
Cancer Cytopathology    Month 2020 1

Original Article

Ki-67 Proliferation Index in Neuroendocrine Tumors: 
Can Augmented Reality Microscopy With Image Analysis 

Improve Scoring?

Swati P. Satturwar, MD 1; Joshua L. Pantanowitz, BS2; Christopher D. Manko, BS2; Lindsey Seigh, BS1;  

Sara E. Monaco, MD 1; and Liron X. Pantanowitz, MD 1

BACKGROUND: The Ki-67 index is important for grading neuroendocrine tumors (NETs) in cytology. However, different 

counting methods exist. Recently, augmented reality microscopy (ARM) has enabled real-time image analysis using glass 

slides. The objective of the current study was to compare different traditional Ki-67 scoring methods in cell block material 

with newer methods such as ARM. METHODS: Ki-67 immunostained slides from 50 NETs of varying grades were retrieved 

(39 from the pancreas and 11 metastases). Methods with which to quantify the Ki-67 index in up to 3 hot spots included:  

1) “eyeball” estimation (EE); 2) printed image manual counting (PIMC); 3) ARM with live image analysis; and 4) image analysis 

using whole-slide images (WSI) (field of view [FOV] and the entire slide). RESULTS: The Ki-67 index obtained using the dif-

ferent methods varied. The pairwise kappa results varied from no agreement for image analysis using digital image analysis 

WSI (FOV) and histology to near-perfect agreement for ARM and PIMC. Using surgical pathology as the gold standard, the 

EE method was found to have the highest concordance rate (84.2%), followed by WSI analysis of the entire slide (73.7%) and 

then both the ARM and PIMC methods (63.2% for both). The PIMC method was the most time-consuming whereas image 

analysis using WSI (FOV) was the fastest method followed by ARM. CONCLUSIONS: The Ki-67 index for NETs in cell block 

material varied by the method used for scoring, which may affect grade. PIMC was the most time-consuming method, and EE 

had the highest concordance rate. Although real-time automated counting using image analysis demonstrated inaccuracies, 

ARM streamlined and hastened the task of Ki-67 quantification in NETs. Cancer Cytopathol 2020;0:1-10. © 2020 American 

Cancer Society. 

KEY WORDS: augmented reality microscope; cell block; digital image analysis; Ki-67 quantification; manual count; 

neuroendocrine tumors.

INTRODUCTION

Grading of gastrointestinal neuroendocrine tumors (NETs) is performed by quantifying their mitotic activity 
and/or Ki-67 index.1 The grade is critical in NET prognostication and treatment decisions, along with other 
parameters such as tumor size, lymphovascular invasion, and stage of disease. The World Health Organization 
(WHO) classifies neuroendocrine neoplasms as well-differentiated NETs, poorly differentiated neuroendo-
crine carcinoma (NEC), and mixed neuroendocrine-nonneuroendocrine neoplasms. WHO categorizes NETs 
as grade 1 (those with a Ki-67 index <3% [mitotic count <2 per 10 high-power fields (HPF)]), grade 2 (Ki-67 
index of 3%-20% [mitotic count of 2-20 per 10 HPF]), and grade 3 (Ki-67 index >20% [mitotic count >20 
per 10 HPF]); NECs are grade 3 by definition.1-3 The Ki-67 index is determined by counting the percentage of 
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positively stained tumor cells in an area of the tumor with 
the highest nuclear labeling (ie, a hot spot) based on 500 
to 2000 tumor cells.

NETs involving the pancreas and their metastases 
to visceral sites (eg, the liver) frequently are diagnosed 
using fine-needle aspiration (FNA).4-7 Often, these FNA 
specimens represent the primary diagnostic material for  
patients. Hence, the preoperative grading of NETs on 
such cytology material typically is required to guide 
treatment decisions.8-11 Currently, to our knowledge, it 
remains questionable whether a Ki-67 index obtained on 
cytology material, such as a cell block, is truly represen-
tative of the entire tumor compared with the surgical re-
section specimen.12 Several studies also have attempted 
to establish the best counting method for determining 
the Ki-67 index.13-18 However, to the best of our knowl-
edge, there is no accepted standard as yet and the best 
scoring method still is debatable. Different methods for 
Ki-67 index quantification include “eyeball” estimation 
(EE) performed manually by a pathologist counting in 
real time through their microscope eyepiece, manual 
counting using a printed image that was captured using a 
camera mounted to a microscope at ×20 magnification,19 
and computer-assisted quantification using digital image 
analysis (DIA).15,20,21 Manual methods suffer from low 
reproducibility and high interreader variability among  
pathologists, especially for low-grade NETs. Moreover, 
the manual methods, especially if they involve the print-
ing of images, are impractical in certain clinical prac-
tice settings and are labor-intensive. To overcome the  
interobserver variabilities inherent in human counting, 
researchers accordingly have explored automated count-
ing methods using digital images and a variety of image 
analysis algorithms. Although faster and more precise, 
DIA systems can be costly because they may require an 
expensive whole-slide scanner to digitize slides and infor-
mation technology support.

Recently, augmented reality microscopy (ARM) has 
become available that enables real-time image analysis to 
be conducted using a traditional light microscope and glass 
slides,22 which avoids the need to first photograph or dig-
itize slides. An augmented reality microscope is a modi-
fied (“smart”) microscope that includes a small computer 
unit. This computer unit can be attached to the side of 
any microscope or it can be inserted between the micro-
scope’s objective lenses and eyepiece unit. It incorporates a 
built-in camera to capture high-quality images. The images 

acquired by this unit occur in real time and can be dis-
played on an attached computer monitor. In addition, if 
the end user looks through the eyepieces of the microscope, 
they can see computer-generated output, such as annota-
tions, being projected as an overlay directly on the glass 
slide. ARM thus permits real-time image analysis to be 
performed on glass slides with the output of the algorithm 
superimposed on the slide, thereby generating a composite 
field of view (FOV) that can be used to supervise data col-
lection. This can be used to perform simple measurements 
(eg, depth of tumor invasion) and, when coupled with 
image analysis software, to quantify immunohistochemical 
stains (eg, Ki-67 proliferation index) or it can be combined 
with more sophisticated deep learning algorithms (eg, to 
rapidly detect metastases in lymph nodes).23 As opposed 
to DIA applied to whole-slide imaging (WSI), ARM is 
quicker to use, provides for the real-time and seamless  
integration of algorithms without the need to first acquire 
digital images, may be cheaper than buying a whole-slide 
scanner, and does not require special technical skills to  
operate. Based on our calculation of direct equipment 
costs, the ARM device is approximately 20 times less  
expensive than a high-capacity whole-slide scanner.

To the best of our knowledge, no studies to date 
have applied ARM to cytology. We anticipate that 
ARM may overcome many of the aforementioned issues  
related to Ki-67 quantification. Therefore, the objective 
of the current study was to compare ARM with different 
(manual and DIA with WSI) scoring methods used for 
determining the Ki-67 proliferation index of NETs in cell 
block material.

MATERIALS AND METHODS

Case Collection

After institutional review board approval, a total of 
50 cytology NETs from 45 patients were retrieved (39 
pancreatic tumors and 11 metastases to the liver) from 
January 2014 to July 2019. Data including patient age, 
sex, subsequent surgical resection, and American Joint 
Committee on Cancer clinical stage of disease were 
recorded. A total of 19 of the 39 pancreatic tumors 
(48.71%) underwent a subsequent surgical resection. 
The inclusion criteria for cases to be enrolled in this 
study were specimens for which a satisfactory cell block 
was available (ie, tumor cells were present), a NET 
proven by immunohistochemistry, the Ki-67 index was 
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available in the cytology report, and the original Ki-67 
immunostained slide was available for further analy-
sis. Exclusion criteria included cases with a cell block 
for which the tumor cellularity was <100 tumor cells. 
The cellularity in the cell block material varied (<500 
tumor cells in 7 cases, 501-1000 tumor cells in 11 cases, 
1001-2000 tumor cells in 10 cases, and >2000 tumor 
cells in 22 cases). The tumors enrolled in the current 
study were comprised of all grades of NET. Cytology 
cases were comprised of grade 1 NET in 26 cases, grade 
2 NET in 13 cases, grade 3 NET in 3 cases, and grade 3 
NEC in 8 cases. Surgical resection cases were comprised 
of grade 1 NET in 9 cases, grade 2 NET in 9 cases, 
grade 3 NET in no cases, and grade 3 NEC in 1 case.

Immunohistochemistry

Formalin-fixed, paraffin-embedded cell blocks were used 
for immunohistochemical staining. The Ki-67 (clone 
30-9; Ventana Medical Systems, Oro Valley, Arizona) 
immunohistochemical analysis was performed on the 
Ventana Medical System, with appropriate positive con-
trols run for all cases. Any staining intensity was consid-
ered to be positive.

Quantification Methods for the Ki-67 
Proliferation Index

The Ki-67 proliferation index was recalculated using the 
different methods listed below in a blinded manner. Up 
to 3 hot-spot FOVs were evaluated based on the tumor 
cellularity of the cell block (3 FOVs in 30 cases, 2 FOVs 
in 11 cases, and 1 FOV in 9 cases). These hot spots were 
designated using a black permanent marker on the slides 
and the same hot spots were analyzed with each method. 
These black dots did not interfere with image acquisition 
or image analysis. The average of these hot spots was used 
to determine the overall tumor grade. The time spent de-
termining the calculations for each method was recorded.

Eyeball estimation

EE data were obtained from the Ki-67 score provided 
in the original cytology report. Typically, cytopatholo-
gists on clinical service at the study institution assess the 
entire cell block glass slide at a low magnification (using 
Olympus microscopes [Olympus Corporation, Center 
Valley, Pennsylvania]) for the detection of hot-spot areas 
and then at an intermediate magnification to estimate the 

Ki-67 index without performing actual counts of indi-
vidual cells. The cases enrolled in the current study were 
signed out by 3 board-certified cytopathologists. The 
time they spent determining these scores was not recorded  
because these estimations were performed prior to the 
study during routine clinical care.

Printed image with manual counting

The printed image with manual counting (PIMC) 
method was performed using a digital camera (Insight 
camera; SPOT Imaging Solutions, Sterling Heights, 
Michigan) attached to an Olympus light microscope 
(Olympus Corporation) to capture and then print out 
(on letter-size printer paper) static color images of up to 
3 hot spot FOVs of each cell block at ×20 magnifica-
tion. All Ki-67–positive tumor cell nuclei were circled in 
red and all negative nuclei were crossed out using a gray 
pencil (Fig. 1). The Ki-67 index was expressed as the posi-
tive tumor nuclei over the total tumor nuclei. PIMC was 
performed by only 1 of the authors (S.S.).

Augmented Reality Microscopy

To perform ARM, an Augmentiqs device (Augmentiqs, 
Haifa, Israel) was attached to an Olympus light micro-
scope between the microscope’s objective lenses and 
eyepiece unit (Fig. 2 Top). The Augmentiqs device 
also was attached to an adjacent computer workstation 
with a monitor. The embedded camera on the device 
maintained normal viewing of the optical plane of the 
microscope while simultaneously allowing the inbuilt 
projection system to generate live augmented reality 

FIGURE 1.  Example of a section of a neuroendocrine tumor 
cell block in which the Ki-67 index was scored using the 
printed image manual counting method. Positive tumor nuclei 
are circled in red and all negative tumor nuclei are crossed out 
with a gray pencil.
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composite images within the microscope eyepiece, and 
simultaneously displayed this composite image on the 
attached computer monitor. For quantitative analyt-
ics, this ARM setup was coupled with image analysis 
software modified from QuPath software (Queen’s 
University Belfast, Belfast, Northern Ireland; https://
qupath.github.io) for the detection, segmentation, and 
scoring of nuclear stains (Fig. 2 Bottom). For all NET 
cases, the same hot spots at ×20 magnification were  
analyzed. After image analysis results were superim-
posed on glass slides, 2 of the authors (J.P. and C.M.) 
manually selected all stained nuclei. These selected 
stained cells then were divided by the total number of 
cells that were automatically detected by the software 
to calculate the Ki-67 index for each FOV. Hence, the 
actual quantitative assessment component still required 
human involvement and was not automated.

Digital image analysis using whole-
slide images

Ki-67–stained slides were scanned using an Aperio AT2 
scanner (Leica Biosystems, Wetzlar, Germany) using ×40 

magnification and 1 Z-plane. DIA then was performed 
using the Aperio immunohistochemistry color convo-
luted, nuclearV9 quantitative image analysis algorithm 
(Leica Biosystems). This allowed for the percentage of 
positive over total tumor nuclei (Ki-67 index) to be cal-
culated. DIA-WSI was performed for each hot-spot FOV 
(FOV analysis) and also for the entire cell block (slide-
level analysis).

Histology analysis

These data were obtained from the 19 surgical resection 
pathology reports. The Ki-67 index had been calculated 
by 7 different surgical pathologists with expertise in gas-
trointestinal pathology, using manual counting of printed 
images of at least 500 cells.

Statistical Analysis

Statistical analysis was performed using IBM SPSS 
Statistics 22 (IBM Corporation, Armonk, New York), 
and statistical significance was assumed at P  ≤  .05. 
The Cohen kappa was used to determine interrater 
reliability for tumor grade assessment (grades 1-3) for 
pairwise comparison of Ki-67 quantification methods. 
The normality of the distribution of continuous vari-
ables (number of minutes and percentage of Ki-67) was  
examined using the Shapiro-Wilk normality test. 
Because the data were not normally distributed, non-
parametric statistical tests were used. The Kendall tau-b 
correlation coefficient was used to determine the rela-
tionship between the amount of time spent in assessing 
the presence of Ki-67 and the amount of Ki-67 iden-
tified. The interclass correlation coefficient (ICC) was 
calculated to determine interrater reliability among all 
cytological methods, and when available with and with-
out subsequent surgical resection procedures.

RESULTS

The clinicopathologic characteristics of the NETs  
included in the current study are summarized in Table 1. 
The 50 cases were obtained from 45 patients with an  
average age of 62  years and demonstrated a male-to- 
female ratio of 1:1. The most common location for pancre-
atic tumors was the body, followed by the tail. Pancreatic 
NETs measured on average 3.12 cm in size. Of the cases 
that had subsequent surgical resection specimens, >50% 
of these patients had lymph node metastases and 10%  

FIGURE 2.  (Top) Light microscope with the Augmentiqs 
device (red circle) fitted between the objective lenses and the 
eyepiece. (Bottom) Screenshot showing a field of view using 
the augmented reality microscopy counting method in which 
the image analysis segments individual nuclei (white circles) 
and the end user manually selects positive nuclei (red circles).

https://qupath.github.io
https://qupath.github.io
https://search.yahoo.com/search;_ylt=AwrJ7FcgdHNecwUAtsdXNyoA;_ylu=X3oDMTByMjB0aG5zBGNvbG8DYmYxBHBvcwMxBHZ0aWQDBHNlYwNzYw--?p=Wetzlar&ei=UTF-8


5Cancer Cytopathology    Month 2020

Ki-67 Proliferation Index in NETs/Satturwar et al

had other distant metastases. Of the 11 cases of liver  
metastases, 6 (54.55%) originated from the pancreas and 
5 (45.45%) were metastases from the lung or intestinal 
NETs.

The Ki-67 proliferation index based off the origi-
nal cytopathology reports indicated that the average 
Ki-67 score for the EE method of grading cell blocks was 
18.17% (range, 0.5%-95.0%) and that for the surgical 
resection specimens (19 cases) was 8.91% (range, 0.7%-
95.0%). When averaging the 3 hot spots, the Ki-67 index 
calculated using the different methods for the current 
study all differed. For the PIMC method, the average 
Ki-67 score was 16.89% (range, 0.1%-93.43%); it was 
12.35% (range, 0.1%-85.83%) for the ARM method 
and was 19.01% (range, 0.57%-94.0%) when using 
DIA-WSI (FOVs) and 11.48% (range, 0.31%-87.98%) 
when using DIA-WSI (entire slide). When using the 
ARM method, some inaccuracies in cell segmentation 
were noted with the image analysis algorithm, resulting 
in certain cells (eg, overlapping cells present in clusters, 

very faint staining nuclei) not being counted individually. 
For the subset of cases with subsequent pancreatic resec-
tions (19 cases), a Wilcoxon signed rank test indicated 
that the Ki-67 index of these NETs in the surgical spec-
imen procedure (median, 3.5%) was significantly higher 
than the index obtained using the traditional EE method 
(median, 1.5%) when applied to corresponding preoper-
ative cytology samples (Z [Z-statistic] = −2.136; r [effect 
size] =  .35 [P =  .033]). This equates to a difference of 
tumor grade 1 as determined by the traditional EE man-
ual method in cell blocks versus grade 2 in the follow-up 
surgical specimens. For NETs with surgical follow-up in 
which the Ki-67 index in cell blocks was assessed using 
PIMC, ARM, and DIA-WSI (entire slide), these scores 
similarly resulted in a median equivalent of grade 1, but 
the difference in the median Ki-67 index for these com-
puter-assisted methods was not statistically significant.

Tumor grade assessment using WHO guidelines 
and shown by different methods is shown in Table 2. 
The percentage of cases scored using DIA-WSI (FOV) 
with grade 2 was higher at 50% compared with approx-
imately 30% for the other methods being used to score 
cell blocks. The main reason for the difference in the 
number of grade 1 NETs versus grade 2 NETs using the 
different methods was the narrow cutoff value of the 
Ki-67 index. The DIA-WSI (FOV) method had inaccu-
racies (typically causing upgrading of the tumor grade) 
due to miscounting of nontumoral material (debris in 
cell blocks, tissue folds, and proliferating inflammatory 
cells). Of the grade 3 tumors, 8 of 11 tumors were grade 
3 NECs and all were scored as grade 3 using different  
cytology methods.The interrater reliability for tumor 
grade by paired Ki-67 assessment method is shown in 
Table 3. The pairwise kappa results varied from no agree-
ment (0.04 for DIA-WSI [FOV] and histology compar-
isons) to near-perfect agreement (0.81 for the ARM and 
PIMC methods) based on a scale of <0.2 indicating no 
agreement, 0.21 to 0.4 indicating fair agreement, 0.41 
to 0.6 indicating moderate agreement, 0.61 to 0.8 in-
dicating substantial agreement, and >0.81 indicating 
near-perfect agreement. Using the surgical resection spec-
imens (19 cases) as the gold standard, Table 4 compares 
the concordance rate between cytology and histology 
cases. Compared with this histopathology gold standard, 
the concordance rate was highest for the EE method at 
84.2% (kappa, 0.71) followed by the DIA-WSI (entire 
slide) method at 73.7% (kappa, 0.52). ARM and PIMC 

TABLE 1.  Clinicopathologic Characteristics of NETs 
Studied (50 by Cytology and 19 by Histology

Characteristic Value

Average patient age (range), y 62 (35-79)
Sex

Male 22 (49%)
Female 23 (51%)

Average tumor size (range), cm 3.12 (1.5-8.5)
Location of tumor, no. (%)  

Pancreatic head 9 (23%)
Pancreatic body 14 (36%)
Pancreatic tail 13 (33.33%)
Pancreatic body-tail 3 (7.69%)
Liver (metastasis) 11 (22%)

Histologic grade (n = 19)  
1 9 (47%)
2 9 (47%)
3 1 (5%)

T classification, no. (%)  
T1 3 (15.7%)
T2 10 (52.63%)
T3 6 (31.57%)
T4 0

N classification, no. (%)  
N0 7 (36.84%)
N1 10 (52.63%)
NX 2 (10.52%)

M classification, no. (%)  
M0 17 (89.47%)
M1 2 (10.52%)

AJCC stage, no. (%)  
I 4 (21%)
II 6 (31.57%)
III 7 (36.84%)
IV 2 (10.52%)

Abbreviation: AJCC, American Joint Committee on Cancer eighth edition; 
NETs, neuroendocrine tumors.
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each had a concordance rate of 63.2% (kappa, 0.33). 
There was excellent reliability among all scoring methods 
when 3 hot spots (FOV) were evaluated (Table 5) com-
pared with just counting 1 or 2 hot spots (ICC of 0.912 
[P < .001] for 3 hot spots vs ICC of 0.706 [P = .13] for 
1 hot spot and ICC of 0.606 [P = .015] for 2 hot spots).

The time spent, including the time required for 
the annotation of slides, as measured in minutes for 

the different methods for Ki-67 quantification varied 
markedly (Table 6). The traditional EE and manual 
histology methods were excluded for statistical analy-
sis because the time spent by the pathologists was not 
recorded in the original reports. Generally, cases with 
higher percentages of Ki-67 immunostained cells were 
associated with taking longer times to score (Fig. 3). 
DIA-WSI scoring of only the hot spots was the fastest 

TABLE 2.  Tumor Grade Assessment by Different Ki-67 Quantification Methods

Tumor Grade Ki-67 Index

EE PIMC ARM DIA-WSI (FOV)
DIA-WSI (Entire 

Slide) Histology

No. % No. % No. % No. % No. % No. %

1 <3% 26 52% 24 48% 25 50% 10 20% 24 48% 9 47%
2 3%-20% 13 26% 15 30% 15 30% 28 56% 18 36% 9 47%
3 >20% 11 22% 11 22% 10 20% 12 24% 8 16% 1 5%
Total 50 100% 50 100% 50 100% 50 100% 50 100% 19 100%

Abbreviations: ARM, augmented reality microscopy; DIA, digital image analysis; EE, eyeball estimation; FOV, field of view; PIMC, printed image manual counting; 
WSI, whole-slide imaging.

TABLE 3.  Pairwise Kappa Calculations to Determine Interrater Reliability for Tumor Grade Assessment Among 
Ki-67 Calculation Methods

Scoring Method EE PIMC ARM DIA-WSI (FOV) DIA-WSI (Entire Slide) Histology

EE — 0.74 0.68 0.46 0.61 0.71
PIMC 0.74 — 0.81 0.50 0.43 0.33
ARM 0.68 0.81 — 0.44 0.45 0.33
DIA-WSI (FOV) 0.46 0.50 0.44 — 0.37 0.04
DIA-WSI (entire slide) 0.61 0.43 0.45 0.37 — 0.52
Histology 0.71 0.33 0.33 0.04 0.52 —

Abbreviations: ARM, augmented reality microscopy; DIA, digital image analysis; EE, eyeball estimation; FOV, field of view; PIMC, printed image manual counting; 
WSI, whole-slide imaging.
Based on a scale of <0.2 indicating no agreement, 0.21 to 0.4 indicating fair agreement, 0.41 to 0.6 indicating moderate agreement, 0.61 to 0.8 indicating substan-
tial agreement, and >0.81 indicating near-perfect agreement.

TABLE 4.  Tumor WHO Grading Based on Ki-67 Quantification of Cell Block Material by Different Methods and 
Concurrent Surgical Resection Specimens

Scoring Method Cytology Grades

Histology (Surgical Resection) Total

Percent Agreementa KappaGrade 1 Grade 2 Grade 3 All Grades

EE 1 9 3 0 12 84.2% 0.71
2 0 6 0 6
3 0 0 1 1

PIMC 1 6 4 0 10 63.2% 0.33
2 3 5 0 8
3 0 0 1 1

ARM 1 7 5 0 12 63.2% 0.33
2 2 4 0 6
3 0 0 1 1

DIA-WSI (FOV) 1 2 3 0 5 47.4% 0.04
2 7 6 0 13
3 0 0 1 1

DIA-WSI (entire 
slide)

1 8 4 0 12 73.7% 0.52
2 1 5 0 6
3 0 0 1 1

Abbreviations: ARM, augmented reality microscopy; DIA, digital image analysis; EE, eyeball estimation; FOV, field of view; PIMC, printed image manual counting; 
WHO, World Health Organization; WSI, whole-slide imaging.
aThe percent agreement shows the correlation of the Ki-67 index between cytology cell block and subsequent surgical resection specimen assessments.



7Cancer Cytopathology    Month 2020

Ki-67 Proliferation Index in NETs/Satturwar et al

method of calculating the Ki-67 proliferation index  
(average, 2.6 minutes per case), whereas the PIMC 
method was the most time-consuming (average, 15.3 
minutes per case). Assessments using ARM took an av-
erage of 7.6 minutes per case, which was approximately 
one-half the time of the PIMC method. Using the 
Kendall tau-b correlation (τ), there was a strong, posi-
tive correlation noted between time spent scoring and 
the Ki-67 score for the ARM (τ = .536; P < .001) and 
DIA-WSI (FOV) (τ = .408; P < .001) methods. There 
also was a positive relationship observed between time 
to quantify and the Ki-67 index for manual assessments 
(τ  =  .221; P  =  .024). However, there was no statis-
tically significant correlation noted between the time 
involved and the Ki-67 score for the DIA-WSI (entire 
slide) assessment method (τ = .069; P = .447).

DISCUSSION

The Ki-67 index clearly plays a critical role in the patho-
logic assessment of and clinical decisions related to the 
management of gastroenteropancreatic NETs.24,25 The 
variabilities in different scoring methods, as well as inter-
laboratory and interobserver reproducibility, have been ad-
dressed in part through the use of standardized guidelines 
from the WHO and European Neuroendocrine Tumor 
Society (ENETS) for calculating the Ki-67 proliferation 
index in histopathology material.1-4,24 These guidelines 
have been extrapolated to grading NET samples (eg, cell 
blocks) procured by FNA. However, several studies have 
shown that the grading of cell blocks using the Ki-67 
proliferation index frequently results in undergrading 
of these tumors when compared with follow-up surgical 
resection specimens.12 This fact was corroborated in the 
current study, in which the majority of NETs that were 
graded as 1 on cell blocks as per the original cytology re-
ports subsequently were found to be grade 2 in the subset 

of surgically resected tumors (19 tumors). Moreover, even 
when we used the PIMC or computer-assisted (ARM or 
DIA-WSI) methods for the grading of cell blocks, they 
still led to undergrading. Similarly, Tang et al reported 
that EE, manual counting, and even DIA all can provide 
incorrect Ki-67 assessments and therefore false grading of 
NETs.15 This suggests that FNA does not lend itself to the 
accurate grading of NETs, which may be due to limited 
sampling and tumor heterogeneity.26 For FNA samples 
that contain ≥1000 cells, one group of researchers dem-
onstrated that counting hot spots instead of the complete 
cell block provided better correlation with surgical speci-
mens.17 We did analyze the same 3 hot spots using differ-
ent methods, and found excellent reliability among these 
methods based on these hot spots versus analyzing just 1 
or 2 of the FOVs. One limitation of the current study was 
the relatively small number of follow-up surgical resection 
specimens (19 specimens), which may have influenced  
effective correlation with cytology specimens.

As noted earlier, several methods have been pro-
posed for determining the Ki-67 proliferation index in 
NETs. These include the manual EE method using a light 
microscope, the PIMC method that requires pathologists 
to print out photographs to count positive cells in hot 
spots, and DIA techniques. The data from the current 
study indicated that the level of reliability for these dif-
ferent methods when tested on cell block material was 
good to excellent for Ki-67 quantification. However, the 
average Ki-67 scores did differ with these various meth-
ods. It is interesting to note that the pairwise kappa result 
demonstrated near-perfect agreement for the PIMC and 
ARM methods. When using the Ki-67 score obtained 
from the 19 surgical pathology cases as the “gold stan-
dard,” we found that the EE method of scoring cell blocks 
had the highest concordance rate. This result is surpris-
ing because EE is subjective and therefore prone to high 
interobserver variability. Indeed, prior studies have re-
ported that EEs of pancreatic NETs were inaccurate.27,28 
To overcome this problem, Reid et al recommended the 
PIMC method.19 These authors found in their experi-
ence that the manual counting of camera-captured and/
or printed images was more reliable and had higher repro-
ducibility than DIA, but took longer than EE. We also 
found the PIMC method to be the most time-consuming 
in the current study. However, Dogukan et al mastered 
this laborious task by using a monitor image instead of 
the printout image method for Ki-67 scoring.29 These 

TABLE 5.  Interclass Correlation Coefficient Results 
for Tumor Grade Assessment Based on the Number 
of Hot Spot FOVs

Different methods (PIMC, ARM, 
DIA-WSI [FOV])

Interclass 
Correlation 
Coefficient 95% CI

1 FOV Average measures 0.706 0.144-0.927
2 FOV 0.606 0.095-0.876
3 FOV 0.912 0.833-0.956

Abbreviations: ARM, augmented reality microscopy; DIA, digital image analy-
sis; FOV, field of view; PIMC, printed image manual counting; WSI, whole-
slide imaging.
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authors demonstrated that although monitor image and 
printout image methods for Ki-67 scoring of gastroen-
teropancreatic NETs resulted in comparable scores, they 
were able to save time performing this task by using a grid 
and a monitor.

For assessing biomarkers in breast cancer (eg, ER, 
PR, or HER2), DIA has been shown to outperform man-
ual scoring.30 Similar supportive findings using DIA have 
been reported for determining the Ki-67 labeling index in 

patients with breast cancer.31 A limited number of publi-
cations to date have reported outcomes when using com-
mercial and open-source (eg, ImmunoRatio http://wsise​
rver.jilab.fi/old-jvsmi​crosc​ope-softw​are/) image analysis 
software to calculate the Ki-67 index in NETs.16,19,32,33 
However, for this task, the majority of these authors 
conveyed that manual counting was more accurate than 
DIA. Some of the reasons for this discordance with DIA 
included nontumor cell contamination (eg, proliferating 

TABLE 6.  Amount of Time Spent to Quantify Ki-67 According to Different Scoring Methods

Scoring Method Average Time, Minutes Median Time, Minutes Minimum Time, Minutes Maximum Time, Minutes

PIMC 15.3 11.5 2.5 62.0
ARM 7.6 4.0 0.5 60.0
DIA-WSI (FOV) 2.6 3.2 0.3 3.5
DIA-WSI (entire slide) 14.2 9.4 0.7 46.6

Abbreviations: ARM, augmented reality microscopy; DIA, digital image analysis; FOV, field of view; PIMC, printed image manual counting; WSI, whole-slide imaging.

FIGURE 3.  Scatterplots of time spent versus the Ki-67 index for different assessment methods. ARM indicates augmented reality 
microscopy; DIA, digital image analysis; FOV, field of view; PIMC, printed image manual counting; WSI, whole-slide imaging.

http://wsiserver.jilab.fi/old-jvsmicroscope-software/
http://wsiserver.jilab.fi/old-jvsmicroscope-software/
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tumor–infiltrating lymphocytes) and background nonspe-
cific staining. In the current study, we also noted inaccura-
cies in some cases when individual cells were not counted 
using the image analysis algorithm applied via ARM. 
The ARM vendor (Augmentiqs) in the current study has 
since modified various parameters of the image analysis 
algorithm for quantifying nuclear staining, and there-
fore improved results are expected in future studies. The 
majority of the prior studies using DIA to determine the 
Ki-67 index in NETs used static images of representative 
tumor regions. Very few researchers used WSI. Hasegawa 
et al did use WSI with DIA to evaluate the Ki-67 index 
in 58 patients and reported high concordance (90%) with 
surgically resected specimens, but only when their FNA 
samples had adequate cellularity (>2000 tumor cells).9 
WSI most likely aided their findings by allowing a greater 
percentage of the tumor to be analyzed, instead of just 
limiting their analyses to smaller FOVs (ie, snapshots). 
This also may explain why in the current study DIA-WSI 
of the entire slide demonstrated a better concordance with 
surgical resection specimens than the PIMC method.

To the best of our knowledge, the current study 
is the first to evaluate the use of ARM in cytology. 
Augmented reality (AR) refers to technology that com-
bines reality and digital information.34 This is created by 
superimposing a computer-generated digital image onto 
an object or user’s view of the “real world.” This differs 
from virtual reality, in which a complete digital or com-
puter-generated environment is created. AR technol-
ogy (eg, HoloLens; Microsoft Corporation, Redmond, 
Washington) has been applied successfully to anatomic 
pathology for unique applications such as 3-dimensional 
image viewing and real-time pathology-radiology correla-
tion.35 Recently, investigators introduced the novel AR 
microscope.22 By attaching an AR unit to a conventional 
microscope, this accessory device converts the microscope 
into a digital pathology solution that now can be used 
to perform real-time telepathology and computer-assisted 
diagnostics (eg, image analysis and the application of  
artificial intelligence algorithms) in addition to AR.22,23,36 
In the current study, the AR microscope permitted us to 
rapidly execute image analysis to quantify Ki-67 directly 
from cytology glass slides while they were present on the 
microscope’s stage. This allowed us to avoid having to first 
photograph these slides or digitize the entire slide with 
a whole-slide scanner. Moreover, because we were able 
to adjust the microscope’s fine and coarse magnification 

in real time during this undertaking, we overcame any 
focus issues that typically plague the digital imaging of 
cytology material. In summary, we found that ARM with 
DIA when directly supervised by a human streamlined 
and hastened the task of assessing the Ki-67 proliferation 
index in NETs. Given the versatility and cost benefit of 
microscope-based AR technology, we anticipate that there 
will be other innovative studies using ARM in the near 
future.
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