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Background: In patients with neuroendocrine liver metastasis (NELM),
liver transplantation (LT) is an alternative to liver resection (LR),
although the choice of therapy remains controversial. In this multicenter
study, we aim to provide novel insight in this dispute.
Methods: Following a systematic literature search, 15 large international
centers were contacted to provide comprehensive data on their patients
after LR or LT for NELM. Survival analyses were performed with the
Kaplan-Meier method, while multivariable Cox regression served to
identify factors influencing survival after either transplantation or resec-
tion. Inverse probability weighting and propensity score matching was
used for analyses with balanced and equalized baseline characteristics.
Results: Overall, 455 patients were analyzed, including 230 after LR
and 225 after LT, with a median follow-up of 97 months [95% con-
fidence interval (CI): 85–110 months]. Multivariable analysis revealed

G3 grading as a negative prognostic factor for LR [hazard ratio
(HR)= 2.22, 95% CI: 1.04–4.77, P= 0.040], while G2 grading (HR=
2.52, 95% CI: 1.15–5.52, P= 0.021) and LT outside Milan criteria
(HR= 2.40, 95% CI: 1.16–4.92, P= 0.018) were negative prognostic
factors in transplanted patients. Inverse probability-weighted multi-
variate analyses revealed a distinct survival benefit after LT. Matched
patients presented a median overall survival (OS) of 197 months (95%
CI: 143–not reached) and a 73% 5-year OS after LT, and 119 months
(95% CI: 74–133 months) and a 52.8% 5-year OS after LR (HR= 0.59,
95% CI: 0.3–0.9, P= 0.022). However, the survival benefit after LT
was lost if patients were transplanted outside Milan criteria.
Conclusions: This multicentric study in patients with NELM demonstrates a
survival benefit of LT over LR. This benefit depends on adherence to
selection criteria, in particular low-grade tumor biology and Milan criteria,
and must be balanced against potential risks of LT.
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T he incidence of gastroenteropancreatic neuroendocrine tumors
(NETs) increased over recent years to the point that this entity

is no longer a rarity for general surgeons.1,2 We have learned that
for this heterogenous group of tumors, both the prognosis and
biological behavior mostly rely to the site of the primary tumor,
stage, and grading.1,3 When NELM (neuroendocrine liver meta-
stases) are already present at the time of diagnosis, which is seen in
about half of the cases due to the portal venous drainage, the
5-year survival is poor, ranging between 20% and 40%.4–6

Treatment options for metastatic NET evolved over the last
years as displayed by current international guidelines and
recommendations.2,7–12 Despite some benefit regarding pro-
gression-free survival (PFS), none of the treatments demonstrated
an overall survival (OS) benefit in these patients.13–16 For example,
peptide receptor radionuclide (PRRT), which showed promising
results after treatment with 177Lu-DOTATATE in patients with
metastatic midgut NET, failed to provide a survival benefit in the
final analysis.17,18 In patients with resectable NELM, resection
remains the first choice,12,19,20 although complete (R0) liver resec-
tion (LR) is feasible in only a minority (7%–15%) of patients and
recurrence is almost the rule (70%–90%), mostly occurring within
the 2 first years after surgery due to residual microscopic
disease.21–23 This limitation is largely underestimated by pre-
operative or even intraoperative imaging.24 Liver transplantation
(LT) has therefore been introduced for selected patients with
NELM, like the situation in hepatocellular carcinoma, to maximize
surgical radicality and minimize early recurrence in and outside the
liver.25 Selection of patients with NELM for LT relies on a disease
limited to the liver, a moderate disease load and a stable behavior
over the last few months, reflecting a low-grade biology.26

The choice between LR and LT remains a debated topic,
with limited and unconvincing data favoring one or the other
approach.2,10,11,27 While LR and LT have been explored sepa-
rately, a comparative analysis is missing and the recommendation
in guidelines only depends on expert consensus.12,23 This short-
coming is mostly due to the heterogeneity of patient cohorts. The
aim of this multicentric study was to compare patient outcomes
after LR versus LT through the loupe of a matched analysis.

METHODS
Fifteen large international centers were identified and con-

tacted following a systematic literature search, to provide compre-
hensive long-term data on patients after LR or LT for NELM. The
search strategy for the identification of international centers was
provided in Supplementary Material 1 (Supplemental Digital Con-
tent 1, http://links.lww.com/SLA/E183). Data were collected retro-
spectively between 1988 and 2021, including demographics, patient
outcomes, types of treatment (resection or transplantation), recur-
rence, and survival status at the last follow-up. The primary tumor
location (if available), presence of extrahepatic metastasis, histology
including differentiation, the extent of liver metastasis, and man-
agement of the primary tumor were included. NET grading was
performed according to the WHO classification into G1 (<2% Ki-
67 positive cells or mitotic figures per 10 HPF), G2 (2%–20%), or
G3 (>20%). Patients who did not undergo LR or LT were excluded
from the study. The primary aim of the study was to evaluate the
association between the type of curative treatment (resection or

transplantation) and patient OS. Secondary aims were to study the
association between the type of treatment and PFS and to identify
prognostic factors for survival after LT. Imaging for preoperative
workup included computerized tomography, magnetic resonance
imaging, or different kinds of sandostatin receptor imaging
(octreotide scan or Gallium-68-DOTATOC-PET), whenever possi-
ble. Patients were discussed in separate interdisciplinary tumor
boards of each participating center. If available in a specific center,
the decision for LT was based on center-specific criteria (Table 2).
Patients were followed up using repeated abdominal imaging every
6 to 12 months or whenever clinically indicated. The respective local
authorities approved the use of patient-level data for this analysis.

Statistical Analyses
OS was defined as the time interval between the date of LR

or LT and the death of any cause. Patients alive at the last follow-up
were censored and median follow-up time calculated with the
reversed Kaplan-Meier method. Survival probabilities were calcu-
lated using the Kaplan-Meier method, and curves compared with
the log-rank test with Benjamini+Hochberg correction for multiple
comparisons. Univariable and mixed-effect multivariable Cox pro-
portional hazard regression model analyses was performed to
identify predictive factors associated with survival after either
transplantation or resection, with center implemented as a random
variable. The concordance statistic served to assess the goodness of
fit of multivariate models. To account for underlying differences and
minimize bias due to the expected heterogeneity of the collected
data, inverse probability weights based on logistic regression dis-
tance were calculated and weighted multivariate analyses performed
including all patients. Furthermore, 1:1 ratio propensity score
matching was performed using the nearest neighbor method (logistic
regression distance, caliper: 0.1) based on age, primary tumor
location, and tumor grade. Statistical significance was defined as P
value <0.05. Numerical variables are expressed as mean±SD or
median± interquartile range as appropriate, and their distributions
were compared by Student t test (after checking the assumption of
normal distribution by the Shapiro-Wilk test) or Wilcoxon rank-
sum test. Categorical variables are presented as number (n) and
percentage (%), and their distributions were compared with the
Fisher exact test. R V4.0.2 and R-Studio V1.3.1093 were used for
statistical analyses, calculations, and graphical representations.

RESULTS

Baseline Characteristics
Two hundred twenty-five (49.5%) patients undergoing LT

and 230 (50.5%) resected patients were included. Their median
follow-up was 93 months [95% confidence interval (CI):
80–107 months] and 102 months (95% CI: 77–127 months),
respectively. Baseline patient characteristics are given in Table 1. In
summary, most primary NET were located in the pancreas or small
bowel without difference between the 2 groups. Transplanted
patients were younger, had a higher proportion of G1 NET, and
had more, but smaller liver lesions. Selection for LT was performed
according to center-specific criteria, with most centers using a
modified version of the Milan criteria25 (Table 2). Most patients
received long-term immunosuppression with tacrolimus alone.

Survival Outcomes in Unmatched Patients
Overall, the whole cohort of patients with NELM after

LR or LT demonstrated a PFS of 42 months (95% CI:
35.0–54.8 months) and an OS of 127 months (95% CI:
120–151 months). In a first step, PFS and OS were stratified
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between patients undergoing LR versus LT. For transplanted
patients, median PFS was 117 months (95% CI: 71.3–
169.0 months) with a 5-year PFS of 62.4%. In resected
patients, median PFS was significantly reduced with 16 months
(95% CI: 11.6–26.1 months) and a 5-year PFS of 18.1% [hazard
ratio (HR)= 0.28, 95% CI: 0.21–0.36, P< 0.001; Fig. 1A].
Median OS for transplanted patients was 197 months (95% CI:
143–not reached), with a 5-year OS of 74%, while OS in resected
patients was again significantly reduced with 119 months (95%
CI: 82–130 months) and a 5-year OS of 68.8% (HR= 0.65, 95%
CI: 0.48–0.87, P= 0.004; Fig. 1B). Postoperative 90-day mor-
tality was 1.3% after LR and 5.8% after LT (P= 0.021).

Factors Associated With Survival After
Transplantation and Resection

To identify risk factors for OS, univariable and multivariable
analyses was performed (Table 3). In resected patients, univariable
and multivariable analyses (concordance=0.600, SE=0.035) dem-
onstrated G3 grading as the only factor predicting poorer outcomes
(HR=2.22, 95% CI: 1.04–4.77, P=0.04), while age and primary
tumor location did not influence long-term survival outcome. In
contrast, in transplanted patients, univariable and multivariable
analyses (concordance=0.747, SE=0.036) revealed G2 grading
(HR=2.52, 95% CI: 1.15–5.52, P=0.021) and exceeding Milan

TABLE 1. Patient Characteristics

Median (IQR) or n (%)

LR (N= 230) LT (N= 225) P Value

Age at diagnosis 58.0 (50.0, 66.8) 47.0 (38.0, 55.0) < 0.001
Sex

Female 105 (46) 105 (47) 0.851
Male 125 (54) 120 (53)

Primary tumor location
Small bowel 104 (45) 101 (45)
Pancreas 94 (41) 80 (36) 0.226
Other 32 (14) 44 (20)

Grade
Grade 1 78 (34) 100 (44)
Grade 2 97 (54) 54 (24) < 0.001
Grade 3 19 (8) 10 (4)
Unknown 9 (4) 61 (27)

Ki-67 index (%) 5.00 (2.00, 10.0) 3.00 (1.90, 8.20) 0.059
Lesions largest size 26.5 (15.0, 55.0) 17.3 (7.88, 40.0) 0.01
Lesion number 1.00 (1.00, 3.75) 12.0 (7.00, 100) < 0.001
Result of hepatic resection margin

R0 111 (48) 166 (74)
R1 28 (112) 1 (0.4) < 0.001
R2 37 (16) 0
Unknown 54 (24) 58 (26)

T stage of the primary tumor
T1 5 (2) 4 (2)
T2 44 (19) 29 (13) < 0.001
T3 55 (24) 36 (16)
T4 28 (12) 20 (9)
Unknown 98 (43) 136 (60)

N stage of the primary tumor
N0 29 (13) 18 (8)
N+ 106 (44) 71 (32) < 0.001
Unknown 95 (41) 136 (60)
90-d mortality 3 (1) 13 (6) 0.021

Resection
Minor 127 (55.2)
Major 98 (42.6) —
Missing 5 (2)

IQR indicates interquartile range.
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criteria (HR=2.40, 95% CI: 1.16–4.92, P=0.018) as unfavorable
prognostic factors. Median OS of patients with G1 NET was
220 months (95% CI: 197–not reached) with 92.9% 5-year survival,
compared with 120 months (95% CI: 98–not reached) and a 70.0%
5-year survival in patients with G2 histology (Fig. 2A). Ki-67, a
marker for tumor cell proliferation, was assessed and the available
population dichotomized at the median value of 5%. LT patients
with Ki-67 staining <5% had an OS of 220 months (95% CI: 216–
not reached) compared with 120 months (95% CI: 70–not reached,
P<0.001) in patients with Ki-67 staining ≥5% (Fig. 2B).

Inverse Probability-weighted Analyses
To account for underlying patient baseline differences and

the expected heterogeneity of the collected data and minimize
selection bias among centers, we calculated inverse probability
weights for receiving LT versus LR based on previously descri-
bed and above-identified factors influencing outcomes after
either both treatments, namely, age, ENETS grade, and primary
tumor localization. Based on these weights, age (P= 0.331),
grade (G2: P= 0.710, G3: P= 0.885), or tumor localization
(P= 0.930) did not influence the choice of treatment (LR vs LT).

FIGURE 1. A, Kaplan-Meier curves depicting PFS of patients with NELM undergoing LR or LT. B, Kaplan-Meier curves depicting OS
of patients with NELM undergoing LR or LT.

TABLE 3. Univariable and Multivariable Analyses of Factors Associates With Survival After LT or Liver Surgery for NELM

Variables N [n (%)] OS [Median (95% CI)] (mo)
Univariate Analysis
[HR (95% CI)] P

Multivariate Analysis
[HR (95% CI)] P

LT
Age 1.02 (1.00–1.04) 0.127 0.99 (0.96–1.02) 0.51
Primary location
Pancreas 101 (45) 123 (98–NA) — — — —
Small bowel 79 (35) 216 (151–NA) 0.60 (0.35–1.01) 0.055 0.74 (0.37–1.50) 0.407
Other 44 (20) 143 (78–NA) 0.94 (0.53–1.66) 0.82 1.35 (0.59–3.08) 0.481

Tumor grade
G1 99 (44) 220 (197–NA) — — — —
G2 54 (24) 120 (98–NA) 3.01 (1.53–5.92) 0.001 2.52 (1.15–5.52) 0.021
G3 10 (4.5) 49 (11–NA) 3.79 (1.55–9.23) 0.003 1.92 (0.67–5.49) 0.222

Milan criteria
Inside 86 (52) 320 (NA–NA) — — — —
Outside 78 (46) 107 (69–216) 3.67 (1.98–6.81) < 0.001 2.40 (1.16–4.92) 0.018

LR
Age 1.00 (0.99–1.02) 0.803 1.00 (0.98–1.02) 0.957
Primary location
Pancreas 104 (45) 122.1 (84.34–NA) — — — —
Small bowel 94 (41) 107 (70–130) 1.43 (0.94–2.17) 0.092 1.39 (0.89–2.17) 0.152
Other 31 (14) 79.05 (57.79–NA) 1.56 (0.81–2.99) 0.18 1.39 (0.71–2.74) 0.337

Tumor grade
G1 77 (34) 123.98 (107–141.58) — — — —
G2 124 (54) 118 (76.94–155) 0.97 (0.63–1.48) 0.878 1.05 (0.67–1.63) 0.844
G3 19 (8) 39 (19.45–NA) 2.23 (1.07–4.65) 0.032 2.22 (1.04–4.77) 0.04

Resection margin
R0 110 (48) 120 (95–144) — — — —
R1 28 (12) 111 (53–NA) 1.24 (0.65–2.34) 0.512 1.09 (0.54–2.19) 0.817
R2 37 (16) 87 (62–NA) 1.53 (0.82–2.85) 0.183 1.53 (0.80–2.90) 0.195

Bold indicates a statistically significant.
NA indicates not available.
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Weighted multivariable logistic regression analyses for 10-year
OS, however, revealed a distinct survival benefit for patients
undergoing LT compared with LR (P= 0.0004), which was more
pronounced than in unweighted analyses (0.027). Survival was
furthermore reduced by G2 (P= 0.015) and G3 grade
(P≤ 0.001). Similar findings were obtained with weighted mul-
tivariable cox regression analysis, with LT showing improved
survival (P= 0.012), while G3 decreased survival (P= 0.031).

Survival Outcomes in Matched Patient Cohorts
Next, a 1:1 propensity score match of R0 resected patients

undergoing LT or LR based on age, tumor grade, and primary
tumor location was performed to compare long-term outcomes in a
comparable patient cohort (n=192). The match equalized under-
lying differences in age, tumor grading, median Ki-67 count, and
largest tumor lesion size (Table 4). After matching, PFS in LT
patients was 107 months (95% CI: 69–216 months), their 5-year PFS
was 64.2%, compared with 18 months (95% CI: 12.8–37 months)
and 14.2% 5-year PFS in resected patients (HR=0.25, 95% CI:
0.16–0.39, P=0.001, Fig. 3A). The benefit in PFS translated into a
significantly improved OS, which was 205 months (95% CI: 143–not

reached) with a 5-year OS of 75% after LT, versus 120 months (95%
CI: 74–133 months) with a 5-year OS of 68.3% after resection
(HR=0.56, 95% CI: 0.35–0.90, P=0.015, Fig. 3B). Finally, patients
were compared regarding their status inside or outside Milan criteria.
In the overall cohort, patients within Milan criteria, OS after LT was
320 months (95% CI: not reached) versus 120 months (95% CI: 95–
not reached) after resection (HR=0.24, 95% CI: 0.11–0.48,
P<0.001). This OS benefit was preserved when only matched
patients were considered (LT: median survival not reached, 95% CI:
not reached–not reached vs LR: 119 months, 95% CI: 75–not
reached, HR=0.18, 95% CI: 0.06–0.52, P=0.00042, Fig. 3C). In
contrast, OS was similar after LT and LR for patients outside Milan
in the whole cohort (107 months, 95% CI: 69–216 vs 111 months,
95% CI: 69–134, HR=0.87, 95% CI: 0.55–1.35, P=0.54) as well as
for matched patients (LR: 74 months, 95% CI: 52.8–not reached vs
LT: 127 months, 95% CI: 69–not reached, HR=0.64, 95% CI:
0.31–1.33, P=0.24, Fig. 3D).

DISCUSSION
This large multicentric study offers new insights into the sur-

gical management of NELM. LT offers not only a far better PFS
than LR in comparable groups of patients but also a significant
benefit on long-term survival. The benefit of LT relies on adherence
to selection criteria, most notably a low-grade tumor biology. In
patients outside Milan criteria, the transplant benefit is lost. Our data
highlight the pivotal role of tumor biology as a prognostic factor for
NELM, and thus as a key selection criterion for LT.

Several authors have reported encouraging results for LT
in patients with NELM, but only one comparative study from
Milan is available comparing 42 patients after LT to patients
who received medical treatment only.25 The main criticism with
this study was the limited sample size and the inherent hetero-
geneity of patient cohorts. To minimize this bias, we performed
inverse probability weighting and propensity score matching,
uniquely possible here due to a large number of patients, which
represents the highest available level of evidence and considering
that a randomized controlled trial is not feasible in this disease.25

In addition, the long follow-up time available in our study
enabled us to gauge the long-term effects of surgery, which are
otherwise difficult to assess due to the slow evolution of low-
grade NET.28,29

FIGURE 2. A, Kaplan-Meier curves depicting OS of patients with NELM undergoing LT stratified according to ENETS tumor grade.
B, Kaplan-Meier curves depicting OS of patients with NELM undergoing LT stratified according to Ki-67 staining (<5% vs ≥5%).

TABLE 4. Baseline Characteristics of Patients After Propensity
Score Matching

LR (N= 96) LT (N= 96) P Value

Age at diagnosis 51.0 (42.0, 57.9) 50.5 (41.0, 57.0) 0.628
Sex (female/male) [n (%)] 42 (43.8)/54

(56.2)
43 (44.8)/53

(55.2)
1

Primary tumor location [n (%)]
Small bowel 32 (33.3) 33 (34.4) 0.829
Pancreas 48 (50.0) 44 (45.8)
Other 16 (16.7) 19 (19.8)

Grade [n (%)]
Grade 1 38 (39.6) 38 (39.6)
Grade 2 45 (46.9) 44 (45.8) 0.829
Grade 3 6 (6.2) 4 (4.2)
Grade unknown 7 (7.3) 10 (10.4)

Ki-67 index (%) 5.00 (2.00, 10.0) 5.80 (2.00, 9.00) 0.094
Lesions largest size (mm) 30.0 (15.0, 55.0) 22.0 (13.0, 60.0) 0.222
Lesion number 1.00 (1.00, 3.00) 10.0 (7.00, 100) < 0.001
90-d mortality [n (%)] 2 (2.1) 7 (7.3) 0.185

Continuous variables are shown as median (interquartile range).
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Despite the advent of many innovative treatment
modalities, the standard approach to NELM remains resection.
In the rare patients with solitary metastasis, where radical (R0)
surgery is possible, excellent long-term outcomes can be
obtained such as shown by an US multicentric analysis
including 581 patients.12,30 The drawback of an upfront surgi-
cal approach is incomplete tumor resection leaving behind
microscopic disease in most patients. This relies on 3 different
growth patterns of NELM, described by Frilling et al.31 While
type I NELM show isolated single lesions, type II NELM
present with a metastatic bulk with smaller surrounding lesions,
always involving both hemi livers, and type III NELM grow as
disseminated bilobar tumor growth invading near all liver
parenchyma. Consequently, radical resection is reserved for
patients with type I and some selected patients with type II.
Technical advances in liver surgery, such as associating liver
partition and portal vein ligation for staged hepatectomy, have
been shown to increase the percentage of R0 resection rates of
multiple liver metastasis.32 However, the major drawback of
any LR is to leave behind potential microscopic disease, pro-
viding the soil for recurrence. Microscopic disease is typically
not detected by preoperative imaging or intraoperative

ultrasound, but resides in the hepatic parenchyma.24 This
explains the high recurrence rates after resection of NELM.12,33

The rationale behind LT to treat unresectable liver
tumors was originally conceived by Starzl in his pioneering
studies.34 Despite the technical success, poor oncological
outcomes after LT in the 1960–1990s faded away the
enthusiasm.23,34 Over the years, advances in immunosup-
pression and perioperative patient management, and finally the
introduction of better selection criteria, for example, Milan
criteria for HCC or the Mayo protocol for perihilar chol-
angiocellular carcinoma, renewed the interest in transplant
oncology. Over time, selection criteria for LT in NELM
patients improved. The report on the European Liver Trans-
plant Registry (ELTR), including 213 liver recipients, reported
a 5-year OS of 52%.35 This study was the first to identify several
prognostic factors including major resection in addition to LT,
poor tumor differentiation, or large involvement of the liver
(tumor hepatomegaly).35 More recently, the Milan group pro-
posed refined selection criteria which allowed for staggering
results (94% 5-year survival rate).25 These encouraging
improvements further emphasized the possibility of a curative
role of LT in the treatment of selected NELM patients.

FIGURE 3. A, Kaplan-Meier curves depicting PFS of propensity score–matched patients with NELM undergoing LR or LT.
B, Kaplan-Meier curves depicting OS of propensity score–matched patients with NELM undergoing LR or LT. C, Kaplan-Meier
curves depicting OS of propensity score–matched patients with NELM inside modified Milan criteria undergoing LR or LT. D,
Kaplan-Meier curves depicting OS of propensity score–matched patients with NELM outside modified Milan criteria undergoing
LR or LT.
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The issue today is whether resectable patients might also
be transplanted. Macroscopic growth patterns and tumor load
are predictive for survival after LR.31 In the context of LT,
tumor biology and stability under medical treatment turned out
to be more important. NET represent a very heterogenous group
of tumors, so treatment strategies need to be adapted according
to prognostic, biologic risk factors. According to the WHO 2017
or ENETS classifications, NET are currently graded on the basis
of tumor proliferation (Ki-67, mitotic index).36,37 In the present
study, G3 grading was identified as a risk factor for reduced
survival after LR and G2 grading (with a cutoff level ≥ 5%) was
a risk factor for worse survival after LT. These findings highlight
the importance of tumor biology as a critical prognostic factor,
and a key selection criterion for LT. Some centers traditionally
accept a Ki-67 index of up to 10% as candidates for LT, indi-
cating that the group of G2 NET does not have a uniform
prognosis. Indeed, this is a drawback of the current WHO and
ENETS grading system which does not optimally discriminate
patients with G2 NET.38,39 In the present analysis, many par-
ticipating institutions used a Ki-67 index cutoff at 10% for LT,
which was defined arbitrarily. In the present analysis, we
observed a good cutoff level between good (220 months) and
reduced (120 months) survival in our patient cohort at the
median (5%) of our cohort, which suggests that LT in patients
with NELM >G1 requires careful selection, and that the his-
torical cutoff of 10% might be too optimistic.

Treatment modalities for metastatic NET underwent a
major evolution, and it may be expected that more effective
systemic treatment will further improve the results of LR and
LT. Medical treatments such as somatostatin analogs, mTOR
inhibitors, tyrosine kinase inhibitors, cytotoxic regimens (eg,
temozolomide and capecitabine) and PRRT all have indeed
shown in placebo-controlled studies to improve PFS compared
with controls.7,18,40–43 Hence, none of these medical treatments
translated into better survival. The randomized NETTER-1
trial, including only midgut tumors for PRRT, demonstrated an
18% response rate indicating that tumor downsizing is possible,17

and some retrospective studies indicate that PRRT is also
effective in the case of metastatic pancreatic NET.44,45 In this
sense, PRRT may help to increase resection rates if used as a
neoadjuvant treatment or enable better control of a disease
relapse after LR or LT.46 Likewise, mTOR inhibitors, which
demonstrated to improve PFS in metastatic NET, may help to
improve tumor control after LT if used in the immunosup-
pressive regimen.14 Recently, a multicenter trial identified a
benefit for mTOR inhibitors in patients after LT for active
hepatocellular carcinoma compared with immunosuppression
with a calcineurin inhibitor.47 Likewise, the use of an mTOR
inhibitor may also improve tumor control after LT for NELM,
avoiding negative impacts of posttransplant immunosuppression
by calcineurin inhibitors. The use of steroid-free, low-dose
tacrolimus regimens is another option which needs future eval-
uation in the context of LT for NELM.48

The finding of better survival in patients with low-grade
NELM after LT should close the debate about whether LT is
justified for this particular indication. The proposed Milan cri-
teria provide a solid and comprehensive basis for patient selec-
tion, and selection of patients outside Milan criteria should be
avoided. Tumor biology remains the critical parameter and a Ki-
67 index > 5% should call for caution. Careful selection of LT
candidates remains critical to justify the use of any graft,
including split and living donor grafts. NELM patients usually do
not present with portal hypertension and can usually well tolerate
small size grafts.34,49,50 These patients, if selected for LT, must

benefit from a Model for End-stage Liver Disease exception
status to secure timely transplantation, and this can probably best
be achieved using partial livers such as split and living donor LT.
Public discussions must be avoided such as that seen following
the transplantation of Apple CEO Steve Jobs.34,51,52 Despite
superior results of LT on long-term outcomes for a subgroup of
NELM patients, the decision in an individual patient remains
difficult, mostly due to the higher invasiveness and risks of LT.
Despite a better survival in transplanted compared with resected
patients, a uniform use of LT for patients with NELM is unlikely
to happen for several reasons. First, morbidity and mortality
after LT are higher compared with LR, also reflected by the
numbers in the present study. It remains, therefore an individual
decision whether a patient is willing to undergo LT expecting a
benefit on the long-term outcome, which becomes apparent only
after many years, at the price of potentially severe complications.
The second issue is a more general ethical question. An unre-
stricted recommendation for LT in the setting of NELM would
create significant pressure on the waiting list. The current dis-
cussion about the role of LT for various types of liver metastasis
must intensify our discussions on how to expand the donor pool,
for example, by higher utilization rates or the use of living
donors. In addition, waiting list priority of patients with chronic
liver failure must be protected from an increasing number of
oncologic patients who profit from prioritization by Model for
End-stage Liver Disease exception points.

We would like to acknowledge the limitations of this
study. There is missing data for N and T stages of the primary
tumors due to the retrospective nature of this study. In the
metastatic situation, however, tumor grading and tumor load are
the main prognostic factors, apart from extrahepatic disease or
nonradical resections which were excluded in the present anal-
ysis. In contrast, T and N stage did not appear as independent
prognostic factors in this or in previous analyses. We, therefore,
do not expect the missingness of this data to have an impact on
the conclusion of this paper. Second, the time of diagnosis to
treatment may differ for LT or LR. We decided not to use the
time of diagnosis but the time of surgery to calculate outcomes,
to remain conservative, and avoid an overinterpretation and bias
in favor of LT patients. Similar, patients might have undergone
systemic therapies before surgery, which were not available in
detail for this analysis. However, as discussed above, none of
these therapies so far demonstrated a benefit on OS. Finally, we
decided not to match the patients for the number of metastases,
which is obviously higher in patients selected for LT who are
considered as nonresectable in most of the cases. The result is a
higher number of metastases in the LT group which does not
reflect a bias in favor of LT patients and underlines the benefit of
LT compared with LR in patients with NELM.

Individualized treatment or precision medicine is the
future of surgical oncology. In NELM patients, an important
subset remains without recurrence after LR and has a stable
disease over a long period of time. Similar, after PRRT, some
patients may undergo long-term remission despite the overall
negative result from the NETTER trial. One of the future
challenges, therefore, is to identify these subgroups, not possible
here with the available data, due to the missingness of parame-
ters or the availability of molecular data that are required for
further prognostic discrimination. The future challenge will be to
identify the subset of patients with a limited number of meta-
stasis but with a high risk of hepatic recurrence, which is likely
caused by molecular mechanisms that yet remain to be identified.
Until this data is available, our data suggests that LT offers
better long-term outcomes than LR. However, this is limited to
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highly selected patients and comes at the price of a higher
morbidity and mortality.

In conclusion, our study should justify LT as a treatment
modality in patients with NELM offering superior PFS and OS
on the condition that strict selection criteria are followed.

REFERENCES
1. Dasari A, Shen C, Halperin D, et al. Trends in the incidence, prevalence,

and survival outcomes in patients with neuroendocrine tumors in the
United States. JAMA Oncol. 2017;3:1335–1342.

2. Howe JR, Cardona K, Fraker DL, et al. The surgical management of
small bowel neuroendocrine tumors: Consensus Guidelines of the North
American Neuroendocrine Tumor Society. Pancreas. 2017;46:715–731.

3. Halfdanarson TR, Rabe KG, Rubin J, et al. Pancreatic neuroendocrine
tumors (PNETs): incidence, prognosis and recent trend toward improved
survival. Ann Oncol. 2008;19:1727–1733.

4. Chamberlain RS, Canes D, Brown KT, et al. Hepatic neuroendocrine
metastases: does intervention alter outcomes? J Am Coll Surg.
2000;190:432–445.

5. House MG, Cameron JL, Lillemoe KD, et al. Differences in survival for
patients with resectable versus unresectable metastases from pancreatic
islet cell cancer. J Gastrointest Surg. 2006;10:138–145.

6. Modlin IM, Lye KD, Kidd M. A 5-decade analysis of 13,715 carcinoid
tumors. Cancer. 2003;97:934–959.

7. Pavel M, Oberg K, Falconi M, et al. Gastroenteropancreatic neuro-
endocrine neoplasms: ESMO Clinical Practice Guidelines for diagnosis,
treatment and follow-up. Ann Oncol. 2020;31:844–860.

8. Pavel M, O’Toole D, Costa 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.

9. Shah MH, Goldner WS, Halfdanarson TR, et al. NCCN Guidelines
Insights: Neuroendocrine and Adrenal Tumors, Version 2.2018. J Natl
Compr Canc Netw. 2018;16:693–702.

10. Boudreaux JP, Klimstra DS, Hassan MM, et al. The NANETS
consensus guideline for the diagnosis and management of neuroendocrine
tumors: well-differentiated neuroendocrine tumors of the jejunum, ileum,
appendix, and cecum. Pancreas. 2010;39:753–766.

11. Niederle B, Pape UF, Costa F, et al. ENETS Consensus Guidelines
Update for Neuroendocrine Neoplasms of the Jejunum and Ileum.
Neuroendocrinology. 2016;103:125–138.

12. Frilling A, Modlin IM, Kidd M, et al. Recommendations for manage-
ment of patients with neuroendocrine liver metastases. Lancet Oncol.
2014;15:e8–e21.

13. Caplin ME, Pavel M, Cwikla JB, et al. Anti-tumour effects of lanreotide
for pancreatic and intestinal neuroendocrine tumours: the CLARINET
open-label extension study. Endocr Relat Cancer. 2016;23:191–199.

14. Yao JC, Fazio N, Singh S, et al. Everolimus for the treatment of
advanced, non-functional neuroendocrine tumours of the lung or
gastrointestinal tract (RADIANT-4): a randomised, placebo-controlled,
phase 3 study. Lancet. 2016;387:968–977.

15. Xu J, Shen L, Bai C, et al. Surufatinib in advanced pancreatic
neuroendocrine tumours (SANET-p): a randomised, double-blind,
placebo-controlled, phase 3 study. Lancet Oncol. 2020;21:1489–1499.

16. Pavel ME, Baudin E, Öberg KE, et al. Efficacy of everolimus plus
octreotide LAR in patients with advanced neuroendocrine tumor and
carcinoid syndrome: final overall survival from the randomized, placebo-
controlled phase 3 RADIANT-2 study. Ann Oncol. 2017;28:1569–1575.

17. Strosberg J, El-Haddad G, Wolin E, et al. Phase 3 trial of (177)Lu-
dotatate for midgut neuroendocrine tumors. N Engl J Med.
2017;376:125–135.

18. Strosberg JR, Caplin ME, Kunz PL, et al. Lu-Dotatate plus long-acting
octreotide versus high‑dose long-acting octreotide in patients with midgut
neuroendocrine tumours (NETTER-1): final overall survival and long-
term safety results from an open-label, randomised, controlled, phase 3
trial. Lancet Oncol. 2021;22:1752–1763.

19. Kulke MH, Anthony LB, Bushnell DL, et al. NANETS treatment
guidelines: well-differentiated neuroendocrine tumors of the stomach and
pancreas. Pancreas. 2010;39:735–752.

20. Kaltsas G, Caplin M, Davies P, et al. ENETS Consensus Guidelines for
the Standards of Care in Neuroendocrine Tumors: pre- and perioperative
therapy in patients with neuroendocrine tumors. Neuroendocrinology.
2017;105:245–254.

21. Mayo SC, de Jong MC, Pulitano C, et al. Surgical management of
hepatic neuroendocrine tumor metastasis: results from an international
multi-institutional analysis. Ann Surg Oncol. 2010;17:3129–3136.

22. Lesurtel M, Nagorney DM, Mazzaferro V, et al. When should a liver
resection be performed in patients with liver metastases from neuro-
endocrine tumours? A systematic review with practice recommendations.
HPB. 2015;17:17–22.

23. Moris D, Tsilimigras DI, Ntanasis-Stathopoulos I, et al. Liver trans-
plantation in patients with liver metastases from neuroendocrine tumors:
a systematic review. Surgery. 2017;162:525–536.

24. Elias D, Lefevre JH, Duvillard P, et al. Hepatic metastases from
neuroendocrine tumors with a “thin slice” pathological examination: they
are many more than you think. Ann Surg. 2010;251:307–310.

25. Mazzaferro V, Sposito C, Coppa J, et al. The long-term benefit of liver
transplantation for hepatic metastases from neuroendocrine tumors. Am J
Transplant. 2016;16:2892–2902.

26. Mazzaferro V, Pulvirenti A, Coppa J. Neuroendocrine tumors metastatic
to the liver: how to select patients for liver transplantation? J Hepatol.
2007;47:460–466.

27. Gurusamy KS, Ramamoorthy R, Sharma D, et al. Liver resection versus
other treatments for neuroendocrine tumours in patients with resectable
liver metastases. Cochrane Database Syst Rev. 2009;2:CD007060.

28. Norlen O, Daskalakis K, Oberg K, et al. Indication for liver trans-
plantation in young patients with small intestinal NETs is rare? World J
Surg. 2014;38:742–747.

29. Schreckenbach T, Hübert H, Koch C, et al. Surgical resection of
neuroendocrine tumor liver metastases as part of multimodal treatment
strategies: a propensity score matching analysis. Eur J Surg Oncol.
2019;45:808–815.

30. Chakedis J, Beal EW, Lopez-Aguiar AG, et al. Surgery provides long-
term survival in patients with metastatic neuroendocrine tumors under-
going resection for non-hormonal symptoms. J Gastrointest Surg.
2019;23:122–134.

31. Frilling A, Li J, Malamutmann E, et al. Treatment of liver metastases
from neuroendocrine tumours in relation to the extent of hepatic disease.
Br J Surg. 2009;96:175–184.

32. Eshmuminov D, Raptis DA, Linecker M, et al. Meta-analysis of
associating liver partition with portal vein ligation and portal vein
occlusion for two-stage hepatectomy. Br J Surg. 2016;103:1768–1782.

33. Linecker M, Kambakamba P, Raptis DA, et al. ALPPS in neuro-
endocrine liver metastases not amenable for conventional resection—
lessons learned from an interim analysis of the International ALPPS
Registry. HPB (Oxford). 2020;22:537–544.

34. Lerut J, Iesari S, Vandeplas G, et al. Secondary non-resectable liver
tumors: a single-center living-donor and deceased-donor liver trans-
plantation case series. Hepatobiliary Pancreat Dis Int. 2019;18:412–422.

35. Le Treut YP, Gregoire E, Klempnauer J, et al. Liver transplantation for
neuroendocrine tumors in Europe—results and trends in patient selection: a
213-case European liver transplant registry study. Ann Surg. 2013;257:807–815.

36. Rindi G, Klersy C, Albarello L, et al. Competitive Testing of the WHO
2010 versus the WHO 2017 Grading of Pancreatic Neuroendocrine
Neoplasms: data from a large international cohort study. Neuroendocri-
nology. 2018;107:375–386.

37. Inzani F, Petrone G, Rindi G. The New World Health Organization
Classification for Pancreatic Neuroendocrine Neoplasia. Endocrinol
Metab Clin North Am. 2018;47:463–470.

38. Ricci C, Casadei R, Taffurelli G, et al. Validation of the 2010 WHO
classification and a new prognostic proposal: a single centre retrospective
study of well-differentiated pancreatic neuroendocrine tumours. Pancrea-
tology. 2016;16:403–410.

39. Nuñez-Valdovinos B, Carmona-Bayonas A, Jimenez-Fonseca P, et al.
Neuroendocrine tumor heterogeneity adds uncertainty to the World
Health Organization 2010 Classification: Real-World Data from the
Spanish Tumor Registry (R-GETNE). Oncologist. 2018;23:422–432.

40. Auernhammer CJ, Spitzweg C, Angele MK, et al. Advanced neuro-
endocrine tumours of the small intestine and pancreas: clinical develop-
ments, controversies, and future strategies. Lancet Diabetes Endocrinol.
2018;6:404–415.

41. Yao JC, Pavel M, Lombard-Bohas C, et al. Everolimus for the treatment
of advanced pancreatic neuroendocrine tumors: overall survival and
circulating biomarkers from the randomized, phase III RADIANT-3
study. J Clin Oncol. 2016;34:3906–3913.

42. Raymond E, Dahan L, Raoul JL, et al. Sunitinib malate for the treatment of
pancreatic neuroendocrine tumors. N Engl J Med. 2011;364:501–513.

Eshmuminov et al Annals of Surgery � Volume 277, Number 5, May 2023

e1070 | www.annalsofsurgery.com Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc.



43. Strosberg JR, Fine RL, Choi J, et al. First-line chemotherapy with
capecitabine and temozolomide in patients with metastatic pancreatic
endocrine carcinomas. Cancer. 2011;117:268–275.

44. Ramage J, Naraev BG, Halfdanarson TR. Peptide receptor radionuclide
therapy for patients with advanced pancreatic neuroendocrine tumors.
Semin Oncol. 2018;45:236–248.

45. Starr JS, Sonbol MB, Hobday TJ, et al. Peptide receptor radionuclide
therapy for the treatment of pancreatic neuroendocrine tumors: recent
insights. Onco Targets Ther. 2020;13:3545–3555.

46. Parghane RV, Bhandare M, Chaudhari V, et al. Surgical feasibility,
determinants, and overall efficacy of neoadjuvant. J Nucl Med. 2021;62:
1558–1563.

47. Schnitzbauer AA, Filmann N, Adam R, et al. mTOR inhibition is most
beneficial after liver transplantation for hepatocellular carcinoma in
patients with active tumors. Ann Surg. 2020;272:855–862.

48. Lerut J, Mathys J, Verbaandert C, et al. Tacrolimus monotherapy
in liver transplantation: one-year results of a prospective, randomized,
double-blind, placebo-controlled study. Ann Surg. 2008;248:956–967.

49. Line PD, Dueland S. Liver transplantation for secondary liver tumours:
the difficult balance between survival and recurrence. J Hepatol.
2020;73:1557–1562.

50. Broering DC, Schulte am Esch J, Fischer L, et al. Split liver
transplantation. HPB (Oxford). 2004;6:76–82.

51. Nobel YR, Goldberg DS. Variable use of model for end-stage liver disease
exception points in patients with neuroendocrine tumors metastatic to the
liver and its impact on patient outcomes. Transplantation. 2015;99:2341–2346.

52. The New York Times. A transplant that is raising many questions; 2009.
Available at: https://www.nytimes.com/2009/06/23/business/23liver.html?
_r=1&adxnnl=1&pagewanted=all&adxnnlx=1411048884-Sv9SQvWJ1y
4EzJnaQvuX3w. Accessed April 4, 2022.

Annals of Surgery � Volume 277, Number 5, May 2023 Liver Transplantation or Resection for Neuroendocrine Liver Metastasis

Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc. www.annalsofsurgery.com | e1071

https://www.nytimes.com/2009/06/23/business/23liver.html?_r=1&adxnnl=1&pagewanted=all&adxnnlx=1411048884-�Sv9SQvWJ1y4EzJnaQvuX3w
https://www.nytimes.com/2009/06/23/business/23liver.html?_r=1&adxnnl=1&pagewanted=all&adxnnlx=1411048884-�Sv9SQvWJ1y4EzJnaQvuX3w
https://www.nytimes.com/2009/06/23/business/23liver.html?_r=1&adxnnl=1&pagewanted=all&adxnnlx=1411048884-�Sv9SQvWJ1y4EzJnaQvuX3w

