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Abstract: The clinical utility of the proliferation marker Ki67 in
breast cancer treatment and prognosis is an active area of re-
search. Studies have suggested that differences in pre-analytic
and analytic factors contribute to low analytical validity of the
assay, with scoring methods accounting for a large proportion of
this variability. Use of standard scoring methods is limited, in
part due to the time intensive nature of such reporting protocols.
Therefore, use of digital image analysis tools may help to both
standardize reporting and improve workflow. In this study,
digital image analysis was utilized to quantify Ki67 indices in 280
breast biopsy and resection specimens during routine clinical
practice. The supervised Ki67 indices were then assessed for
agreement with a manual count of 500 tumor cells. Agreement
was excellent, with an intraclass correlation coefficient of 0.96 for
the pathologist-supervised analysis. This study illustrates an ex-
ample of a rapid, accurate workflow for implementation of
digital image analysis in Ki67 scoring in breast cancer.
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K i67 is a nuclear protein expressed in active phases of
the cell cycle and absent during the resting phase,

making it a useful marker of tumor cell proliferation in
many cancer types.1 In breast cancer, the clinical utility of
Ki67 is limited due to significant variability occurring at
the preanalytical, analytical, and interpretation stages. A
study performed by the International Ki67 in Breast
Cancer Working Group (IKWG) helped to elucidate the
factors affecting the interpretation and scoring of Ki67,
and the group developed a recommendation for a scoring
method with a high intraclass correlation coefficient of
0.87.2 However, although robust, the recommended scor-
ing method requires on average 9 minutes to perform,
considerably increasing analysis time compared with the
more widespread “eyeballing” method. Although the
commonly used “eyeballing” visual method is time-
efficient, multiple studies have highlighted significant in-
terobserver variability with this method.3–6

Digital image analysis (IA) has emerged as a cutting-
edge tool in the field of pathology, holding significant im-
plications for the interpretation of immunohistochemical
stains. Use of an IA algorithm could potentially allow for
more rapid, standardized evaluation of Ki67. A prior study
demonstrated enhanced agreement of Ki67 in breast tumors
among pathologists using digital IA tools when compared
with “eyeballing”, particularly in the assessment of tumors
with heterogeneity in Ki67 indices.6

Numerous proprietary digital IA software suites are
commercially available for a variety of applications.7

Drawbacks to these solutions include cost and potential
lack of cross-compatibility and customizability, which may
render them prohibitive for smaller practices with fewer
resources. However, there now exist a number of free, open-
source digital IA software packages capable of analyzing
whole slide images of immunohistochemical stains, of
which QuPath is commonly used.8,9 Since its release in
2016, QuPath has been used for a variety of applications,
including immunohistochemical quantification and tumor
recognition, in a number of organ systems.10–13

The aim of this study was to compare the perfor-
mance of an IA-assisted Ki67 index generated as part of
the routine workflow at a large academic center to a
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manually counted standard and develop a similar analysis
in the free and open-source QuPath.

MATERIALS AND METHODS

Study Population
Two hundred eighty breast tumor sections, consist-

ing of 266 core needle biopsies and 14 resection specimens
with invasive breast carcinoma received at the University
of Pittsburgh Medical Center Magee-Womens Hospital
over a 6 month period in 2022 were prospectively included
in the study.

Ki67 Immunohistochemistry
Tissues were fixed in 10% neutral buffered formalin

and stained using anti-Ki67 (30-9) primary antibody
against the C-terminal portion of the Ki67 antigen (Roche
Diagnostics) The Ventana Benchmark Ultra instrument
was utilized as the platform and the Ventana UltraView as
detection. Ventana Medical Systems). The solution was
ready-to-use, and incubation was performed at 36 °C for
28 minutes. Appropriate controls were evaluated.

Whole Slide Image Acquisition and Annotation
Ki67-stained slides were scanned using an Aperio

AT2 scanner (Leica Biosystems) at 40× magnification
(0.25 microns per pixel). Acquired images were accessed
through the image management system by the sign-out
pathologist, who digitally annotated the region of interest
on the image (Fig. 1). Sign-out pathologists were not
specifically instructed to select any particular region, and
generally selected that region which they would have
evaluated using the “eyeballing” method. In most cases,
hotspot regions were annotated. However, in some cases,
especially small biopsy specimens, the entire tissue
fragment was selected. Annotated images were then
accessed from the image management system to include
the pathologist-derived annotations for image analysis.

Digital Image Analysis
The Leica Aperio Nuclear Staining Algorithm for

Immunohistochemistry (Leica Biosystems) was first used
on a pilot set of 33 breast specimens. Concordance be-
tween manual interpretation and IA was determined using

FIGURE 1. Regions for analysis selected by the sign-out pathologist. A, Representative hematoxylin and eosin-stained whole slide
image region on a breast core biopsy. B, The same area on the whole slide image of the Ki67-stained slide with the area for image
analysis annotated by the sign-out pathologist.
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the following 4 categories: Low: ≤ 10%, Moderate: 11% to
25%, High: 26% to 50%, Very High: > 50%, with an
overall agreement of 79% and a kappa score of 0.82. This
algorithm was then applied in a prospective manner to the
full set of 280 breast specimens (Fig. 2).

Workflow
After image analysis was performed, the raw output

was sent by the IA technologist to the sign-out pathologist.
The pathologist then either verified the value, corrected
the value, or sent the image for rescanning and/or re-
analysis in the case of a technical error. The direction and
extent of Ki67 alteration was left up to the discretion of
the sign-out pathologist. After this process, the final index,
or “Image analysis-assisted Ki67 index”, was incorporated
into the patient report (Fig. 3). For the purposes of this
study, we referred to this process as the “supervised image
analysis” and the raw output of the Aperio image analysis
before any edits from the sign-out pathologist as the
“unsupervised image analysis.”

Manual Counting
A manual count of 500 cells was performed to es-

tablish a “gold standard” Ki67 index. The manual count
was performed by 2 individuals who were blinded to the IA-
assisted Ki67 index and had not participated in the sign-out
of the cases. The annotated whole slide images were up-
loaded to QuPath.8 Ignoring stromal cells, 500 tumor cells
were manually counted from left to right within the areas
annotated by the sign-out pathologists. A cell counter was
used to aid in tracking positive and negative nuclei. Any
definitive, complete nuclear staining for Ki67 was consid-
ered positive. Staining of a portion of the nucleus (including
nucleolus-only staining) was not considered positive. Ki67
index was calculated by dividing the number of positive
cells by the 500 total cells counted and multiplying by 100.

QuPath Image Analysis
The whole slide images for all of the cases, along

with the regions annotated in Aperio by the pathologists

FIGURE 2. Representative Aperio image analysis. A, A representative Ki67 whole slide image region with the area for image analysis
annotated by the sign-out pathologist. B, The Aperio image analysis markup after analysis of the region. Cells that have been
detected by the algorithm are colored. Blue cells are counted as negative and yellow, orange, or red cells are counted as positive,
with the difference in color representing staining intensity.

FIGURE 3. Visualization of the Aperio Ki67 image analysis workflow used by our sign-out pathologists in daily practice.
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during sign-out, were imported into QuPath. Two basic
object classifiers were trained, tumor, and stroma, using 10
cases that covered a large range of Ki67 values. In each
of the 10 cases, 2 areas each of tumor cells or stroma
without tumor cells were selected and designated as such

in QuPath. The train object classifier tool within QuPath
was then used to develop the tumor and stroma classifiers
using the default settings for the tool.

To determine the Ki67 index in the annotated areas
for each case, the positive cell detection tool was used with
the following settings: Detection image—optical density
sum; Requested pixel size—0.7 µm; Background radius—
20 µm; Median filter radius—0 µm; Sigma—1.5 µm;
Minimum area—31 µm2; Maximum area—400 µm2;
Threshold—0.06; Max background intensity—2. The in-
tensity threshold parameters and other options were left at
the default values. After the positive cell detection analysis
was run in the annotated regions, the trained classifiers
were then applied (Fig. 4). The final Ki67 index was then
documented as the percent of positive cells within the
tumor classifier.

Statistical Analysis
The intraclass correlation coefficient (ICC) and

Bland-Altmann plots were used to assess agreement be-
tween the Ki67 index derived from the manual count and
the supervised Aperio image analysis, raw Aperio image
analysis, or QuPath image analysis. ICCs were calculated
using R version 4.3.0 (R Foundation for Statistical
Computing) based on a single-rating, absolute-agreement,
2-way random-effects model. The following interpretation
for ICCs was used: <0.50— poor agreement; 0.50 to 0.75
—moderate agreement; 0.75 to 0.90—good agreement;
> 0.90—excellent agreement.14 Bland-Altmann plots were
generated using Graph Pad Prism 9 (GraphPad Software).

FIGURE 4. Representative QuPath analysis. A, A representative Ki67 whole slide image region with the area for image analysis
annotated by the sign-out pathologist imported into QuPath. B, The QuPath image analysis markup after analysis of the annotated
region. Cells that have been detected and classified by the algorithm are colored. Cells in red are designated as positive tumor cells,
cells in blue are negative tumor cells, and cells in green are stroma. In the QuPath analysis, the Ki67 index is determined by dividing
the number of positive tumor cells by the total number of tumor cells and multiplying by 100.

TABLE 1. Patient characteristics
Variable N (%) Mean (SD) Range

Sex
Female 277 (99.6)
Male 1 (0.4)

Age 62.9 (13.7) 28–105
< 60 108 (38.8)
≥60 170 (61.2)

Tumor subtype
No special type 231 (82.5)
Lobular 41 (14.6)
Other 8 (2.9)

Histologic grade
G1 31 (11.2)
G2 176 (63.3)
G3 59 (21.2)

Estrogen receptor
Positive 228 (82.0)
Negative 50 (18.0)

Progesterone receptor
Positive 202 (72.7)
Negative 76 (27.3)

HER2
Positive 39 (14.0)
Negative 237 (85.3)
Equivocal 2 (7.2)

SD indicates standard deviation.
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RESULTS

Patient Population
Patient and specimen characteristics are included in

Table 1 and are representative of typical characteristics
seen at Magee-Womens Hospital. The mean age of the
patients was 63.2 years old with a range of 28 to 105 years.
The majority of cases were breast carcinoma of no special
type (82.5%), followed by lobular carcinoma (14.6%) and
then by other (2.9%). Nottingham grade 2 was most
common (63.5%) followed by grade 3 (21.2%) and grade 1
(11.1%). A Nottingham grade was not reported in 4.2% of
cases (all biopsy specimens).

Performance of Image Analysis
Agreement, as assessed by the ICC, was excellent for

all forms of image analysis, with the supervised image
analysis performing the best. The ICC for the supervised
image analysis was 0.96 (95% CI: 0.95-0.97), 0.93 (95%
CI: 0.90-0.95) for the unsupervised image analysis, and
0.92 (95% CI: 0.89-0.94) for the QuPath image analysis.

The average difference between manual count and
supervised image analysis was 0.14, and the 95% limits of
agreement were –12.25 and 12.54 (Fig. 5A). The average
difference between manual count and unsupervised image
analysis was 2.74, and the 95% limits of agreement were –
20.29 and 14.81 (Fig. 5B). The average difference between
manual count and QuPath image analysis was 2.32, and
the 95% limits of agreement were –21.48 and 16.83
(Fig. 5C). For all 3 analyses, the average differences were
smaller at lower Ki67 values, and increased with higher
Ki67. Pathologist supervision resulted in a difference in
Ki67 of 10% or > 80 cases (19%).

Aperio and QuPath analyses generally counted the
same nuclei as positive, although there were sometimes
slight differences in how many nuclei were detected if
nuclei were particularly large or overlapping (Supple-
mental Fig. 1, Supplemental Digital Content 1, http://
links.lww.com/AIMM/A432). Under the settings used for
this study, QuPath was more robust in detecting negative
tumor cells. The QuPath analysis also utilized a classi-
fication algorithm, classifying cells into tumor cells or
stomal cells, and only included the tumor cells in quanti-
fication. This step was not performed for the Aperio
analysis.

Technical Challenges
Because of image quality concerns, rescanning and/

or re-analysis were required in 37 cases (13.2%). Two main
limitations of the Aperio analysis algorithm were en-
countered throughout the study. In some samples with a
high density of tumor cells, negative tumor cells were
undercounted, resulting in an artificially elevated Ki67
index (Fig. 6A-B). In addition, in some samples with a
considerable stromal component, stromal cells were
counted in the analysis as negative, therefore artificially
depressing the calculated Ki67 index (Fig. 6C-D).

DISCUSSION
Ki67 is a widely used biomarker for measuring pro-

liferation in breast cancer; however, its clinical validity re-
mains unclear, primarily due to issues with reproducibility and
absence of easily performed standardized reporting methods.

The traditional method of calculating the Ki67 index
involves manually counting the percentage of positive
tumor cell nuclei in 3 to 10 high power fields, which can be
monotonous, time-consuming, and yield inconsistent re-
sults. To explore alternative approaches, we compared this
traditional method to a digital IA protocol. Our findings
suggest that digital IA holds promise as an efficient
method for assessing Ki67, with excellent agreement
compared with manual counting.

A unique strength of this study is that the Aperio
digital IA method was utilized prospectively as a part of
the normal sign-out process at our institution. Numerous
pathologists signed out these cases, all with varying levels
of comfort with digital IA. In addition, pathologists were
not constrained by a particular annotation protocol and
annotations did vary considerably between pathologists,
ranging from small annotations selectively targeting

A

B

C

FIGURE 5. Bland-Altmann plots comparing each image anal-
ysis process. A, Manual counting versus supervised Aperio
image analysis. B, Manual counting versus unsupervised Aperio
image analysis. C, Manual counting versus QuPath image
analysis.
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tumor to entire biopsy cores selected. This allows us to
evaluate the performance of the digital IA protocol in a
real-life context, considering the practice differences of
individual pathologists. Despite this added level of varia-
bility, the Aperio digital IA process still performed well,
particularly when supervised with pathologist input.

Our study utilized the Aperio Nuclear Staining Al-
gorithm for Immunohistochemistry for image analysis, a
commercially available, proprietary algorithm with access
sold by Leica Biosystems. Numerous image analysis al-
gorithms and software suites are currently on the market,
but their cost and limited customizability can preclude
small, resource-limited practices from utilizing them.
Given this, we also developed a similar analysis in the free
and open-source QuPath as proof of concept, using only
the tools already embedded in the software package.
Agreement between the QuPath analysis and the manual
count was excellent. By ICC, the QuPath analysis, which
is unsupervised, performed similarly to the unsupervised
Aperio analysis. As access to slide scanners becomes less
costly and open-source software like QuPath continues to
improve, practices outside of large academic centers may
soon have the capability to utilize powerful digital image
analysis tools in their daily practice.

Furthermore, unsupervised Ki67 analysis showed
the highest agreement at lower Ki67 values, clustering
tightly even at 30% to 40% Ki67, and showed lower
agreement at the highest Ki67 values. This is important, as
multiple studies have suggested that Ki67 is most useful as
a prognostic marker in luminal breast cancer when a
cutoff value of 20% is used.15,16

We did not use the IKWG method to establish our
“gold standard” Ki67 index, but instead chose to perform
a manual count of 500 cells within the annotated regions.
This allows us to make direct comparisons between the
output of the IA and the manually acquired values. This
workflow could easily be adapted to any other quantita-
tion method by adjusting the annotation scheme.

This study had a few limitations. In the majority of
cases analyzed, Ki67 was not visually measured and re-
corded before digital image analysis. Therefore, we cannot
conclusively determine whether digital image analysis was
more aligned with our gold standard manual count than
the frequently used “eyeballing method”. However, prior
studies investigating the visual “eyeballing method” have
suggested that there is high interobserver variability.3–6

In summary, our study shows excellent agreement
between our supervised image analysis process used for

FIGURE 6. Tumor and stroma detection limitations of the Aperio algorithm. A, A representative annotated area on a Ki67-stained
whole slide. B, The Aperio image analysis markup demonstrating numerous missed negative tumor cells. C, A representative region
of a hematoxylin and eosin-stained whole slide image. D, The Aperio image analysis markup of the same region demonstrating
numerous stromal cells being detected and considered negative, inaccurately lowering the Ki67 index.
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routine clinical sign-out and a 500-cell manual count. This
was the case despite the inherent variability in each sign-
out pathologist’s annotation style, comfort with digital
image analysis, or workflow preferences. The supervised
image analysis that allowed pathologists to edit the final
value showed the strongest agreement with the manual
count. However, the unsupervised raw output from the
Aperio image analysis still showed excellent agreement
with the manual count, with a difference in ICC of only
0.03. The analysis we developed in QuPath performed
similarly to the unsupervised Aperio image analysis, also
showing excellent agreement with the manual count.
Overall, our study serves as a proof of concept that su-
pervised image analysis can be successfully implemented
in a high-volume practice among numerous pathologists
with diverse workflows, while maintaining excellent
agreement with a more rigorous manual method. Ulti-
mately, as digital image analysis algorithms improve,
more options become available, comfort with their use
increases, and slide scanners become more economical,
digital image analysis may become an indispensable,
widely used tool in routine clinical practice.
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