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Abstract

Background: Despite recommendations for primary tumor resection (PTR) with or without liver
resection (LR) in the patients with gastroenteropancreatic neuroendocrine tumors (GEP-NETs) and
isolated liver metastases, there are conflicting data for their impact on overall survival (OS).

Methods: 2320 patients with GEP-NETs and isolated liver metastases were identified from NCDB.
Multiple imputations were used to accommodate missing data, and inverse probability of treatment
weighting (IPTW) was conducted to minimize bias.

Results: Patients with PTR had a greater OS than those without PTR (3-year rate of 88.6% vs. 69.9%, P
< 0.001), which was preserved in the adjusted analysis (IPTW-adjusted HR = 0.387, 95% CI:
0.264-0.567; P < 0.001). Patients with LR had a greater OS than those without LR (3-year rate 87.7% vs.
75.2%, P = 0.003), which was also preserved in adjusted analysis (IPTW-adjusted HR = 0.450, 95% CI:
0.229-0.885; P = 0.021). Patients undergoing both PTR and LR had the greatest survival advantage than
those with other surgical interventions (P < 0.001).

Conclusions: Either PTR or LR is associated with improved survival for GEP-NET patients with isolated
liver metastases. However, there remains significant selection bias in the current study, and caution
should be exercised when selecting patients for resection.
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Introduction

Gastroenteropancreatic neuroendocrine tumors (GEP-NETSs) are
a group of heterogeneous malignancies arising from neuroen-
docrine cells throughout the gastrointestinal tract and other
associated organs.' The incidence of GEP-NETs in the United
States has risen in the past two decades across all primary tumor
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sites.” Up to 40%—45% of patients with GEP-NETs have distant
metastases at the time of diagnosis, with the liver being the most
common site.” Compared with localized GEP-NETs, GEP-NETs
with liver metastases have a worse overall prognosis.” Further,
liver metastases may lead to an inferior quality of life due to
carcinoid syndrome, biliary obstruction, or liver insufficiency.
Surgical resection, when feasible, remains the preferred
treatment for GEP-NETs with isolated liver metastases and offers
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the greatest overall survival (0S).” Professional societies (such as
the European Neuroendocrine Tumor Society (ENETS),” North
American Neuroendocrine Tumor Society (NANETS),” National
Comprehensive Cancer Network (NCCN),? and European So-
ciety for Medical Oncology (ESMO)’ support primary tumor
resection (PTR) in the setting of resectable GEP-NETs with liver
metastases and consideration of liver resection (LR) for poten-
tially resectable disease metastatic disease. In addition, liver-
directed therapies, such as ablation and embolization, may
improve locoregional control or downstage disease to facilitate
resection.'’ ™2

Despite these recommendations, high-level evidence
supporting both PTR and LR for patients with GEP-NETs and
liver metastases is lacking due to a combination of heterogeneity
of the disease and its presentation. Further, the role of PTR
among patients with resectable GEP-NETs with unresectable
liver metastases and the role of LR among unresectable primary
GEP-NETs with resectable liver metastases remain controversial.
Previous retrospective studies'”~'® have been limited by sample
size, missing data, selection bias, and subsequently lacked sta-
tistical power to answer such questions. Therefore, we sought to
utilize rigorous statistical methods in a large national dataset to
investigate the impact of PTR and LR on survival of patients with
GEP-NET and isolated liver metastases.

Methods

Patient population and variables of interest

A retrospective cohort was identified from the National Cancer
Database (NCDB), a joint project of the Commission on Cancer
(CoC) from the American College of Surgeons and the American
Cancer Society. NCDB contains 34-million historical records
that capture nearly 70% of new cancer diagnoses annually in the
United States.'”'® The current study was deemed exempt by the
Duke University Institutional Review Board.

GEP-NET patients with isolated liver metastases were identi-
fied from the NCDB database between 2016 and 2018. Inter-
national Classification of Diseases for Oncology, the 3rd Edition
(ICD-O-3) morphology codes for neuroendocrine tumors
(8240-8243, 8249 and 8150-8157) were used. Primary tumor
sites included stomach (C16.0—-C16.9), small intestine
(C17.0-C17.9), colon (C18.0-C18.9), rectum (C20.9) and
pancreas (C25.0—-C25.9). Exclusion criteria consisted of age less
than18 years old, lack of pathological diagnosis, presence of other
distant metastasis except for liver metastases, incomplete survival
data, lack of operative details, resection for palliative intent, and
deaths within 90 days post-operatively (Fig. 1). Year of diagnosis
was restricted to a period between 2016 and 2018 due to changes
in NCDB variable charting for liver metastases and to limit
missingness (please refer to the statement in the Supplementary
Materials).

Information about patient demographics, tumor characteris-
tics, treatment, and survival characteristics of the patients was
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identified. These variables included age, sex, race, year of diag-
nosis, insurance status, facility type, insurance type, median
household income, Charlson—Deyo score, reporting facility,
primary tumor site, tumor grade, tumor N stage and tumor size,
primary tumor resection, liver resection, radiotherapy, chemo-
therapy and hormone therapy. The patients were stratified by the
extent of surgical resection, initially comparing PTR vs. non-PTR
and LR vs. non-LR and were subsequently compared among PTR
with LR, PTR alone, LR alone, and no resection.

Statistical analysis

Multiple imputations using an algorithm of full conditional
specification were performed to accommodate missing data. The
clinically relevant factors with various levels of missingness
included race (1.1%), facility type (4.7%), insurance (0.9%),
median income (15.8%), tumor grade (24.4%), tumor N stage
(15.0%), radiotherapy (1.0%), chemotherapy (1.9%), hormone
therapy (0.2%) and tumor size (21.9%). A wide range of vari-
ables (e.g., patient demographics, tumor characteristics, and
treatment) were used to generate missing data on a variable-by-
variable basis. We generated 25 distinct, imputed datasets for the
subsequent analyses and the subsequent results were then pooled
by Rubin’s rules.'” Imputed variables were assumed to be missing
at random.

To account for selection bias, we used the inverse probability of
treatment weighting (IPTW) method, reflecting the conditional
probability of each patient having received PTR (or LR), to
compare patients who did and did not receive PTR (PTR vs. non-
PTR), and patients who did and did not receive LR (LR vs. non-
LR), respectively. We first estimated, in each of the imputed
dataset, the propensity score and the conditional probability of
receiving PTR (or receiving LR), using a multivariate logistic
regression. In this model, we explored a wide range of patients’
characteristics and clinical risk factors including age, race, facility
type, insurance, median incoming, diagnosis year, reporting fa-
cility, Charlson—Deyo score, primary tumor site, grade, N stage,
radiotherapy, chemotherapy, hormone therapy, and tumor size.
Then, the estimated propensity scores from all imputed datasets
were combined by using the mean of individual estimates in each
dataset, according to the Rubin’s rules.'” We compared baseline
characteristics between the original (unweighted) study popu-
lation and the weighted population, using standardized differ-
ences (SD).”” A SD less than 0.1 was considered indicative of a
negligible imbalance between groups.

The primary outcome of OS was defined as the interval be-
tween the date of diagnosis and the date of death or last follow-
up. The observed differences in baseline covariates between the
two intervention groups (PTR vs. non-PTR and LR vs. non-LR)
were adjusted by using IPTW. Specifically, the adjusted
Kaplan—Meier curves and log-rank tests based on IPTW were
computed to compare OS between treatment groups. In addi-
tion, an inverse probability weighted Cox proportional hazards
regression model with treatment group as the sole predictor was

© 2023 International Hepato-Pancreato-Biliary Association Inc. Published by Elsevier Ltd. All rights reserved.

Please cite this article as: Chen Q et al., Impact of primary tumor resection and metastasectomy among gastroentero-pancreatic neuroendocrine tumors with
liver metastases only on survival, HPB, https://doi.org/10.1016/j.hpb.2023.09.016




HPB

(n=6302)

Gastroenteropancreatic neuroendocrine neoplasms with
liver metastases only (diagnosis year: 2016-2018)

Age < 18 years (n=4)

Lack of pathological diagnosis (n=62)

Incomplete survival data (n=1468)

Lack of operative details (n=350)

Resection for palliative intent (n=122)

Death within 90 days post-operatively

v

Gastroenteropancreatic neuroendocrine
neoplasms with liver metastases only
(n=4095)

(n=201)

Gastroenteropancreatic neuroendocrine

carcinoma with liver metastases only
(n=1775)

Gastroenteropancreatic neuroendocrine
tumors with liver metastases only
(n=2320)

Note: Gastroenteropancreatic neuroendocrine neoplasms include two pathological types:
more indolent neuroendocrine tumors and more aggressive neuroendocrine carcinomas.

Figure 1 Diagram of patient selection including gastroenteropancreatic neuroendocrine tumors with isolated liver metastases.

used to determine the relative change in hazards (i.e., the IPTW-
adjusted hazards ratio [HR]) associated with receiving PTR or
LR. As certain clinical factors in NCDB were expected to have at
least 15% missing data, which limited the use of multiple
imputation methods, analyses using multivariate Cox models
were performed to estimate HR on the complete dataset
(excluding patients with missing data), with adjustment by the
aforementioned clinical risk factors. Given the lack of granularity
on potential risk factors, we performed a sensitivity analysis to
evaluate the potential effect of unmeasured confounders on our
primary outcome, without imposing any assumptions on the
unmeasured confounder(s), on the basis of method described by
Ding and VanderWeele.”' We tested the treatment effect of PTR
vs. non-PTR (or LR vs. non-LR) in the presence of unmeasured
confounders via calculating the magnitude of the joint bounding
factor for different combinations of the treatment-unmeasured
association (ORprr.y or ORpr.y) and the
outcome-unmeasured confounders association (HRps.y).>' In

confounders
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addition, we report the E-value, which is the minimum strength
of association that an unmeasured confounder would need to
have with both treatment and outcome to explain away a
treatment—outcome association. The higher the E-value, the
stronger the confounder associations must be to explain away the
effect.”” A nominal P < 0.05 (two-sided) was considered statis-
tically significant, and all statistical analyses were performed with
R version 4.1.1.

Results

Population demographics

The final analysis included 2320 patients with GEP-NETs and
isolated liver metastases. The mean age was 61.5 + 12.4 years, and
47.0% of the population was female. Primary tumor sites were of
small intestine (49.8%), pancreas (38.6%), colorectum (8.8%),
and stomach (2.8%). Of the patients, 768 (33.1%) received
hormone therapy, 434 (18.7%) received chemotherapy, 1139
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Table 1 Clinicopathologic characteristics stratified by receipt of primary tumor resection (PTR) in unweighted and weighted study

populations
Variables Unweighted study population, no. (%) Weighted study population®, %
All patients Non-PTR PTR Standardized Non-PTR PTR Standardized
(n = 2320) (n=1181) (n = 1139) difference” difference”
Age, mean (SD), years 61.5 (12.4) 624 (12.6) 60.5 (12.1) 0.155 60.4 (12.4) 61.2(12.00 0.067
Female (%) 1090 (47.0) 544 (46.1) 546 47.9) 0.019 50.3 47.6 0.028
Race (%)
White 1884 (81.2) 945 (80.0) 939 (82.4) 0.026 76.1 82.8 0.067
Black 321 (13.8) 173 (14.6) 148 (13.00 0.015 18.5 134 0.051
Others 89 (3.8 52 4.4) 37 3.2 0.011 5.4 3.8 0.016
Primary tumor site (%)
Stomach 64 (2.8 43 (3.6) 21 (1.8) 0.018 2.7 41 0.014
Small intestine 1156  (49.8) 359 (30.4) 797 (70.0) 0.396 55.3 51.0 0.043
Colon and rectum 204 8.8 95 8.0 109 9.6) 0.015 7.3 9.2 0.018
Pancreas 896 (38.6) 684 (57.9) 212 (18.6)  0.393 34.7 35.7 0.010
Facility type (%)
Community Cancer 107 4.6) 75 6.4) 32 (2.8) 0.036 4.3 41 0.003
Program
Comprehensive 628 (27.1) 348 (29.5) 280 (24.6) 0.050 28.1 25.9 0.022
Community Cancer
Program
Academic Program 1081 (46.6) 523 (44.3) 558 (49.00 0.053 54.5 54.1 0.006
Integrated Network 395 (17.00 182 (15.4) 213 (18.7)  0.033 13.1 15.9 0.029
Cancer Program
Insurance status (%)
No insurance 51 (2.2) 34 (2.9) 17 (1.5) 0.014 2.0 2.6 0.006
Private insurance 1106  (47.7) 511 (43.3) 595 (52.2) 0.084 46.6 48.8 0.022
Medicaid 146 6.3) 81 6.9) 65 (5.7) 0.012 9.0 6.3 0.027
Medicare 967 41.7) 524 (44.4) 443 (38.9) 0.056 41.4 41.2 0.002
Other government 30 (1.3) 16 (1.4) 14 1.2) 0.001 0.9 1.0 0.001
Median income (%)
<$38,000 321 (13.8) 164 (13.9) 157 (13.8)  0.004 17.5 15.7 0.017
$38,000-$47,999 393 (16.9) 203 (17.2) 190 (16.7)  0.007 19.2 18.5 0.012
$48,000-$62,999 527 (22.7) 282 (23.9) 245 (21.5) 0.020 245 26.5 0.022
>$63,000 713 (80.7) 350 (29.6) 363 3190 0.026 38.9 394 0.014
Charlson-Deyo score (%)
0 1697  (73.1) 853 (72.2) 844 (74.1)  0.019 75.9 74.7 0.012
1 430 (18.5) 218 (18.5) 212 (18.6)  0.002 16.8 16.8 0.000
2 101 4.4) 55 4.7) 46 4.0) 0.006 4.0 5.1 0.011
3 92 4.0) 55 4.7) 37 3.2) 0.014 3.3 3.4 0.001
Reporting facility (%) 1444  (62.2) 714 (60.5) 730 (64.1)  0.036 64.1 61.9 0.023
Diagnosis year (%)
2016 691 (29.8) 329 (27.9) 362 (31.8) 0.039 241 30.1 0.061
2017 815 (35.1) 421 (35.6) 394 34.6) 0.011 36.1 36.3 0.001
2018 814 (35.1) 431 (36.5) 383 (33.6) 0.029 39.8 33.6 0.062
Grade (%)
Moderate differentiation 576 (24.8) 239 0.2) 337 (29.6) 0.032 28.9 31.9 0.038
Liver resection (%) 518 (22.3) 37 3.1) 481 42.2) 0.391 30.1 23.2 0.068
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Table 1 (continued)
Variables Unweighted study population, no. (%) Weighted study population®, %
All patients Non-PTR PTR Standardized Non-PTR PTR Standardized
(n = 2320) (n =1181) (n = 1139) difference® difference®
N stage (%)
0 794 (34.2) 591 (50.0) 203 (17.8)  0.395 39.9 37.8 0.023
N1 1106  (47.7) 315 (26.7) 791 (69.4) 0.355 52.1 58.7 0.066
N2 and N3 60 (2.6) 6 (0.5) 54 4.7) 0.040 8.0 3.5 0.045
Radiotherapy (%) 116 (5.0 72 6.1) 44 3.9 0.022 4.4 5.4 0.010
Chemotherapy (%) 434 (18.7) 321 27.2) 113 (9.9 0.174 17.6 21.5 0.039
Hormone Therapy (%) 768 (33.1) 458 (38.8) 310 (27.2) 0.117 30.0 30.8 0.008
Primary tumor size, 3.7 4.1) 4.4 4.4) 3.2 8.7 0.225 3.4 (3.9) 3.7 (3.5 0.076

mean (SD), cm

2 Weighted population: assigning subjects with different weights per propensity score to weight them up or down to make the subjects in the two

groups more similar.

P Standardized Difference: standardized difference is the most commonly used statistic to check the balance of variate distribution between
treatment group and un-treatment group. Because standardized difference is independent of the unit of measurement, it allows comparison between

variables with different unit of measurement.

(49.1%) received PTR and 518 (22.3%) received LR; when
stratified by the extent of resection: 1144 (49.3%) did not un-
dergo resection, 658 (28.4%) received PTR alone, 37 (1.60%)
received LR alone, and 481 (20.7%) underwent both PTR and
LR. Demographic data, tumor characteristics, and treatments of
the patients are presented in Tables 1 and 2.

Compared with the patients managed without PTR, patients
receiving PTR were more likely to have a primary tumor in the
small intestine (70.0% vs. 30.4%) and smaller tumor size (3.2 cm
vs. 4.4 cm). These patients were less likely to receive chemo-
therapy (9.9% vs. 27.2%), hormone therapy (27.2% vs. 38.8%),
and radiotherapy (3.9% vs. 6.1%) compared to those without
PTR. In addition, LR was more common among patients
receiving PTR (42.2% vs. 3.1%). Compared with patients
managed without LR, patients undergoing LR were more likely
to have a primary tumor in the small intestine (65.1% vs. 45.4%)
and not receive chemotherapy (8.1% vs. 21.8), hormone therapy
(21.8% vs. 36.3%), nor radiotherapy (2.7% vs. 5.7%). Compared
to the other three treatment subgroups (PTR alone, LR alone, no
resection), patients receiving PTR combined with LR were more
likely to be white (P < 0.001), to have received care at an aca-
demic program (P < 0.001), to have private insurance
(P < 0.001), to have a primary tumor in the small intestine
(P < 0.001), and to have tumors with moderately differentiated
grade (P < 0.001) (Table S1). After IPTW adjustment, the
characteristics of the weighted population for PTR vs. non-PTR
(Table 1) and LR vs. non-LR (Table 2) were comparable (SD for
all was <0.1).

Survival analysis

The median follow-up time was of 36.8 months [interquartile
range (IQR), 35.9-37.7], and 23.3% (540/2320) of the study
population were deceased at the time of analysis. Compared with
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patients without PTR, patients receiving PTR had a favorable OS
both before IPTW adjustment (3-year rate of OS: 90.2% vs.
62.2%, P < 0.001) and after (3-year rate of OS: 88.6% vs. 69.9%,
P < 0.001 in IPTW-adjusted log-rank test) (Fig. 2a and b). This
survival advantage for PTR was preserved in adjusted analysis
(IPTW-adjusted HR = 0.387, 95% CI: 0.264—0.567; P < 0.001).
For LR vs. non-LR, patients with LR had significantly longer OS
both before IPTW adjustment (3-year rate of OS: 92.8% vs.
71.4%, P < 0.001) and after (3-year rate of OS: 87.7% vs. 75.2%,
P = 0.003 in IPTW-adjusted log-rank test) (Fig. 2c and d).
Similarly, this survival advantage for LR was preserved in
adjusted analysis (IPTW-adjusted HR = 0.450, 95% CI:
0.229-0.885; P = 0.021). The additional analysis using multi-
variate Cox models on the complete dataset (i.e., 1014 patients)
led to consistent results (PTR vs. non-PTR: HR = 0.225, 95% CI:
0.184—0.275; P < 0.001. LR vs. non-LR: HR = 0.357, 95% ClI:
0.276—0.461; P < 0.001). In further stratification by the extent of
resection into four subgroups (PTR with LR, PTR alone, LR
alone, and no resection), combined PTR and LR was associated
with the best OS, compared with the other three subgroups (3-
year rate of OS: 93.6% vs. 87.4% vs. 82.1% vs. 61.7%,
P < 0.001; PTR with LR vs. PTR alone, P < 0.001; PTR with LR
vs. LR alone, P = 0.023; PTR with LR vs. no resection, P < 0.001;
PTR alone vs. LR alone, P = 0.537; PTR alone vs. no resection,
P < 0.001; LR alone vs. no resection, P = 0.011) (Fig. 2e).

We performed further sensitivity analyses to evaluate un-
measured confounding. Magnitude of the joint bounding factor
for different combinations of treatment-unmeasured con-
founders association (ORprr.y or ORjr.y) and the outcome-
unmeasured confounders association (HRps.y) are listed in
Tables S2 and S3, respectively. The entries are the corrected es-
timates and confidence intervals for the effect under the different
confounding scenarios. The significant (blue area) treatment
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Table 2 Clinicopathologic characteristics of patients stratified by receipt of liver resection (LR) in unweighted and weighted study

populations
Variables Unweighted study population, no. (%) Weighted study population®, %
All patients Non-LR LR Standardized Non-LR LR Standardized
(n = 2320) (n = 1802) (n = 518) difference” difference”
Age, mean (SD), years 61.5 (12.4) 61.9 (12.6) 60.0 (11.7) 0.156 61.4 (12.6) 61.0(12.2) 0.035
Female (%) 1090 (47.0) 855 47.4) 235 45.4) 0.021 47.2 46.8 0.004
Race (%)
White 1884 81.2) 1461 (81.1) 423 81.7) 0.012 81.6 80.5 0.011
Black 321 (13.8) 257 (14.3) 64 (12.4) 0.018 141 12.4 0.017
Others 89 (3.9 67 3.7) 22 4.2) 0.006 4.3 71 0.028
Primary tumor site (%)
Stomach 64 (2.8) 56 3.1) 8 (1.5 0.016 2.7 6.6 0.039
Small intestine 1156 (49.8) 819 (45.4) 337 (65.1) 0.196 50.0 53.4 0.034
Colon and rectum 204 8.8 169 (9.4) 35 6.8) 0.026 8.9 8.2 0.007
Pancreas 896 (38.6) 758 (42.1) 138 (26.6) 0.154 38.4 31.8 0.065
Facility type (%)
Community Cancer 107 4.6) 102 (5.7) 5 (1.0) 0.047 4.8 1.7 0.031
Program
Comprehensive 628 (27.1) 519 (28.8) 109 (21.0) 0.077 28.1 29.4 0.013
Community Cancer
Program
Academic program 1081 (46.6) 786 (43.6) 295 (56.9) 0.139 49.4 54.5 0.050
Integrated Network 395 (17.0) 313 (17.4) 82 (15.8) 0.015 17.6 14.4 0.032
Cancer Program
Insurance status (%)
No insurance 51 (2.2) 46 (2.6) 5 (1.0) 0.016 2.2 4.3 0.020
Private insurance 1106 47.7) 824 45.7) 282 (54.4) 0.085 48.6 47.4 0.013
Medicaid 146 6.3) 126 (7.0) 20 3.9) 0.031 6.4 7.7 0.013
Medicare 967 41.7) 765 (42.5) 202 (39.0) 0.036 41.4 40.0 0.015
Other government 30 (1.3) 24 (1.3) 6 (1.2) 0.002 1.3 0.7 0.006
Median income (%)
< $38,000 321 (13.8) 266 (14.8) 55 (10.6) 0.042 16.9 18.9 0.020
$38,000-$47,999 393 (16.9) 304 (16.9) 89 (17.2) 0.006 20.0 16.3 0.036
$48,000-$62,999 527 (22.7) 410 (22.8) 117 (22.6) 0.007 26.5 27.8 0.013
>$63,000 713 (30.7) 541 (30.0) 172 (33.2) 0.036 36.6 37.0 0.006
Charlson-Deyo score (%)
0 1697 (73.1) 1331 (73.9) 366 (70.7) 0.032 73.5 78.5 0.049
1 430 (18.5) 316 (17.5) 114 (22.0) 0.045 18.2 16.3 0.019
2 101 4.4) 79 4.4) 22 4.2) 0.001 4.4 3.6 0.008
3 92 4.0) 76 4.2) 16 3.1) 0.011 3.9 1.7 0.022
Reporting facility (%) 1444 (62.2) 1090 (60.5) 354 (68.3) 0.079 62.0 61.4 0.007
Diagnosis year (%)
2016 691 (29.8) 525 (29.1) 166 (32.0) 0.029 29.8 25.1 0.048
2017 815 (35.1) 632 (35.1) 183 (35.3) 0.003 35.3 42.6 0.072
2018 814 (35.1) 645 (35.8) 169 (32.6) 0.032 34.8 32.3 0.025
Grade (%)
Moderate differentiation 576 (24.8) 425 (23.6) 151 (29.2) 0.008 33.1 31.9 0.028
PTR (%) 1139 (49.1) 658 (36.5) 481 (92.9) 0.563 49.0 50.8 0.018
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7
Table 2 (continued)

Variables Unweighted study population, no. (%) Weighted study population®, %

All patients Non-LR LR Standardized Non-LR LR Standardized

(n = 2320) (n = 1802) (n = 518) difference” difference”
N stage (%)
0 794 (34.2) 677 (37.6) 117 (22.6) 0.217 41.3 43.2 0.027
N1 1106 47.7) 760 (42.2) 346 (66.8) 0.207 55.6 52.7 0.032
N2 and N3 60 (2.6) 43 (2.4) 17 3.3 0.009 3.1 4.0 0.009
Radiotherapy (%) 116 (5.0 102 (5.7) 14 2.7 0.030 5.1 4.2 0.009
Chemotherapy (%) 434 (18.7) 392 (21.8) 42 8.1) 0.139 19.2 15.7 0.035
Hormone therapy (%) 768 (33.1) 655 (36.3) 113 (21.8) 0.147 334 33.8 0.005
Primary tumor size, 3.7 4.1) 3.9 3.7) 3.2 4.9 0.150 3.7 (3.7) 3.5(7.8) 0.051

mean (SD), cm

2 Weighted population: assigning subjects with different weights per propensity score to weight them up or down to make the subjects in the two

groups more similar.

P Standardized difference: standardized difference is the most commonly used statistic to check the balance of variate distribution between
treatment group and un-treatment group. Because standardized difference is independent of the unit of measurement, it allows comparison between

variables with different unit of measurement.

effect under various (ORprr-u/OR1r-1s» HRps.u) pairs indicate
the unmeasured confounding of this strength would not suffice
to explain the treatment effect estimate. The conclusion was not
altered in the majority of the scenarios. We applied the E-value
method that produced E = 3.24 and E = 2.86 for PTR vs non-
PTR and LR vs non-LR, respectively, for the estimate. These
findings suggested that the observed HR of 0.387 for PRT (HR of
0.450 for LR) could be explained by an unmeasured confounder

that was associated with both the treatment and the survival
outcome by a HR of 3.24-fold each (HR of 2.86-fold each), above
and beyond the measured confounders, but weaker confounding
could not do so.

Subgroup analyses based on primary tumor sites
Additional subgroup analyses were performed by primary tumor
sites for PTR vs. non-PTR and LR vs. non-LR. For patients with
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Figure 2 Survival analysis. (a-b). Survival analysis stratified by receipt of PTR before and after IPTW. (c-d). Survival analysis stratified by receipt

of LR before and after IPTW. (e). Survival analysis in PTR with LR vs.
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PTR alone vs. LR alone vs. no resection.
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primary pancreatic tumors (894 patients), PTR was associated
with a longer OS both before (3-year rate of OS: 89.5% vs.
57.5%, P < 0.001) and after (3-year rate of OS: 93.0% vs. 60.9%,
P < 0.001 in IPTW-adjusted log-rank test; Fig. 3a and b) the
IPTW adjustment. PTR was associated with a significantly
improved OS in the IPTW-adjusted Cox regression analysis
(HR = 0.238, 95% CI: 0.111-0.510; P < 0.001). LR was also
associated with a prolonged OS before IPTW adjustment (3-year
rate of OS: 87.0% vs. 61.1%, P < 0.001) (Fig. 3¢). The LR benefits
observed in this subgroup of participants appeared in the same
direction after IPTW adjustment (the adjusted 3-year rate of OS:
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71.1% vs. 65.7%, P = 0.541 in IPTW-adjusted log-rank test)
(Fig. 3d) and adjusted HR (0.787, 95% CI: 0.273-2.271;
P = 0.658). Statistically insignificant differences in OS between
LR and non-LR should be viewed with caution because of the
short follow-up time and few people reaching the endpoint event
(death) in this subgroup.

For patients with primary tumors in the small intestine (1156
patients), PTR was associated with improved OS compared to
patients without PTR both before (3-year rate of OS: 91.3% vs.
74.6%, P < 0.001) and after (3-year rate of OS: 90.4% vs. 78.5%,
P =0.003) the IPTW adjustment (Fig. 4a and b). PTR was also
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Figure 3 Survival analysis in patients with primary tumor located in the pancreas. (a-b). Survival analysis stratified by receipt of PTR before and
after IPTW. (c-d). Survival analysis stratified by receipt of LR before and after IPTW.
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Figure 4 Survival analysis in patients with primary tumor site located in small intestine. (a-b). Survival analysis stratified by receipt of PTR before
and after IPTW. (c-d). Survival analysis stratified by receipt of LR before and after IPTW.

associated with OS and a reduction in mortality in the IPTW-
adjusted Cox regression analysis (HR = 0.424, 95% CI:
0.262-0.688; P < 0.001). For LR vs. non-LR, patients with LR
demonstrated greater OS before (3-year rate of OS: 93.6% vs.
83.2%, P < 0.001) and after (3-year rate of OS: 91.8% vs. 85.0%,
P = 0.027) the IPTW adjustment (Fig. 4c and d). LR was also
associated with a reduction in mortality in the IPTW-adjusted
Cox regression analysis (HR = 0.448, 95% CI: 0.233-0.861;
P = 0.016). The subgroup analyses on primary colorectal
(n =204) and gastric (n = 64) tumors were not performed, given
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only 69 and 18 patients reached the OS event (death),
respectively.

Discussion

Current guidelines from ENETS, NANETS, and NCCN support
PTR for well-differentiated GEP-NETs even in the presence of a
metastatic disease. Furthermore, surgical resection has been
recommended for the metastatic GEP-NETSs isolated in the liver,
when both PTR and metastasectomy can be safely performed.
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Despite these recommendations, the evidence to support these
practices is inconsistent and insufficient given the heterogeneity
of this disease. The controversies focus on whether PTR or LR
may improve survival of GEP-NET patients with isolated liver
metastases, when other treatments cannot be accomplished. The
current study is one of the largest and most comprehensive series
of analyses evaluating the impact of PTR and LR on survival in
GEP-NET patients with isolated liver metastases. Our findings
contribute to the mounting evidence in support of PTR alone,
LR alone, or both PTR and LR, when feasible, to maximize OS.
Additionally, our subgroup analyses by primary tumor site
demonstrated a survival advantage for patients with both
pancreatic and small intestine GEP-NETs. However, we recognize
that treatment strategy will ultimately vary for each individual
patient based on numerous patient- and tumor-specific factors.
Several studies have previously investigated the impact of PTR
on long-term outcomes in patients with metastatic GEP-NETs.
Nevertheless, there is significant heterogeneity in the pathol-
ogy, primary tumor sites, site of metastasis, and treatment stra-
tegies employed in each study, which resulted in outcome biases.
Similar to our findings, prior studies in the California Cancer
Registry and SEER dataset reported an association between PTR
and survival of GEP-NET patients with liver metastases.'*'°
However, these studies did not exclude patients with neuroen-
docrine carcinoma and neglected differences in clinicopathologic
characteristics, particularly the management of liver metastases,
which may lead to biases in histology and survival analysis.
Furthermore, missing data were not accounted for in those an-
alyses. Other investigators addressed some of these issues and
evaluated PTR in patients with stage IV pancreatic neuroendo-
crine tumors (PNETs) in a propensity-matched population-
based study,'” which showed an improvement in 5-year survival
for patients receiving PTR. However, they did not account for the
effect of LR, nor did they perform analyses by primary tumor
sites. In comparison with these prior studies, the current study
utilized rigorous statistical methods to minimize such biases. For
instance, we implemented multiple imputations to process
missing data and maintain large sample size, therefore having a
greater statistical power to answer those questions. Furthermore,
we used IPTW adjustment for possible confounding from clin-
icopathologic variables including liver resection. Using these
rigorous methods, we demonstrated that PTR alone was asso-
ciated with a significant OS advantage with or without LR.
Additionally, this survival advantage was present regardless of
primary tumor site, which was consistent with the previous
studies.'*'® Possible explanations for this association may
include reducing circulating tumor burden, relieving symptoms
caused by the primary tumor that may otherwise impair ongoing
anti-neoplastic therapy, and consolidating the remaining disease
to a single site amenable to other liver-directed therapies.
Beyond the primary tumor, treatment of liver metastases is
critical for GEP-NET patients with liver metastases, given the
hormonal symptoms coming from liver metastases and that
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heavy hepatic tumor burden often drives poor prognosis. While
LR with curative intent has been suggested from international

i e 6,89
guidelines,”

the optimal treatment for liver metastases from
GEP-NETs remains to be defined. Very few studies have inves-
tigated the advantage of LR in GEP-NET patients with isolated
liver metastases. A meta-analysis of 1524 patients from 13 cohort
studies demonstrated that LR may be associated with improved
1-, 3-, and 5-year survival with a greater symptom relief,
compared with PNET patients without LR.*® Liver transplant
(LT) may also considered for some patients with neuroendocrine
liver metastasis (NELM). International guidelines have consid-
ered LT as a potential treatment option for highly selected pa-
tients with advanced NELM, such as patients with isolated stable
liver metastases after chemotherapy, patients meeting restrictive

1.7%% A review including 5509 pa-

criteria (Milan criteria) et a
tients with NELM revealed that surgical resection for resectable
NELM patients was associated with the highest rate of survival,
liver transplantation was associated with favorable survival for
patients not eligible for surgical resection, and nonsurgical ap-
proaches (TACE, RFA, radionuclide therapy, etc.) were useful as
a bridge to surgery or transplantation, down-staging disease
when resection is not immediately feasible.”® Our NCDB analysis
of 2320 patients similarly revealed that LR was associated with a
significant reduction in mortality among GEP-NET patients with
isolated liver metastases. Taken together, the greatest survival was
achieved in patients undergoing both PTR and LR.

Despite our significant findings, it is important to recognize
that PTR and LR may not be feasible for all GEP-NET patients
with liver metastases. The primary tumor sites and their asso-
ciated perioperative morbidity and mortality should always be
considered. While combined PTR and LR may be performed
safely, staged PTR and LR may be preferred in some patients at
the discretion of the multidisciplinary team, often dictated by the
complexity, magnitude, and perceived risk of PTR and LR
individually, particularly when dealing with metastatic colon
neuroendocrine tumor. Additional considerations in the decision
for surgical management include whether the tumors are func-
tional or non-functional. It has been reported that debulking can
palliate hormonal symptoms and may improve survival of pa-
tients with functional tumors, compared with those with non-
functional GEP-NETs.”” Furthermore, the presence of extra-
hepatic metastases may indicate a need for less surgical inter-
vention. However, the current study did not include patients
with extra-hepatic metastases, who are classically considered to
have a more aggressive disease biology, and thus there remains a
need to better define the role of metastasectomy in this patient
population. Ultimately, a multidisciplinary approach with the
inclusion of medical oncology, surgical oncology, and interven-
tional radiology is fundamental for managing patients with
metastatic GEP-NETs.

There were several limitations in the current study. First, as a
retrospective study, although current study conducted IPTW
adjustment to decrease selection bias, uncontrolled treatment
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allocation bias cannot be avoided. Patients with aggressive tumors
or large tumor burden, for example, were more likely to be allo-
cated in the unresectable group. The decision not to receive PTR
or LR was likely heavily driven by patient fitness as well as local
extent and location of the primary and metastatic tumors. Spe-
cifically, small bowel NETs with high nodal metastatic burden
involving the SMV may be less likely to be resected, and similarly
PNETs with vascular involvement may be more frequently
considered unresectable; the decision to perform liver resection
and/or ablation is also nuanced, especially when the primary
tumor is located in the head of the pancreas. Additionally, the
NCDB lacks granularity on certain clinicopathologic data that may
influence the decision to proceed with radical surgery (e.g., grade,
Ki-67 index, surgical resectability, liver metastases burden, and
size of liver metastases). We attempted to mitigate the potential
bias influenced by such factors by conducting a sensitivity analysis.
The results demonstrated a moderately robust result that an un-
measured confounder should have at least a 3.24-fold/2.86-fold
stronger association with both survival/treatment, than the asso-
ciation between survival and treatment, to explain the treatment
effects. However, a joint effect of multiple unmeasured con-
founders to the bias results needs further investigation. Third,
although we used a multiple imputation method to handle
missing data, the percentage of patients with missing tumor size,
N stage and grade persisted. However, the current study demon-
strated a consistent survival advantage with PTR and LR even
excluding patients with missing data.

In conclusion, the current study utilized rigorous statistical
methods to provide additional evidence supporting utilization of
PTR or LR in GEP-NET patients with isolated liver metastases.
Furthermore, performing both PTR and LR may result in the
most favorable survival among available treatment combinations
when technically feasible. It is important to note that the current
study supports an association between PTR or LR and an
improved OS, but there remains significant selection bias, and
such results should be interpreted in this context. Surgical decision
making for patients with GEP-NETs and isolated liver metastases
should remain individualized and patient-centered, given signifi-
cant peri-operative morbidity of such a radical surgery.
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