlation 
coefficient (ICC) values suggest 
slightly better repeatability 
between the two AI methods 
compared to AI and manual 
counting.

AI counting is a valuable 
auxiliary tool for pathologists 
and can reduce the need for 
manual counting.

2: Chen et al. 
(30)

Retrospective 
observational 

study.2021

Data sets: GSE96058 
(n=2976), GSE81538 
(n=405), GSE163882 
(n=222). The study 
employed fivefold cross-
validation to evaluate the 
performance of their 
models and also tested 
the models on external 
data (using GSE96058 as 
training data and 
GSE81538 as testing 
data).

RNA sequencing data 
transformed into Artificial 
Image Objects (AIOs) and 
classified using Convolutional 
Neural Network (CNN) models

The proposed CNN model 
achieved a classification 
accuracy of approximately 
82.1% and an AUC of about 
0.891 for Ki67 status, and for 
Nottingham histologic grade 
(NHG), it achieved a weighted 
average categorical accuracy of 
around 82.0% and a weighted 
average AUC of approximately 
0.931 using cross-validation. 
When tested on external data, 
it achieved an accuracy of 
approximately 82.6% and an 
AUC of about 0.883 for Ki67, 
and for NHG, it had an accuracy 
of around 76.4% and an AUC of 
approximately 0.882, 

AIOs can transform RNA 
sequencing data into 
classification models for 
biomarkers, offering efficient 
and consistent results for clinical 
applications.

Continued on next page...
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outperforming previous studies 
by approximately 10%.

3.  Xie et al 
(31)

Multicenteric 
retrospective 

study2022

The sample size for the 
tested 771 pairs of HE- 
and Ki-67-stained slides 
was used in the 
evaluation of the AI 
system’s performance.

Scale-invariant feature 
transform SIFT-based AI 
system for Ki-67 calculation

The AI-based algorithm 
achieved a high accuracy of 
93% in identifying breast 
cancer tissues in HE-stained 
slides, with an impressive area 
under the curve (AUC) of 0.98. 
After registration, the system 
attained a notable accuracy rate 
of 91.5% in calculating the Ki-
67 index when compared to 
gold standard pathological 
reports, demonstrating its 
effectiveness in automating this 
process.

The AI-based system can 
enhance the accuracy and 
repeatability of Ki-67 index 
calculation in breast cancer.

4. Li et al (32) Retrospective 
observational 

study2022

The study randomly 
assigned 300 invasive 
breast cancer specimens 
to a training set (150 
cases) and a validation set 
(150 cases). Pathologists 
in the training set 
employed multiple 
methods, including AI, 
SRC, and manual 
counting, to assess Ki-67 
labelling index (Ki-67LI). 
In the validation set, 
three pathologists used 
SRC and AI for Ki-67LI 
evaluation, aiming to 
determine inter-observer 
repeatability and 
agreement.

Evaluation of AI and standard 
reference card (SRC) for Ki-
67LI

The study demonstrated that 
both the Ki-67 standard 
reference card (SRC) and 
artificial intelligence (AI) 
software exhibited very good 
inter-observer consistency, with 
ICC values exceeding 0.905 in 
homogeneous and 
heterogeneous groups. In the 
validation set, pathologists 
using SRC and AI achieved ICC 
values above 0.95 with the gold 
standard, indicating high 
reproducibility and agreement.

SRC and AI offer consistent 
results for Ki-67LI and can serve 
as standard methods for 
assessment.

5: Fulawka et 
al. (33)

Retrospective 
observational 

study2022

95 AI-based Ki-67 proliferation 
index calculation in Ductal 
carcinoma in situ.

The proposed deep learning 
model achieved a mean 
absolute error of 0.024 when 
estimating the Ki-67 
proliferation index, offering a 
significant improvement over 
the current state-of-the-art 
solution.

AI-based method offers 
improved accuracy in Ki-67 
index calculation compared to 
manual assessment.

6.  Cai et al 
(34)

comparative 
observational 

stud2021

30 pathologists from five 
institutes with varying 
levels of experience to 
assess the Ki67 labelling 
index on 100 Ki67-stained 

Pathologists conducted 
assessments in three rounds: 
visual assessment on a 
conventional microscope, 
assisted with reference cards, 

The AI-empowered microscope 
improved Ki67 assessment 
reproducibility and accuracy, 
with experienced pathologists 
achieving an ICC of 0.937 and 

The AI-empowered microscope 
enhances pathologists’ 
consistency and accuracy in Ki67 
assessment.

Continued on next page...



information was extracted from each study: author name, 
study design and year, sample size, analysis methods, 
results, and conclusions. The summary table was used to 
facilitate the comparison and synthesis of findings across 
studies. The findings from the selected studies were 
synthesized and analyzed to provide an overview of the 
current state of research on AI-assisted Ki-67 assessment 
in breast cancer. The synthesis focused on key outcomes 
such as the accuracy, reproducibility, and efficiency of AI 
methods in comparison to manual assessment. 
Additionally, any variations in study design, AI algorithms 
used, and the impact of AI on clinical practice were 
explored. 

Quality Assessment: The quality of the included studies 
was assessed using relevant quality appraisal tools, such 
as the Newcastle-Ottawa Scale (NOS) for observational 
studies.5 This assessment aimed to evaluate the 
methodological rigor and potential biases in the selected 
studies.  

Discussion 
Over time, the assessment of cellular proliferation in 
malignant cells has undergone a significant evolution. 
Various methods have been employed, including 
thymidine uptake, flow cytometry to detect S-phase cells, 

manual counting of mitotic figures through microscopic 
examination, the utilization of immunohistochemical 
(IHC) staining for Ki-67 expression, and newer methods 
now like; molecular multi-gene assays such as Oncotype 
DX and MammaPrint Endo predict, and Prosigna etc.4-7 

The monoclonal antibody Ki-67 has endured the test of 
time and has proven to be a valuable IHC marker for 
assessing cellular proliferation in various tumour tissue 
samples.4,8 It effectively highlights cells in the G1, S, G2, 
and mitotic phases of the cell cycle while exhibiting 
minimal expression in quiescent (G0) and early G1 
phases.9,10 In general, the proliferative index determined 
through IHC aligns well with the S-phase fraction 
measured by flow cytometry.11 However, the widespread 
use of Ki-67 in routine clinical practice is hindered by 
various factors. These include pre-analytical, analytical, 
and post-analytical variables, the use of different Ki-67 
assays, a lack of standardization, and inconsistent 
reproducibility, all of which limit its routine clinical 
utility.12 Nevertheless, in modern clinical practice, Ki-67 is 
considered a reliable indicator of response to systemic 
therapeutic strategies and serves as a prognostic 
biomarker in certain malignancies. 
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slides from invasive 
breast cancer patients.

and assisted with an AI-
empowered microscope.

mean error of 4.36%, and 
inexperienced pathologists 
reaching an ICC of 0.923 and 
mean error of 4.71%.

7. Zehra et al 
(35)

Descriptive 
study2023

60 cases of invasive ductal 
carcinoma (IDC) stained 
with Ki67 antibody.

Automated detection of Ki67 
compared to manual eyeball 
method

Automated Ki67 scoring 
demonstrated strong positive 
concordance with manual scoring 
(p < 0.001), indicating the 
potential of automated methods 
to improve consistency, 
reproducibility, and accuracy in 
breast cancer diagnosis with AI 
support.

Automated scoring of Ki67 
staining has the potential to 
eliminate issues of consistency 
and accuracy.

8. Abele et al 
(36)

Retrospective 
observational 

study2023

The evaluation was 
conducted using a dataset 
of 204 slides, which 
included 72 Ki-67 slides, 
66 ER slides, and 66 PR 
slides.

The study involved assessing 
the intra-observer agreement 
between pathologists in 
scoring breast cancer core 
biopsies stained for Ki-67, ER, 
and PR using both manual 
scoring and AI assistance 
under varying preanalytical 
conditions, including different 
staining systems, scanners, 
and antibodies.

With AI support, agreement 
rates for pathologists improved 
to 87.6% for Ki-67 and 89.4% 
for ER/PR, compared to lower 
interobserver agreement 
(Krippendorff’s α, 0.69) in 
conventional quantification.

AI assistance enhances the 
reliability of 
immunohistochemical scoring 
for Ki-67, ER, and PR 
quantification.



The use of Ki-67 in the breast for neoadjuvant 
therapy: A Beneficial Tool? 
Neo-adjuvant chemotherapy (NACT) has become a 
standard procedure in locally advanced breast cancer, 
those desiring breast-conserving surgery with size 
reduction potential, ipsilateral axillary lymph node 
involvement, and aggressive subtypes like triple-negative 
or HER2-positive, impacting adjuvant therapy choices.13 
However, evaluating treatment response through clinical 
and radiological means often proves to be unreliable. To 
obtain an accurate assessment of response, the gold 
standard remains the pathological evaluation of the 
excised tumour bed. This assessment is essential for 
categorizing the pathological response after NACT, which 
correlates with the survival outcomes.8,10 

The predictive value of Ki-67 in neoadjuvant 
chemotherapy response is firmly established, with 
numerous studies indicating that an elevated Ki-67 index 
is a reliable predictor for achieving a pathological 
response (pCR) during neoadjuvant chemotherapy.14-19 It 
is important to note that predicting pathological 
response also depends on factors like ER/PR/Her2neu 
status, molecular subtype, tumour size, age of the patient, 
menopausal status, number of involved lymph nodes, 
PDL1 status in conjunction with the Ki67 index.3,14,15,20 

The behaviour of the Ki-67 indexes following neoadjuvant 
chemotherapy varies, as it can decrease, increase, or 
remain unchanged.4,10,21,22 As elevated pre-treatment Ki-
67 values are associated with an increased likelihood of 
achieving a pathologic complete response, a high Ki-67 
proliferation rate post-neoadjuvant treatment is 
indicative of an unfavourable prognosis.23 Notably, the 
predictive value of Ki-67 varies between Her2-positive 
and hormone receptor-positive BCs, with lower predictive 
values observed for Her2-positive tumours. Therefore, the 
Ki-67's role in the neoadjuvant setting is considered 
supportive, and there is a call for further data collection, 
recording, and analysis to better understand its utility.24 

The use of Ki-67 in the breast for adjuvant therapy: A 
Beneficial Tool? 
The recommendation for using cyclin-dependent kinase 
(CDK) 4/6 inhibitor, such as abemaciclib, in the adjuvant 
setting for high-risk ER-positive/HER2-negative early-
stage breast cancer, as seen in the MonarchE trial, is 
contingent on a meticulous evaluation of the Ki-67 index. 
This underscores the importance of selecting a 
standardized Ki-67 antibody and consistent 
interpretation practices. It further underscores that Ki-67 
serves as both a prognostic and predictive marker in 
breast cancer, elevating its significance beyond a routine 
immunostain.4,25 However, a pertinent question remains 

about the establishment of uniform reporting for Ki-67 
and the definition of cutoff values for low and high Ki-67 
indices, which would facilitate the stratification of patient 
groups.26 

The 2009 St. Gallen recommendations on the treatment 
of early breast cancer consensus created three groups for 
Ki-67 levels: Low (≤15%), Intermediate (16% to 30%), and 
High (≥30%) (Joerger, Senn et al. 2009).27 In 2013 St. 
Gallen changed the cut-off point to 20%.28 Based on the 
data from the monarchE clinical trial, the FDA approved 
Abemaciclib in combination with endocrine therapy for 
the adjuvant treatment of hormone receptor-
positive/HER2-negative, node-positive, early breast 
cancer with a Ki-67 score ≥20%. Patients with a Ki-67 
≥20% were shown to have a clinically meaningful 
increased risk of developing the invasive disease within 2 
years as compared with those with Ki-67 <20%, which 
further validates the prognostic value of Ki-67 at this 
specific cutoff point. A 20% cut-off is considered clinically 
relevant for calculating recurrence and survival outcomes 
as per the trial results.29 The most informative Ki-67 
expression levels for prognosis are typically observed 
when the level is either less than 5% (indicating low 
proliferation) or greater than 30% (indicating high 
proliferation), as accurately distinguishing values within 
the intermediate range can be technically challenging.3 

Enhancing Ki-67 Assessment Consistency: Key Factors 
and Challenges to Consider 
Ki-67 plays a crucial role in decision-making for 
adjuvant/neoadjuvant treatments and prognosis in 
breast cancer, though its utility remains uncertain as a 
single assessment tool.14,15 Its assessment is greatly 
influenced by pre-analytical factors, including fixation 
methods, specimen type, and surgical procedures, as well 
as analytical considerations such as staining standards 
and pathologist expertise.4 Post-analytical variables, 
including storage and data capture methods, also come 
into play. The International Ki-67 in Breast Cancer 
Working Group (IKWG) provides valuable insights, 
advocating for core biopsies, stringent quality control, 
and standardised procedures.4 However, the complexity 
of the IKWG scoring method, involving software 
proficiency and time, poses challenges in routine 
pathology settings.4 Alternate, simpler scoring methods 
are explored, including visual estimation and automated 
approaches, each with its own set of pros and cons. Inter-
laboratory reproducibility hinges on meticulous 
adherence to guidelines for specimen handling, antigen 
retrieval, and data capture.4 
Leveraging Artificial Intelligence (AI) Advancements for 
Enhanced Ki-67 Assessment in Breast Cancer: A Path 
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Towards Precision and Efficiency  

AI, or artificial intelligence, refers to advanced computer 
systems capable of performing tasks that typically require 
human intelligence, such as analyzing complex data and 
making informed decisions.32-34 Leveraging AI 
advancements, supported by studies in literature, 
enhances Ki-67 assessment in breast cancer.30,31 It 
provides standardised data capture, precise image 
analysis, predictive models, and quality control, 
streamlining tasks and improving patient outcomes when 
integrated into clinical workflows.30-38 Table 1 shows the 
case studies conducted in tabular form.  

Several studies have explored the application of artificial 
intelligence (AI) in enhancing Ki-67 assessment in breast 
cancer diagnosis. Deng et al. conducted an observational 
study with 100 cases, demonstrating that both semi-
automatic and automatic AI counting methods showed 
high agreement with manual counting for Ki-67 scoring.30 

Similar results were reported by other multicenter 
retrospective studies which attained a high accuracy of 
93% in identifying breast cancer tissues and 91.5% in 
calculating the Ki-67 index using an AI-based 
algorithm.32,36 While Li et al. assessed AI and standard 
reference card (SRC) methods, revealing excellent inter-
observer consistency and Fulawka et al. developed a deep 
learning model with a mean absolute error of 0.024 for Ki-
67 index estimation, showcasing improved accuracy using 
AI-based models in Ki 67 assessment.33-34 

For classifying Ki67 status classification, Chen et al. 
employed a retrospective observational study with large 
datasets, achieving remarkable accuracy and area under 
the curve (AUC) using a Convolutional Neural Network 
(CNN) model for Ki67 status classification.31 Another study 
found that an AI-empowered microscope improved Ki-67 
assessment reproducibility and accuracy.35 Abele et al. 
revealed that AI assistance enhances the reliability of 
immunohistochemical scoring for Ki-67, ER, and PR 
quantification.37 Finally, Boden et al. showed that human-
in-the-loop corrections improve the accuracy of Ki-67 
proliferation assessment. These studies collectively 
emphasize the potential of AI to enhance Ki-67 
assessment, offering accuracy, consistency, and efficiency 
benefits in breast cancer diagnosis.38 

Study Limitations 
The literature review's limitations include a restricted 
timeframe of studies published from January 2015 to July 
2023, potentially missing relevant research beyond this 
period. Additionally, it does not encompass grey literature 
like conference abstracts or unpublished reports, which 
could offer valuable insights. The diverse study designs, 

ranging from observational to retrospective and 
comparative, may hinder direct comparisons. Variable 
sample sizes across studies may impact generalizability 
and statistical power. Different AI algorithms and 
technologies employed make direct performance 
comparisons challenging. Furthermore, while AI aids Ki-
67 assessment, interlaboratory variability in specimen 
handling, staining, and data capture may persist, affecting 
consistency. The complexity of the Ki-67 assessment, 
influenced by pre-analytical, analytical, and post-
analytical factors, may not be fully addressed in the 
reviewed studies. Lastly, some studies provide cross-
sectional data, potentially missing the evolving nature 
and long-term impact of AI-assisted Ki-67 assessment in 
breast cancer diagnosis and treatment. These limitations 
should guide future research in the field of AI-powered Ki-
67 assessment in breast cancer. 

The future implications of AI-powered Ki-67 assessment in 
breast cancer for Low- and Middle-Income Countries 
(LMICs) 

The future implications of AI-powered Ki-67 assessment in 
breast cancer for Low- and Middle-Income Countries 
(LMICs) are promising. AI can enhance diagnostic 
accuracy, reduce healthcare disparities, and improve cost-
efficiency in resource-limited settings. It enables 
telepathology services, facilitates capacity building, and 
supports data collection for tailored treatment strategies. 
Integration with mobile health technologies expands 
access to remote areas. However, challenges include 
addressing ethical considerations and ensuring 
responsible AI adoption. Overall, AI holds great potential 
to advance breast cancer diagnosis and care in LMICs, 
provided that infrastructure and ethical guidelines are 
appropriately developed and implemented. 

Conclusion 
In summary, the integration of artificial intelligence (AI) in 
Ki-67 assessment offers significant advancements in 
breast cancer care. This review underscores AI's potential 
as a valuable tool for pathologists, demonstrating a high 
level of agreement with traditional methods. Challenges, 
including variability and complexity, call for further 
research. Nevertheless, AI holds promise in improving 
accuracy and accessibility, particularly in resource-limited 
settings, revolutionizing breast cancer diagnosis and 
treatment. Addressing these challenges and harnessing 
AI's benefits should be a priority in future research and 
clinical practice. 
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Abbreviation:  
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ASCO - American Society of Clinical Oncology 
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pCR - Pathological Complete Response 
IDC - Invasive Ductal Carcinoma 
AUC - Area Under the Curve 
CNN - Convolutional Neural Network 
NHG - Nottingham Histologic Grade 
SRC - Standard Reference Card 
DIA - Digital Image Analysis 
IKWG - International Ki-67 in Breast Cancer Working    

Group 
IHC - Immunohistochemical 
ICC - Intra-class Correlation Coefficient 
RNA - Ribonucleic Acid 
GSE - Gene Expression Omnibus Series 
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