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Simple Summary: The choice of the surgical and therapeutic approach for patients suffering from
neuroendocrine liver metastases (NELM) plays a central role in the therapeutic strategy. Whilst
debulking surgery is widely accepted as an alternative approach for eligible patients, its prognostic
influence remains a point of discussion. With the advent of minimally invasive liver surgery (MILS),
its applicability for the treatment of neuroendocrine tumors has scarcely been described. Here, we
aimed to investigate different surgical strategies in the multimodal treatment of NELM, including
minimally invasive approaches. Tumor debulking showed comparable survival outcomes to curative
intended liver surgery, and MILS was not inferior to open liver surgery in terms of survival rates and
as such should be recommended also in patients with NELM.

Abstract: Indications for liver resection in patients with gastroenteropancreatic neuroendocrine
tumors (GEP-NET) vary from liver resection with curative intent to tumor debulking or tissue
sampling for histopathological characterization. With increasing expertise, the number of mini-
mally invasive liver surgeries (MILS) in GEP-NET patients has increased. However, the influence
on the oncological outcome has hardly been described. The clinicopathological data of patients
who underwent liver resection for hepatic metastases of GEP-NET at the Department of Surgery,
Charité—Universititsmedizin Berlin, were analyzed. Propensity score matching (PSM) was per-
formed to compare MILS with open liver surgery (OLS). In total, 22 patients underwent liver surgery
with curative intent, and 30 debulking surgeries were analyzed. Disease-free survival (DFS) was
longer than progression-free survival (PFS) (10 vs. 24 months), whereas overall survival (OS) did
not differ significantly (p = 0.588). Thirty-nine (75%) liver resections were performed as OLS, and
thirteen (25%) as MILS. After PSM, a shorter length of hospital stay was found for the MILS group
(14 vs. 10 d, p = 0.034), while neither DFS/PFS nor OS differed significantly. Both curative intended
and cytoreductive resection of hepatic GEP-NET metastases achieved excellent outcomes. MILS led
to a reduced length of hospital, while preserving a good oncological outcome.

Keywords: neuroendocrine liver metastases; debulking surgery; minimally invasive liver surgery;
laparoscopic liver surgery

1. Introduction

Neuroendocrine tumors (NET) are a heterogenous group of rare, relatively slow-
growing malignant neoplasms that mostly arise from the gastroenteropancreatic system
(GEP) [1]. Due to the usual asymptomatic nature in early stages, many patients are diag-
nosed at an advanced stage. Synchronous or metachronous neuroendocrine liver metastases
(NELM) arise in up to 60 to 80% of all GEP-NETs [2,3]. Their occurrence has been described
to be a negative predictive factor for prognosis that can impact the quality of life due to
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hormone-related symptoms such as diarrhea and flushing [4-6]. Total tumor resection
in the presence of localized disease is still the only curative therapy [1]. As a complete
resection of the tumor cannot be achieved in many cases, multimodal treatment strategies
combining debulking surgery, local ablative and systemic therapies are recommended
for advanced tumor stages [1,7]. Tumor debulking surgery for NELM has now become
an established therapy approach, as a variety of studies reported favorable long-term
outcome and symptom control after cytoreductive hepatic surgery [4,8-11]. In this context,
clinicopathological selection criteria such as tumor grading, synchronous extrahepatic
tumor manifestation and possible reduction of hepatic tumor burden are a subject of
ongoing debate.

Over the last decades, minimally invasive liver surgery (MILS) has been adopted for
benign and malignant hepatic tumors such as hepatocellular carcinomas and colorectal liver
metastases (CRLM) [12,13]. MILS shows beneficial short-term outcomes including lower
postoperative morbidity rates and shorter length of hospital stay combined with compara-
ble oncological outcomes [12,14]. While MILS has evolved as the standard treatment for
primary and secondary liver tumors, its role in NELM has only rarely been described [15].

Here, we aimed to investigate patient outcome after liver-directed surgery for NELM,
dependently on the indication for surgery. Moreover, we compared outcomes after MILS to
those after OLS in a sub-cohort via propensity score matching (PSM) analysis to further
elucidate the role of minimally invasive liver surgery in NELM.

2. Materials and Methods
2.1. Patient Demographic and Clinical Data

Patients who underwent hepatic resection for hepatic metastases of GEP-NET at the Eu-
ropean Neuroendocrine Tumor Society (ENETS) Centre of Excellence at the
Charité—Universititsmedizin Berlin, Germany, between January 2010 and December
2021 were identified from the Charité Comprehensive Cancer Centre (CCCC) database.
Exclusion criteria were age below 18 years and primary tumor site other than the small
intestine or pancreas including cancer of unknown primary (CUP). Standard demographic
and clinicopathological data were collected including age, gender, American Society of
Anesthesiologists (ASA) status, Body Mass Index (BMI), primary tumor site, tumor grading
according to the World Health Organization (WHO) grading system and appliance of
(neo-)adjuvant therapies. Additionally, surgery-related data such as indication for surgery,
surgical approach, extent of resection, duration of surgery, stay in an intensive care unit
(ICU), hospital stay and occurrence of complications were reviewed. Indications for hepatic
resection were defined as “curative” in the case of complete resection (R0/R1) of all tumor
burden, as “debulking” in the case of cytoreductive resection (R2) and as “tissue sampling”
in the case of minor resection for histopathological examination (R2). Due to the non-
neglectable differences in the surgical treatment of the tissue sampling group, these patients
were excluded for further analyses. Minimally invasive techniques included laparoscopic
and robotic-assisted surgery. Major resection was defined as resection of >3 adjoining
liver segments according to Couinaud’s classification [16]. Postoperative complications
were evaluated according to the Clavien—Dindo classification; major complications were
defined as >3a [17]. Patients’ follow-up was performed according to the ENETS consensus
guidelines [18]. Disease progression was defined via clinical assessment and cross-sectional
imaging according to the Response Evaluation Criteria in Solid Tumors (RECIST).

2.2. Statistical Analysis

Metric variables are presented as medians (range), categorical variables as frequencies.
Either the Mann-Whitney U test or the Kruskal-Wallis test was used for group comparison
of continuous variables, and the chi-square test for categorical variables. The Kaplan—-Meier
method was used to calculate overall survival (OS), defined as the time between hepatic
resection and death or the time of the last visit (loss to follow-up), disease-free survival
(DES), defined as the time between hepatic resection and the first postoperative recurrence
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in patients undergoing curative intended liver surgery, and progression-free survival (PFS),
defined as the time between hepatic resection and the first postoperative progress. The
survival rates were compared using log-rank tests.

A one-to-one propensity score matching (PSM) was performed using a logistic re-
gression model with a match tolerance of 0.1 based on the following parameters: age,
sex, ASA status, BMI, localization of the primary tumor, indication for hepatic resection,
resection extent (comparing major or minor resection) and simultaneous resection of the
primary tumor.

The significance level was set to 0.05. Statistical analyses were performed using SPSS
Statistics software, version 27 (IBM Armonk, Armonk, NY, USA).

3. Results
3.1. Patient Characteristics

In the observed study period, a total of n = 66 patients met the inclusion criteria and
underwent hepatic resection for hepatic metastases of GEP-NET (pNET and siNET). Of
these, n = 14 were minor liver resections for tissue sampling and therefore were excluded
from further analyses. The characteristics of the final study cohort are shown in Table 1.

Table 1. Characteristics of the patients who underwent liver-directed surgery for NELM.

Female 30 (68%)
1
Gender Male 22 (42%)
Age (years) 2 60 (21-80)
BMI (kg/m?) 2 25 (19-36)
2 32 (62%)
1
ASA 3 20 (38%)
o . Pancreas 23 (44%)
1
Localization of primary Small intestine 29 (56%)
Resection of Primary 1 51 (98%)
Gl 18 (35%)
Grading of Primary 1 G2 33 (63%)
G3 1(2%)
Synchronous 38 (73%)
1 Y
Appearance of metastases Metachronous 14 (27%)
L Curative 22 (42%)
1
Indication Debulking 30 (58%)
. Open 39 (75%)
1 P
Technique Minimally invasive 13 (25%)
Duration of surgery (minutes) 2 267 (90-575)
Major resection 17 (33%)
1 ]
Extent of surgery Minor resection 35 (67%)
Simultaneous surgery of primary 23 (44%)
cul 44 (85%)
Length of ICU stay 2 1 (0-35)
Length of hospital stay 2 11 (6-132)
90-day complications ! 24 (46%)
90-day major complications ! 17 (32%)

90-day mortality ! 0 (0%)
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Table 1. Cont.

G1 19 (36%)
Grading of hepatic metastases ! G2 28 (54%)
G3 5 (10%)
RO 21 (40%)
R status ! R1 1 (2%)
R2 30 (58%)
Neoadjuvant therapy ! 22 (42%)
Adjuvant therapy 1 41 (79%)
>1 adjuvant therapy modalities ! 26 (50%)
>2 adjuvant therapy modalities 1 15 (29%)

1 Count (percentage); 2 Median (range); NELM, neuroendocrine liver metastases; BMI, Body Mass Index; ASA,
American Society of Anesthesiologists; ICU, Intensive Care Unit.

In total, 29 primary tumors (56%) were located in the small intestine (siNET), whereas
23 (44%) were primary pancreatic NETs (pNET). As shown in Figure 1a,b, the grading

of both primary tumor and hepatic metastases was significantly higher in pNETs than
in siNETs.
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Figure 1. The grading of (a) primary tumor and (b) hepatic metastases differed significantly according
to the localization of the primary tumor; (c) patients undergoing liver-directed surgery for NELM
faced a relatively good prognosis, with an exemplary 2-year overall survival rate of 93% calculated
with the Kaplan-Meier method; * = 0.05 > p > 0.01; ** = 0.01 > p > 0.001.
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In n = 51 (98%) cases, a resection of the primary tumor was performed, and in
n = 23 (44%), it was simultaneous. In addition, 73% of hepatic metastases (n = 38) ap-
peared synchronously.

Postoperative recurrence or progression were described in 17% (n = 9) and 40%
(n = 23), respectively, of all cases, and the median time between hepatic resection and
diagnosis of recurrence or progression was 24 months (3-36 months) and 10 months
(2-56 months), respectively.

Within the median follow-up time of 30 months, n = 6 deaths (12%) were reported,
and 2-year overall survival (OS) was 93% in the whole cohort (Figure 1c).

3.2. Outcome according to the Indication for Liver-Directed Surgery in NELM

When focusing on the indication for surgery, n = 22 (42%) liver surgeries were per-
formed with curative intent, and n = 30 (58%) for tumor debulking. The patient characteris-
tics are presented in Table 2.

Table 2. Characteristics of the patients who underwent liver-directed surgery for NELM according to

the indication for surgery.

Curative Debulking
(n =22) (1 = 30) P
Female 16 (73%) 14 (47%)
1
Gender Male 6 (27%) 16 (53%) 0.060
Age (years) 2 63 (31-80) 59 (21-75) 0.270
BMI (kg/m?) 2 25 (20-33) 26 (19-36) 0.977
1 0 (0%) 0 (0%)

ASAl 2 15 (68%) 16 (53%) 0.399

3 7 (32%) 14 (47%)

o . Pancreas 8 (36%) 15 (50%)

1

Localization of primary Small intestine 14 (64%) 1560%) 038
Resection of Primary ! 22 (100%) 29 (97%) 0.387

Gl 8 (36%) 10 (33%)
Grading of Primary ! G2 14 (64%) 19 (64%) 0.681

G3 0 1 (3%)
Synchronous 15 (68%) 23 (77%)
1 Yy
Appearance of metastases Metachronous 7 (32%) 7 (23%) 0.496
Open
. e 17 (77%) 22 (73%)
1
Technique Mlnlmally 5 (23%) 8 (27%) 0.746
invasive

Duration of surgery (minutes) 2 251 (90-575) 288 (130-499) 0.476

Major resection 8 (37%) 9 (30%)

1 )
Extent of surgery Minor resection 14 (64%) 21 (70%) 048
Simultaneous surgery of primary 1 7 (32%) 16 (53%) 0.123
Icul 18 (82%) 26 (87%) 0.632
Length of ICU stay 2 2 (0-8) 1(0-35) 0.503
Length of hospital stay B 11 (6-42) 12 (6-132) 0.558
90-day complications ! 10 (45%) 14 (47%) 0.931
90-day major complications 1 7 (32%) 10 (33%) 0.908
90-day mortality ! 0 (0%) 0 (0%) 1.0
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Table 2. Cont.
Curative Debulking
(n =22) (n = 30) P
Gl 9 (41%%) 10 (33%)
Grading of hepatic metastases 1 G2 10 (45%) 18 (60%) 0.512
G3 3 (14%) 2 (7%)
RO 21 (96%) 0 (0%)
R status ! R1 1 (4%) 0 (0%) <0.001
R2 0 (0%) 30 (100%)
Neoadjuvant therapy E 6 (27%) 16 (53%) 0.049
Adjuvant therapy ! 16 (73%) 25 (83%) 0.147
>1 adjuvant therapy modalities 1 7 (32%) 19 (63%) 0.025
>2 adjuvant therapy modalities ! 4 (18%) 11 (37%) 0.146

1 Count (percentage); 2 Median (range); NELM, neuroendocrine liver metastases; BMI, Body Mass Index; ASA,
American Society of Anesthesiologists; ICU, Intensive Care Unit.

In the curative group, all primary tumors were either low- or intermediate-grade
tumors (G1 or G2 according to the WHO classification), whereas the debulking group had
n =1 (3%) high-grade tumor (G3).

Simultaneous resection of the primary tumor was performed in 32% and 53% of
the patients in the two groups, respectively (p = 0.123). In addition, 37% and 30% of
hepatic resections were major resections in the curative and debulking groups. The two
indication groups were similar regarding the duration of surgery (p = 0.476), the referral to
an intensive care unit (ICU) during postoperative recovery (p = 0.632), the length of ICU
stay (p = 0.503), the length of hospital stay (LOS) (p = 0.558), 90-day complications (0.931)
and 90-day major complications (0.908). In both groups, no patient died during the first
90 postoperative days.

In addition, no significant differences were found between the grading of both primary
tumor and hepatic metastases. However, in the debulking group, the fractions of patients
receiving neoadjuvant therapy and more than one adjuvant therapy modality were higher
than in the curative group (53% vs. 27%; p = 0.049 and 63% vs. 32%; p = 0.025).

As shown in Figure 2a,b, the median disease-free survival (DFS) in the curative group
was longer than the median progression-free survival (PFS) in the debulking group, i.e.,
24 months vs. 10 months. However, the overall survival analysis did not reveal significant
differences between the two groups, whereas the 2-year survival rates were 100% vs. 86%
in the curative and debulking group, respectively (p = 0.588) (Figure 2c).

Neither the different localizations of the primary tumor nor the grading
of hepatic metastases showed significant differences in relation to DFS/PFS and OS
(Supplementary Figure Sla,b,ef). As there was only one patient presenting with a G3
primary tumor, the G3 group was neglected for survival comparison in relation to primary
tumor grading. Focusing on G1 and G2 primary tumors, DFS/PFS and OS were similar
between the two groups (Supplementary Figure Slc,d).

3.3. Comparison of Minimally Invasive and Open Liver Surgery: Propensity Score Matching

Observing the whole cohort, n = 13 patients underwent minimally invasive surgery,
and n = 39 open liver surgery. However, there were major differences with regard to
the ASA status, with significantly more ASA 3 patients in the MILS group (62% vs. 31%,
p = 0.048) (Supplementary Table S1).
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Figure 2. (a) Disease-free survival in patients undergoing curative intended liver-directed surgery
for NELM, (b) progression-free survival in patients undergoing debulking surgery for NELM and
(c) overall survival of patients who underwent liver-directed surgery for NELM comparing the
indications for surgery calculated with the Kaplan-Meier method. No significant difference was
demonstrated in OS (p = 0.588); C, Curative; D, Debulking.

As shown in Table 3, after PSM, both groups were comparable regarding sex (fe-
male: 46% vs. 46%; p = 1.0), median age (in years: 57 vs. 61, p = 0.960), median BMI
(25 kg/m? vs. 24 kg/m?; p = 0.801), ASA score (p = 0.691), localization of the primary tumor
(p = 0.691), indication for liver resection (p = 1.0), resection extent (major resection: 23%
vs. 38%; p = 0.395) and simultaneous resection of the primary tumor (31% vs. 23%;
p = 0.658). No significant differences were found with respect to neoadjuvant and adjuvant
therapy (p = 0.658 and p = 1.0), grading of the primary tumor (p = 0.589) and of hepatic
metastases (1.0) and fraction of synchronous metastases (77% vs. 62%; p = 0.395), while
LOS was significantly shorter in the MI group, with a median LOS of 10 days vs. 14 days
(p = 0.034). Additionally, transfer to an intensive care unit (ICU), length of ICU stay and
appearance of 90-day complications, 90-day major complications and 90-day mortality did
not differ significantly between the minimally invasive and the open liver surgery groups.
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Table 3. Characteristics of patients undergoing liver-directed surgery according to the surgical
approach after propensity score matching.

MILS OLS
(n =13) (n =13) P
Female 6 (46%) 6 (46%)
1
Gender Male 7 (54%) 7 (54%) 10
Age (years) 2 57 (46-73) 61 (31-76) 0.960
BMI (kg/m?) 2 25 (20-36) 24 (19-29) 0.801
2 5 (38%) 6 (46%)
1
ASA 3 8 (62%) 7Ga%) 01
L . Pancreas 6 (46%) 5 (38%)
1
Localization of primary Small intestine 7 (54%) 8 (62%) 0.691
Synchronous 10 (77%) 8 (62%)
1 Y
Appearance of metastases Metachronous 3 (23%) 5 (38%) 0.395
. Curative 5 (38%) 5 (38%)
1
Indication Debulking 8 (62%) 8 (62%) 10
Duration of surgery (minutes) 2 285 (130-504) 245 (209-431)  0.880
Major resection 3 (23%) 5 (38%)
1 ]
Extent of surgery Minor resection 10 (77%) 8 (62%) 0.395
Simultaneous resection of primary 1 4 (31%) 3 (23%) 0.658
Icu! 11 (85%) 12 (92%) 0.539
Length of ICU stay 2 1 (0-6) 1 (0-35) 0.579
Length of hospital stay 2 10 (7-20) 14 (9-87) 0.034
90-day complications ! 6 (46%) 6 (46%) 1.0
90-day major complications 1 5 (38%) 4 (31%) 0.680
90-day mortality ! 0 (0%) 0 (0%) 1.0
Gl 4 (31%) 4 (31%)
Grading Hepatic Metastases ! G2 8 (61%) 8 (61%) 1.0
G3 1(8%) 1(8%)
RO 4 (31%) 5 (38%)
R status ! R1 1 (8%) 0 (0%) 0.574
R2 8 (61%) 8 (62%)
Resection of Primary ! 12 (92%) 13 (100%) 0.308
Gl 4 (31%) 4 (31%)
Grading Primary 1 G2 8 (61%) 9 (69%) 0.589
G3 1(8%) 0 (0%)
Neoadjuvant therapy 1 3 (23%) 4 (31%) 0.658
Adjuvant therapy ! 11 (85%) 11 (85%) 1.0
>1 adjuvant therapy modalities ! 6 (46%) 8 (61%) 0.431
>2 adjuvant therapy modalities 1 3 (23%) 4 (31%) 0.658

1 Count (percentage); 2 Median (range); MILS, Minimally invasive liver surgery; OLS, Open liver surgery; BMI,
Body Mass Index; ASA, American Society of Anesthesiologists; ICU, Intensive Care Unit.

The median follow-up was 25 and 30 months for MILS and OLS, respectively. As
graphed in Figure 3a,b, neither DFS/PFS nor OS differed significantly between the two
groups, with 2-year disease-/progression-free survival of 41% vs. 62% (p = 0.816), and
2-year survival rates of 92% vs. 88% (p = 0.392). In the MILS group, two patients died
during the follow-up period due to NET-related causes, while one patient in the OLS
group died.
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Figure 3. (a) Disease-/progression-free survival and (b) overall survival of patients who underwent

liver-directed surgery for NELM comparing minimally invasive and open liver surgery, calculated
with the Kaplan-Meier method. Neither DFS/PFS nor OS differed significantly between MILS and
OLS (p = 0.816 and p = 0.483) groups. MILS, minimally invasive liver surgery; OLS, open liver surgery.

4. Discussion

In patients with neuroendocrine liver metastases, liver-directed surgery plays a pivotal
therapeutic role, although complete resection can be performed only in a small subset of
patients. In this study, we were able to show that both curative intended and debulking
surgery of NELM led to excellent outcomes. Additionally, in the here-observed cohort, our
data indicated that NETs deriving from the pancreas presented with higher grading of both
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primary tumor and hepatic metastases compared to siNETs. Moreover, our analysis implies
that in our cohort, minimally invasive liver surgery was not inferior to open liver surgery
with regard to disease-/progression-free survival and overall survival, while reducing the
length of hospital stay.

Therapy algorithms for patients with NELM take into account liver surgery, locore-
gional ablative therapies and a variety of systemic therapy regimens, whereas possible
complete resection plays a central role when aiming at the curation of the disease [1]. In
our cohort, 42% of NELM patients undergoing surgery were eligible for curative intended
hepatectomy. The remaining 58% of the patients underwent liver resection for tumor mass
reduction. Although we did not find a significant difference in overall survival between the
two different indication groups throughout our follow-up period, the 2-year survival rates
differed and resulted 100% for patients undergoing curative liver-directed surgery and
86% for cytoreductive surgery patients. Despite the occurrence of liver metastases, patients
with NET face a relatively good prognosis compared to patients with other malignancies
spread to the liver such as patients with colorectal liver metastases (CRLM). This applies in
particular to patients with low-grade neuroendocrine tumors in whom noticeable effects
on overall survival occur especially within follow-up on the long term. In this context, for
example, Dasari et al. found that patients with distant stage-G1/G2 tumors from the small
intestine and pancreas had 5-year survival rates of 69% and 50%, respectively [6]. In a differ-
ent work, Selberherr et al. compared the outcomes of NELM patients undergoing surgery
or staying in surveillance and demonstrated favorable outcomes for the surgery group,
especially on the long term [4]. Further exploring the importance of tumor debulking in
NELM patients, recently published data from a multi-center study presented reasonable
long-term survival rates for patients undergoing cytoreduction for NELM, with median OS
of nearly 7.5 years [8]. They presented better outcomes for patients with RO/R1 (curative
resection), with 5-year OS of 85.2% compared to patients who underwent R2 (debulking)
resection, who had a 5-year OS of 60.7%. Nonetheless, they demonstrated that despite
the more extensive and aggressive disease, characterized by a higher incidence of lymph
metastasis, a worse tumor grade and a greater liver involvement, debulking surgery offered
a survival benefit for these patients. Keeping in mind the shorter follow-up period of the
here-presented data, greater differences in survival between the two indication groups are
likely to appear on the longer term.

Besides the question of whether or not debulking surgery is favorable in patients with
non-resectable NELM, the selection criteria for patients eligible for cytoreductive therapy,
especially with regard to the debulking extent, are a subject of ongoing debate [10,19].
Whereas, formerly, a debulking threshold of above 90% was aimed at, more and more
authors propose to extend the debulking threshold to above 70% based on equivalent high
survival rates [20-22]. Nonetheless, in a meta-analysis evaluating the resection extent of
NELM, PFS was significantly shorter if less tumor mass could be resected [23]. In the
here-presented study, the patients undergoing debulking surgery had a short PFS of only
10 months. On the other hand, when complete tumor resection was achieved, a median
disease-free survival of 24 months was reached. Keeping in mind that cytoreductive surgery
in NELM aims at symptom control and the amelioration of overall survival instead of a
complete cure of the disease, it is not surprising that PFS was comparably short, while still
preserving a favorable OS.

Interestingly, in our cohort, the patients suffering from pancreatic NET presented with
higher tumor and metastatic grading than the patients with primary tumor localization
in the small intestine. However, our data indicated no difference in OS or DFS/PFS
between patients with primary tumors of different origins. While these results have to
be interpreted with caution due to the small sample size, evidence about the association
of primary tumor localization with survival and progression is inconsistent. Multiple
studies promoted different survival rates for different primary tumor origins [6,24]. For
example, Tierney et al. presented a longer survival for patients with NELM and a primary
in the small intestine compared to patients with pancreatic, colonic, rectal and gastric
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primaries, whereas rectal and gastric NET patients with hepatic metastases had the shortest
survival [24]. Additionally, they also showed that patients who underwent debulking
surgery on the primary tumor and NELM had longer survival than patients who underwent
primary tumor surgery only, surgery of metastases only or no surgery at all. In our
cohort, we only included patients with hepatic resection for NELM. However, in their
sub-analysis of patients undergoing debulking surgery, Tierney et al. also found that siNET
patients had longer survival than pNET and colonic NET patients. On the other hand,
Spolverato et al. evaluated the long-term prognosis of patients with NELM undergoing
(curative intended) resection differentiating between pNET and non-pNET, including
gastrointestinal and thoracic NETs, and did not find an association with the primary tumor
location [3]. However, they did prove an association between extrahepatic disease and
tumor grade. In the here-presented cohort, we could not reproduce a significant effect of
the grading of primary tumor and hepatic metastases on patient outcome. Nonetheless, it
is well established that the tumor grade affects the prognosis of GEP-NET [25-27]. In this
regard, the small sample size and the heterogenous study population must be taken into
account. Furthermore, the present study only focused on tumors with distant metastases,
thus on advanced tumor stages, neglecting earlier localized tumors. Moreover, it should be
underlined that, independent of primary tumor location, indication for surgery or grading,
nearly all patients in our cohort (98%) had a resection of the primary, too. The effect
of primary tumor resection on outcome in metastasized GEP-NET has been previously
investigated, and mostly beneficial outcomes for primary-resected patients have been
reported [28-30]. For example, Lewis et al. could prove an increase in survival, after
resection of the primary tumor, of metastatic GEP-NET patients regardless of the type
and extent of NELM treatment [31]. Hence, the main part of our study cohort belonged
to this patient group with beneficial survival. In addition, we focused on patients who
were eligible to either curative intended or cytoreductive surgery of NELM. As discussed
previously, surgical therapy for NELM is a positive prognostic factor in these patients.
Thus, in this selected cohort, not the tumor grade itself but rather a therapy selection bias
of both primary tumor and liver metastases might have impacted the prognosis.
Experience with minimally invasive liver surgery in NELM has only scarcely been
described in the literature [32,33]. To the best of our knowledge, only one study has
compared MILS with OLS in NELM patients in terms of oncological outcome so far [15].
Concordant to the findings of Kandil et al., our here-presented data indicate a shorter
overall hospital stay for MILS patients, while no statistical difference in either DFS/PFS or
OS was observed between the two groups. In other diseases of both benign and malignant
nature, the role of MILS has been widely explored, and minimally invasive procedures
are now an acceptable alternative, if not the favorable choice, to OLS [12,14,34]. For
example, in their PSM-based comparison of OLS and MILS in patients with colorectal
liver metastases, Knitter et al. were able to confirm the efficacy of MILS in terms of
oncological outcome, while preserving the advantages of minimally invasive surgery:
lower postoperative complication rates, shorter length of ICU and hospital stay and lower
rates of intraoperative blood transfusion [14]. Although the underlying disease cannot be
compared at all, the surgical management of NELM and CRLM does show similarities: as
for a relatively high risk of recurrence, tissue-sparing resections including anatomic and
atypic resections are preferred [35]. Additionally, multimodal therapeutic strategies such
as the preoperative induction of hypertrophy of the future liver remnant (FLR) via portal
vein embolization and/or two-stage hepatectomy with clear-up of the FLR and secondary
extended hepatectomy are recommended strategies for both entities [35,36]. Presumably
for the non-neglectable difference in the incidence of NELM and CRLM, experience might
be higher and the establishment of new and emerging surgical therapies might happen
faster for CRLM compared to NELM. Therefore, with increasing expertise in minimally
invasive liver surgery, an increasing role in NELM is to be expected. Based on our results,
MILS can carefully be recommended for NELM patients, preserving comparable (short-
term) oncological outcomes as OLS. In this regard, it should be noted that MI procedures
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for NELM have only been introduced over the last decades, and therefore the median
follow-up for MILS patients is naturally shorter. Thus, our study highlights the importance
of and provides the basis for future larger investigations to demonstrate the role of MILS in
the surgical treatment of NELM patients.

Nonetheless, the current study faces some limitations. In its nature, NET are a rare
and heterogenous group of tumors. Hence, our study cohort included a heterogenous
population. To reduce the differences in terms of surgical treatment, we excluded patients
who underwent hepatic surgery for tissue sampling and only focused on curative intended
and debulking liver-directed surgery. Next, our data were collected retrospectively, and the
size of our cohort was limited. Therefore, the risk of a selection bias cannot be neglected
completely, and conclusions from the results, especially the comparative analyses, must be
drawn cautiously. This becomes even more evident in the sub-analysis of MILS and OLS
due to the relatively low number of MILS. To bypass this issue, a PSM-based comparison
was performed to eliminate known confounding covariates. However, so far unknown
and therefore not used confounders might have influenced our results. Additionally, one
must consider that the experience of minimally invasive surgery for NELM is still limited,
and as such our results may also have been influenced by the surgeon’s learning curve
and a relatively short median follow-up time. Furthermore, the follow-up period of the
entire cohort remained restricted to a relatively short time, especially in view of the fact
that low-grade NETs progress very slowly. This means that clinically measurable effects
on overall survival that might be detected on the long run, may not have been identified.
Therefore, valid long-term survival outcomes cannot be confirmed by the presented study.

5. Conclusions

As excellent oncological outcomes could be achieved via curative intended as well as
debulking surgery, hepatic resection can be recommended in NELM patients. In this
regard, MILS was not inferior to OLS concerning survival rates, while reducing the
length of hospital stay, and therefore offers a valid alternative to open procedures, also in
NELM patients.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/cancers15072048 /s1, Table S1: Characteristics of patients
who underwent liver-directed surgery for NELM according to the surgical approach; Figure S1:
Disease-/Progression-free and overall survival according to primary tumor site, grading of the
primary tumor and hepatic metastases.

Author Contributions: Conceptualization, EB., W.S. and M.T.M.; formal analysis, EB.; investigation,
EB. and L.R.; writing—original draft preparation, F.B., W.S. and M.T.M.; writing—review and editing,
FB.,AD,H],EMD.,LR,GL,]JP,PEG., WS. and M.T.M,; visualization, EB.; supervision, W.S.
and M.T.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Ethics Committee of Charité—Universititsmedizin
Berlin (EA2/064/09, 24 August 2009).

Informed Consent Statement: Patient consent was waived due to the retrospective and non-
interventional character of the study.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/cancers15072048/s1

Cancers 2023, 15, 2048 13 of 14

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Pavel, M.; O'Toole, D.; Costa, F.; Capdevila, J.; Gross, D.; Kianmanesh, R.; Krenning, E.; Knigge, U.; Salazar, R.; Pape, U.F,; et al.
ENETS Consensus Guidelines Update for the Management of Distant Metastatic Disease of Intestinal, Pancreatic, Bronchial
Neuroendocrine Neoplasms (NEN) and NEN of Unknown Primary Site. Neuroendocrinology 2016, 103, 172-185. [CrossRef]
[PubMed]

Riithimaki, M.; Hemminki, A.; Sundquist, K.; Sundquist, J.; Hemminki, K. The epidemiology of metastases in neuroendocrine
tumors. Int. J. Cancer 2016, 139, 2679-2686. [CrossRef] [PubMed]

Spolverato, G.; Bagante, F,; Aldrighetti, L.; Poultsides, G.; Bauer, TW.,; Field, R.C.; Marques, H.P.; Weiss, M.; Maithel, S.K.; Pawlik,
T.M. Neuroendocrine Liver Metastasis: Prognostic Implications of Primary Tumor Site on Patients Undergoing Curative Intent
Liver Surgery. J. Gastrointest. Surg. 2017, 21, 2039-2047. [CrossRef] [PubMed]

Selberherr, A.; Freermann, S.; Koperek, O.; Niederle, M.B.; Riss, P.; Scheuba, C.; Niederle, B. Neuroendocrine liver metastasis
from the small intestine: Is surgery beneficial for survival? Orphanet ]. Rare Dis. 2021, 16, 30. [CrossRef]

Beaumont, J.L.; Cella, D.; Phan, A.T.; Choi, S.; Liu, Z.; Yao, J.C. Comparison of health-related quality of life in patients with
neuroendocrine tumors with quality of life in the general US population. Pancreas 2012, 41, 461-466. [CrossRef]

Dasari, A.; Shen, C.; Halperin, D.; Zhao, B.; Zhou, S.; Xu, Y.; Shih, T.; Yao, J.C. Trends in the Incidence, Prevalence, and Survival
Outcomes in Patients With Neuroendocrine Tumors in the United States. JAMA Oncol. 2017, 3, 1335-1342. [CrossRef]

Frilling, A.; Clift, A.K. Therapeutic strategies for neuroendocrine liver metastases. Cancer 2015, 121, 1172-1186. [CrossRef]

Ejaz, A.; Reames, B.N.; Maithel, S.; Poultsides, G.A.; Bauer, TW,; Fields, R.C.; Weiss, M.].; Marques, H.P,; Aldrighetti, L.; Pawlik,
T.M. Cytoreductive debulking surgery among patients with neuroendocrine liver metastasis: A multi-institutional analysis. HPB
2018, 20, 277-284. [CrossRef]

Spolverato, G.; Bagante, F.; Wagner, D.; Buettner, S.; Gupta, R.; Kim, Y.; Magsood, H.; Pawlik, T.M. Quality of life after treatment
of neuroendocrine liver metastasis. J. Surg. Res. 2015, 198, 155-164. [CrossRef]

Mayo, S.C.; de Jong, M.C; Pulitano, C.; Clary, B.M.; Reddy, S.K.; Gamblin, T.C.; Celinksi, S.A.; Kooby, D.A.; Staley, C.A.; Stokes,
J.B.; et al. Surgical management of hepatic neuroendocrine tumor metastasis: Results from an international multi-institutional
analysis. Ann. Surg. Oncol. 2010, 17, 3129-3136. [CrossRef]

Gangi, A.; Howe, ].R. The Landmark Series: Neuroendocrine Tumor Liver Metastases. Ann. Surg. Oncol. 2020, 27, 3270-3280.
[CrossRef]

Schmelzle, M.; Krenzien, F.; Schoning, W.; Pratschke, J. Laparoscopic liver resection: Indications, limitations, and economic
aspects. Langenbecks Arch. Surg. 2020, 405, 725-735. [CrossRef] [PubMed]

Lan, X.; Zhang, H.L.; Zhang, H.; Peng, Y.E; Liu, F; Li, B.; Wei, Y.G. Four-year experience with more than 1000 cases of total
laparoscopic liver resection in a single center. World J. Gastroenterol. 2022, 28, 2968-2980. [CrossRef] [PubMed]

Knitter, S.; Andreou, A.; Kradolfer, D.; Beierle, A.S.; Pesthy, S.; Eichelberg, A.C.; Kastner, A.; Feldbrugge, L.; Krenzien, F.; Schulz,
M.; et al. Minimal-Invasive Versus Open Hepatectomy for Colorectal Liver Metastases: Bicentric Analysis of Postoperative
Outcomes and Long-Term Survival Using Propensity Score Matching Analysis. J. Clin. Med. 2020, 9, 4027. [CrossRef] [PubMed]
Kandil, E.; Noureldine, S.I.; Koffron, A.; Yao, L.; Saggi, B.; Buell, ].F. Outcomes of laparoscopic and open resection for neuroen-
docrine liver metastases. Surgery 2012, 152, 1225-1231. [CrossRef]

Strasberg, S.M. Nomenclature of hepatic anatomy and resections: A review of the Brisbane 2000 system. ]. Hepatobiliary Pancreat
Surg. 2005, 12, 351-355. [CrossRef]

Clavien, P.A.; Barkun, J.; de Oliveira, M.L.; Vauthey, ].N.; Dindo, D.; Schulick, R.D.; de Santibanes, E.; Pekolj, J.; Slankamenac, K.;
Bassi, C.; et al. The Clavien-Dindo classification of surgical complications: Five-year experience. Ann. Surg. 2009, 250, 187-196.
[CrossRef]

Knigge, U.; Capdevila, J.; Bartsch, D.K.; Baudin, E.; Falkerby, J.; Kianmanesh, R.; Kos-Kudla, B.; Niederle, B.; Nieveen van Dijkum,
E.; O'Toole, D.; et al. ENETS Consensus Recommendations for the Standards of Care in Neuroendocrine Neoplasms: Follow-Up
and Documentation. Neuroendocrinology 2017, 105, 310-319. [CrossRef]

Bacchetti, S.; Pasqual, E.M.; Bertozzi, S.; Londero, A.P.; Risaliti, A. Curative versus palliative surgical resection of liver metastases
in patients with neuroendocrine tumors: A meta-analysis of observational studies. Gland Surg. 2014, 3, 243-251. [CrossRef]
Graff-Baker, A.N.; Sauer, D.A.; Pommier, S.J.; Pommier, R.F. Expanded criteria for carcinoid liver debulking: Maintaining survival
and increasing the number of eligible patients. Surgery 2014, 156, 1369-1377. [CrossRef]

Morgan, R.E.; Pommier, S.J.; Pommier, R.F. Expanded criteria for debulking of liver metastasis also apply to pancreatic neuroen-
docrine tumors. Surgery 2018, 163, 218-225. [CrossRef] [PubMed]

Maxwell, ].E.; Sherman, S.K.; O’'Dorisio, T.M.; Bellizzi, A.M.; Howe, J.R. Liver-directed surgery of neuroendocrine metastases:
What is the optimal strategy? Surgery 2016, 159, 320-333. [CrossRef] [PubMed]

Kulkarni, R.; Kabir, I.; Hodson, J.; Raza, S.; Shah, T.; Pandanaboyana, S.; Dasari, B.V.M. Impact of the extent of resection of
neuroendocrine tumor liver metastases on survival: A systematic review and meta-analysis. Ann. Hepatobiliary Pancreat Surg.
2022, 26, 31-39. [CrossRef] [PubMed]

Tierney, ].E,; Poirier, J.; Chivukula, S.; Pappas, S.G.; Hertl, M.; Schadde, E.; Keutgen, X. Primary Tumor Site Affects Survival in
Patients with Gastroenteropancreatic and Neuroendocrine Liver Metastases. Int. J. Endocrinol. 2019, 2019, 9871319. [CrossRef]
[PubMed]


http://doi.org/10.1159/000443167
http://www.ncbi.nlm.nih.gov/pubmed/26731013
http://doi.org/10.1002/ijc.30400
http://www.ncbi.nlm.nih.gov/pubmed/27553864
http://doi.org/10.1007/s11605-017-3491-1
http://www.ncbi.nlm.nih.gov/pubmed/28744737
http://doi.org/10.1186/s13023-021-01677-9
http://doi.org/10.1097/MPA.0b013e3182328045
http://doi.org/10.1001/jamaoncol.2017.0589
http://doi.org/10.1002/cncr.28760
http://doi.org/10.1016/j.hpb.2017.08.039
http://doi.org/10.1016/j.jss.2015.05.048
http://doi.org/10.1245/s10434-010-1154-5
http://doi.org/10.1245/s10434-020-08787-x
http://doi.org/10.1007/s00423-020-01918-8
http://www.ncbi.nlm.nih.gov/pubmed/32607841
http://doi.org/10.3748/wjg.v28.i25.2968
http://www.ncbi.nlm.nih.gov/pubmed/35978880
http://doi.org/10.3390/jcm9124027
http://www.ncbi.nlm.nih.gov/pubmed/33322087
http://doi.org/10.1016/j.surg.2012.08.027
http://doi.org/10.1007/s00534-005-0999-7
http://doi.org/10.1097/SLA.0b013e3181b13ca2
http://doi.org/10.1159/000458155
http://doi.org/10.3978/j.issn.2227-684X.2014.02.05
http://doi.org/10.1016/j.surg.2014.08.009
http://doi.org/10.1016/j.surg.2017.05.030
http://www.ncbi.nlm.nih.gov/pubmed/29103583
http://doi.org/10.1016/j.surg.2015.05.040
http://www.ncbi.nlm.nih.gov/pubmed/26454679
http://doi.org/10.14701/ahbps.21-101
http://www.ncbi.nlm.nih.gov/pubmed/34980681
http://doi.org/10.1155/2019/9871319
http://www.ncbi.nlm.nih.gov/pubmed/30992703

Cancers 2023, 15, 2048 14 of 14

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Cavalcanti, M.S.; Gonen, M.; Klimstra, D.S. The ENETS/WHO grading system for neuroendocrine neoplasms of the gastroen-
teropancreatic system: A review of the current state, limitations and proposals for modifications. Int. . Endocr. Oncol. 2016, 3,
203-219. [CrossRef]

Scarpa, A.; Mantovani, W.; Capelli, P.; Beghelli, S.; Boninsegna, L.; Bettini, R.; Panzuto, F.; Pederzoli, P.; delle Fave, G.; Falconi,
M. Pancreatic endocrine tumors: Improved TNM staging and histopathological grading permit a clinically efficient prognostic
stratification of patients. Mod. Pathol. 2010, 23, 824-833. [CrossRef]

Keck, K.J.; Choi, A.; Maxwell, J.E.; Li, G.; O’'Dorisio, T.M.; Breheny, P.; Bellizzi, A.M.; Howe, J.R. Increased Grade in Neuroen-
docrine Tumor Metastases Negatively Impacts Survival. Ann. Surg. Oncol. 2017, 24, 2206-2212. [CrossRef]

Van Den Heede, K.; Chidambaram, S.; Van Slycke, S.; Brusselaers, N.; Warfvinge, C.F.; Ohlsson, H.; Nordenstrom, E.; Almquist,
M. Effect of primary tumour resection without curative intent in patients with metastatic neuroendocrine tumours of the small
intestine and right colon: Meta-analysis. Br. J. Surg. 2022, 109, 191-199. [CrossRef]

Tierney, ].F,; Chivukula, S.V.; Wang, X.; Pappas, S.G.; Schadde, E.; Hertl, M.; Poirier, J.; Keutgen, X.M. Resection of primary tumor
may prolong survival in metastatic gastroenteropancreatic neuroendocrine tumors. Surgery 2019, 165, 644-651. [CrossRef]
Tsilimigras, D.I.; Hyer, ].M.; Paredes, A.Z.; Ejaz, A.; Cloyd, ] M.; Beane, ].D.; Dillhoff, M.; Tsung, A.; Pawlik, T.M. Resection of
Primary Gastrointestinal Neuroendocrine Tumor Among Patients with Non-Resected Metastases Is Associated with Improved
Survival: A SEER-Medicare Analysis. J. Gastrointest. Surg. 2021, 25, 2368-2376. [CrossRef]

Lewis, A.; Raoof, M.; Ituarte, PH.G.; Williams, J.; Melstrom, L.; Li, D.; Lee, B.; Singh, G. Resection of the Primary Gastrointestinal
Neuroendocrine Tumor Improves Survival with or Without Liver Treatment. Ann. Surg. 2019, 270, 1131-1137. [CrossRef]
[PubMed]

Cipriani, F.; Rawashdeh, M.; Ahmed, M.; Armstrong, T.; Pearce, N.W.; Abu Hilal, M. Oncological outcomes of laparoscopic
surgery of liver metastases: A single-centre experience. Updates Surg. 2015, 67, 185-191. [CrossRef] [PubMed]

Wang, G.; Luo, Y.; Qi, W.; Yuan, C.; Xiu, D. Determination of surgical margins in laparoscopic parenchyma-sparing hepatectomy
of neuroendocrine tumors liver metastases using indocyanine green fluorescence imaging. Surg. Endosc. 2022, 36, 4408-4416.
[CrossRef] [PubMed]

Fretland, A.A.; Dagenborg, V].; Bjornelv, GM.W.,; Kazaryan, A.M.; Kristiansen, R.; Fagerland, M.W.; Hausken, J.; Tonnessen, T.L;
Abildgaard, A.; Barkhatov, L.; et al. Laparoscopic Versus Open Resection for Colorectal Liver Metastases: The OSLO-COMET
Randomized Controlled Trial. Ann. Surg. 2018, 267, 199-207. [CrossRef] [PubMed]

Mogl, M.T.; Ollinger, R.; Jann, H.; Gebauer, B.; Fehrenbach, U.; Amthauer, H.; Wetz, C.; Schmelzle, M.; Raschzok, N.; Krenzien,
F; et al. Differentiated Strategies for the Therapy of Liver Metastases in Gastro-entero-pancreatic Neuroendocrine Neoplasia.
Zentralbl. Chir. 2022, 147, 270-280. [CrossRef] [PubMed]

Okumura, S.; Goumard, C.; Gayet, B.; Fuks, D.; Scatton, O. Laparoscopic versus open two-stage hepatectomy for bilobar colorectal
liver metastases: A bi-institutional, propensity score-matched study. Surgery 2019, 166, 959-966. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.2217/ije-2016-0006
http://doi.org/10.1038/modpathol.2010.58
http://doi.org/10.1245/s10434-017-5899-y
http://doi.org/10.1093/bjs/znab413
http://doi.org/10.1016/j.surg.2018.09.006
http://doi.org/10.1007/s11605-020-04898-8
http://doi.org/10.1097/SLA.0000000000002809
http://www.ncbi.nlm.nih.gov/pubmed/29746336
http://doi.org/10.1007/s13304-015-0308-1
http://www.ncbi.nlm.nih.gov/pubmed/26109140
http://doi.org/10.1007/s00464-021-08791-6
http://www.ncbi.nlm.nih.gov/pubmed/35006372
http://doi.org/10.1097/SLA.0000000000002353
http://www.ncbi.nlm.nih.gov/pubmed/28657937
http://doi.org/10.1055/a-1830-8442
http://www.ncbi.nlm.nih.gov/pubmed/35705089
http://doi.org/10.1016/j.surg.2019.06.019

	Introduction 
	Materials and Methods 
	Patient Demographic and Clinical Data 
	Statistical Analysis 

	Results 
	Patient Characteristics 
	Outcome according to the Indication for Liver-Directed Surgery in NELM 
	Comparison of Minimally Invasive and Open Liver Surgery: Propensity Score Matching 

	Discussion 
	Conclusions 
	References

