
ORIGINAL RESEARCH
published: 08 July 2022
Edited by:
Vasileios Papadopoulos,

Aristotle University of Thessaloniki,
Greece

Reviewed by:
Dimitris Giakoustidis,

Aristotle University of Thessaloniki,
Greece

Spiros Miliaras,
Aristotle University of Thessaloniki,

Greece

*Correspondence:
Jinzheng Li

vitamin198305@163.com
Changan Liu

300386@hospital.cqmu.edu.cn

†These authors have contributed
equally to this work and share first

authorship

Specialty section:
This article was submitted to Surgical

Oncology, a section of the journal
Frontiers in Surgery

Received: 06 March 2022
Accepted: 23 June 2022
Published: 08 July 2022

Citation:
Ye J, Wu H, Li J and Liu C (2022)

Impact of Surgery on Non-Functional
Pancreatic Neuroendocrine Tumors
�2 cm: Analyses With Propensity

Score–Based Inverse Probability of
Treatment Weighting.

Front. Surg. 9:890564.
doi: 10.3389/fsurg.2022.890564
Frontiers in Surgery | www.frontiersin.org
doi: 10.3389/fsurg.2022.890564
Impact of Surgery on Non-Functional
Pancreatic Neuroendocrine Tumors
≤2 cm: Analyses With Propensity
Score–Based Inverse Probability of
Treatment Weighting
Jingyuan Ye†, Hongyu Wu†, Jinzheng Li* and Changan Liu*
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Purpose: The impact of surgery on non-functional pancreatic neuroendocrine tumors
(NF-PNETs) ≤2 cm is controversial. This study sought to demonstrate the impact of
surgery on the prognosis of NF-PNETs ≤2 cm with different biological behaviors.
Methods: Patients with NF-PNETs ≤2 cm from 2004 to 2015 in the Surveillance,
Epidemiology, and End Results database were included in this study. An inverse
probability of treatment weighting (IPTW) method was used to reduce the selection
bias. Kaplan–Meier survival analysis and Cox proportional hazards regression were
used to evaluate the effect of surgery on the prognosis.
Results: In the IPTW-adjusted Cox proportional hazards regression analysis, surgery
improved the cancer-specific survival (CSS) in the overall cohort (hazard ratio [HR],
0.187; 95% confidence interval [CI], 0.102–0.343; p < 0.001), patients with poorly
differentiated or undifferentiated tumor grades (HR, 0.238; 95% CI, 0.105–0.64; p <
0.001), patients with distant metastasis (HR, 0.102; 95% CI, 0.021–0.496; p = 0.005),
and patients with local invasion (HR, 0.059; 95% CI, 0.005–0.683; p = 0.002). Surgery
did not improve the CSS in patients with lymph node metastasis only (HR, 0.26; 95%
CI, 0.0462–1.461; p = 0.126) or patients with well or moderate differentiation while
without distant and lymph node metastasis (HR, 0.387; 95% CI, 0.146–1.028; p =
0.057).
Conclusions: Among patients with NF-PNETs ≤2 cm, different biological behaviors
correlate with different prognostic impacts of surgery. As long as distant metastasis
does not occur and the grade is well–moderately differentiated, these patients will not
benefit from surgery no matter whether lymph node metastasis occurs or not.
However, when local invasion appears in this group of patients, surgery should be
performed. Moreover, patients with a tumor grade of poorly differentiated or
undifferentiated or those with distant metastases may benefit from surgery.
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INTRODUCTION

With a continuously increasing occurrence rate over the last 20
years (1), pancreatic neuroendocrine tumors (PNETs) now
account for 1% of all pancreatic neoplasms (2). This trend
may be attributed to increased awareness, diagnostic
techniques advancement, or other unidentified environmental
factors or genetic factors (3). PNETs may be divided into
functional and non-functional (NF-PNET) tumors. In total,
60%–90% of PNETs are clinically non-functional (4, 5).
Traditionally considered as less biologically aggressive than
pancreatic cancer, PNETs are increasingly recognized for their
highly variable pathological potential (6, 7). Many PNETs are
indolent with a low metastasis trend and favorable long-term
prognosis. In contrast, other high-grade tumors show
relentless early metastasis, making their biology more
aggressive than ductal adenocarcinoma. Through the generic
term “PNET,” a very heterogeneous disease has unfolded
before us, which can be defined either as a pancreatic
neoplasm or a carcinoma (8).

Surgical resection is the only radical way to treat PNETs. In
general, functional PNETs and non-functional tumors >2 cm
should be resected according to the recommendations of the
National Comprehensive Cancer Network (V2.2021) (9).
However, the management of NF-PNETs ≤2 cm remains
controversial. Today, many centers (10, 11), as well as the
European Neuroendocrine Tumor Society (ENETS) (12)
recommend a surveillance strategy for such lesions given
their low malignant potential, slow growth, and high
incidence of postoperative mortality and morbidity. On the
contrary, some studies have reported that surgical resection
of NF-PNETs ≤2 is associated with a better survival rate
(13). There is increasing recognition that the presence of
small, high-grade tumors may result in aggressive behavior
(14). In addition, there is increasing evidence that nodules,
distant metastases, and recurrence may present in tumor
cases that meet the preoperative criteria for benign disease
(i.e., intrapancreatic tumors ≤2 cm) (15–18). Therefore,
there is no consensus on the optimal management of NF-
PNETs ≤2 cm nor regarding the impact of surgery on these
patients.

The aim of this population-based study was to determine
whether surgical treatment exerted a beneficial effect on
overall survival (OS) and cancer-specific survival (CSS) of
patients or not. In this study, we enrolled patients with NF-
PNETs ≤2 cm with different oncological characteristics,
including grade (poorly differentiated, undifferentiated or
well–moderately differentiated), lymph node status (lymph
node metastasis or not), distant metastasis status (distant
metastasis metastasis or not), and regional extension (local
invasion or not). We present the following article in
accordance with the Strengthening the Reporting of
Observational Studies in Epidemiology (STROBE) reporting
checklist.
Frontiers in Surgery | www.frontiersin.org 2
MATERIALS AND METHODS

Database and Patient Identification
We selected potential patients who were eligible for inclusion in
a retrospective cohort study from 2004 to 2015 from the
Surveillance, Epidemiology, and End Results (SEER) database.
The inclusion criteria for this study were as follows: (a) NF-
PNETs were included on the basis of International
Classification of Diseases for Oncology, third edition, (b) the
tumor was ≤2 cm in size, and (c) patients had a pathological
diagnosis. Patients with (a) secondary or multiple primary
cancers; (b) an age of <20 years at the time of diagnosis; or
(c) missing or incomplete information about survival or
months of follow-up, cause of mortality, or other necessary
characteristics were excluded. The patient-selected pathway is
shown in Figure 1. Ethics approval and informed consent
were not required for this study because the SEER study data
are publicly available.

Study Covariables and Outcomes
The variables included in this analysis were divided into 3
categories by type of information, as follows: patient-related
demographics, tumor-related information, and treatment-
related variables. Patient-related information included race
(White, Black, or another race), diagnosed age, sex, insurance
status (uninsured, insurance, or Medicaid), diagnosed year
(2004–2010 or 2010–2015), and marital status (married,
unmarried, divorced, separated, or widowed). Tumor-related
information included tumor site (head, body, tail, and other
sites), tumor size, lymph node invasion, regional extension,
distant metastasis, and tumor grade (well–moderately or
poorly undifferentiated). Treatment-related variables included
surgery and chemotherapy.

The primary outcomes of interest were overall survival (OS)
and cancer-specific survival (CSS). OS was defined as the time
from the NF-PNET diagnosis date to the date of death (event
occurred) or last contact (censor). CSS was defined as the
time from the NF-PNET diagnosis date to the date of death
due to NF-PNET (event occurred) or last contact (censor).

Statistical Analysis
Based on the missing at random assumption approach, we used
the multiple imputation method to impute missing data for race
(1.69% missing), insurance (8.65% missing), marital status
(5.86% missing), tumor site (9.04% missing), lymph node
status (3.44% missing), and grade (20.47% missing), distant
metastasis (6.26% missing), regional extension (2.68%
missing), and tumor size (6.6% missing). Then, we compared
the baseline characteristics before and after multiple
imputation and found no significant difference (Table 1).

Continuous variables were described using median with
interquartile range (IQR) or mean ± standard error values.
Categorical variables were presented as numbers and
percentages. We compared baseline characteristics between the
surgery group and non-surgery group. The Wilcoxon rank-
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FIGURE 1 | Flowchart of patient selection from the Surveillance, Epidemiology, and End Results database.
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sum test was used to compare continuous variables, and
categorical variables were compared using the chi-squared test.
The balance in covariates was assessed using the standardized
mean difference (SMD) approach. An imbalance in factors
between the 2 groups was defined by an SMD of >0.1.

In non-randomized studies, the effect of treatment on
outcomes can be impacted by treatment-selection bias wherein
the treated cohort systematically differs from the control cohort.
To account for section bias and confounding factors between
the surgery group and the non-surgery group when comparing
outcomes, inverse probability of treatment weighting (IPTW)
was performed to balance differences in baseline demographical
and clinical variables between patients who received surgery and
those who did not. The Kaplan–Meier method using log-rank
statistics was used to compare OS and CSS between the surgery
and non-surgery groups for the IPTW-adjusted population. An
IPTW-adjusted Cox proportional hazards regression analysis
was performed for estimating the independent effect of surgery
on the prognosis of NF-PNETs ≤2 cm.

In addition, we further conducted subgroup analyses according
to grade, distant metastasis, regional extension, and lymph
invasion. In each group, we also compared the OS and CSS by
Kaplan–Meier analysis in the IPTW-adjusted population. An
IPTW-adjusted Cox proportional hazards regression analysis
was completed for each subgroup. Finally, we also conducted a
sensitivity analysis for the population with missing values.

The present study conformed to the STROBE guideline (19).
Statistical significance was defined by a 2-tailed p value of <0.05.
SPSS version 24 (IBM Corporation, Armonk, NY, USA) and R
version 3.6.3 (The R Foundation for Statistical Computing,
Vienna, Austria; http://www.r-project.org) were used for the
statistical analyses.

Subgroup Definition
To explore the impact of surgery on the prognosis of NF-PNETs
≤2 cm with different biological behaviors, we performed
Frontiers in Surgery | www.frontiersin.org 3
subgroup analyses, comparing the OS and CSS of the surgery
and non-surgery groups according to grade (G), lymph node
status (N), distant metastasis status (M), and regional
extension status like invasion of surrounding tissues beyond
the pancreatic capsule, including blood vessels, nerves, and fat.
(E). Therefore, we divided the total population into the
following 5 groups: G1, M0N0G0, M0N0G0E1, M0N1G0, and
M1N0G0. The G1 group included patients whose tumors
appeared poorly differentiated or undifferentiated with any
lymph node status, distant metastasis status, and regional
extension status. The M0N0G0 group included patients whose
tumors did not appear to have distant metastasis or lymph
node metastasis and appeared well–moderately differentiated
with any regional extension status. The M0N0G0E1 group
included patients whose tumor did not appear to have distant
metastasis or lymph node metastasis and appeared well–
moderately differentiated with local invasion. The M0N1G0
group included patients whose tumors appeared to have
lymph node metastasis, a well–moderately differentiated tumor
grade, and any regional extension status without distant
metastasis. Finally, the M1N0G0 group included patients
whose tumors appeared to have distant metastasis (to tissue or
organs, except the pancreas and lymph nodes) and appeared
well–moderately differentiated without lymph node invasion.
RESULTS

Baseline Characteristics in the Unadjusted
and Adjusted Populations
Using the inclusion and exclusion criteria, we identified 1,006
patients in the SEER database diagnosed with NF-PNETs
≤2 cm between 2004 and 2015. Of these, there were 855
(85.0%) patients who were treated with surgery. In the overall
cohort, patients without distant metastasis accounted for
89.2%, patients with tumors of a well–moderate grade
2022 | Volume 9 | Article 890564
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TABLE 1 | Patient characteristics.

Characteristic Category Before
imputation

After
imputation

p-
value

N 1006 1006

Age (%) 1.000

20–40 93 (9.24%) 93 (9.24%)

40–60 412
(40.95%)

412
(40.95%)

≥60 501
(49.80%)

501
(49.80%)

Race (%) 0.979

White 758
(75.35%)

768
(76.34%)

Black 115
(11.43%)

117
(11.63%)

Other 116
(11.53%)

121
(12.03%)

NA 17 (1.69%) –

Sex (%) 1.000

Female 541
(53.78%)

541
(53.78%)

Male 465
(46.22%)

465
(46.22%)

Year of diagnosis
(%)

1.000

2004–2010 233
(23.16%)

233
(23.16%)

2011–2015 773
(76.84%)

773
(76.84%)

Insurance (%) 0.956

Insured 816
(81.11%)

889
(88.37%)

Uninsured 18 (1.79%) 20 (1.99%)

Medicaid 85 (8.45%) 97 (9.64%)

NA 87 (8.65%) –

Marital status (%) 1.000

Married 632
(62.82%)

674
(67.00%)

Unmarried 158
(15.72%)

168
(16.70%)

Divorced 88 (8.75%) 93 (9.24%)

Separated 10 (0.99%) 10 (0.99%)

Widowed 59 (5.86%) 61 (6.06%)

NA 59 (5.86%) –

Tumor site (%) 0.997

Head 256
(25.45%)

286
(28.43%)

Body 219
(21.77%)

239
(23.76%)

Tail 338
(33.60%)

369
(36.68%)

Other 102
(10.14%)

112
(11.13%)

(continued)

TABLE 1 | Continued

Characteristic Category Before
imputation

After
imputation

p-
value

NA 91 (9.04%) –

Tumor size
(median [IQR])

15.00
(10.00–
18.00)

15.00
(10.00–
18.00)

1.000

Grade (%) 0.094

Well–moderate 777
(77.24%)

962
(95.63%)

Poorly
undifferentiated

23 (2.29%) 44 (4.37%)

NA 206
(20.47%)

–

Distant metastasis
(%)

0.805

Negative 845
(84.00%)

898
(89.26%)

Positive 98 (9.74%) 108
(10.74%)

NA 63 (6.26%) –

Regional
extension (%)

0.776

Locala 872
(86.68%)

892
(88.67%)

Extendedb 107
(10.64%)

114
(11.33%)

NA 27 (2.68%) –

Lymph invasion
(%)

0.659

Negative 867
(86.18%)

892
(88.67%)

Positive 104
(10.38%)

114
(11.33%)

NA 35 (3.44%) –

Surgery (%) 1.000

No 151
(15.01%)

151
(15.01%)

Yes 855
(84.99%)

855
(84.99%)

Chemotherapy
(%)

1.000

No 954
(94.83%)

954
(94.83%)

Yes 52 (5.17%) 52 (5.17%)

Cancer-specific
death (%)

1.000

No 909
(90.36%)

909
(90.36%)

Yes 97 (9.64%) 97 (9.64%)

Overall survival
(%)

1.000

No 876
(87.08%)

876
(87.08%)

(continued)
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TABLE 1 | Continued

Characteristic Category Before
imputation

After
imputation

p-
value

Yes 130
(12.92%)

130
(12.92%)

Survival months
(median [IQR])

36.00
(21.00–
56.00)

36.00
(21.00–
56.00)

1.000

Abbreviation: IQR, interquartile range.
aLesions confined to the pancreas.
bLesions invaded the surrounding tissues of the pancreas.

Ye et al. Impact of Surgery on NFPNETs ≤2 cm
accounted for 95.6%, patients with local invasion accounted for
11.3%, and patients with lymph invasion accounted for 11.3% of
the population, respectively. The baseline patient, tumor, and
treatment characteristics of the cohort before and after IPTW
are shown in Table 2. Before IPTW adjustment, there were
significant differences between the 2 groups. Most notably,
compared to the non-surgery group, the surgery group
contained more patients with well–moderately differentiated
tumors (97.5% vs. 84.8%, p < 0.001), fewer patients with
distant metastasis (3.9% vs. 49.7%, p < 0.001), more patients
without chemotherapy (98.2% vs. 75.5%, p < 0.001), and more
patients without local invasion (89.8% vs. 82.1%, p = 0.009).
Additionally, in the surgery group, there were more insured
patients (p = 0.036) and married patients (p < 0.001), which
indicated a degree of selection bias in the retrospective cohort.
Age, race, sex, diagnosis year, and lymph invasion were not
significantly different between the 2 groups (p = 0.131 for age,
p = 0.189 for race, p = 0.142 for sex, and p = 0.699 for lymph
node invasion). Following IPTW adjustment, there was no
significant difference between the 2 groups with SMD < 0.1 for
all covariables, which indicated a favorable balance of baseline
patient, tumor, and treatment characteristics between the
surgery group and non-surgery group.

Surgery Group vs. Non-Surgery Group in
the Overall Population
The OS rates at 1, 3, and 5 years were 95.1%, 94.4%, and 91.8%
in the surgery group and 71.5%, 53.8%, and 44.0% in the non-
surgery group, respectively. Meanwhile, the CSS rates at 1, 3,
and 5 years were 97.8%, 96.3%, and 91.8% in the surgery
group and 74.3%, 57.2%, and 49.1% in the non-surgery group.
After IPTW adjustment, surgery was associated with improved
OS and CSS (Figure 2). During the IPTW-adjusted Cox
proportional hazards regression analysis, surgery was
associated with significant OS (hazard ratio [HR], 0.205; 95%
confidence interval [CI], 0.116–0.361; p < 0.001; Table 3) and
CSS (HR, 0.187; 95% CI, 0.102–0.343; p < 0.001; Table 3)
benefits.

Subgroup Analysis
In the G1 and M1N0G0 groups, patients who had undergone
surgery had better OS (p = 0.0001 for adjusted OS of the G1
group, Figure 3A; p = 0.0008 for adjusted OS of the M1N0G0
Frontiers in Surgery | www.frontiersin.org 5
group, Figure 3E) and CSS (p = 0.0016 for adjusted CSS of
the G1 group, Figure 4A; p = 0.0009 for adjusted CSS of the
M1N0G0 group, Figure 4E) compared to those who had not
undergone surgery after IPTW adjustment.

In the M0N0G0 group, the OS of the surgery group was
higher than that of the non-surgery group (p = 0.0029 for
adjusted OS, Figure 3C), but there was no difference in CSS
(p = 0.1082, Figure 4C). In the M0N0G0E1 group, surgery
was associated with improved OS and CSS (p = 0.0401 for
adjusted OS, Figure 3D; p = 0.0018 for adjusted CSS,
Figure 4D). In the M0N1G0 group, there were no significant
differences between adjusted CSS and OS of the 2 groups (p =
0.2506 for adjusted OS, Figure 3B; p = 0.1913 for adjusted
CSS, Figure 4B).

Independent Role of Surgery for Survival
Outcomes
During the IPTW-adjusted Cox proportional hazards regression
analysis, we obtained almost the same results as those retrieved
from the Kaplan–Meier survival analysis. Surgery was associated
with significant OS and CSS benefits in the G1 group (HR of all-
cause mortality, 0.289; 95% CI, 0.136–0.613; p = 0.001; Figure 5
and HR of cancer-specific mortality, 0.238; 95% CI, 0.105–0.64,
p < 0.001; Figure 6) and the M1N0G0 group (HR of all-cause
mortality, 0.133; 95% CI, 0.039–0.455; p = 0.001; Figure 5 and
HR of cancer-specific mortality, 0.102; 95% CI, 0.021–0.496;
p = 0.005; Figure 6). The OS and CSS in the M0N1G0 group
were not improved by surgery (HR of all-cause mortality,
0.296; 95% CI, 0.536 −1.636; p = 0.163; Figure 5 and HR of
cancer-specific mortality, 0.26; 95% CI, 0.0462–1.461; p =
0.126; Figure 6). Surgery was associated with superior CSS in
the M0N0G0E1 group (HR, 0.059; 95% CI, 0.005–0.683; p =
0.002; Figure 6), while there was no significant OS benefit
related to surgery in the M0N0G0 group (HR, 0.387; 95% CI,
0.146–1.028; p = 0.057; Figure 6).

Sensitivity Analysis
Since we performed multiple imputation on the total
population, we conducted a sensitivity analysis of the
population with missing values, and the results showed that
surgery was associated with improved OS and CSS after IPTW
adjustment (p = 0.0295 for adjusted OS, Supplementary
Figure S1A; p = 0.0475 for adjusted CSS, Supplementary
Figure S1B). The IPTW-adjusted Cox proportional hazards
regression analysis showed that surgery had significant
benefits on OS (HR, 0.223; 95% CI, 0.115–0.434; p < 0.001;
Table 3) and CSS (HR, 0.198; 95% CI, 0.097–0.404; p < 0.001;
Table 3).
DISCUSSION

With the widespread use of high-quality, cross-sectional
imaging, NF-PNETs ≤2 cm are now increasingly identifiable
(20). However, the optimal management strategy for patients
with such tumors remains controversial. In this study, it was
proved that surgery benefits the CSS of the overall population
2022 | Volume 9 | Article 890564
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TABLE 2 | Comparison of baseline characteristics before and after IPTW.

Unmatched IPTW

Group Level Non-
surgery

Surgery p-
value

Level Non-
surgery

Surgery p-
value

Age (%) 20–40 14 (9.3) 79 (9.2) 0.131 20–40 14.5 9.5 0.485
40–60 51 (33.8) 361 (42.2) 40–60 37.8 41.2
≥60 86 (57.0) 415 (48.5) ≥60 47.7 49.3

Race (%) White 118 (78.1) 650 (76.0) 0.189 White 79 76.4 0.582
Black 21 (13.9) 96 (11.2) Black 12.5 11.3
Other 12 (7.9) 109 (12.7) Other 8.5 12.2

Sex (%) Female 90 (59.6) 451 (52.7) 0.142 Female 51.7 53.1 0.82
Male 61 (40.4) 404 (47.3) Male 48.3 46.9

Year of diagnosis (%) 2004–2010 44 (29.1) 189 (22.1) 0.074 2004–2010 21.7 23.1 0.777
2011–2015 107 (70.9) 666 (77.9) 2011–2015 78.3 76.9

Site (%) Head 56 (37.1) 230 (26.9) 0.036* Head 29.1 27.6 0.788
Body 33 (21.9) 206 (24.1) Body 20.7 23.5
Tail 43 (28.5) 326 (38.1) Tail 35.5 37.7
Other 19 (12.6) 93 (10.9) Other 14.7 11.2

Grade (%) Well–moderate 128 (84.8) 834 (97.5) <0.001* Well–moderate 95.8 96.4 0.675
Poorly

undifferentiated
23 (15.2) 21 (2.5) Poorly

undifferentiated
4.2 3.6

Distant metastasis (%) Negative 76 (50.3) 822 (96.1) <0.001* Negative 89.9 91.7 0.426
Positive 75 (49.7) 33 (3.9) Positive 10.1 8.3

Chemotherapy (%) No 114 (75.5) 840 (98.2) <0.001* No 94.9 96.9 0.188
Yes 37 (24.5) 15 (1.8) Yes 5.1 3.1

Regional extension (%) Local 124 (82.1) 768 (89.8) 0.009* Local 88.3 89.1 0.855
Extended 27 (17.9) 87 (10.2) Extended 11.7 10.9

Lymph invasion (%) Negative 132 (87.4) 760 (88.9) 0.699 Negative 88.1 88.8 0.88
Positive 19 (12.6) 95 (11.1) Positive 11.9 11.2

Insurance (%) Insured 126 (83.4) 763 (89.2) 0.036* Insured 88.3 88.9 0.284
Uninsured 2 (1.3) 18 (2.1) Uninsured 0.5 1.9
Medicaid 23 (15.2) 74 (8.7) Medicaid 11.2 9.2

Marital status (%) Married 78 (51.7) 596 (69.7) <0.001* Married 64.2 67.7 0.942
Unmarried 27 (17.9) 141 (16.5) Unmarried 19 17.2
Divorced 25 (16.6) 68 (8.0) Divorced 8.7 8.5
Seperated 3 (2.0) 7 (0.8) Seperated 1.2 1.2
Widowed 18 (11.9) 43 (5.0) Widowed 6.9 5.4

Tumor size (mm, mean ± SD) 14.54 ± 5.02 13.56 ±
4.59

0.017* 13.78 (4.89) 13.61 (4.59) 0.778

Abbreviations: SD, standard deviation; IPTW, inverse probability of treatment weighting.
*p < 0.05.

Ye et al. Impact of Surgery on NFPNETs ≤2 cm
and G1, M1N0G0, and M0N0G0E1 groups, while patients in the
M0N0G0E0 and M0N1G0 groups do not gain such a benefit. In
a further step, we used multivariate Cox models to find that
surgical treatment is an independent prognostic factor of CSS
in the overall population and G1, M0N0G0E1, and M1N0G0
groups. Because of the heterogeneity of oncologic behavior
and prognosis of PENTs, we should be prudent in discerning
the impact of surgery on the overall population, and we
believe it is reasonable and necessary to explore the prognostic
impact of surgery in PNETs with different biological behaviors.

To the best of our knowledge, the present study is the first to
provide compelling evidence to support different impacts of
surgical treatment on patients with NF-PNETs ≤2 cm in
different subgroups, including those divided according to M
status, N status, regional extension, and grade, at the same
Frontiers in Surgery | www.frontiersin.org 6
time. A striking conclusion was obtained in this study by
applying multiple imputation to missing data, which reduced
the estimation and improved the validity. Moreover, in order
to reduce the selection bias or another bias caused by the
limitations of real-world research, IPTW was used to weigh
the population in the adjusted analysis, which is potentially a
more beneficial approach than using common matching
techniques, such as retaining all the samples. After learning
from prior proposals about conducting survival analysis, the
influence of treatment effects on survival was analyzed in the
present study, and CSS and OS were used to mitigate the
unmeasured selection bias of the treatment effect.

Characterized by their indolent course and lacking early
symptoms, the management of NF-PNETs ≤2 cm is still
considered to be controversial. The guidelines or expert
2022 | Volume 9 | Article 890564

https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org


FIGURE 2 | Kaplan–Meier survival estimates of overall (A) and cancer-specific (B) survival in the overall population after inverse probability of treatment weighting
adjustment.

TABLE 3 | Multivariable Cox proportional hazards models in the weighted population.

Overall survivala Cancer-specific survivalb

HR 95% CI p–value HR 95% CI p–value

Overall population Surgery No 1.00 – – 1.00 – –

Yes 0.205 0.116–0.361 <0.001* 0.187 0.102–0.343 <0.001*

Patients with missing data Surgery No 1.00 – – 1.00 – –

Yes 0.223 0.115–0.434 <0.001* 0.198 0.0969–0.404 <0.001*

Abbreviation: HR, hazard ratio.
aThe OS multivariable model was constructed with surgery, age, sex, race, tumor site, tumor size, grade, distant metastasis, reginal extension, and lymph node invasion.
bThe CSS multivariable model was constructed with pre-specified variables (surgery, sex, age, grade, reginal extension and distant metastasis) to avoid overfitting considering the
limited number of outcomes.
*p < 0.05.

Ye et al. Impact of Surgery on NFPNETs ≤2 cm
consensuses that have been published in different regions are
not consistent at present. For example, the ENETS guidelines
(12) suggest that observation is a reasonable option for
patients with NF-PNETs ≤2 cm. However, other studies have
pointed out that, even when the tumors are small (≤2 cm),
they showed signs of malignant behavior, such as extra-
pancreatic extension, lymph nodal metastasis, distant-organ
metastasis, and recurrence, which may lead to disease-related
death (21). A consensus statement announced by the Chinese
Study Group for Neuroendocrine Tumors (CSNET) (22)
suggested that a more aggressive approach be undertaken,
except in some selected cases of NF-PNETs <1 cm or patients
with incidentally discovered and unacceptable surgical risks.
Patients with NF-PNETs ≤2 cm should be treated with tumor
resection and careful postoperative surveillance. Meanwhile, it
was suggested in the North American Neuroendocrine Tumor
Society (NANETS) guidelines (23) that observation is an
optimal choice for NF-PNETs ≤1 cm, while the management
of NF-PNETs 1–2 cm should be considered on an individual
basis according to some factors, including patient age,
Frontiers in Surgery | www.frontiersin.org 7
comorbidities, endoscopic ultrasonography–fine-needle
aspiration or endoscopic ultrasonography–biopsy findings
(grade, Ki-67), tumor growth status, anatomical location,
extent of procedure required for complete resection, patient
preferences, and access to long-term follow-up. In a meta-
analysis of 714 patients with NF-PNETs <2 cm, it was
discovered that PNET excision was linked to better 1-, 3-, and
5-year OS rates (13). The conclusion that surgery improves
patient survival was then pushed through the literature as
proof of its superiority. Therefore, whether patients with NF-
PENTs ≤2 cm ought to be treated with surgery should be
further explored by more accurate and specific grouping of
this population. Our research has solved some of the
differences in this area.

Consistent with another study (24) that evaluated 709
patients who had stage I disease according to the eighth
edition of the American Joint Committee on Cancer criteria,
our subgroup analysis of the M0N0G0 group found that,
while surgical resection was associated with improved OS,
there was no benefit offered to CSS. Compared to this earlier
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FIGURE 3 | Kaplan–Meier survival estimates of overall survival in different subgroups after inverse probability of treatment weighting adjustment: (A) G1, (B)
M0N1G0, (C) M0N0G0, (D) M0N0G0E1, and (E) M1N0G0.

FIGURE 4 | Kaplan–Meier survival estimates of cancer-specific survival in different subgroups after inverse probability of treatment weighting adjustment: (A) G1, (B)
M0N1G0, (C) M0N0G0, (D) M0N0G0E1, and (E) M1N0G0.
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FIGURE 5 | Forest plot depicting inverse probability of treatment weighting–
adjusted hazard ratios of all-cause mortality in different subgroups of surgery
versus non-surgery. The multivariable model was constructed with pre-
specified variables (surgery, sex, age) to avoid overfitting, considering the
limited number of outcomes.

FIGURE 6 | Forest plot depicting inverse probability of treatment weighting–
adjusted hazard ratios of cancer-specific mortality in different subgroups of
surgery versus non-surgery. The multivariable model was constructed with
pre-specified variables (surgery, sex, age) to avoid overfitting, considering
the limited number of outcomes.
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study, our investigation further confirmed that surgical
treatment did not improve the OS or CSS of M0N1G0
patients, and this result may be related to the unclear risk-
stratification of lymph node metastasis and the inconsistent
impact of lymph node metastasis on survival among patients
with NF-PENTs ≤2 cm (25–28). Another study using the
SEER database analyzed 2,158 patients with a median tumor
Frontiers in Surgery | www.frontiersin.org 9
size of 5 cm and found that lymph node status was not a
predictor of overall survival (29). These findings reinforced the
observation that close follow-up is a reasonable strategy for
M0N0G0 and M0N1G0 patients with NF-PNETs ≤2 cm. In
addition, our study conducted a subgroup analysis of the
population with local invasion (M0G0N0E1 group), where
CSS was significantly improved by surgical treatment. This
result may be related to the higher degree of malignancy of
NF-PENTs invading the surrounding tissues of the pancreas.
In addition, regional extension is related to the tumor growth
rate and its anatomical location, which can be monitored by
imaging methods like magnetic resonance imaging/computed
tomography (30). A retrospective multi-institutional analysis
that included 119 cases with confirmed NF-PNETs and
resection suggested that vascular/perineural invasion is a
significant prognostic factor of recurrence (31).

In order to explore the role of surgical treatment in a
population with different tumor grades, a study including 380
patients (32) reported an interesting conclusion that surgical
resection provides a survival benefit for patients with NF-
PNETs ≤2 cm, even those with favorable well-differentiated
and moderately differentiated histologies, and tumor size and
margin status were not predictors of survival. Meanwhile,
other studies have pointed out that poor pathological grades
are signs of malignant behavior and commonly considered to
be risk factors affecting the prognosis of NF-PNETs ≤2 cm
(15, 33, 34). We support the conclusion that patients with
poorly differentiated or undifferentiated tumors could benefit
from surgical treatment, regardless of distant metastasis,
lymph node metastasis, or regional extension. However, we
believe that the conclusion that patients with favorable well-
differentiated tumors could benefit from surgical treatment
should be considered on a case-by-case basis. As mentioned
earlier, we found that surgical treatment could not provide
survival benefits to patients with well-differentiated tumors
(those in the M0G0N0E0 and M0N1G0 groups) so long as
their tumors did not appear to have regional extension or
distant metastasis.

In addition, many studies have pointed out that distant
metastasis is associated with the poor prognosis of NF-PNETs
≤2 cm (35–37), and we suggested that M1N0G0 patients
should undergo surgery to obtain survival benefits unlike
patients with pancreatic cancer, even if the grade is well-
differentiated. Ye et al. (38) evaluated 758 NF-PNET patients
with distant metastasis and reported that the median OS of
patients treated with surgery was noticeably higher than that
of those who were not treated with surgery (79 vs. 24
months). The median CSS of patients who underwent surgical
resection of the primary tumor was 81 months, while that of
patients who did not undergo surgical resection of the
primary tumor was 26 months. However, this study included
627 NF-PNETs > 2 cm, and the NF-PNET ≤2 cm cohort was
not analyzed separately from this group, so the study
conclusions may be driven by these larger tumors. Therefore,
our research is more convincing in terms of providing
accurate findings for patients with NF-PNETs ≤2 cm with
distant metastasis.
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The current study has several limitations. First, given its
retrospective nature, the present study has some inherent
selection bias. Although the measured confounders that may
influence the treatment choice and final treatment effect of
patients were well balanced, any remaining unbalanced and
unmeasured confounders would still bring about some bias.
Second, the variables used for the survival analysis and
multivariate Cox regression analysis were only a subset of the
clinical and pathological features. Some important tumor
markers, such as the Ki-67 index, and some positive
prognostic variables, such as surgical margin status, were not
available in the SEER datasets. Third, subgroup analysis was
not performed for tumors ≤1 cm or 1–2 cm, and some studies
have suggested these values are more rational tumor size
cutoffs to identify malignancy (39–41). However, this
discrepancy does not completely limit the unique effect of
surgical resection of NF-PNETs ≤2 cm that we report here.

In conclusion, we have demonstrated that, first, as long as
there is no distant metastasis and the tumor is well–
moderately differentiated, whether lymph node metastasis
occurs or not, patients may not benefit from surgery.
However, if this population shows local invasion, surgery
should be performed. Second, surgery should be performed if
the grade is poorly undifferentiated, regardless of distant
metastasis, lymph node metastasis, or regional extension. At
last, patients with distant metastasis, regardless of their tumor
grade, can benefit from surgery. These findings could help
clinicians make better decisions about whether to choose
surgery for patients with NF-PNETs ≤2 cm.
Frontiers in Surgery | www.frontiersin.org 10
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