Head and Neck Pathology (2023) 17:638-646
https://doi.org/10.1007/512105-023-01564-8

RESEARCH q

Check for
updates

Exploration of Digital Image Analysis for Ki67 Quantification
in the Grading of Medullary Thyroid Carcinoma: A Pilot Study with 85
Cases

David Blake Behrman' - Daniel J. Lubin'? . Kelly Magliocca'? - Qiuying Shi'? - Kartik Viswanathan'%3

Received: 17 April 2023 / Accepted: 22 May 2023 / Published online: 9 June 2023
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2023

Abstract

Background Although uncommon, medullary thyroid carcinoma (MTC) accounts for a significant proportion of thyroid
cancer deaths. Recent studies have validated the two-tier International Medullary Thyroid Carcinoma Grading System
(IMTCGS) to predict clinical outcomes. A 5% Ki67 proliferative index (Ki67PI) cut-off separates low-grade from high-grade
MTC. In this study, we compared digital image analysis (DIA) to manual counting (MC) for determining the Ki67PI in a
MTC cohort, and explored the challenges encountered.

Methods Available slides from 85 MTCs were reviewed by two pathologists. The Ki67PI was documented by immunohis-
tochemistry for each case, scanned with the Aperio® slide scanner at 40X magnification, and quantified using the QuPath®
DIA platform. The same hotspots were screenshot, printed in color, and blindly counted. For each case, over 500 MTC cells
were counted. Each MTC was graded using IMTCGS criteria.

Results In our MTC cohort (n=285), 84.7 and 15.3% were low- and high-grade with the IMTCGS. In the entire cohort,
QuPath® DIA performed well (R*=0.9891) but appeared to undercall compared to MC. QuPath® performed better in
high-grade cases (R*=0.99) compared to low-grade cases (R*=0.7071). Overall, Ki67PI determined with either MC or
DIA did not affect IMTCGS grade. Encountered DIA challenges include optimizing cell detection, overlapping nuclei, and
tissue artifacts. Encountered MC challenges include background staining, morphologic overlap with normal elements, and
counting time.

Conclusion Our study highlights the utility of DIA in quantifying Ki67PI for MTC and can serve as an adjunct for grading
in conjunction with the other criteria of mitotic activity and necrosis.
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Introduction

Medullary thyroid carcinoma (MTC) is a rare malignancy
that arises from the calcitonin-secreting parafollicular
C-cells of the thyroid [1]. While MTC represents < 10%
(2%) of all thyroid malignancies, it represents 8% of thy-
roid cancer-related deaths [2, 3]. Investigations into this
disproportionately high mortality rate have yielded three
histologic features conferring worse survival: elevated
Ki67 proliferative index (Ki67PI), elevated mitotic index,
and presence of necrosis [4, 5]. These findings culminated
into the International Medullary Thyroid Carcinoma Grad-
ing System (IMTCGS), a two-tiered grading system sepa-
rating MTC into low-grade and high-grade [6]. The pres-
ence of mitotic index > 5 per 2 mm?, tumor necrosis, or
Ki67P1> 5% confers a designation of high-grade MTC.
It is important to emphasize that although the current
IMTCGS uses binary cut-offs of > 5% and > 5 mitoses per
2 mm? for Ki67PI and mitotic activity, respectively, both
are continuous variables with worsening outcomes as each
variable increases; hence, it is currently recommended to
provide precise counts for both variables in the pathology
report.

The standard for calculating Ki67PI, set by the World
Health Organization (WHO), is by counting at least
500-2000 cells in areas with the highest density of Ki67
staining or “hotspots” [7]. This practice is well-established
for neuroendocrine tumors of the gastropancreatic system
and was applied during the validation of the IMTCGS.
Three widely used methods for measuring the Ki67PI
include “eye-balling,” manual cell counting (MC), and
automated cell counting using digital image analysis
(DIA). “Eye-balling” estimates the Ki67PI by scanning a
slide section of the tumor at low power (X 10 objective).
This method is quick, but consistent accuracy is difficult at
Ki67PI < 5% with lower rates of interobserver agreement
[8]. Manual cell counting is performed in real-time at the
microscope or using a printed/camera image of tumor “hot
spots.” This practice, while highly accurate and with high
interobserver agreement, takes the longest to perform,
making it less appealing in a busy practice setting [8, 9].

Automated cell counting using DIA software has grown
in recent years with concordant and reproducible results
in accurately measuring Ki67PI in neuroendocrine tumors
[10]. The primary limitations of DIA software cited are
operator dependency and cost [8—10]. QuPath® is an open
source and free DIA software developed as a user-friendly
and accessible solution to whole-image analysis, by Peter
Bankhead and others [11]. The QuPath® cell detection
algorithm is being evaluated and optimized by users to
perform automated cell counting for measuring Ki67PI
in both neuroendocrine and breast carcinomas [12—-16].

In our study, we compared MC and automated DIA, using
the Qupath® cell detection algorithm, in measuring the
Ki67PI in our institutional MTC cohort. We also examined
the performance of both counting methods after stratification
of MTCs with the IMTCGS.

Materials and Methods

Our cohort included 85 primary MTC resections between
2000 and 2021 were retrieved from the pathology database
at Emory University Hospital, Emory University Hospital
Midtown, and Saint Joseph Hospital (all in Atlanta, GA),
following approval from the institutional review board (IRB
#00004034, K.V). Sections (5 micron) from formalin-fixed,
paraffin-embedded tissue blocks were evaluated for the
Ki67PI by immunohistochemistry (MIB-1 clone, 1:80 dilu-
tion, Agilent Dako) using the Leica Bond Max III (Leica
Microsystems, Bannockburn, Illinois). Specimens are depar-
affinized and antigen retrieved on the instrument. All slides
are incubated with the primary antibody for 15 min, with
post primary polymer for 8 min, blocked with 3% hydro-
gen peroxide for 5 min, 3,3-diaminobenzidine (DAB, brown
chromogen) for 10 min, and hematoxylin as counterstain
for 5 min. These incubations were performed at room tem-
perature and sections were washed with Tris-buffered saline
(Bond wash solution). Cover-slipping was performed using
the Tissue-Tek SCA (Sakura Finetek USA, Inc, Torrance,
CA) coverslipper. Available H&E slides from all cases were
reviewed by two pathologists (D.J.L. and K.V.) and histo-
logic features were recorded. Slides were scanned with the
Aperio® CS2 slide scanner (Leica Biosystems, San Diego,
CA, USA) at 40x magnification and stored as.svs files. Areas
with maximal-appearing Ki67 immunostain (“hotspots”)
were selected with a uniform square box for all cases and
quantified using the QuPath® image analysis platform
(https://qupath.github.io/) by one primary operator (K.V.).
Default QuPath® settings were applied with the following
exceptions: nuclear area size cut-off of 27 determined by
trial and error to minimize detection of normal elements, and
slight variations in the DAB 1+ detection threshold between
0.1 and 0.2 to maximize detection of Ki67 positive nuclei.
The same hotspots used for the QuPath quantification were
screenshot, printed in color, and after a washout period of
several weeks to minimize bias, were blindly counted by
at least one pathologist (K.V., D.J.L, Q.S., and K.M.) and
a pathology resident (D.B.B). Any degree of Ki67 stain-
ing in tumor nuclei was considered positive on MC. For
each case, > 500 MTC cells were counted in the outlined
hotspots by at least one of the two methods. Each MTC was
graded with the IMTCGS (low/high) based on prior estab-
lished criteria [6]. A random subset of low-grade (n=16)
and high-grade MTC cases (n=8) were counted under timed
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conditions by D.B.B and K.V. Statistical analysis was per-
formed using SPSS v27.0 (IBM, New York, NY) using the
related-samples Wilcoxon signed rank test for non-paramet-
ric distributions.

Results

In our MTC cohort (n=385), 84.7% were low-grade (n=72)
while 15.3% were high-grade (n=13) by the IMTCGS
(Table 1). The Ki67PI for the entire cohort were on aver-
age higher for cases measured by MC (median=0.61%,
mean=1.92%, range =0-58.37%) compared to DIA
(median =0.40%, mean=1.59%, range =0-51.17%).
This was also true when evaluating low-grade cases (MC
median =0.47%, MC mean=0.66%, range =0-3.14%; DIA
median =0.30%, DIA mean=0.50%, range 0-3.4%) and
high-grade cases (MC median=2.96%, MC mean = 8.94%,
range = 0.64-58.37%; DIA median=4.90%, DIA
mean =7.63%, range =0.37-51.17%). A negative differ-
ence (i.e., DIA underestimation), positive difference (i.e.,
DIA overestimation), and a tie between MC and DIA was
observed in 56.4% (48/85 cases), 25.9% (22/85), 17.6%
(15/85) of the entire MTC cohort, respectively. While the
difference between MC and DIA Ki67PI measurements was
statistically significant for the entire MTC cohort and the
low-grade subset (p <0.001 for both), it was not statistically
significant for the high-grade subset (p=0.101). Representa-
tive examples of a MTC with a high and low Ki67PI are
shown in Fig. 1. Compared to MC, QuPath® DIA performed
well when considering the entire cohort (R>=0.9891). Upon
further stratification of MTC cases with IMTCGS, QuPath®
correlated better with MC in high-grade cases (R*=0.99)
compared to low-grade cases (R*=0.7071). A comparison of
MC to DIA for each case as well as with further stratification
by histologic grade was performed with results displayed
in Fig. 2.0verall, histologic grade by the IMTCGS was not
affected by the method (MC or DIA) of measuring Ki67
proliferation indices for all cases (Table 1). Based on Ki67PI
alone, all cases that met the high-grade threshold of > 5% by
MC were mirrored by DIA. Similarly, all low-grade cases
demonstrated a Ki67PI < 5% with both MC and DIA.
Encountered challenges for QuPath® DIA included opti-
mization of positive cell detection parameters for each case
(albeit with minimal changes), nuclear segmentation difficul-
ties due to overlap, and suboptimal focus from tissue folding
due to sectioning, pigment, amyloid, or calcification artifact
leading to false positive calls (Fig. 3A-D). Perceived chal-
lenges for MC of Ki67 positive nuclei included non-specific/
weak background Ki67 staining, distinguishing endothelial
cells from spindled tumor cells, and time for counting. In
a subset of timed MC cases (n=16 low-grade cases and
8 high-grade cases), manual counting took 8 min and 39 s
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on average (range 4-32 min 46 s, Supplemental Table 1),
compared to < 10 s for DIA (for all cases).

Discussion

The use of artificial intelligence as an adjunct to daily clini-
cal practice continues to increase in both surgical and cyto-
pathology. Perhaps the most notable success has been in the
quantification of the Ki67PI, an accurate count of which can
be important for appropriate grading and prognostication,
especially in neuroendocrine tumors [10, 16]. In our study
in MTC, we observed that DIA performed comparatively
well to MC in measuring Ki67PI for grading of MTC with
no major changes in histologic grade based on method of
counting. Overall, DIA performed well in identifying Ki67
positive cells compared to MC but appeared to underesti-
mate the Ki67PI when considering the entire cohort. Fur-
thermore, QuPath® DIA performed better in high-grade
cases compared to low-grade cases when compared to MC.
Our close correlation between MC and DIA for calculating
Ki67PI was similar to those of previous studies evaluating
DIA in pancreatic neuroendocrine neoplasms and breast tis-
sue [10, 16, 17].

Standardization of DIA-based Ki67 counting in MTCs
requires consideration of several pre-analytic and analytic
variables, including, but not limited to, tissue processing,
staining, selection of DIA platform, hotspot size selection,
and optimization of cell detection [10, 15, 18]. All our cases
were fixed in formalin, but time to fixation and process-
ing times may have varied as these were cases as part of
a routine clinical workflow over two decades, which could
impact antigen detection between cases. Sectioning artifacts
were a perceived challenge, particularly in heavily calcified
cases where obtaining uniform tissue sections is difficult
due to shearing. Tissue folding may also cause overlapping
nuclei making it difficult for the software to identify indi-
vidual nuclei. Limitations noted in the evaluation of DIA for
pancreatic neuroendocrine included inability to distinguish
non-tumor cells from contaminants in QuPath® without
teaching the software through test cases [10]. Overstaining
with hematoxylin could also impact DAB detection and dif-
ferences in immunostaining protocols between laboratories
could impact Ki67PI values [19]. Finally, the results could
be impacted by the antibody clone used. The Ki67 antibody
clone used in this study was the MIB-1 clone. Owens et al.
found an overestimation of Ki67PI with three non-MIB-1
clones in the context of pancreatic neuroendocrine tumors
[15]. Non-specific staining/weak staining of background
cells may cause challenges for both DIA and the patholo-
gist performing the manual count.

We did not explore the complexities of whole slide
scan imaging in this study; however, the quality of the
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Table 1 Ki67 Proliferation Indices by Method of Counting with Histologic Grade

Patient MC Ki67 (%) MC: Total Ki67 MC: Total DIA: Total Ki67 DIA: Total IMTCGS grade Mitotic count* Necro-
positive tumor tumor nuclei positive tumor tumor nuclei sis
nuclei DIA Ki67 nuclei counted present

counted (%)

1 0.00 0 1178  0.00 0 383 Low 0 No

2 0.00 0 2363  0.00 0 1488 Low 0 No

3 0.00 0 2237  0.00 0 1617 Low 0 No

4 0.00 0 848  0.00 0 464 Low 0 No

5 0.00 0 2756 0.00 0 2217 Low 0 No

6 0.00 0 1335 0.00 0 1273 Low 0 No

7 0.00 0 1486  0.00 0 1214 Low 0 No

8 0.00 0 1856  0.00 0 427 Low 0 No

9 0.00 0 1093  0.00 0 1196 Low 0 No

10 0.00 0 1040  0.00 0 844 Low 0 No

11 0.00 0 1147 0.00 0 705 Low 1 No

12 0.00 0 1593  0.00 0 961 Low 1 No

13 0.00 0 796 0.00 0 394 Low 2 No

14 0.00 2 1301  0.19 2 1050 Low 0 No

15 0.05 1 2024 0.00 0 1214 Low 0 No

16 0.05 1 2193  0.00 0 1630 Low 0 No

17 0.05 1 2154 0.00 0 1427 Low 1 No

18 0.08 1 1252 0.00 0 1065 Low 0 No

19 0.10 1 1010  0.00 0 916 Low 1 No

20 0.12 1 863  0.00 0 420 Low 0 No

21 0.12 1 833 0.13 1 778 Low 1 No

22 0.14 1 740 021 1 469 Low 0 No

23 0.15 1 663  0.00 0 368 Low 0 No

24 0.17 3 1793  0.17 2 1207 Low 0 No

25 0.20 3 1512 0.27 3 1118 Low 0 No

26 0.22 3 1374 143 16 1106 Low 0 No

27 0.23 3 1304 0.25 3 1196 Low 0 No

28 0.24 2 844  0.19 1 529 Low 0 No

29 0.25 3 1185 0.16 4 2433 Low 0 No

30 0.31 2 642 037 1 267 Low 0 No

31 0.32 4 1234 0.32 4 1236 Low 0 No

32 0.36 4 1119 0.13 1 788 Low 0 No

33 0.36 6 1667  0.20 2 1018 Low 0 No

34 0.38 3 787  0.00 0 241 Low 0 No

35 0.41 7 1725  0.16 2 1287 Low 0 No

36 0.45 3 667 0.22 2 930 Low 2 No

37 0.49 5 1015  0.24 1 422 Low 0 No

38 0.50 4 796  0.66 3 455 Low 0 No

39 0.51 6 1186 0.36 2 546 Low 0 No

40 0.57 5 877 0.65 5 764 Low 1 No

41 0.59 11 1870  0.49 8 1643 Low 0 No

42 0.61 9 986  0.66 7 907 Low 0 No

43 0.61 5 824  0.68 5 731 Low 2 No

44 0.63 5 790 0.32 2 625 Low 0 No

45 0.65 5 766  0.17 1 595 Low 0 No

46 0.67 9 1334 0.15 1 672 Low 0 No

47 0.74 10 1359  0.68 7 1033 Low 0 No
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Table 1 (continued)

Patient MC Ki67 (%) MC: Total Ki67 MC: Total DIA: Total Ki67 DIA: Total IMTCGS grade Mitotic count* Necro-
positive tumor tumor nuclei positive tumor tumor nuclei sis
nuclei DIA Ki67 nuclei counted present

counted (%)

48 0.74 8 1076  0.65 8 1239 Low 0 No

49 0.77 8 1038  0.69 6 866 Low 0 No

50 0.80 10 1247  0.68 7 1027 Low 0 No

51 0.93 11 1189  0.85 9 1060 Low 1 No

52 0.99 9 911 0.63 4 640 Low 2 No

53 0.99 9 906 1.27 9 709 Low 1 No

54 1.00 9 900 1.10 6 545 Low 2 No

55 1.02 8 786 043 1 232 Low 0 No

56 1.03 18 1744 0.56 7 1242 Low 0 No

57 1.05 13 1242 1.13 9 793 Low 1 No

58 1.06 11 1033 1.14 6 528 Low 0 No

59 1.12 17 1518 0.61 5 814 Low 2 No

60 1.20 8 667 033 2 602 Low 0 No

61 1.25 37 2970  0.85 20 2331 Low 1 No

62 1.41 15 1064 124 13 1050 Low 0 No

63 1.47 20 1357  1.05 8 765 Low 0 No

64 1.52 32 2102 0.79 16 2028 Low 0 No

65 1.57 19 1209  0.40 3 742 Low 0 No

66 1.62 29 1789 138 14 1017 Low 0 No

67 1.78 21 1183 2.01 23 1146 Low 0 No

68 1.86 15 805 1.07 6 563 Low 0 No

69 2.29 38 1660 1.73 23 1328 Low 0 No

70 2.54 13 512 0.99 6 609 Low 1 No

71 291 68 2340 141 31 2204 Low 1 No

72 3.14 28 892 340 25 738 Low 0 No

73 2.96 32 1081 490 24 490 High 12 Yes

74 0.64 9 1414 0.37 4 1069 High 3 Yes

75 0.70 17 2439  0.56 7 1244 High 1 Yes

76 1.40 20 1437 149 17 1137 High 5 No

77 1.33 12 899 192 10 522 High 1 Yes

78 2.21 32 1450 3.03 21 692 High 7 Yes

79 2.57 19 739 258 18 698 High 2 Yes

80 6.42 75 1168 548 56 1022 High 6 Yes

81 8.52 82 963 5.10 24 471 High 13 Yes

82 8.92 145 1625 6.17 56 907 High 2 No

83 9.86 143 1451  6.09 53 870 High 10 Yes

84 12.34 69 559 1035 53 512 High 2 Yes

85 58.37 1371 2349 51.17 981 1917 High 29 Yes

MCmanual count, DIA digital image analysis, IMTCGS International medullary thyroid carcinoma grading system

*Number of mitoses per 2 mm?

tissue section, artifacts, or suboptimal focusing can impact
the quality of the image used for cell counting [20]. In
our study, we used the same slide scanner and scanning
parameters for all our cases to minimize this impact. Pai
et al. captured 10 X images for their Ki67 counting using
a microscope camera and stored them as.jpg files, which
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are considerably smaller compared to.svs scanned files
(kilobytes for.jpg files compared to gigabytes for.svs files)
[16]; however, it is difficult to ascertain if the resolution
achieved from a 40 X scan would enable improved per-
formance of the system and should be explored in future
studies.
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Fig.2 Performance of digital image analysis and manual counting of the Ki67 proliferative index in the entire MTC cohort and after stratifica-
tion by the international medullary thyroid carcinoma grading system
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Fig.3 Representative exam-
ples of challenges encountered
with digital image analysis
using QuPath® including (A)
incomplete capture of posi-
tive cells (indicated by black
arrows) requiring optimization
of detection parameters, (B)
nuclear segmentation difficulty
(an example indicated by black
arrow), and false positive detec-
tion due to pigment or tissue
folding/sectioning artifacts (C
and D)

Several DIA platforms are available for automated cell
counting. We chose to focus on QuPath® for this study due
to its free availability and prior publications documenting its
success. In the context of breast cancer, Acs et al. demon-
strated that QuPath® performed equally well in Ki67 nuclei
detection compared to two other DIA platforms—HALO®
and Quantcenter®. Moreover, QuPath showed the lowest
intra-DIA platform variability in that study [13]. That being
said, a comparative study examining the performance of the
various systems for Ki67 counting in MTCs will be prudent.

The primary difference between MC and DIA was an
underestimation of the Ki67 count by DIA. Of interest, Acs
et al. noted that QuPath® underestimated Ki67 counts com-
pared to two other DIA platforms, although it did not sig-
nificantly impact its overall performance [13]. In our study,
the Ki67 positive nuclei detected by DIA was more often
lower than that detected by MC (Fig. 3A). The cell detection
parameters were optimized for each case, requiring slight
adjustments, to ensure that the software had the maximal
capability of identifying Ki67 positive nuclei while minimiz-
ing background noise, which could introduce systemic bias.
Another challenge that might explain the observed overesti-
mation or underestimation of DIA compared to MC includes
overlapping nuclei, which may be considered as a single
nucleus by the software (i.e., nuclear segmentation difficul-
ties, Fig. 3B). In an optimization study by Pai et al. using
QuPath®, the group noted that ~ 15% of their tumor images
required changes in the settings to achieve an optimal Ki67
count, with some images requiring more than one adjust-
ment [16]. Tissue artifacts also led to false positive detection
(Fig. 3C and D) and requires assessment of the Ki67PI away
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from these areas to maximize accuracy, if feasible. A rapid
quality check of the image would be useful to ensure that
the software is appropriately capturing the cells of interest.
That being said, despite these encountered challenges, there
was no grading impact when using either DIA or MC in
our study. Moreover, if this technology is applied to routine
clinical practice, one would anticipate performing similar
slight adjustments in the detection parameters to ensure that
the software is rendering the most accurate possible count.

Another challenge we noted when optimizing cell detec-
tion parameters was the morphologic variation and overlap
in medullary thyroid carcinoma with other normal elements.
MTC can demonstrate diverse morphologies ranging from
epithelioid, spindle, and pleomorphic/bizarre nuclei [1]. The
spindle morphology will be challenging as it can overlap
with endothelial cells. As the cell size and nuclear size of
MTC tumor cells may not be necessarily consistent between
each case, detection thresholds may need to be adjusted to
ensure that lymphocytes and endothelial cells are excluded
from the count.

The hotspot size used for the DIA and MC is also impor-
tant to consider. In Owens et al., increasing the hotspot size
from 500 to 2000 cells resulted in a decrease in Ki67PI, pos-
sibly representing dilutional effect, but this led to a stronger
correlation with MC [15]. Similar findings have also been
reported in Volynskaya et al. [21]. The hotspot shape may
also be an important factor to consider [22]. For this study,
we relied on the WHO recommendation of assessing at least
500-1000 cells for Ki67 counting, acknowledging the caveat
that this minimum cell quantity was established in the con-
text of pancreatic neuroendocrine tumors [7]. Owens et al.
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also raised concern for the potential over counting of Ki67PI
by automated methods, but we did not observe this in our
study [15]. The hotspot shape may also be an important fac-
tor to consider [22]. For our study, we relied on a uniform
box encompassing the hotspot, which was consistent across
all cases to minimize variations due to the hotspot shape.
Nevertheless, additional studies exploring the optimal hot-
spot size and shape in a variety of tumors, including MTC,
will be needed in the future.

Ultimately, these pre-analytic and analytic factors require
careful consideration in the validation/calibration process.
Nevertheless, a notable perceived advantage was the quicker
time to count Ki67 using DIA compared to MC, which
would be an incentive to eventually implement this technol-
ogy into daily practice. In our study, a timed MC count took
an average of 8 min and 39 s compared to < 10 s with the
DIA count. This is consistent with prior studies demonstrat-
ing that MC can take 6 min on average with up to 55 min for
some individual cases, whereas DIA can perform a similar
analysis in seconds [21]. In addition, there was no significant
difference in performance between DIA and MC when con-
sidering the entire cohort, low-grade, or high-grade cases.
Finally, using the Ki67PI from either DIA or MC provided
the same IMTCGS grade in our cohort; as such, we do not
anticipate a significant impact on outcome stratification with
either method. Hence, DIA could be used as an adjunct for
quantifying Ki67.

There are several limitations recognized in this study.
First, it is retrospective with a small cohort size. Second, we
focused primarily on QuPath® which was open source and
relatively easy to use, but it would be worthwhile to compare
its performance to other DIA platforms for Ki67 counting
in MTCs. Third, one primary pathologist performed the
DIA analysis on the cohort, which as discussed previously
could introduce bias, and intra-operator variability was not
evaluated in this study; nevertheless, based on the study
from Acs et al., intra-DIA reproducibility was excellent
when using QuPath® for Ki67 quantification of breast can-
cer cases among four operating pathologists [13]. Finally,
a machine-learning algorithmic approach with a training
set was not employed in this study. Rather, slight manual
parameter adjustments were made to maximize detection of
the Ki67-positive nuclei by QuPath®. Future studies with
a machine-learning approach in larger multi-institutional
studies may enable standardization of detection parameters.
Despite these limitations, we were able to use QuPath® with
relative ease to quickly quantify Ki67 labeling without sig-
nificant impact on the ultimate histologic grade.

It is worthwhile recognizing that one parameter alone
does not determine the grade of the MTC. All MTC cases
requires careful assessment of all three IMTCGS param-
eters—Ki67PI, necrosis, and mitoses. In our cohort, 13
MTCs met at least one of the three IMTCGS criteria for

high-grade, most often necrosis (85%), followed by mitotic
activity > 5 per 2 mm? (54%), and finally Ki67PI> 5%
(46%) and finally mitotic activity. The biologic expecta-
tion for a high-grade tumor is for increased cell turnover
(indicated by necrosis) with expected increased prolifera-
tive activity (as judged by Ki67PI and mitotic cut-offs).
For instance, four high-grade MTC cases with necrosis
demonstrated a Ki67PI and mitotic cut-off that did not
meet the cut-offs for high-grade. One potential explanation
for the mismatch in parameters is tumor sampling and it is
plausible that a stronger hot spot of proliferative activity
may not have been represented on the sections available
for review. Second, differences in the molecular landscape
between these cohort subsets may lead to differences in the
biologic behavior, but requires additional study. Finally,
as mentioned previously, it is also important to recognize
that the established Ki67PI and mitotic activity cut-offs
of >5% and > 5 mitoses/2 mm? on continuous variables
may themselves not truly be reflective of the underlying
biologic behavior. As demonstrated in the initial study by
Xu et al., when either continuous variable increased, out-
comes worsened, and that a 5% cut-off was established pri-
marily for ease of stratifying larger population cohorts [6].
Thus, even if either continuous variable fails to achieve
the binary cut-off, the combination of parameters taken
together may still confer a more aggressive biologic behav-
ior to the MTC. Thus, reporting precise values for both
continuous variables, Ki67PI and mitotic activity is key
in the pathology report. Additional study will be needed
to further refine the defining criteria to accurately predict
a MTC with high-grade behavior.

Our study adds to the collective literature evaluating DIA,
specifically QuPath®, for quicker and as accurate analysis
of Ki67PI in malignancies similar to MC. To our knowl-
edge, this is the first study exploring its use in Ki67PI in
MTC:s stratified by the IMTCGS. Furthermore, with the
recent implementation of the IMTCGS, this technology
will likely continue to be validated in other MTC cohorts.
In summary, DIA using the open-source software QuPath®
performed as well as MC in measuring the Ki67PI parameter
in the IMTCGS for grading MTCs, and our study supports
its continued exploration for clinical practice. Ultimately,
Ki67PI represents one of the three parameters and regardless
of methodology used should be used in conjunction with
other histologic findings to determine the final MTC grade.
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