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Abstract Gastroenteropancreatic neuroendocrine tumors
(NET) often metastasize to the liver. Although curative liver
resection provides a favorable prognosis for patients with
neuroendocrine liver metastasis (NELM), with a 5-year
survival rate of 70—80%, recurrence is almost inevitable,
mainly in the remnant liver. In Western countries, liver trans-
plantation (LT) has been performed in patients with NELM,
with the objective of complete removal of macro- and micro-
NELMs. However, prognosis had been unsatisfactory, with
5-year overall survival and recurrence-free survival rates of
approximately 50 and 30%, respectively. In 2007, the Milan
criteria were proposed as indications for LT for NELM. The
criteria included: (1) confirmed histology of NET-G1 or G2;
(2) a primary tumor drained by the portal system and all
extrahepatic diseases removed with curative resection before
LT; (3) liver involvement <50%; (4) good response or stable
disease for at least 6 months before LT; (5) age <55 years.
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A subsequent report demonstrated outstanding LT outcomes
for NELM within the Milan criteria, with 5-year overall sur-
vival and recurrence rates of 97 and 13%, respectively. In
Japan, living donor LT (LDLT) for NELM has been per-
formed sporadically in only 16 patients by 2021 in Japan;
however, no consensus has been reached on the indications
or perioperative management of LDLT. This article presents
the outcomes of these 16 patients who underwent LDLT in
Japan and reviews the literature to clarify optimal indica-
tions and perioperative management of LDLT for NELM in
the era of novel multimodal treatments.
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Introduction

Neuroendocrine neoplasms (NENs) are relatively rare, but
their incidence has increased over the past few decades [1].
In Japan, the age-adjusted annual incidence of gastroentero-
pancreatic (GEP)-NEN was 3.53 per 100,000 population in
2016 [2]. The liver is the most common site of metastasis
from GEP-NEN [3]. In analyses of the Surveillance, Epide-
miology and End Results database, 36 and 12% of patients
with pancreatic and gastrointestinal NENs, respectively, had
synchronous neuroendocrine liver metastasis (NELM) and
86% of those had liver-only metastases [4, 5]. The domi-
nance of liver metastasis is due to the anatomical factor that
the primary sites are drained by portal systems and the pos-
sible biological factor of the high affinity between NEN and
the liver microenvironment.

Numerous retrospective studies have shown a favorable
prognosis for curative or even cytoreductive liver resection
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(LR) for NELM, with a 5-year overall survival (OS) rate
of 70-80% [6-9]. Consequently, several guidelines have
recommended LR for NELM [10-14]. A multi-institutional
Japanese retrospective study, including 222 surgical cases
of NELM, reported a 5-year OS rate of 70% [15]. In con-
trast, the 5-year recurrence-free survival (RFS) rate after
RO/1 resection was only 13%. More than 90% of recurrences
occurred in the remnant liver. These findings suggest that
micrometastases are already present in the remnant liver at
the time of LR and that partial LR cannot provide a genuine
cure for patients with NELM.

In Western countries, liver transplantation (LT) has been
performed in patients with NELM, with the theoretical aim
of complete removal of macro- and micro-NELMs. How-
ever, as shown in Table 1 [16-24], the prognosis in the pre-
vious era was unsatisfactory, with 5-year OS and RFS rates
of approximately 50 and 30%, respectively. Since immu-
nosuppressive therapy can cause tumor progression, which
can result in a poor prognosis, tumors with a high malignant
potential should be a contraindication to LT. Based on previ-
ous findings, Mazzaferro et al. proposed the Milan criteria
to define indications for LT in patients with NELM. Briefly,
the Milan criteria were as follows: (1) confirmed histology
of neuroendocrine tumor (NET) -G1 or G2; (2) primary
tumor drained by the portal system and all extrahepatic dis-
eases removed with curative resection before LT; (3) liver
involvement <50%; (4) good response or stable disease for
at least 6 months before LT; (5) age <55 years [25]. Their
subsequent report demonstrated outstanding outcomes fol-
lowing LT for NELM within the Milan criteria, with 5-year
OS and recurrence rates of 97 and 13%, respectively [26].
Under such strict selection criteria, LT with perioperative
medical management using evolving multimodal treatments
could enhance the chances of cure for patients with NELM.

In Japan, living donor LT (LDLT) for NELM has been
performed sporadically in only 16 patients by the end of

2021, according to the registry of the Japanese Liver Trans-
plantation Society (JLTS) [27]. However, no consensus has
been reached regarding the indications or perioperative treat-
ment of LDLT. Herein, we present the outcomes of these
16 patients who underwent LDLT in Japan and review the
literature to clarify the optimal indications and periopera-
tive management of LDLT for NELM in the era of novel
multimodal treatments.

Outcome of 16 patients with LDLT in Japan

Data were extracted from the JLTS registry database [27].
The registry protocol was comprehensively approved by
the institutional review board of the National Center for
Global Health and Medicine (approval number: NCGM-
S-004559-00), and the use of the registry data for publica-
tion was approved by the registry committee of JLTS. The
requirement for written informed consent was waived due
to the de-identified nature of the database.

A total of 16 patients were identified by the end of 2021.
Fourteen of the 16 patients (88%) underwent LDLT in or
before 2007 (Fig. 1a), when the Milan criteria were pro-
posed. No patients underwent LDLT for NELM after 2012
in Japan. The demographics of the patients are summa-
rized in Table 2. The median age was 30.5 and all patients
were under 60 years of age. Primary tumors were located
in the pancreas in 12 patients (75%), in the rectum in 3
patients (19%), and in the stomach in 1 patient (6%). Most
of the patients had non-functional or unspecified tumors
(9 patients, 56%), while the others had functional tumors,
including gastrinoma and insulinoma in 2 patient each. Four
patients (25%) died within 90 days of LDLT. The median
survival time of 16 patients was 58.4 months [95% confi-
dence interval (CI): 1.6-74.9] and the 5-year OS rate was
50% (Fig. 1b).

Table 1 List of original articles including >50 patients who underwent LT for NELM

Author Year Study period #LT patients 5-year RFS (%) 5-year OS (%) Remarks

Le Treut [16] 2008  1989-2005 85 20 47 Multicenter study in France

Gedaly [17] 2011  1988-2008 150 NA 49 UNOS database, comparing with LT for hepato-
cellular carcinoma

Nguyen [18] 2011  1988-2011 184 NA 49 UNOS/OPTN database

Le Treut [19] 2013 1982-2009 213 30 52 Multicenter study in Europe

Sher [20] 2015 1988-2012 85 NA 52 Multicenter study

Nobel [21] 2015 2002-2014 128 NA 63 UNOS database

Houben [22] 2021 1988-2017 100 NA 56 Collaborative transplant study database

Valvi [23] 2021 1988-2018 206 44 65 UNOS database

Eshmuminov [24] 2023 1988-2021 225 62 74 Multicenter study, comparing with liver resection

LT liver transplantation, NA not available, NELM neuroendocrine liver metastasis, OPTN organ procurement and transplantation network, UNOS

united network for organ sharing
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Fig. 1 LDLT for NELM in Japan. a Annual number of LDLT cases.
b Kaplan—-Meier OS curve after LDLT for NELM. ¢ Timing of mor-
tality, their potential cause, and their improvement. CI confidence

The prognostic outcome of the 16 patients were compara-
ble to that reported in previous cases from Western countries
in earlier eras (Table 1). Although the discouraging outcome
in the previous era would have impaired the promotion of
LDLT for patients with NELM in Japan afterward, we could
find some improvements through analyzing the registry data.
In Fig. 1b, we found 3 timepoints of survival curve drop: (1)
early period (0-3 months after LT); (2) intermediate period
(around 3 years after LT); and (3) late period (around 6 years
after LT). The cause of mortality during each period might
be surgery-related for the early period, early recurrence for
the intermediate period, and progression of recurrent dis-
ease for the late period (Fig. 1c), though we do not have
detailed data regarding recurrence or clinical course after
recurrence. Surgery-related mortality have been overcome
through improved perioperative management. Actually, the
risk of mortality after LDLT for adult patients has decreased
to less than half in the period of 2011-2021 compared to
1989-1999 and 2000-2010 in Japan [28]. Early recurrence
could be excluded through appropriate patient selection.
In the JLTS registry data, 14 of the 16 patients were the
cases before the era of the Milan criteria, and might not
have met the optimal indication criteria of LT in the cur-
rent era. Time to progression of the recurrent disease could
be prolonged through evolving multimodal treatments for

interval, LDLT living donor liver transplantation, MST median sur-
vival time, NELM neuroendocrine liver metastasis, OS overall sur-
vival

NEN. Collectively, it is highly expected that the prognostic
outcome after LDLT for NELM in the current era would
substantially exceed that of the registry data. This review
article aimed to verify these points.

Comparison of long-term outcomes between LT
and non-LT treatments

No randomized controlled trials (RCTs) have compared
the long-term outcomes between LT and LR or medical
treatments. A recent international multi-institutional retro-
spective study by Eshmuminov et al. enrolled 225 and 230
patients who underwent LT and LR for NELM, respectively,
and compared long-term outcomes using propensity score
matching [24]. After the propensity score matching, both
progression-free survival (PFS) and OS were significantly
better in the LT group than those in the LR group (5-year
PFS rates of 64 and 14%, respectively, with 5-year OS rates
of 75 and 68%, respectively). However, in these comparisons
after the propensity score matching, the number of lesions
was markedly unbalanced between the groups, with median
numbers (interquartile range) for the LT and LR groups of
10 (7-100) and 1 (1-3), respectively. In contrast, the pro-
portion of patients with stable disease for at least 6 months
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Table 2 Demographics of 16 patients who underwent LDLT for
NELM in Japan

Variables Median (range) or N (%)
Age 30.5 (23-59)
Sex M/F 8 (50%)/8 (50%)
Primary origin
Pancreas 12 (75%)
Rectum 3 (19%)
Stomach 1 (6%)
Function
Nonfunctional or unspecified 9 (56%)
Gastrinoma 2 (13%)
Insulinoma 2 (13%)
ACTHoma 1 (6%)
Somatostatinoma 1 (6%)
PPoma 1 (6%)
Graft type
Right lobe 8 (50%)
Left lobe 8 (50%)
ABO compatibility
Identical 13 (81%)
Compatible 3 (19%)
30-day mortality 3 (19%)
90-day mortality 4 (25%)

ACTHoma adrenocorticotropic hormone-producing tumor, LDLT liv-
ing donor liver transplantation, NELM neuroendocrine liver metasta-
sis, PPoma polypeptide-secreting tumor

preoperatively, representing the indolent behavior of the
tumor, might be lower in the LR group than in the LT group
(data not shown) because preoperative treatment before LR
has not been practical. The latter bias was addressed through
a subgroup analysis of patients within the Milan criteria,
where the OS benefit of LT over LR was further enhanced.
These biases indicate that LT was performed generally in
patients with unresectable NELM and that the indications
hardly overlapped between LT and LR.

Maspero et al. compared the long-term outcomes of LT
and LR for NELM within the Milan criteria [29]. They spec-
ified that LR was offered to patients with resectable disease,
whereas those with unresectable NELM were considered for
LT. Therefore, the characteristics definitely differed between
the LT and LR groups (including the proportion of patients
with liver involvement >25% of 58% vs. 21%, respectively).
However, OS and RFS were significantly better in the LT
group than in the LR group (10-year OS rates of 93 and
75%, respectively, and 10-year RFS rates of 52 and 18%,
respectively).

Overall, although the comparison between LT and LR
in retrospective studies has been considerably biased, the
favorable long-term outcomes of LT strongly suggest that
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LT can be a curative treatment even for unresectable NELM
under strict selection criteria.

Mazzaferro et al. compared the long-term outcomes of
LT and non-LT treatments for NELM within the Milan
criteria [26]. They screened 280 patients with NELM who
were referred to their center for LT, and 86 met the Milan
criteria: 42 patients underwent LT, whereas the remaining
46 did not due to noncompliance, refusal, or transplant list
unavailability. The burden of liver tumors was well balanced
between the LT and non-LT groups, while the proportion of
G1 was significantly higher in the LT group than in the non-
LT group (79 vs. 52%, respectively). The 10-year OS rates
were 89 and 22% for the LT and non-LT groups, respec-
tively, and the survival benefit of LT over non-LT at 10-year
follow-up was 48.6 months (95% CI: 35.5-61.8). However,
it should be noted that the study period was from 1995 to
2010, when most of the current therapeutic modalities were
not practically available.

The therapeutic modalities for NEN have evolved drasti-
cally over the last decade; somatostatin analogs (SSA) [30,
31], molecular targeted agents (MTA), including everolimus
[32, 33] and sunitinib [34], and peptide receptor radionu-
clide therapy (PRRT) using '""Lu-DOTA TATE [35, 36]
have achieved prolonged PES in RCTs. Above all, PRRT was
shown to reduce the risk of disease progression or death by
79% in patients with progressive unresectable midgut NET
compared to active control in the NETTER-1 trial published
in 2017 [35]. A large-scale study by the Erasmus Medical
Center also showed favorable short- and long-term results
of PRRT, with a response rate of 39% and a median OS of
63 months [37]. Based on these results, the US Food and
Drug Administration-approved PRRT using '"’Lu-DOTA
TATE in 2018. In Japan, it has been covered by insurance
since 2021. Furthermore, NETTER-2 trial recently demon-
strated the effectiveness of PRRT as the first line therapy
for GEP-NET-G2/G3 (Ki-67 index of 10-55%) [36]. Mul-
timodal treatments, including these active agents, would
certainly improve the prognosis of non-LT patients, and the
survival benefit of LT over non-LT treatments, as shown by
Mazzaferro et al. [26], might be attenuated in the modern
era. Nevertheless, these non-LT treatments do not provide
a cure for the disease. The complete response rate to PRRT
was only 2% in the Erasmus Medical Center trial [37]. Fur-
thermore, despite the remarkable prolongation of PFS by
PRRT compared to active control in the NETTER-1 trial,
the final OS analysis of the NETTER-1 trial did not show
significant differences between the PRRT and active control
groups (hazard ratio of 0.84, 95% CI: 0.60-1.17) and the
median OS was only 48.0 months for the PRRT group [38].
Therefore, it is highly anticipated that most young patients
would finally die of NEN after a long tumor-bearing period.
Thus, LT may be a useful modality toward a cure of diseases
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in young patients with unresectable NELM under strict
selection criteria.

Indications of LDLT for patients with NELM

As favorable outcomes of LT for NELM within the Milan
criteria have been demonstrated, the Milan criteria should
be the standard indications for LDLT in Japan. Further-
more, the validity of operating on healthy donors should be
ensured. As mentioned above, Eshmuminov et al. showed
that LT was superior to LR for OS and PFS in a compari-
son of propensity score-matched patients, although patient
backgrounds were not optimally balanced between the study
groups [24]. Nevertheless, from the viewpoint of donor
safety, performing LDLT for resectable NELM would not
be valid. LR should be prioritized over LDLT for resectable
NELM, allowing salvage LT for recurrent NELM after LR.
Below, we will describe the details of the Milan criteria.

(1) Confirmed histology of NET-G1 or G2

The histological grade represents the malignant potential
of NEN. LT should be avoided for tumors with high malig-
nant potential due to the high risk of rapid recurrence under
immunosuppression. NET-G3 and poorly differentiated neu-
roendocrine carcinomas are regarded to be contraindications
for LT because of their high malignant potential [19]. The
Milan criteria include G2 with a Ki-67 index ranging from
3 to 20%. However, some other LT criteria exclude tumors
with Ki-67 index >10% [24]. The optimal cutoff point of the
Ki-67 index for the selection of LT has yet to be determined.
The histological grade is often evaluated by pathological
examination of the resected specimen of the primary tumor.
A grade discrepancy between primary tumor and liver
metastasis was observed in about 30% of cases and most dis-
crepancies were upgrade in liver metastasis [39]. Therefore,
a tumor biopsy of representative liver metastases should be
considered if there are high-grade manifestations (Fig. 2).

(2) Primary tumor drained by the portal system and all
extrahepatic diseases removed with curative resection
prior to LT

The theoretical concept of LT for NELM is complete
removal of macro- and micro-NELMs. This concept is
effective only for primary sites drained by the portal sys-
tem, because primary tumors drained by systemic circu-
lation (such as pulmonary/bronchial/thymus NEN) have
substantially high risk of extrahepatic metastasis, includ-
ing lymph nodes, bone, and brain, compared to gastro-
entero-pancreatic NEN [3].

Regarding simultaneous resection of the primary tumor
with LT, the addition of a “major procedure,” including
pancreaticoduodenectomy or all types of pancreatectomy
and multivisceral transplantation, is considered a poor
prognostic factor [19, 20, 40]. Furthermore, concomitant
gastrointestinal procedures with moderate risk of infection
should be avoided for LT. Although the prognostic impor-
tance of primary tumor resection in patients with synchro-
nous unresectable metastases has been poorly defined [11,
12], resection of the primary tumor with regional lymph
node dissection might be considered for the purpose of
staging and grading for candidates of LT.

Since most recurrence after LT occurs at extrahepatic
sites [29, 41], the presence of extrahepatic metastases
that were undetectable on conventional contrast-enhanced
computed tomography or magnetic resonance imaging
could be the cause of recurrence after LT. Therefore, best
efforts should be made to rule out such occult metasta-
ses. Somatostatin receptor scintigraphy (Octreoscan®)
is used for the diagnosis of NEN, but its detectability of
small lesions (<1 cm) is low. To exclude extrahepatic
metastases for the selection of LT, ®® Ga DOTA TOC (or
DOTA TATE)-positron emission tomography is preferable
to somatostatin receptor scintigraphy because of its high
detectability [42, 43], although it has not been covered
by insurance in Japan as of today. In cases of resected

Prima Yes High-grade No Liver involvement | Yes Extrahepatic | No** ;

v gh-gra " pa LT candidate
resected manifestations <50% metastasis

A

No Yes GlorG2 No Reevaluation Yes Reevaluation
Primary . Multimodal treatments

. LM biopsy . .
resection (SSA, MTAs, CTAs, PRRT, resection, ablation, TACE)

Fig. 2 Screening for LT based on the Milan criteria. *High-grade
manifestations include Ki-67 index >10% of the primary tumor, dis-
crepantly rapid progression of NELM for the Ki-67 index of the pri-
mary tumor, decreased avidity of somatostatin receptor imaging, and
increased avidity of '®F-fludeoxyglucose positron emission tomogra-

phy. **Extrahepatic metastasis should be ruled out by **Ga-DOTA
positron emission tomography. CTA cytotoxic agent, LM liver metas-
tasis, LT liver transplantation, MTA molecular targeted agent, PRRT
peptide receptor radionuclide therapy, SSA somatostatin analogue,
TACE transcatheter arterial chemoembolization
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extrahepatic metastases, the absence of new extrahepatic
lesions for >6 months afterward is a requirement for LT.

(3) Liver involvement < 50%

Liver involvement is a representative index of NELM tumor
burden and has been generally used in NEN studies [30,
31, 33, 44]. However, most studies did not define detailed
methods for calculating liver involvement and some might
have been determined by subjective estimation. In Japan,
most hepatobiliary surgeons use volume analysis software
such as SYNAPSE VINCENT (Fujifilm Medical Co., Ltd.,
Tokyo, Japan) [45]. This facilitates the computation of the
volume of the normal liver parenchyma, total tumors, and
liver involvement [46]. Such objective measurements are
mandatory to further elucidate the prognostic impact of
tumor burden on LT.

Items (1)—(3) can be used to screen for patients eligible
for LT (Fig. 2).

(4) Good response or stable disease for at least
6 months prior to LT

Disease control for >6 months is required to ascertain the
malignant potential, response to medical treatments, and the
presence or absence of emerging extrahepatic metastasis. As
mentioned above, medical treatments for NEN have evolved
drastically since 2007, when the Milan criteria were pro-
posed. Ikeda et al. proposed a treatment selection map for
metastatic pancreatic NEN based on the Ki-67 index and
liver involvement as follows [47]: SSA treatment for patients
with a relatively small tumor burden and low Ki-67 index
[31], cytotoxic agents for patients with a relatively large
tumor burden and high Ki-67 index [48, 49], and MTAs
for patients with intermediate tumor volume and/or Ki-67
index [32, 34]. For gastrointestinal, non-midgut NEN, SSA
and everolimus can be used as for pancreatic NEN, while the
SSA coverage can be expanded to tumors with a larger tumor
burden or higher Ki-67 index for midgut NEN due to its
indolent behavior [50]. Referring to these treatment options,
medical treatments may be used as the bridging therapies to

LT, as shown in Fig. 3. PRRT can be offered to patients with
progressive disease after SSA, MTA, or cytotoxic agents, or
as the first-line therapy for those with Ki-67 index >10%,
and subsequent LT should be planned while the disease is
stably controlled by PRRT.

In Western countries, where deceased donor LT (DDLT)
is the mainstay, candidates do not always receive LT on
demand, even if their diseases are well controlled by medical
treatments. Mazzaferro et al. showed that the median waiting
time from board decision to LT was 6.8 months (interquar-
tile range 1.7-8.1) [26]. A long waiting time could lead to
tumor progression, preventing candidates from receiving LT.
Conversely, LDLT has an advantage over DDLT in terms of
the schedule of medical treatments and response evaluation,
and LT can be determined actively.

(5) Age <55 years

The Milan criteria indicate age as relative criteria and accept
LT for patients aged >55 years. Nevertheless, Mazzaferro
et al. showed that patients aged >55 had significantly higher
risk of mortality than middle-aged patients (42-54, hazard
ratio of 3.72) [26]. For patients aged >55 years, the indica-
tions for LT should be individually determined based on
the availability of other therapeutic options, the control of
hormonal symptoms, and comorbidities.

To our knowledge, there have been no relevant stud-
ies focusing on LT for NELM associated with hereditary
syndrome, including multiple endocrine neoplasia type 1
(MEN-1) and von Hippel-Lindau (VHL) disease. MEN-
1-associated NEN is characterized by multiplicity and
functional tumors. In particular, Zollinger—FEllison syndrome
caused by gastrinoma, mainly in the duodenum, is present
in approximately 30% of patients with MEN-1 [51]. From
the viewpoint of hormonal symptom control, it would be
acceptable to perform LT for patients with MEN-1 asso-
ciated NELM within Milan criteria [51]. However, resid-
ual tumors in the duodenum or pancreas should be care-
fully ruled out because of its potential multiplicity. VHL
disease-associated pancreatic NENs are also characterized
by multiplicity, but most of them are non-functional [52,

Fig. 3 Bridging therapy to SD for 26M
LT. *CTA is indicated only »  SSA > LT
for pancreatic neuroendocrine Li <1'0% and _G'l
neoplasrp. CTA cytotoxic agent, or midgut origin PD PD SD for >6M
LI liver involvement, LT liver
transplantation, MTA molecular Y
targeted agent, PD progressive R MTA (i SSA)
disease, PRRT peptide receptor LT candidate o or CTA* PD » PRRT
radionuclide therapy, SD stable LI 210% or t
disease, SSA somatostatin G2 (Ki-67 3-10%)
analogue

G2 (Ki-67 10-20%)
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53]. Approximately, 50% of patients with VHL disease are
associated with hemangioblastoma of the central nervous
system and renal cell carcinoma, respectively, and these
malignancies are considered to prognosticate patients with
VHL disease [53, 54]. Therefore, VHL disease-associated
NELM would not be suited for LT even if the Milan criteria
were met. In addition, for patients with hereditary NEN,
their relatives may also possess the same hereditary disease
and would not be eligible for living donor.

Immunosuppressive therapy after LT

Tacrolimus, a calcineurin inhibitor, is generally used as an
immunosuppressant following LT. Everolimus or sirolimus,
inhibitors of the mammalian target of rapamycin (mTOR),
is another option of immunosuppressant. Recently, a meta-
analysis showed that sirolimus or everolimus was associ-
ated with a reduced risk of recurrence or death in patients
who underwent LT for hepatocellular carcinoma [55]. Since
mTOR signaling is one of the key pathways in NEN [56]
and everolimus has been shown to reduce the risk of pro-
gression or death in unresectable progressive NEN [32,
33], everolimus can be expected to have a preventive effect
against recurrence as well as immunosuppression. However,
the standard therapeutic dose of everolimus differs across
indications (10 mg daily for NEN and 1 mg twice daily
as an immunosuppressant after LT). In addition, no study
(including retrospective studies) has examined the preven-
tive effects against recurrence after LT for NELM, and more
evidence is needed on this issue.

Managements after recurrence

Under immunosuppression after LT for malignancy, rapid
progression occurs frequently once recurrence occurs. We
previously showed that 23 of the 164 patients who under-
went LDLT for hepatocellular carcinoma experienced recur-
rence and the median survival time after recurrence was only
15 months [57]. Therefore, selection criteria are required
that exclude tumors with high malignant potential [58].
However, recurrence occurs to some extent and appropriate
management is required for recurrent disease.

Sposito et al. reported the results of 32 patients who expe-
rienced recurrence after LT for NELM (including 25 patients
meeting the Milan criteria) [41]. The median time between
LT and recurrence was 82.9 months. The most frequent site
of recurrence was the abdominal lymph nodes (19 patients,
59%), followed by the peritoneum and lung (2 patients, 6%
each). Notably, intrahepatic recurrence was observed in only
one patient (3%). The authors aggressively treated patients
with recurrence using surgery (14 patients, 44%), PRRT

(2 patients, 6%), SSA (11 patients, 34%), or chemotherapy
(3 patients, 9%). As a result, survival after recurrence was
favorable, with a 5-year survival rate after recurrence of 76%.
These findings indicate that appropriate patient selection for
LT can achieve good disease control and long-term survival
through multimodal treatment even after recurrence.

Conclusions

Herein, we describe optimal indications and perioperative
management of LDLT for NELM. The Milan criteria would
be the standard indication for LDLT in Japan: GEP-NET-G1
or G2, liver-limited disease, liver involvement <50%, stable
disease for >6 months, and age <55 years. Although the out-
come of LDLT for NELM in the previous era in Japan was
unsatisfactory, we verified that the outcome would improve
substantially in the current era through decreased risk of
surgery-related mortality, strict patient selection criteria, and
evolving multimodal treatments including PRRT. Whereas
PRRT would not provide a cure despite its overwhelming
antitumor effects, LT based on such a rigorous strategy could
enhance the chances of curing intractable NELM.

Acknowledgements This study was funded by The Kyoto Univer-
sity Foundation, Japan. We thank the JLTS for providing the data. We
also thank Drs. Shigemi Matsumoto, Yuji Nakamoto, Akihisa Fukuda,
Norimitsu Uza, Yoshiro Itatani, Yusuke lizuka, Minoru Inoue, Ryota
Nakashima, Akira Ueta, Daisuke Taura, Ichiro Yamauchi, and Yohei
Ueda, and the board members of the NET Unit of Kyoto University
Hospital for their generous cooperation.

Funding This study was funded by The Kyoto University Foundation.

Declarations

Conflict of interest
of interest.

The authors declare that they have no conflict

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Dasari A, Shen C, Halperin D, Zhao B, Zhou S, Xu Y, Shih T, Yao
JC. Trends in the incidence, prevalence, and survival outcomes in
patients with neuroendocrine tumors in the United States. JAMA
Oncol. 2017;3(10):1335-42.

@ Springer


http://creativecommons.org/licenses/by/4.0/

J Gastroenterol

10.

11.

12.

13.

14.

15.

Masui T, Ito T, Komoto I, Uemoto S, Group JPS. Recent epide-
miology of patients with gastro-entero-pancreatic neuroendocrine
neoplasms (GEP-NEN) in Japan: a population-based study. BMC
Cancer. 2020;20(1):1104.

Masui T, Ito T, Komoto I, Kojima S, Kasai Y, Tanabe M, Hara K,
Hirano S, Okusaka T, Ichikawa Y, et al. Nationwide registry for
patients with neuroendocrine neoplasm of pancreas, gastrointes-
tinal tract, lungs, bronchi, or thymus in Japan. Int J Clin Oncol.
2022;27(5):840-9.

Zheng Z, Chen C, Jiang L, Zhou X, Dai X, Song Y, Li Y. Inci-
dence and risk factors of gastrointestinal neuroendocrine neo-
plasm metastasis in liver, lung, bone, and brain: a population-
based study. Cancer Med. 2019;8(17):7288-98.

Zhang X, Song J, Liu P, Mazid MA, Lu L, Shang Y, Wei Y,
Gong P, Ma L. A modified M-stage classification based on the
metastatic patterns of pancreatic neuroendocrine neoplasms: a
population-based study. BMC Endocr Disord. 2018;18(1):73.
Mayo SC, de Jong MC, Pulitano C, Clary BM, Reddy SK, Gam-
blin TC, Celinksi SA, Kooby DA, Staley CA, Stokes JB, et al.
Surgical management of hepatic neuroendocrine tumor metas-
tasis: results from an international multi-institutional analysis.
Ann Surg Oncol. 2010;17(12):3129-36.

Kasai Y, Hirose K, Corvera CU, Kim GE, Hope TA, Shih BE,
Harun N, Kim MO, Warren RS, Bergsland EK, et al. Residual
tumor volume discriminates prognosis after surgery for neu-
roendocrine liver metastasis. J Surg Oncol. 2020;121(2):330-6.
Ruzzenente A, Bagante F, Bertuzzo F, Aldrighetti L, Campagn-
aro T, Ercolani G, Conci S, Giuliante F, Dore A, Ferrero A,
et al. Liver resection for neuroendocrine tumor liver metastases
within Milan criteria for liver transplantation. J Gastrointest
Surg. 2019;23(1):93-100.

Gudmundsdottir H, Habermann EB, Vierkant RA, Starlinger
P, Thiels CA, Warner SG, Smoot RL, Truty MJ, Kendrick ML,
Halfdanarson TR, et al. Survival and symptomatic relief after
cytoreductive hepatectomy for neuroendocrine tumor liver
metastases: long-term follow-up evaluation of more than 500
patients. Ann Surg Oncol. 2023;30(8):4840-51.

Pavel M, O’Toole D, Costa F, Capdevila J, Gross D, Kian-
manesh R, Krenning E, Knigge U, Salazar R, Pape UF, et al.
ENETS consensus guidelines update for the management of
distant metastatic disease of intestinal, pancreatic, bronchial
neuroendocrine neoplasms (NEN) and NEN of unknown pri-
mary site. Neuroendocrinology. 2016;103(2):172-85.

Howe JR, Cardona K, Fraker DL, Kebebew E, Untch BR, Wang
YZ, Law CH, Liu EH, Kim MK, Menda Y, et al. The Surgical
management of small bowel neuroendocrine tumors: consensus
guidelines of the North American Neuroendocrine Tumor Soci-
ety. Pancreas. 2017;46(6):715-31.

Howe JR, Merchant NB, Conrad C, Keutgen XM, Hallet J,
Drebin JA, Minter RM, Lairmore TC, Tseng JF, Zeh HJ, et al.
The North American Neuroendocrine Tumor Society consensus
paper on the surgical management of pancreatic neuroendocrine
tumors. Pancreas. 2020;49(1):1-33.

NCCN Clinical Practice Guidelines in Oncology (NCCN Guide-
lines®). https://www.nccn.org/professionals/physician_gls/pdt/
neuroendocrine.pdf.

Yamamoto M, Yoshida M, Furuse J, Sano K, Ohtsuka M,
Yamashita S, Beppu T, Iwashita Y, Wada K, Nakajima TE, et al.
Clinical practice guidelines for the management of liver metas-
tases from extrahepatic primary cancers 2021. J Hepatobiliary
Pancreat Sci. 2021;28(1):1-25.

Aoki T, Kubota K, Kiritani S, Arita J, Morizane C, Masui T,
Kudo A, Komoto I, Hatano E, Ito T, et al. Survey of surgical
resections for neuroendocrine liver metastases: a project study
of the Japan Neuroendocrine Tumor Society (JNETS). J Hepa-
tobiliary Pancreat Sci. 2021;28(6):489-97.

Springer

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Le Treut YP, Grégoire E, Belghiti J, Boillot O, Soubrane O,
Mantion G, Cherqui D, Castaing D, Ruszniewski P, Wolf P,
et al. Predictors of long-term survival after liver transplantation
for metastatic endocrine tumors: an 85-case French multicentric
report. Am J Transplant. 2008;8(6):1205-13.

Gedaly R, Daily MF, Davenport D, McHugh PP, Koch A,
Angulo P, Hundley JC. Liver transplantation for the treatment
of liver metastases from neuroendocrine tumors: an analysis of
the UNOS database. Arch Surg. 2011;146(8):953-8.

Nguyen NT, Harring TR, Goss JA, O’Mahony CA. Neuroendo-
crine liver metastases and orthotopic liver transplantation: the US
experience. Int J Hepatol. 2011;2011: 742890.

Le Treut YP, Grégoire E, Klempnauer J, Belghiti J, Jouve E, Lerut
J, Castaing D, Soubrane O, Boillot O, Mantion G, 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(5):807-15.

Sher LS, Levi DM, Wecsler JS, Lo M, Petrovic LM, Groshen S, Ji
L, Uso TD, Tector AJ, Hamilton AS, et al. Liver transplantation
for metastatic neuroendocrine tumors: outcomes and prognostic
variables. J Surg Oncol. 2015;112(2):125-32.

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. Trans-
plantation. 2015;99(11):2341-6.

Houben P, Schimmack S, Unterrainer C, Dohler B, Mehrabi A,
Siisal C. Rare malignant indications for liver transplantation: a
collaborative transplant study report. Front Surg. 2021;8: 678392.
Valvi D, Mei X, Gupta M, Shah MB, Ancheta A, Marti F, Gedaly
R. Younger age is associated with improved survival in patients
undergoing liver transplantation alone for metastatic neuroendo-
crine tumors. J Gastrointest Surg. 2021;25(6):1487-93.
Eshmuminov D, Studer DJ, Lopez Lopez V, Schneider MA,
Lerut J, Lo M, Sher L, Musholt TJ, Lozan O, Bouzakri N, et al.
Controversy over liver transplantation or resection for neuroen-
docrine liver metastasis: tumor biology cuts the deal. Ann Surg.
2023;277(5):e1063-71.

Mazzaferro V, Pulvirenti A, Coppa J. Neuroendocrine tumors
metastatic to the liver: how to select patients for liver transplan-
tation? J Hepatol. 2007;47(4):460-6.

Mazzaferro V, Sposito C, Coppa J, Miceli R, Bhoori S, Bongini M,
Camerini T, Milione M, Regalia E, Spreafico C, et al. The long-
term benefit of liver transplantation for hepatic metastases from
neuroendocrine tumors. Am J Transplant. 2016;16(10):2892-902.
Umeshita K, Eguchi S, Egawa H, Haga H, Kasahara M, Kokudo
N, Sakisaka S, Takada Y, Tanaka E, Eguchi H, et al. Liver trans-
plantation in Japan: registry by the Japanese Liver Transplantation
Society. Hepatol Res. 2019;49(9):964-80.

Eguchi S, Umeshita K, Soejima Y, Eguchi H, Egawa H, Fuku-
moto T, Haga H, Hasegawa K, Kasahara M, Nagano H, et al. An
analysis of 10,000 cases of living donor liver transplantation in
Japan: special reference to the graft-versus-recipient weight ratio
and donor age. Ann Surg. 2024;279(1):94-103.

Maspero M, Rossi RE, Sposito C, Coppa J, Citterio D, Mazzaferro
V. Long-term outcomes of resection versus transplantation for
neuroendocrine liver metastases meeting the Milan criteria. Am
J Transplant. 2022;22(11):2598-607.

Rinke A, Miiller HH, Schade-Brittinger C, Klose KJ, Barth P,
Wied M, Mayer C, Aminossadati B, Pape UF, Bliker M, et al.
Placebo-controlled, double-blind, prospective, randomized
study on the effect of octreotide LAR in the control of tumor
growth in patients with metastatic neuroendocrine midgut
tumors: a report from the PROMID Study Group. J Clin Oncol.
2009;27(28):4656-63.

Caplin ME, Pavel M, Cwikla JB, Phan AT, Raderer M, Sedlackova
E, Cadiot G, Wolin EM, Capdevila J, Wall L, et al. Lanreotide


https://www.nccn.org/professionals/physician_gls/pdf/neuroendocrine.pdf
https://www.nccn.org/professionals/physician_gls/pdf/neuroendocrine.pdf

J Gastroenterol

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

in metastatic enteropancreatic neuroendocrine tumors. N Engl J
Med. 2014;371(3):224-33.

Yao JC, Shah MH, Ito T, Bohas CL, Wolin EM, Van Cutsem E,
Hobday TJ, Okusaka T, Capdevila J, de Vries EG, et al. Everoli-
mus for advanced pancreatic neuroendocrine tumors. N Engl J
Med. 2011;364(6):514-23.

Yao JC, Fazio N, Singh S, Buzzoni R, Carnaghi C, Wolin E,
Tomasek J, Raderer M, Lahner H, Voi M, 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(10022):968-77.

Raymond E, Dahan L, Raoul JL, Bang YJ, Borbath I, Lombard-
Bohas C, Valle J, Metrakos P, Smith D, Vinik A, et al. Sunitinib
malate for the treatment of pancreatic neuroendocrine tumors. N
Engl J Med. 2011;364(6):501-13.

Strosberg J, El-Haddad G, Wolin E, Hendifar A, Yao J, Chasen
B, Mittra E, Kunz PL, Kulke MH, Jacene H, et al. Phase 3 trial
of 177 Lu-Dotatate for Midgut neuroendocrine tumors. N Engl J
Med. 2017;376(2):125-35.

Singh S, Halperin D, Myrehaug S, Herrmann K, Pavel M, Kunz
PL, Chasen B, Tafuto S, Lastoria S, Capdevila J, et al. ['""Lu]
Lu-DOTA-TATE plus long-acting octreotide versus high-dose
long-acting octreotide for the treatment of newly diagnosed,
advanced grade 2-3, well-differentiated, gastroenteropancre-
atic neuroendocrine tumours (NETTER-2): an open-label, ran-
domised, phase 3 study. Lancet. 2024;403(10446):2807-17.
Brabander T, van der Zwan WA, Teunissen JJM, Kam BLR,
Feelders RA, de Herder WW, van Eijck CHJ, Franssen GJH,
Krenning EP, Kwekkeboom DJ. Long-term efficacy, survival, and
safety of ['77Lu-DOTA®, Ty*3]octreotate in patients with gastroen-
teropancreatic and bronchial neuroendocrine tumors. Clin Cancer
Res. 2017;23(16):4617-24.

Strosberg JR, Caplin ME, Kunz PL, Ruszniewski PB, Bodei L,
Hendifar A, Mittra E, Wolin EM, Yao JC, Pavel ME, et al. Lu-
Dotatate plus long-acting octreotide versus high-dose long-acting
octreotide in patients with midgut neuroendocrine tumours (NET-
TER-1): final overall survival and long-term safety results from an
open-label, randomised, controlled, phase 3 trial. Lancet Oncol.
2021;22(12):1752-63.

Keck KJ, Choi A, Maxwell JE, Li G, O’Dorisio TM, Breheny
P, Bellizzi AM, Howe JR. Increased grade in neuroendocrine
tumor metastases negatively impacts survival. Ann Surg Oncol.
2017;24(8):2206-12.

Mathé Z, Tagkalos E, Paul A, Molmenti EP, Kébori L, Fouzas I,
Beckebaum S, Sotiropoulos GC. Liver transplantation for hepatic
metastases of neuroendocrine pancreatic tumors: a survival-based
analysis. Transplantation. 2011;91(5):575-82.

Sposito C, Rossi RE, Monteleone M, Coppa J, Bongini M, Mil-
ione M, Bhoori S, Mazzaferro V. Postrecurrence survival after
liver transplantation for liver metastases from neuroendocrine
tumors. Transplantation. 2021;105(12):2579-86.

Frilling A, Sotiropoulos GC, Radtke A, Malago M, Bockisch A,
Kuehl H, Li J, Broelsch CE. The impact of 68Ga-DOTATOC
positron emission tomography/computed tomography on the mul-
timodal management of patients with neuroendocrine tumors. Ann
Surg. 2010;252(5):850-6.

Hope TA, Bergsland EK, Bozkurt MF, Graham M, Heaney AP,
Herrmann K, Howe JR, Kulke MH, Kunz PL, Mailman J, et al.
Appropriate use criteria for somatostatin receptor PET imaging
in neuroendocrine tumors. J Nucl Med. 2018;59(1):66-74.
Strosberg J, Kunz PL, Hendifar A, Yao J, Bushnell D, Kulke MH,
Baum RP, Caplin M, Ruszniewski P, Delpassand E, et al. Impact
of liver tumour burden, alkaline phosphatase elevation, and target
lesion size on treatment outcomes with. Eur J Nucl Med Mol
Imaging. 2020;47(10):2372-82.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

Ohshima S. Volume analyzer SYNAPSE VINCENT for liver
analysis. ] Hepatobiliary Pancreat Sci. 2014;21(4):235-8.

Kasai Y, Nakakura EK, Yogo A, Nagai K, Masui T, Hatano E.
Residual tumor volume, not percent cytoreduction, matters for
surgery of neuroendocrine liver metastasis. Ann Surg Oncol.
2023;30(9):5457-8.

Ikeda M, Morizane C, Hijioka S, Matsumoto S, Konishi T,
Komoto I, Aoki T, Ito T, Furuse J, Sasano H, et al. Optimal strat-
egy of systemic treatment for unresectable pancreatic neuroendo-
crine tumors based upon opinion of Japanese experts. Pancreatol-
ogy. 2020;20(5):944-50.

Moertel CG, Lefkopoulo M, Lipsitz S, Hahn RG, Klaassen D.
Streptozocin-doxorubicin, streptozocin-fluorouracil or chlorozo-
tocin in the treatment of advanced islet-cell carcinoma. N Engl J
Med. 1992;326(8):519-23.

Kunz PL, Graham NT, Catalano PJ, Nimeiri HS, Fisher GA, Lon-
gacre TA, Suarez CJ, Martin BA, Yao JC, Kulke MH, et al. Ran-
domized study of temozolomide or temozolomide and capecit-
abine in patients with advanced pancreatic neuroendocrine tumors
(ECOG-ACRIN E2211). J Clin Oncol. 2023;41(7):1359-69.
Honma Y, Ikeda M, Hijioka S, Matsumoto S, Ito T, Aoki T,
Furuse J. Optimal first-line treatment strategies of systemic
therapy for unresectable gastrointestinal neuroendocrine tumors
based on the opinions of Japanese experts. Invest New Drugs.
2023;41(6):777-86.

Chatzipanagiotou O, Schizas D, Vailas M, Tsoli M, Sakarellos P,
Sotiropoulou M, Papalambros A, Felekouras E. All you need to
know about gastrinoma today | gastrinoma and Zollinger-Ellison
syndrome: a thorough update. J Neuroendocrinol. 2023;35(4):
el13267.

Lonser RR, Glenn GM, Walther M, Chew EY, Libutti SK, Line-
han WM, Oldfield EH. von Hippel-Lindau disease. Lancet.
2003;361(9374):2059-67.

Igarashi H, Ito T, Nishimori I, Tamura K, Yamasaki I, Tanaka M,
Shuin T. Pancreatic involvement in Japanese patients with von
Hippel-Lindau disease: results of a nationwide survey. J Gastro-
enterol. 2014;49(3):511-6.

Takayanagi S, Mukasa A, Nakatomi H, Kanno H, Kuratsu JI,
Nishikawa R, Mishima K, Natsume A, Wakabayashi T, Houkin
K, et al. Development of database and genomic medicine for
von Hippel-Lindau disease in Japan. Neurol Med Chir (Tokyo).
2017;57(2):59-65.

Yan X, Huang S, Yang Y, Lu Z, Li F, Jiang L, Jiang Y, Liu J.
Sirolimus or everolimus improves survival after liver transplanta-
tion for hepatocellular carcinoma: a systematic review and meta-
analysis. Liver Transpl. 2022;28(6):1063-77.

Scarpa A, Chang DK, Nones K, Corbo V, Patch AM, Bailey P,
Lawlor RT, Johns AL, Miller DK, Mafficini A, et al. Whole-
genome landscape of pancreatic neuroendocrine tumours. Nature.
2017;543(7643):65-71.

Kaido T, Mori A, Ogura Y, Hata K, Yoshizawa A, Iida T, Uemoto
S. Recurrence of hepatocellular carcinoma after living donor liver
transplantation: what is the current optimal approach to prevent
recurrence? World J Surg. 2011;35(6):1355-9.

Ito T, Takada Y, Ueda M, Haga H, Maetani Y, Oike F, Ogawa
K, Sakamoto S, Ogura Y, Egawa H, et al. Expansion of selection
criteria for patients with hepatocellular carcinoma in living donor
liver transplantation. Liver Transpl. 2007;13(12):1637-44.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Liver transplantation for gastroenteropancreatic neuroendocrine liver metastasis: optimal patient selection and perioperative management in the era of multimodal treatments
	Abstract 
	Introduction
	Outcome of 16 patients with LDLT in Japan
	Comparison of long-term outcomes between LT and non-LT treatments
	Indications of LDLT for patients with NELM
	(1) Confirmed histology of NET-G1 or G2
	(2) Primary tumor drained by the portal system and all extrahepatic diseases removed with curative resection prior to LT
	(3) Liver involvement ≤ 50%
	(4) Good response or stable disease for at least 6 months prior to LT
	(5) Age ≤ 55 years

	Immunosuppressive therapy after LT
	Managements after recurrence
	Conclusions
	Acknowledgements 
	References


