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Abstract

Objective—We examined Ki67 heterogeneity within single and between synchronous liver
metastases of small intestine neuroendocrine tumors.

Methods—There were 27 patients (10 males and 17 females) with =2 liver metastases. Ki67
index was used to classify the tumors into WHO grade 1, 2, or 3. Association between Ki67
heterogeneity and tumor size of liver metastases were analyzed. Correlation of tumor grade with
patient survival was also evaluated.

Results—Primary tumors from 20 patients were graded, including 17 grade 1 and 3 grade 2. A
total of 188 liver metastases were resected, including 122 (65%) grade 1, 47 (25%) grade 2, and
19 (10%) grade 3. The highest tumor grade was grade 1 in10 (37%), grade 2 in 9 (33%), and grade
3in 8 (30%) patients. Patients with >1 grade 3 liver lesions were associated with a shorter
progression-free survival compared to those with grade 1/2 tumors (p<0.001). A positive
association was found between tumor size and Ki67 index (p=0.04) as well as between tumor size
and intratumoral Ki67 heterogeneity (p<0.001).
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Conclusions—Intratumoral and intertumoral Ki67 heterogeneity is common and is positively
correlated with tumor size. The presence of >1 grade 3 liver lesions predicts a worse prognosis.

Keywords
Tumor heterogeneity; small intestine; well-differentiated neuroendocrine tumor; liver metastasis

INTRODUCTION

Small intestine neuroendocrine tumors (NETS) are the second most common malignancy of
the gastrointestinal tract.1~6 Clinical prognosis is primarily based on stage of disease with
poorer prognosis in patients with metastatic disease compared to those with only local or
regional spread.” However, there remains significant variability in survival, even among
those with metastatic disease. In patients with stage IV NETSs of the small bowel, 25% of
patients survive less than 2 years while 30% live more than 10 years. Pathological
examination of tumor specimens has been used to help determine prognosis.® 8

Liver metastasis is frequently seen in patients with small intestine NET. One third to one
half of patients have liver metastases at the time of initial diagnosis, even when the primary
tumors are small.8: 411 In some patients, small intestine NETs metastatic to the liver
progress rather rapidly, whereas in other patients, the tumors remain unchanged for a long
time, which is unpredictable based on histopathology. Current clinical practice uses a
documented proliferative index to describe the disease as a whole, including predicting
progression of the liver metastases.5: 8 12-14 However, the reliability of a single tumor
specimen is always subject to sampling error. A recent study demonstrated heterogeneity
within an individual tumor (intratumoral) in well-differentiated NETs metastatic to the liver,
as Ki67 indices varied widely in different areas within a single lesion.1® Based on those
findings, it was predicted that nine core biopsies would be required to obtain the true high
Ki67 in a single lesion. In addition, microarray analysis supports the heterogeneous nature of
liver lesions in metastatic pancreatic neuroendocrine tumors.16

Another issue is heterogeneity between different lesions (intertumor) within a single patient.
We wondered if all metastatic lesions have similar proliferative rates to the primary tumor.
Is it reasonable to evaluate the primary tumor or a single metastasis to predict overall
survival? To test this possibility, we examined tumor heterogeneity within single and
between synchronous liver metastases of small intestine NET by analyzing Ki67 index on
multiple liver resection specimens.

METHODS

Patient Data

Patients who received partial hepatectomy or wedge resection for liver metastases of small
intestine NET were identified by reviewing the pathology department archives at Vanderbilt
University Medical Center. Patients who had two or more liver metastases that were
resected at Vanderbilt were included in the study. Twenty-seven cases were identified from
2003-2013. Patient demographics, follow-up data, pathology reports, and pathology slides
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were reviewed. Mitotic rate was also recorded. Tumor size was measured either grossly
(obtained from pathology reports) or microscopically. This study was approved by our
Institutional Review Board.

Ki67 Labeling and Analysis

A representative formalin-fixed paraffin-embedded tumor section from each liver tumor and
available primary tumors was used for immunohistochemical labeling for Ki67 (Dako,
Carpinteria, CA, dilution 1:100). Ki-67 proliferative index was calculated using custom
software written in ImageJ (Wayne Rasband, NIH, Bethesda, MD) as previously described
elsewhere.1’” Two to three images were acquired per tumor at a magnification of 200X or
400X using an Olympus U-CMAD3 digital camera (Olympus, Center Valley, PA) on an
Olympus BX41 microscope (Center Valley, PA). Fields were selected that represented the
highest density of Ki-67 positive cells (“hot spot”, at least one 10X field), as well as the
lowest density (“cold spot”, at least one 10X field) in the tumors with Ki67 >10% in the hot
spot. Intratumoral Ki67 heterogeneity was considered to be present when there was a
difference of greater than 10% in Ki67 indices between the “cold spot” and the “hot spot” in
a single tumor. At least 500 nucleated tumor cells were counted per tumor.

Tumor Grade

Statistics

Ki67 labeling was performed on the primary tumor of 20 patients. Based on the World
Health Organization (WHO) 2010 classification of digestive neuroendocrine tumors, the
primary tumors were graded into WHO grade 1 (mitoses<2/10 HPF and Ki67 index <3%),
WHO grade 2 (mitoses 2—-20/10 HPF or Ki67 index 3-20%), and grade 3 (mitoses >20/10
HPF, or Ki67 index >20%). The same classification was used to grade liver metastases.

Patients” demographic and clinical variables were summarized using medians with ranges
for continuous variables and frequencies with percentages for categorical variables. To
account for correlation due to multiple data from a patient, a random effect for each patient
was included in the following models: A linear mixed-effects model was used to assess the
association between Ki67 index and tumor size, and a generalized linear mixed-effects
model was used to model tumor heterogeneity (binary) on tumor size. All models were
adjusted for patient age and sex. Ki67 index data were logarithmically transformed to ensure
that the model assumptions hold. For the progression-free survival (PFS) since the date of
surgery, the Kaplan-Meier estimates were computed, and the median survivals were
reported. Most patients were followed up every 4-5 months after surgery by imaging
studies. New liver lesion and/or enlargement of previous existing lesion(s) were considered
as disease progression. The PFS of different grades of tumor was compared with log-rank
tests. All significance tests were two-sided, and a p-value < 0.05 was considered statistically
significant. All statistical analyses were conducted with R version 2.15 statistical software.18
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RESULTS

General Clinical and Pathologic Features

The 27 patients included 10 males and 17 females, with a median age of 60 years, ranging
from 20 to 75 years (Table 1). All patients presented with liver masses, either with (n=26) or
without (n=1) an identified primary small intestine NET at the time of initial diagnosis. Of
the 27 patients, 13 had a primary tumor and multiple liver metastases resected at the same
time, 13 had a primary tumor resected first followed by liver metastasis resection mostly due
to progression of the liver disease, and 1 had a primary tumor that was not resected. Two
patients had chemoembolization of liver lesions, and 14 were treated with octreotide-LAR
before resection of liver metastases. Twenty subjects had a primary tumor available for Ki67
labeling. Based on Ki67 index and mitotic rate, the 20 primary tumors included 17 WHO
grade 1 and 3 WHO grade 2 (Table 1).

Tumor Heterogeneity between Liver Metastases

A total of 188 liver lesions were resected from the 27 patients. The average tumor number
per patient was 7, ranging from 2 to 17. The average tumor size was 1.3 cm, ranging from
0.1 cmto 6.2 cm (Table 1). Based on Ki67 index and mitotic rate, most liver tumors
(122/188, 65%) were WHO grade 1. Forty-seven tumors (25%) were grade 2, including 20
(11%) with a Ki67 index from 3 to 10%, and 27 (14%) with a Ki67>10% but less than 20%.
Nineteen of the 188 tumors (10%) were WHO grade 3, with a Ki67 index ranging from 20
to 31% (Figure 1A). Among the 27 patients, 10 (37%) had only grade 1 tumors, 9 (33%) had
grade 2 with/without grade 1 tumors, and 8 (30%) had grade 3 with/without grade 1/2
tumors (Figure 1B).

Among the 8 cases with one or more grade 3 tumors, 5 had tumors of all three grades
(Figure 2, Figure 3A-D), and 3 had only grade 2 and 3 tumors. All grade 3 tumors showed
typical morphology of well-differentiated neuroendocrine tumor, composed of relatively
uniform, bland tumor cells with eosinophilic, granular cytoplasm and round to oval nuclei
with stippled chromatin. In all tumors, mitoses were < 2/10 high power fields. No tumor
necrosis or increased apoptosis were observed.

A linear mixed-effects model was used to assess the association between Ki67 index and
tumor size. The Ki67 index increased by 29% for every 1 cm increase in lesion size
(Ratio=1.29; 95% Confidence Interval=1.09 to 1.52; p=0.04).

Intratumoral Heterogeneity

Heterogeneity within individual tumors was assessed in tumors with a Ki67 index greater
than 10% in the “hot spot.” Among the 20 tumors that had a Ki67>10% and a tumor size of
<1.0 cm, 2 (10%) had intratumoral Ki67 heterogeneity, and the other 18 (90%) had Ki67
labeling rather evenly distributed throughout the lesions. On the other hand, in the 26 tumors
with a size 21.0 cm and a Ki67>10%, 20 (77%) showed a large Ki67 variation (Ki67
difference between low density and high density areas >10%, Figures 3E-F).
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Association of intratumoral Ki67 heterogeneity and tumor size was assessed. Multivariation
models showed that, regardless of age and gender, the odds of having Ki67 heterogeneity
within a lesion were multiplied by 2.55 for every 1 cm increase in tumor size (OR=2.55;
95% Confidence Interval=1.63 to 3.99; p<0.001).

Comparison of Ki67 Index in the Primary tumor and Liver metastasis

Ki67 labeling was performed on the primary tumor of 20 patients. Seventeen (85%) of them
had a primary tumor with Ki67 <3% (WHO grade 1 tumor), whereas only three (15%) had a
primary tumor with Ki67 >3% (WHO grade 2 tumor). Six of 17 (35%) patients with a grade
1 primary tumor had liver metastases that were all grade 1, whereas the other 11 cases (65%)
had liver lesions that were grade 2 or higher, including 6 with grade 2 with/without grade 1
tumors (6/17, 35%) and 5 with grade 3 with/without grade 1/2 tumors (5/17, 30%). These
data suggest that small intestine NET patients with a grade 1 primary tumor can have
metastatic liver lesions of any grade (Figure 3A-D). However, 4 of the 5 cases with grade 3
liver metastases had liver lesion resection performed several years after the primary
resection.

In addition, among 3 patients who had a grade 2 primary tumor, one had grade 2 metastases
only, the other 2 had at least one grade 3 liver lesions. In these 2 cases, the liver metastases
were resected 13 and 27 months after the primary resection.

Liver Tumor Grade and Outcome

Detailed follow-up data after the liver resection were available for 19 of the 27 patients. No
progression was observed in the 6 patients with grade 1 liver tumor only (mean follow-up
time=23 months, ranging from 9 to 50 months) and in 3 of 9 cases with grade 2 with/without
grade 1 tumors (last follow-up 11, 12, and 20 months after surgery), whereas all 5 patients
with one or more grade 3 tumors progressed within 9 months after liver tumor resection.
Five of the 8 patients with one or more grade 2 tumors and follow-up data had progression
7, 8, 14, 37 and 38 months after the surgery, respectively (Table 1).

Compared to patients with one or more grade 3 tumors, those with grade 1 and/or grade 2
tumors had better PFS (Figure 4). Median PFS (95% CI) from date of surgery was 38
months and 7 months for grade 1 or 2 and grade 3 patients, respectively (p<0.001).

DISCUSSION

Tumor heterogeneity is observed in various malignancies, manifesting as genetic and/or
phenotypic variation between and within individual tumors 1°. A number of mechanisms
underlying tumor heterogeneity have been proposed. Presumably genetically distinct
subclonal populations of cells arise within tumors during disease progression, and in a given
tumor micro-environmental context, multiple clones evolve in parallel, giving rise to
intratumoral genetic heterogeneity and eventually phenotypic diversity. Phenotypic
heterogeneity can also be caused by stochastic events in gene expression and protein
stability, epigenetic divergence, and micro-environmental fluctuations in the absence of
genetic heterogeneity.19
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Intratumoral genetic heterogeneity has been described in pancreatic NETs. Hessmen et al.
analyzed chromosomal deletions in pancreatic NETs arising in patients with Multiple
Endocrine Neoplasia type 1 and found that most tumor cells harbored chromosome 6 and 11
deletions, whereas other chromosomal loci were only deleted in a portion of the analyzed
tumor.20 Genetic heterogeneity in small intestine NET has not been reported. Recently,
Banck et al. analyzed 48 small intestine NETs by massive parallel exome sequencing and
detected an average of 0.1 somatic single nucleotide variants per 10% nucleotides, 2
suggesting that small intestine NET is a genetically stable disease. It is conceivable that
genetic heterogeneity may not contribute greatly to tumor heterogeneity seen in small
intestine NET liver metastases.

Intratumoral phenotypic heterogeneity is frequently observed in gastroenteropancreatic
NETSs. Couvelard et al. assessed Ki67 proliferative index and somatostatin receptor type 2
(SSTR2) expression inside single liver metastases of pancreatic NET and observed
heterogeneity of expression of both proteins.1® Yang et al. also reported intratumoral
heterogeneity in 45 surgically resected liver metastases from pancreatic, small bowel,
rectum, lung, bile duct, and stomach NETs.12 In this study, we performed Ki67 labeling on a
representative tumor section from each liver metastasis in patients with multiple lesions, and
all from primary small intestine NETs. Similar to previously reported findings, we observed
intratumoral heterogeneity in Ki67 proliferative index within single liver metastases of small
intestine NET.15: 16 Couvelard et al. also investigated the heterogeneity of Ki67 index and
SSTR2 expression between synchronous or metachronous liver metastases of pancreatic
NETSs. Significant variation in the proliferative rate was seen in half of the 29 cases.16 In this
study, we also observed heterogeneity of Ki67 index between synchronous liver metastases
of small intestine NETs. Approximately two-thirds of the cases had liver metastases ranging
from grade 1 to grade 2 and/or to grade 3 based on the WHO 2010 classification of primary
digestive neuroendocrine neoplasms.

Ki67 proliferative rate in liver metastases of GEP-NETSs has been used as a prognostic factor
as well as a guideline for appropriate medical treatment. High Ki67 is associated with
disease progression, whereas low Ki67 predicts increased progression-free survival, which is
supported by our data.b: 13. 14 Biopsy of liver metastases is usually performed to confirm the
diagnosis and to assess the proliferative rate. However, in some patients where a small
intestinal primary has been evaluated, assessment of Ki-67 in hepatic lesions may not be
done on the assumption that all tumor has a similar proliferative rate. Clearly, such an
assumption is erroneous. The Ki67 in primary tissue often varies from that in metastatic
lesions. There is variation between liver metastasis. In this study, we demonstrated that there
was a positive association between tumor size and Ki67 proliferative rate (tumor grade).
Therefore, if a patient has multiple liver metastases, the largest tumor should be the target
for biopsy. On the other hand, it appears that larger and higher-grade tumors have more
prominent intratumoral heterogeneity. Hence, multiple liver biopsies from the largest tumor
may be needed to better predict patient outcome. Alternatively, serial imaging with high-
resolution techniques may be used to serve a similar function, as our data showed that all
cases with grade 3 tumors progressed within 8 months and all cases with grade 1 tumor
showed no progression within the follow-up periods.
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As reported in previous studies and herein, the vast majority of primary small bowel NETSs
are WHO grade 1. However, when these tumors metastasize to the liver, they may become
highly proliferative. We observed that more than two-thirds of the patients who had a grade
1 primary tumor developed grade 2 or 3 liver metastases. The underlying mechanisms are
unclear. Tumor heterogeneity in primary small bowel NETs may contribute to what we
observed in this study. Based on these findings, all the patients with small intestine NET,
including those with grade 1 primary tumor, should be followed up closely for liver
metastasis. In addition, serial imaging and biopsy for Ki67 index may better predict patient
outcome than primary tumor grade.

In conclusion, while most primary small bowel NETs are WHO grade 1, their liver
metastases are commonly grade 2 or above. In addition to intratumoral heterogeneity,
different liver metastases from individual patients can range from grade 1 to grade 3, and
increased Ki67 index correlates with tumor size and survival.
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Figure 1.

Distribution of small intestine NET liver metastases of different WHO grades. A.
Distribution of grade 1, grade 2 with Ki67<10%, grade 2 with Ki67>10%, and grade 3
tumors among 129 resected liver metastases; B: Distribution of cases with grade 1, grade 2,
and grade 3 as the highest grade among 17 patients. G=grade.
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Figure 2.
Ki67 index detected in the primary small intestine NET and 12 liver metastases from one
patient.
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Figure 3.
Examples of Ki67 labeling in the primary small intestine NET and liver metastases from the

patient shown in Figure 2. A. Ki67 labeling in the primary tumor (WHO grade 1; original
magnification 200X); B. Ki67 labeling in liver lesion #2 (WHO grade 1; original
magnification 400X); C. Ki67 labeling in liver lesion #8 (WHO grade 2; original
magnification 200X); D. Ki67 labeling in liver lesion #12 (WHO grade 3; original
magnification 400X)); E. Ki67 labeling in liver lesion #10-hot spot (original magnification
400X); F. Ki67 labeling in liver lesion #10-cold spot (original magnification 400X).
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