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Abstract

Background.—The staging of pancreatic neuroendocrine tumors (PNETS) is continuously
evolving. Mitotic count, as measured by hematoxylin and eosin (H&E) or Ki67 labeling index
(Ki67LlI), is the best predictor of disease biology. However, both of these methods have several
limitations. Phosphorylated histone H3 (PHH3), a novel mitotic marker, is potentially more
accurate and easier to evaluate. This study aimed to evaluate the prognostic impact of PHH3
on patients with PNETS.

Methods.—Clinicopathologic data and paraffin-embedded tissue were evaluated for 100 of the
247 PNET patients whose tumors were resected between 1998 and 2010. Mitotic counts were
analyzed on H&E-, Ki67-, and PHH3- stained slides by two independent pathologists. Kaplan—
Meier curves, log-rank tests, Cox regression models, and time-dependent receiver operative
characteristics (ROC) curves were used to evaluate the prognostic power of these markers. An
internal data cross-validation was performed to select the best cutoff.

Results.—Of the 100 PNET patients resected, 53 were men. The median age of the patients
was 59 years (range 19-96 years). The median follow-up period was 68 months (range 3-186
months). The median time for evaluation of an H&E- or PHH3-stained slide was 3 min, relative
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to 15 min for Ki67. The findings showed H&E, Ki67, and PHH3 all to be excellent predictors
of disease-specific survival (DSS). However, PHH3 was superior to H&E and Ki67 in predicting
both disease-free survival (DFS) (p = 0.006) and DSS (p = 0.001). Evaluation of the PHH3
mitotic count showed 7 mitoses per 10 high-power fields (HPFs) to be the optimal cutoff for
differentiating between low- and high-risk PNET patients.

Conclusions.—PHH3 is a better predictor of both DFS and DSS than H&E or Ki67 in PNET. In
addition, PHH3 appears to be both easier to interpret and more accurate when compared to current
prognostic markers.

Pancreatic neuroendocrine tumors (PNETS) are uncommon neoplasms, which account

for approximately 3 % of all pancreatic malignancies.12 The majority of PNETS are
nonfunctional and incidentally discovered.3# The incidence of PNETSs has been trending
up during the last few decades, which can be attributed in part to technological advances as
well as to a more extensive use of imaging in clinical practice.?

The staging and grading of PNETS is continuously evolving®. Recently, the 2010 World
Health Organization (WHO) proposed a revised grading system,’ classifying PNETSs into
three categories based on mitotic count performed on hematoxylin-eosin (H&E)-stained
slides and the Ki67 labeling index. The grade is defined by the highest proliferation index.
Neuroendocrine tumors (NETS) are graded as G1 [<2 mitoses per 10 high-powered fields
(HPFs) and/or a Ki67 labeling index of 3 % or less] or G2 (2—-20 mitoses and/or a Ki67
labeling index of 3-20 %). Neuroendocrine carcinomas (NECs) are defined as 21 or more
mitoses and/or a Ki67 labeling index greater than 20 %.

Different staging systems have been proposed by the American Joint Committee on Cancer/
International Union Against Cancer (AJCC/UICC) and the European Neuroendocrine
Tumour Society (ENETS).82 The AJCC/UICC system is based on the tumor-node-
metastasis (TNM) criteria used for ductal adenocarcinoma of the pancreas. This
classification defines localized pNETS as stage 1, locally advanced resectable pNETS as
stage 2, locally advanced unresectable pNETS as stage 3, and pNETSs with distant metastases
as stage 4.2 The prognostic validity of these systems, however, has not been validated in a
large series of patients.

Currently, the WHO classification is the most widely accepted staging system. The
proliferative rate is generally representative of the biology of the disease and correlates well
with the clinical behavior of PNETs.10 Nevertheless, both methods (H&E mitotic index and
Ki67L1I) adopted by the WHO to assess proliferative index have significant disadvantages.
First, counting mitoses, as identified on H&E-stained slides, is generally regarded as a
technique with reduced specificity because early-prophase mitoses cannot be recognized
and apoptotic bodies often are mistaken for mitotic figures.1911 The Ki67LI has different
drawbacks. The WHO suggests counting between 500 and 2000 cells to determine the
percentage of Ki67-positive cells. This is very labor intensive and typically takes more than
15 min per slide. Second, Ki67 is less reflective of the true proliferation index because it
stains not only cells in the M phase but also those in the S, G1, and G2 phases.12
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The lack of a specific, time-efficient, and operator-in-dependent method to determine

the proliferative rate in PNETSs prompted us to explore alternative prognostic techniques.
Phosphorylation of the amino terminus of the histone H3 (Ser 10) correlates closely with

the M phase of the cell cycle.13 For this reason, antiphosphorylated histone H3 (PHH3) is
considered a mitosis-specific marker, and anti-PHH3 has been used to estimate proliferation
in a variety of neoplasms including meningiomas, astrocytomas, melanomas, and pulmonary
carcinoids.14-18

Recently, findings have shown the proliferation index as measured by PHH3 to be
comparable with the current grading techniques in PNET.19 In this study, we hypothesized
that PHH3 represents a superior prognostic marker in patients with PNETS. Therefore, the
first aim of this study was to determine the accuracy of PHH3 mitotic counts as a more
time-efficient and specific prognostic marker in PNET than Ki67Li or mitotic counts on
H&E. The second aim was to propose a new clinically relevant PNET classification based on
specific cutoffs for PHH3.

METHODS

Patients

Histology

Institutional Review Board approval at the Massachusetts General Hospital was obtained for
this study. Between 1998 and 2010, 247 patients with PNETs were surgically resected at

the Massachusetts General Hospital. Paraffin-embedded tumor blocks were available for 100
of these patients. Clinicopathologic data for each patient were obtained from the hospital’s
database including age, gender, size of the tumor, type of operation, presence of metastases
at the time of resection, disease-free survival, and overall survival.

In this study, 5-um sections were cut from paraffin-embedded tumor blocks. Slides were
stained using standard immunohistochemical techniques described elsewhere.20 Rabbit
monoclonal antihistone H3 (1:5000, abcam #ab32107) and rabbit monoclonal anti-Ki67
(Thermo #RM-9106-R7) were used as primary antibodies. A horseradish peroxidase anti-
rabbit secondary antibody was used (Dako, Carpinteria, CA, USA, #K4003), and the signal
was visualized using a 3,3’ -diaminobenzidine (DAB) detection kit (Dako), with procedures
performed according to the manufacturer’s instructions. Human tonsil was used as a positive
control in all immunohistochemical reactions.

Slide Scoring

Mitotic Count Analysis (H&E and PHH3)—Mitotic counts were independently
analyzed by two pathologists (V.D. and K.K.M.) on H&E and PHH3 IHC slides. The slide
with the largest tumor surface area was selected, and 50 HPFs (x400 magnification; field
size 0; 196 mm?2) per slide were analyzed. The ten fields with the highest number of mitotic
figures were identified, and the mitotic rate was expressed as the number of mitotic figures
per 10 HPFs. Only cells with metaphase or anaphase morphology were considered positive.
The average time for counting mitoses on either H&E or PHH3 slides was 3 min.
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Ki67LI Determination—To calculate the Ki67LI, the highest labeling region (hotspot)
was identified under low magnification. Two fields within the hotspot then were captured
using the SC100 Olympus digital camera system (Olympus America, Center Valley, PA)
and printed on A4-size paper using a Hewlett-Packard color printer. At least 500 (range
515-830) nuclei were analyzed, and the Ki67LI was calculated as follows: number of
positive Ki67 nuclei/total number of nuclei. Both Ki67-positive lymphocytes and other non-
neoplastic cells were excluded from the counts. The average time for determining Ki67LI
was 15 min.

Statistical Analysis

Kaplan—Meier curves and log-rank tests were used to analyze patient survival. A Student’s
ttest was used to correlate tumor grades and nodal status. Multivariate analysis was
performed using Cox proportional hazards models. Optimal cutoffs for disease-specific
death (DSD) were determined using time-dependent receiver operative characteristics (t-
ROC) curves 2! by averaging the false positive plus false-negative rates for each mitotic
count of 2-15 mitoses per 10 HPFs. We performed an internal cross-validation by randomly
selecting 80 patients and testing which relative minimum false-positive plus false-negative
value better divided the patients previously excluded into high- and low-risk classes. This
operation was repeated 100 times, and a frequency distribution was calculated and used

to propose the optimal cutoff. All statistical analyses were performed using Prism 6.0 for
Mac (GraphPad Software, Inc., La Jolla, CA) and R software (R Foundation for Statistical
Computing, Vienna, Austria). Results were considered significant at a p value of 0.05 or
lower.

RESULTS

Patient Characteristics

The tissues from 100 patients (53 men and 47 women) with a median age of 59 years (range
19-96 years) who underwent surgical resection of a PNET were retrieved for evaluation.
Table 1 summarizes the patients’ clinicopathologic characteristics. Of the 100 patients, 87
had nonfunctioning tumors and 13 had functional PNETSs. Of the 13 functional PNETS,

11 were insulinomas and 2 were glucagonomas. The median tumor size was 3 cm (range
0.7-16.0 cm). The median follow-up period was 68 months (range 3-186 months). The
median overall survival for this patient population has not been reached.

Grading of Proliferation Using H&E and Ki67LI

The representative patterns of H&E, Ki67, and PHH3 staining are shown in Fig. 1a-c.
Grading using H&E mitotic counts and Ki67LI is summarized in Table 1. Neither technique
had a significant correlation with age, gender, nodal status, presence of metastases, or AJCC
status. We initially divided the patients into the three risk classes defined by WHO.

H&E, PHH3, and Ki67LI as Predictors of Disease-Free Survival (DFS)

All three methods used in our study proved to be predictive of disease recurrence (G1 vs G2
H&E method, p< 0.0001; G1 vs G2 Ki67 method, p=0.0003; G2 vs G3 Ki67 method, p=
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not significant; G1 vs G2 PHH3 method, p=0.0023; G2 vs. G3 PHH3 method, o= 0.0035)
(Fig. 2a-c).

H&E, PHH3, and Ki67LI as Predictors of Disease-Specific Survival (DSS)

To evaluate the prognostic significance of the methods used, we analyzed the DSS using
Kaplan—Meier curves and the log-rank test (Fig. 2). The proliferation indices evaluated by
H&E, Ki67, and PHH3 all were excellent predictors of patient survival (G1 vs G2 H&E
method, p=0.0003; G1 vs G2 Ki67 method, p=0.002; G2 vs G3 Ki67 method, p = not
significant; G1 vs G2 PHH3 method, p = 0.0065; G2 vs G3 PHH3 method, p= 0.0003) (Fig.
2d-f).

Multivariate Analysis Evaluating the Prognostic Power of PHH3 Compared With H&E and

Ki67
We tested whether PHH3 was a stronger prognostic tool for predicting DFS and DSS than
H&E or Ki67. Applying a Cox regression model, PHH3 better predicted both DFS (p=
0.006) and DSS (p=0.001). Furthermore, we were able to demonstrate similar results when
the Akaike Information Criterion (AIC) was used (Table 2). In the multivariate analysis,
only PHH3 and nodal status were statistically significant predictors of both DFS (Table 3)
and DSS (Table 4).

Determination of an Optimal Cutoff Using PHH3

Using time-dependent receiver operative characteristics (t-ROC) curves, we evaluated all
three markers of proliferation. The findings showed that PHH3 had the highest sensitivity
and specificity with a greatest area under the curve (AUC) value (PHH3 AUC, 0.93; H&E
AUC, 0.78; Ki67 AUC, 0.80).

Because PHH3 was found to be more efficient and more specific, we aimed to determine
prognostic PHH3 cutoffs for predicting DFS and DSS. Using t-ROC curves, we were able to
determine an optimal mitotic cutoff of 0—15 mitoses per 10 HPFs (Fig. 2d) and to maximize
the sensitivity and specificity in predicting the DSS 10 years after surgical resection. By
minimizing the sum of the false-positive and false-negative rates obtained by the PHH3
t-ROC curve, we obtained a distribution of candidate cutoffs for distinguishing between low-
and high-risk patients (Fig. 3d). A relative minimum was observed within a range of 6-9
mitoses per 10 HPFs, whereas below and above this range, the average of false-positive plus
false-negative rates increased, as shown in Fig. 3d.

To assess the best cutoff in our cohort of patients, we randomly selected 80 of the 100 cases
and then tested its prognostic power on those patients previously excluded. We repeated this
process 100 times to achieve a robust internal cross-validation simulating an external patient
cohort. Figure 3e represents the frequency distribution of all the potential cutoffs observed
in our simulation. We found 7 mitoses per 10 HPFs to be the most frequent cutoff observed,
followed by 8 mitoses per 10 HPFs. Based on these data, we propose 7 mitoses per 10 HPFs
as the optimal prognostic cutoff for PNET patients.
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DISCUSSION

Controversy surrounds the management of pancreatic neuroendocrine tumors, especially
incidentally detected, relatively small, nonfunctioning PNETSs. It is not always clear
which of these neoplasms should be resected. The timing and frequency of post-resection
surveillance also are debated.

Currently, follow-up management and surveillance is guided by the WHO classification
of PNETs. The WHO classification requires accurate mitotic counts, typically based on
examination of H&E-stained slides. However, this platform has the disadvantage that
reliable identification of mitotic figures on H&E is challenging even for an experienced
pathologist because apoptotic bodies can be mistaken for mitoses.

The other method advocated by the WHO for grading PNETS is the Ki67LI, which is
considered complementary to counting mitoses on H&E. Although the WHO does not
endorse the one technique over the other, it strongly recommends that the higher grade
should be used, and thus the use of both techniques is encouraged. However, Ki67LlI is
significantly more time-consuming than H&E or PHH3. For Ki67L1 to be accurate, at least
500 nuclei must be counted. Whether this is performed manually or with an automated
system, a minimum of 10-15 min is needed per clinical case. This makes the method
impractical for busy pathologists. Although automated platforms may considerably shrink
the time required for evaluation, the current algorithms do not distinguish tumor cells from
Ki67-positive lymphocytes and other non-neoplastic cells. Thus, an experienced operator
is critical to the analysis. Furthermore, although automated systems have been available
for Almost a decade, we know of no institution in the United States that has adopted this
technique (personal communications).

The anti-PHH3 antibody is able to overcome many of these shortcomings. By specifically
staining phosphorylated H3, a protein detected only during the M phase, it eliminates the
ambiguity of H&E scoring. Furthermore, PHH3 brightly stains cells in mitosis but not
apoptotic cells. Due to its higher specificity and the excellent visual contrast between
positive and negative cells, reading mitotic counts with PHH3 is both easier and less

time consuming than standard H&E staining. The PHH3 and H&E evaluations were both
performed in approximately 3 min. However, the predictive value of PHH3 was superior to
that of H&E staining. In comparison, the Ki67 counts required 15 min on average, again
with a predictive value inferior to that of PHH3.

In addition to its improved specificity for staining mitotic cells, the PHH3 mitotic rate count
has a low interobserver variation. This has been observed in a number of studies, including
a recent investigation of PNETS that reported almost perfect (k> 0.98) interobserver
agreement.1® More importantly, as a consequence of its high specificity for mitoses, PHH3
is a more accurate representation of the tumor’s biology. This is likely to be the basis for its
superior performance in predicting patient survival.

The importance of a grading system resides in its clinical utility. This study aimed to
identify a platform that is easy to use and reproducible, but also one that can reliably
guide therapeutic management. The more extensive use of imaging techniques has increased
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the number of PNETSs diagnosed incidentally3. The management of small, asymptomatic
nonfunctional PNETSs is debatable. On the one hand, a curative resection, albeit curative,
comes with potentially significant risks. On the other hand, it remains difficult to identify
tumors with indolent biology on the basis of serial imaging studies and fine-needle
aspiration (FNA).

Currently, the size of the PNET is the most widely adopted criterion for determining which
patients should undergo pancreatic resection or enucleation. The National Comprehensive
Cancer Network (NCCN, Fort Washington, PA) guidelines suggest that some patients with a
nonfunctional tumor smaller than 2 cm in diameter could be followed clinically (depending
on surgical risk, site of the tumor, and presence of comorbidities), whereas patients with a
tumor having a diameter greater than 2 cm should be considered surgical candidates.2!

Several studies have reported a significant correlation between tumor size and patient
survival.22:23 These results, however, have been questioned by other studies, including one
study that evaluated more than 3800 PNET patients in a multivariate analysis.2*

In our series, only mitotic count, and not size, was a predictor of patients’ survival.
Analyzing the t-ROC curves for PHH3 mitotic counts, we identified an optimal G2 cutoff
at 7 mitoses per 10 HPFs. None of the patients with nonfunctional tumors under this

cutoff died of the disease during a follow-up period of longer than 10 years. Because the
proposed cutoff of fewer than 7 mitoses per 10 HPFs is able to identify tumors with an
indolent biology, this classification could be used to guide the intensity of surveillance

after resection. The NCCN guidelines suggest follow-up evaluation by history and physical
examination, appropriate biochemical markers, and multiphasic computed tomography (CT)
or magnetic resonance imaging (MRI) 3-12 months after tumor resection (or earlier if

the patient presents with symptoms). Between 1 and 10 years after resection, follow-up
evaluation is recommended every 6-12 months. The NCCN recommendations, however, are
supported by a category 2A level of evidence (non-uniform consensus based on low-level
evidence).2! Patients with a PHH3 grade 1 tumor (number of mitoses <7) might need less
frequent surveillance over time.

We are aware that the data from this study have several limitations. Our cutoff of 7 mitoses
per 10 HPFs has only been internally validated and not yet validated in an independent set

of PNET patients. Validation in a large external cohort of PNETs would be essential before
consideration of this methodology and cutoff in the clinical setting.

The clinical application of a scoring system based on PHH3 mitotic counts has several
appealing features. First, it provides the pathologist with a faster and more efficient

tool for the classification of PNETS. The high interobserver reproducibility could make
this prognostic technique available to hospitals that do not have a team of dedicated
gastrointestinal pathologists. Second, it more accurately defines the biology of the disease,
which could guide pre- and postoperative therapy and follow-up evaluation.

In conclusion, this study demonstrated that mitotic counts determined by PHH3 staining
are an excellent prognostic marker of both DFS and DSS in PNET patients. We identified
7 mitoses per 10 HPFs as the cutoff for the selection of patients who will require a more
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gressive therapeutic intervention and follow-up evaluation. We demonstrated that PHH3 is

a more robust means of predicting disease-specific death than H&E mitotic index or Ki67LI.

Al

though further prospective clinical studies will be necessary to validate our findings, we

hope the findings will stimulate research in this field.
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FIG. 1.
Representative images of a pancreatic neuroendocrine tumor (PNET) tissue section (x100

magnification) stained with a hematoxylin-eosin (H&E), b Ki67, and ¢ phosphorylated
histone H3 (PHH3)
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Disease-free survival (DFS) of pancreatic neuroendocrine tumor (PNET) patients. The
patients were divided into three risk classes (G1, G2, and G3) accordingly to the tumor
grade, determined by counting the mitotic figures in a hematoxylin-eosin (H&E)-, b Ki67-,
c or phosphorylated histone H3 (PHH3)-stained tumor sections. Survival differences were
calculated using Kaplan—Meier curves (log-rank test: p = pvalue). Disease-specific survival
(DSS) of PNET patients. The patients were divided into three risk classes (G1, G2, and

G3) according to the tumor grade, determined by counting the number of mitotic figures in
d H&E-, eKi67-, or f PHH3-stained tissue sections. Survival differences were calculated
using Kaplan—Meier curves (log-rank test, p= p value)
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FIG. 3.

a-c Time-dependent receiver operative characteristics (t-ROC) curves were used to
determine the sensitivity and specificity of hematoxylin-eosin (H&E)-, Ki67-, and
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phosphorylated histone H3 (PHH3) in predicting long-term survival (10 years). The area
under the curve (AUC) in each graph estimates the prognostic power of each marker. d
The optimal cutoff for the novel grading system proposed for pancreatic neuroendocrine
tumor (PNET) patients was determined by plotting the mean of false-positive (FP) and

false-negative (FN) rates for each mitotic count from a range of 2—-15 mitoses per 10

high-power fields (HPFs) counted in PHH3-stained slides. The range of 6-9 mitoses per

10 high-power fields (HPFs) is the range that minimizes the average of FP and FN rates. e
To find the optimal cutoff inside, an internal cross-validation was applied, which showed 7
mitoses per 10 HPFs to be the most frequent cutoff
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TABLE 2

Multivariate analysis to compare prognostic power of PHH3 versus H&E + Ki67

HE +ki67 PHH3

DSS  89.82325 84.27353
DFS  85.50381 83.5987

Akaike Information Criterion was used to compare the prognostic power of PHH3 compared to both H&E and Ki67. In this statistical model, lower
numbers represent a superior prognostic power
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