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Abstract Manual estimation of Ki67 Proliferation Index

(PI) in breast carcinoma classification is labor intensive and

prone to intra- and interobserver variation. Standard Digital

Image Analysis (DIA) has limitations due to issues with

tumor cell identification. Recently, a computer algorithm,

DIA based on Virtual Double Staining (VDS), segmenting

Ki67-positive and -negative tumor cells using digitally

fused parallel cytokeratin (CK) and Ki67-stained slides has

been introduced. In this study, we compare VDS with

manual stereological counting of Ki67-positive and -neg-

ative cells and examine the impact of the physical distance

of the parallel slides on the alignment of slides. TMAs,

containing 140 cores of consecutively obtained breast

carcinomas, were stained for CK and Ki67 using optimized

staining protocols. By means of stereological principles,

Ki67-positive and -negative cell profiles were counted in

sampled areas and used for the estimation of PIs of the

whole tissue core. The VDS principle was applied to both

the same sampled areas and the whole tissue core. Addi-

tionally, five neighboring slides were stained for CK in

order to examine the alignment algorithm. Correlation

between manual counting and VDS in both sampled areas

and whole core was almost perfect (correlation coefficients

above 0.97). Bland–Altman plots did not reveal any

skewness in any data ranges. There was a good agreement

in alignment ([85 %) in neighboring slides, whereas

agreement decreased in non-neighboring slides. VDS gave

similar results compared with manual counting using

stereological principles. Introduction of this method in

clinical and research practice may improve accuracy and

reproducibility of Ki67 PI.
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Introduction

Ki67 is a nuclear protein expressed in all active phases

(G1, S, G2, and M) of the cell cycle [1]. This makes Ki67

an excellent marker for cellular proliferation. Ki67 can be

visualized immunohistochemically, which makes it possi-

ble to calculate a Proliferation Index (PI) by determining

the fraction of Ki67-stained tumor cells. High Ki67 PI is in

many tumor types associated with malignancy, and in

many cancer types such as breast carcinoma [2] and

endocrine neoplasms [3, 4] associated with a higher prob-

ability of relapse and decreased survival.

In breast carcinoma, Ki67 PI has been suggested as a

surrogate marker to discriminate the molecular subtype

groups of luminal type A and type B. The St Gallen

international expert consensus report from 2011 suggested

a cut-point of 14 % based on a gene expression study,

although this was later changed to a more vague formula-

tion of ‘‘Ki67 low or high’’ [5, 6]. According to the WHO

classification, Ki67 PI can be used in neuroendocrine

neoplasia as an alternative to counting mitoses. The cut-

points of 3 and 20 % are used to classify grade 1 to 3

neuroendocrine neoplasias [3]. No matter the exact level,
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cut-points challenge clinical practitioners of surgical

pathology to deliver precise Ki67 counts. Several studies

document this challenge both in regard to intra- and

interobserver variation when using ‘‘eye ball’’ estimation

[7–9]. Standardized counting methods are more precise but

time consuming [10, 11].

Both commercial and public Digital Image Analysis

(DIA) systems offer quantitative analysis of Ki67. As an

example, the freely available ImmunoRatio can calculate a

PI from an uploaded image albeit of limited size [12].

Several authors have examined computer-assisted scoring

of proliferation. One group found correlation between

human and computer-assisted assessment of Ki67-based PI

in breast carcinomas [13]. Another group found that digital

assessed Ki67 in breast carcinomas added prognostic value

to the traditional mitotic count [14].

One of the barriers for DIA is the current requirement for

detailed supervision by a pathologist in order to ensure that

the analysis is performed on the correct subset of cells.

Tumor tissue contains non-neoplastic cells that will influ-

ence the calculated PI, either by underestimation (due to

e.g., non-proliferating stromal cells) or overestimation (due

to e.g., proliferating lymphocytes). One group addressed this

issue in DIA of malignant melanoma by applying a physical

double stain that allowed identification and analyses of the

melanocytic compartment of the tissue [15]. However,

overlapping chromogens may impair the analysis.

In order to circumvent the issues of physical double

stains a new method, Virtual Double Staining (VDS), has

been developed, which is able to digitally delimitate tumor

areas using one section stained with a tumor marker (such

as Pan Cytokeratin (PCK) in epithelial tumors) and transfer

these areas to a parallel slide stained for another marker,

such as Ki67. During the process, the algorithm digitally

fuses parallel slides and performs local rotation and dis-

tortion of the image in order to correct small procedure-

related differences between the two neighboring slides.

The purpose of this study was to compare the VDS-

based DIA (abbreviated VDS) of Ki67 expression with the

manually obtained PIs by Systematic Uniform Random

Sampling (SURS). This was achieved by examining Ki67

PIs in tissue microarrays (TMAs) containing cores of breast

carcinomas. Additionally the digital alignment performed

by the algorithm was examined by comparing the overlap

of PCK-stained tumor tissue in five parallel sections.

Materials and methods

Tissue

Tissue samples from 140 resection specimens of breast

carcinomas, consecutively obtained from the archives of

the Institute of Pathology, Aalborg University Hospital,

Denmark. All tissues had been routinely fixed for

24–48 h in 10 % neutral-buffered formalin and subse-

quently paraffin embedded. Areas containing tumor tis-

sue, but not carcinoma in situ (CIS) and normal glandular

epithelium, were marked in a hematoxylin and eosin-

stained slide and cores with diameter of 2 mm were

drilled out using an automated microarray device

(3DHISTECH, Hungary). These cores were transferred to

three recipient paraffin blocks and fused in an oven for

20 min at 37 �C and for 10 min at 60 �C. Ki67 PI

assessed by an experienced breast pathologist at the pri-

mary diagnostic examination of the whole tumor varied

between 2 and 70 %.

Immunohistochemistry

Sets of two neighboring 3-lm-thick slides were cut from

each of the TMAs and mounted on positively charged

slides (SuperFrost ? , Menzel Gläser, Germany), dried at

room temperature and baked for 1 h at 60 �C. For each set,

slides were stained for either Ki67 or PCK using staining

protocols optimized according to guidelines of the Nor-

diQC organization (www.nordiqc.org). In short, deparaf-

finization, rehydration, and heat-induced epitope retrieval

were performed on the Ventana Benchmark Ultra. Epi-

tope retrieval was performed in Cell Conditioning 1 (cat.

950-124; Ventana, USA), pH 8.5 at 99 �C for 64 min.

Endogenous peroxidase was blocked with 3 % hydrogen

peroxide (ultraView DAB, cat. 760-500; Ventana). Primary

antibodies for Ki67, clone MIB-1 (Dako, Denmark) and

PCK, clone AE1/AE3 (Dako) were diluted (Ki67: 1:200,

PCK: 1:100), and incubated 20 min at 36 �C. Diaminoben-

zidine (ultraView DAB, cat. 760–500; Ventana) staining

was developed using a multimer-based visualization sys-

tem (ultraView DAB, cat. 760–500; Ventana). For the

second part of the experiment analysis, the consistency of

the digital alignment algorithm performed as part of the

VDS, five serial sections were cut from the same TMA and

stained for PCK using the above-mentioned protocol

settings.

Scanning and image analysis platform

All slides were scanned using a Hamamatsu NanoZoomer

XR (Hamamatsu Photonics, Japan) applying the 940

scanning resolution mode (equivalent of 400 times mag-

nification) in a single focus plane automatically identified

by the machine. The images of the scanned slides were

transferred to an analysis platform with VIS (Visiopharm

Integrator System version 4.6.1.630, Visiopharm, Den-

mark) Image Analysis Software installed.
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Manual counting

Every core of breast carcinoma was manually assessed for

the Ki67 PI calculated as the number of Ki67-positive

tumor cells divided by the total number of tumor cells.

Since manual counting of all tumor cells would be too time

consuming, areas were selected according to the SURS

principle in order to calculate an unbiased estimate of the

Ki67 PI. This was done using the stereological newCast

function of the VIS program. First, the computer randomly

placed a grid covering a known percentage of the total core

area. The grid was designed to avoid borders in order to

eliminate border confounding and dilution. The area per-

centage used was calculated from an initial estimation of

the number of tumor cells in each slide to include no less

than 200 tumor cells. Stereological counting frames [16]

covering the estimated area percentage were used to avoid

overestimation of cell profiles. All tumor cell profiles

within the counting frame were counted as follows: Profiles

completely within the counting frame, as well as profiles

touching the upper or right border of the frame were

included, whereas profiles touching the lower or left border

were excluded. A specifically trained pathologist (RR)

marked all tumor cells as either Ki67-positive or Ki67-

negative. All nuclei, stained with an at least weak but

distinctive brown color, were considered positive. Only

tumor cells were marked. Complicated cases were dis-

cussed with another experienced pathologist (MV). Cores

estimated to contain less than 20 % tumor cells were

excluded from the analysis. Because the counted areas

were selected according to the SURS principle, manually

counted PI could be extrapolated to an estimate of the

whole core.

Virtual double staining, pan cytokeratin and Ki67

analysis

The main principle of VDS consists of digitally aligning

scanned images of two parallel slides and fusion to one

image (illustrated in Fig. 1). First, all scanned slides con-

taining pairs of parallel scanned slides (one stained for

PCK and one for Ki67) were loaded into the ‘TMA

Workflow’ module of VIS. The software then created

separate images of each core for further analysis. As a final

step, the software aligned each paired core using rotation

and local deformation.

The next part of the image analysis was performed in the

‘Image Analysis’ module of VIS. Each of the aligned

images was reviewed manually. Cores missing one of the

stained slides were excluded from further analysis. Areas

containing large tissue artifacts (e.g., tissue folds and

cracks) were either excluded from analysis or marked as

‘Region of no interest’. After this, all cores were analyzed

using a batch process where the two analysis protocols

were run in succession. In brief, PCK-positive areas were

enhanced using filtering of the RGB pixel values and

segmented in ‘Tumor cell area’ and ‘Stroma’ using a

Bayesian classifier based on in-program stored predefined

values. These marked areas were then transferred to the

image of the Ki67-stained slide for further analysis, where

nuclear profiles were detected based on form and size, and

segmented as either Ki67-positive or -negative based on

pixel-color intensity cut-points. Before analysis, several

test sets of breast carcinomas had been examined by

manual visual inspection in order to select the best cut-

point between Ki67-positive and -negative cells. Finally,

the numbers of positive and negative cells, and calculated

PI were exported from the program. For all cores, digital

PIs were calculated for both the whole core and the SURS

areas used for manual counting.

Pan cytokeratin overlap

In order to quantify the potential source of error introduced

by small spatial differences between the two slides used in

the VDS, and to examine the proficiency of the alignment

algorithm, a second experiment measuring the agreement

in overlap between slides was setup. Five serial slides were

cut from one of the TMA blocks and stained for PCK. To

examine the importance of increasing spatial distance on

the degree of overlap, the VDS algorithm was applied to

different slide pairs: Neighboring (1–2, 2–3, 3–4, and 4–5)

Fig. 1 The VDS principle. Left tile: Cytokeratin-stained slide where

the automated image analysis detects positive areas (tumor cells) and

mark these (green line) as the region of interest. Right tile: Ki67-

stained slide with cells profiles classified as either positive (red) or

negative (green) in the regions of interest. Scattered weakly stained

nuclei are unclassified. Stromal areas (in gray) are excluded from the

analysis

Breast Cancer Res Treat (2016) 158:11–19 13

123



and non-neighboring (1–3, 1–4, and 1–5). After this, an

adapted version of the PCK algorithm segmented each core

in four areas: ‘PCK positive areas both slides’ (?/?), ‘PCK

negative areas both slides’ (-/-), and ‘PCK positive areas

in one slide’ (±) and (;) in another, see Fig. 2. Agreement

percentages were calculated as the double positive and

double negative marked PCK areas divided by the total

core area.

Statistics

Statistical analysis and data preparation was performed

with the RStudio software (version 0.98.1091) using

reproducible scripts (available on request). Figures were

produced using the Grammar of Graphics implementation

‘ggplot20-package. Intra Class Coefficients were calculated
using the psych package. P-values lower than 0.05 were

considered statistically significant.

Results

Material

Of the 140 cores of breast carcinoma contained in the three

TMAs, 103 were analyzed further. 37 cores were excluded

due to one of the following reasons: Missing cores in either

the PCK- or Ki67-stained slide (N = 12), no or very small

amounts of tumor tissue (n = 9) or large areas with folding

(N = 16). Of the 103 cases, 83 consisted of ductal carci-

nomas (NOS), 13 of lobular carcinomas, and seven of other

subtypes (apocrine, medullary, basal, tubular, and com-

bined ductal and lobular carcinoma). Clinical summary of

the cores are shown in Table 1.

Manual counting in sampled areas

Sampled areas of the tumor cores varied between 4 and

20 % of the total core area. Table 2 lists summary statistics

for manual and digital cell profile count and calculated PIs.

The number of tumor cell profiles counted inside the

frames in each core varied between 202 and 622 (median

295). The derived PIs varied between 0.0 and 73.0 %

(median 11.5 %).

VDS in sampled areas

The VDS algorithm was applied to the same sampled areas

as used for the manual counting. In these areas, the algo-

rithm identified a median of 258 cell profiles (range

37–420). Overall (74 % of cases), the algorithm identified

14.1 % fewer cell profiles than the human observers. This

percentage did vary somewhat (SD = 24.5 %) and had

four outliers ([±50 % of the manual count). All these

cases were diffusely infiltrating tumors. The calculated PI

varied between 0.0 and 86.0 % (median 10.6 %).

VDS on whole core

The PCK-stained areas constituted on average 36 %

(SD = 20 %) of the total core area. In these areas, a

median of 5,262 cell nuclei profiles were counted. Counts

varied between 602 and 27,467 cells. PI varied between 0.0

and 83.2 % (median 10.4 %).

Correlation of manual counting and VDS

Correlation of manual estimation of Ki67 proliferation in

sampled area, VDS in the same sampled areas, and VDS of

the whole core are shown in Fig. 3. One extreme data point

(PI[80 %) was removed from the plots, but not from the

data analysis, to improve visual interpretation.

There was a good correlation between manual counting

and VDS in the same sampled areas. R2 value for linear fit

was 0.96. Using Bland–Altman plots, a small tendency to

lower PI (mean difference 0.4 %) when using VDS was

seen. The plot did not reveal any skewness in specific data

ranges. The high degree of correlation was confirmed using

Intra Class Coefficient (ICC) calculation where all relevant

coefficients, analyzing absolute correlation and consis-

tency, were 0.98 or above (CI: 0.97–0.99).

Fig. 2 Example result of alignment of two cytokeratin-stained slides.

Red areas: Both slides positive for cytokeratin (agreement), Yellow:

Both slides negative for cytokeratin (agreement), and Green/Blue:

Positive for cytokeratin in only one slide (non-agreement)

14 Breast Cancer Res Treat (2016) 158:11–19
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Table 1 Summary of clinical

parameters in tumor subtypes.

Estrogen receptor positivity was

defined as more than 1 % of

tumor cells positive for estrogen

receptor

Tumor type N Mean age Mean tumor diameter(mm) Estrogen receptor positive n (%)

Ductal carcinoma 83 58.3 21.8 74 (89.2)

Lobular carcinoma 13 59.9 30.2 12 (92.3)

Other 7 50.6 24.4 4 (42.9)

All 103 58.0 23.0 89 (86.4)

Table 2 Summary statistics of number of counted cells and Proliferation Indices using manual counting or VDS in sampled areas or whole cores

Minimum Lower quartile Mean Median Upper quartile Maximum

Number of counted cells

Manual counting in sampled areas 202 250.5 310 295 342.0 622

Virtual double staining in sampled areas 37 209.5 256 258 301.0 420

Virtual double staining on whole core 602 3506.0 6256 5262 7641.5 27,467

Proliferation indices (%)

Manual counting in sampled areas 0.0 4.6 15.5 11.5 21.0 73.0

Virtual double staining in sampled areas 0.0 4.1 15.0 10.6 20.3 86.0

Virtual double staining on whole core 0.0 4.0 14.7 10.4 20.5 83.2

R2: 0.96
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Fig. 3 Upper: Ki67 PI

correlation plots between

manual counting and VDS in

sampled areas (left) or whole

core (right). Lower: Bland–

Altman plots of agreement

between manual counting and

VDS in sampled areas (left) or

whole core (right)

Breast Cancer Res Treat (2016) 158:11–19 15

123



Since the areas were sampled according to the SURS

principle, calculated PI also served as estimates of PI in the

whole core. This allowed direct comparison of PI in

manual counted sampled areas and VDS of the whole core.

The same high level of correlation was observed when

comparing manual counting in sampled area to VDS on the

whole core. R2 value for linear fit was 0.95. The Bland–

Altman plot also showed a tendency to lower PI when

using VDS (mean difference was 0.8 %). No skewness was

observed across the data. ICC coefficients were all 0.97 or

above (CI:0.96–0.99).

Digital estimation of PI was also applied to the whole

tissue core without applying the VDS principle (i.e., not

excluding the stromal cells) in order to demonstrate unsu-

pervised DIA. This affected the PI significantly (Fig. 4) as

the unsupervised PI on average was 4 % (range 1–28 %)

lower. ICC comparing DIA and manual counting or VDS

varied between 0.78–0.92 and 0.82–0.93, repectively.

There was no significant difference in correlation

between VDS and manual counting among the different

tumor types (Fig. 5).

PIs were also calculated for stromal tissue (areas iden-

tified as PCK-negative but not background or holes). In all

tissues, stromal proliferation was lower than 12 %, most

being lower than 6 %. There was no statistical significant

correlation between PI in stromal and tumor tissue. Cell

profile density varied between the two compartments

(median *5,800/mm2 in PCK-positive cells and *3,200/

mm2 among stromal cells).

Overlap experiments

One TMA containing 40 cores of breast carcinoma was

examined in five serial sections stained for PCK. Of these

cores, 14 were excluded due to missing tissue in one or

more of the sections (n = 9), small amounts of tumor tis-

sue (\10 % of total area; n = 2) or large areas with folding

tissue (n = 3) impairing correct alignment. Of the remain-

ing 26 cores, mean agreements among neighboring and

non-neighboring slides were 91 % (range 82–98 %) and

82 % (range 58–97 %), respectively. Variance in agree-

ment for each core was stable across the neighboring slides

with a mean coefficient of variance (CV) of 1.5 %, but

varied in most non-neighboring cores significantly with the

distance between slides, mean CV 5 % (range 1–11 %).

Comparison of agreement in neighboring and non-

neighboring slides can be seen in Fig. 6.

The theoretical impact of suboptimal alignment of slides

was calculated using the formula:

PIMeasured = PITumor �%agreement + PIStroma

� 1�%agreement

� �

Based on the results above, as an example, a tumor with a

‘‘true’’ PI of 20 % would be estimated to 18.5 % in slides

with 90 % agreement (assuming 5 % proliferation in

stromal cells and same stromal cell density). Figure 7

shows the theoretical impact of agreement on tumors with

different PI.
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manual stereological count and VDS in the different tumor types. Line

shows median, box interquartile range, whiskers 91.5 interquartile

range (or most extreme data point) and dots outliers (Tukey method)
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Clinical impact

All examined tumors were classified according to the St.

Gallen suggested cut-off point of 20 % as either Luminal

type A or B [6]. When manual counting was used, 74 % of

cases was classified as Luminal Type A, while this was the

case in 75 % of tumors when using VDS in the SURS areas

(see Table 3). When VDS was applied on the whole core,

all tumors were classified as the manual result. Using DIA

on the whole core without applying VDS, a significant

higher proportion (85 %) of tumors was classified as

Luminal Type A.

Discussion

In this study, we investigated the usability of the VDS

principle combined with DIA for the selection of tumor

areas in digital slides and calculation of Ki67 PI. Our

results showed that PI obtained by the VDS method were in

good agreement with the current gold standard of manual

counting using stereological principles.

Some differences (Table 2) were observed in the abso-

lute number of cells counted, where the DIA identified

fewer nuclei than the human observer. This was due to

missed cells with weakly defined nuclei and small differ-

ences in the alignment. Despite this, calculated PIs were in

good agreement.

The VDS principle is based on the digital alignment of

two slides cut from the same block. Our investigation also

showed that the physical distance between the selected

slides, impacted the degree of the alignment (Fig. 6). In

solid tumors, agreement of alignment was good even

between non-neighboring slides. In contrast, aligning

tumors with complex or diffuse growth pattern were

affected when the distance between the slides increased.

Figure 7 shows the impact of misalignment. In our exper-

iment, agreement in all cores except one was above 85 %

when using neighboring slides but significantly lower in

some non-neighboring slides. Consequently, only VDS

using neighboring slides can be recommended.

The algorithm for alignment was challenged in tumor

areas with single cell growth pattern and did in these cases

include varying amounts of stromal cells or excluded

obvious tumor cells. This could potentially introduce

errors, especially in lobular carcinomas. Interestingly, in

this study, this did not impact the calculated PIs in these

carcinomas significantly, as they were still comparable to

that of the human observers. Ki67 PI among the lobular

carcinomas in this study varied between 0–45 %, most

being below 10 % (median 7 %), similar to other study

cohorts [17]. The good agreement despite dilution with

stromal tissue may in these cases probably be explained by

the somewhat similar Ki67 PI in the neoplastic and stromal

tissues.
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Normal glandular epithelium and CIS are PCK-positive

and will be counted as tumor areas possibly confounding

the PI. However, in our study the cores were selected to

exclude normal epithelium and CIS. In a clinical setting of

full slides, this may prevent a fully unsupervised analysis.

One solution could be to expand the analysis with a basal

cell marker (e.g., p63 or heavy chain smooth muscle

myosin) in virtual triple staining where the cell groups

lined with basal markers would be excluded from analysis.

Unfortunately, this method was not available to us, but

could be interesting to apply in a new study.

Tumors may contain non-neoplastic tumor-infiltrating

lymphocytes (TILs) between the neoplastic cells. TILs will

be included in the cell counts giving misleading results if

their PI deviates from the tumor cell PI. Especially

medullary carcinomas contain many TILs [18]. In this

experiment, VDS calculated one PI higher and another PI

lower than the human observer in the two tumors with

medullary features, perhaps indicating that this source of

error may be of minor importance. However, more samples

are needed to clarify this.

The findings of this study—in terms of both manual

counting and VDS—must be interpreted within their lim-

itations: All analyses were carried out on slides stained

using in-house optimized protocols selected to secure the

highest degree of sensitivity and minimal background

staining (best signal to noise ratio). Differences in staining

methodology (antibody clone, protocol, and staining plat-

form) among laboratories may challenge computer algo-

rithms due to differences in texture and color nuances (e.g.,

nuclear morphology or red/brown chromogen). Imple-

mentation of standardized immunohistochemical staining

protocol parameters across laboratories would reduce this

problem significantly. Adding correction factors based on

common controls may help overcome day-to-day

variations.

Using strict stereological theory, assessing PI in just one

non-systematically sampled slide introduces several pos-

sible errors; first, the calculated PI may not represent a true

estimate of the whole tumor. Secondly, Ki67-positive cells

are on average larger than negative cells (in this study with

a ratio of 1.09) and thus more likely to be represented in a

cut section. Size differences between positive and negative

cells may be due to physical differences but could also be

related to coating with chromogen. To overcome these

problems, one could analyze several systematically ran-

domly selected sections from each tumor implementing the

physical dissector principle [19]. This may be suited for

future research designs to evaluate the size of the potential

bias, but truly randomized sectional planes may interfere

with the assessment of resection margins, and the physical

dissector may be too laborious for daily diagnostic use.

To the best of our knowledge, this is the first study

examining the usability of automated tissue detection and

Ki67 calculation using the VDS DIA principle in order to

establish a standardized method to obtain objective and

reproducible results. Future studies of breast carcinomas

will show if this method will improve the prognostic value

of the Ki67 assay, potentially identifying the best cut-point

in PI between tumor subtypes. The potential of this method

ought also to be examined in other tumor types such as

neuroendocrine neoplasia across different organs.

In conclusion, the VDS principle for selection of tumor

areas, combined with DIA determining a PI of Ki67 in

immunohistochemically stained slides, gave similar results

compared with the current gold standard of manual

counting using stereological principles. Introduction of

these methods may improve accuracy and reproducibility,

and decrease inter-laboratory variability, thus increasing

the usability of the Ki67 marker in research and clinical

settings.
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