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Selection criteria and benefit of liver transplantation
for hepatic metastases from neuroendocrine tumors
(NETs) remain uncertain. Eighty-eight consecutive
patients with metastatic NETs eligible for liver trans-
plantation according to Milan-NET criteria were
offered transplant (n = 42) versus nontransplant
options (n = 46) depending on list dynamics, patient
disposition, and age. Tumor burden between groups
did not differ. Transplant patients were younger
(40.5 vs. 55.5 years; p < 0.001). Long-term outcomes
were compared after matching between groups
made on multiple Cox models adjusted for propen-
sity score built on logistic models. Survival benefit
was the difference in mean survival between trans-
plant versus nontransplant options. No patients
were lost or died without recurrence. Median follow-
up was 122 months. The transplant group showed a
significant advantage over nontransplant strategies
at 5 and 10 years in survival (97.2% and 88.8% vs.
50.9% and 22.4%, respectively; p < 0.001) and time-
to-progression (13.1% and 13.1% vs. 83.5% and 89%;
p < 0.001). After adjustment for propensity score,
survival advantage of the transplant group was sig-
nificant (hazard ratio = 7.4; 95% confidence interval

(CI): 2.4–23.0; p = 0.001). Adjusted transplant-related
survival benefit was 6.82 months (95% CI: 1.10–12.54;
p = 0.019) and 38.43 months (95% CI: 21.41–55.45;
p < 0.001) at 5 and 10 years, respectively. Liver
transplantation for metastatic NETs under restrictive
criteria provides excellent long-term outcome.
Transplant-related survival benefit increases over
time and maximizes after 10 years.

Abbreviations: D-MST, difference between mean sur-
vival time; GEE, Generalized Estimating Equation; G,
grading; MELD, Model of End Stage Liver Disease;
NETs, neuroendocrine tumors; PS, propensity score;
RECIST, response evaluation criteria in solid
tumors; TACE, transarterial chemoembolization; TNM,
tumor node metastases classification; TTP, time-
to-progression; WHO, World Health Organization
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Introduction

Neuroendocrine tumors (NETs) originate from different

parts of the neuroendocrine system (1), and the hetero-

geneity of the biological features and clinical outcomes

represents a significant challenge for diagnosis and treat-

ment (2,3). The incidence of NETs has increased to more

than 5 per 100 000 people (2–5). Delayed diagnosis is

common because tumors are often not discovered

until liver metastases occur (6), which might be associ-

ated with symptoms of the paraneoplastic “carcinoid

syndrome” (7,8).

Limited options are available for these patients, although

the progression-free survival of unresectable metastases

has improved with systemic treatments, such as somato-

statin analogs (9,10), everolimus (11), and sunitinib (12).

Because liver metastases are the leading cause of death in

NETs, total hepatectomy with consequent liver transplanta-

tion has been repeatedly explored in the past, with retro-

spective cohort studies showing variable benefits in certain

categories of patients (13,14). The interpretation of these

results is difficult due to selection biases and variegated

resource allocation issues that have prevented prospective

studies on transplantation for NETs (2,3). Randomized

studies in this setting are considered infeasible (2),
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considering that uniform objective criteria for selecting

proper transplant candidates upfront are still lacking.

At the National Cancer Institute of Milan, a systematic

application of restrictive criteria for selecting transplant

candidates with liver metastases from NETs was started

in 1995 (6,15). Since then, all patients presenting with

tumors fulfilling such criteria have been considered for

liver transplantation and eventually listed according to

local waiting-list capabilities, patient compliance, and

absence of contraindications. Herein, we present the

results of a 15-year study aimed at comparing the long-

term outcomes observed after liver transplantation com-

pared with nontransplant options in a homogeneous

cohort of consecutive patients with hepatic metastases

from NETs. The prospective nature of the case selection

within a multidisciplinary transplant board that included

NETs experts resulted in a firm reduction in treatment

allocation bias. Furthermore, using a propensity analysis,

it was beneficial to assess whether and to what extent

transplant patients with liver metastases from NETs

might have benefited from transplantation.

Methods

Study design and group formation

In 1995, a specific protocol for liver transplantation in patients with liver

metastases from NETs was designed at National Cancer Institute of

Milan and was approved by the regional organ-sharing agency (NITp:

North Italian Transplant Procurement Agency). Since then, all NET

patients considered eligible for liver transplantation according to the pro-

tocol’s restrictive criteria (Table 1) (6,15) were followed up, and their data

were prospectively collected. The present study is a retrospective analy-

sis comparing the long-term outcomes of a consecutive cohort of NET

patients who finally underwent liver transplant versus those who did not.

All patients who presented with a resectable primary NET in a location

drained by the portal system and nonresectable liver metastases involv-

ing up to 50% of the liver volume underwent open surgical removal of

the primary tumor and the locoregional lymph nodes. This strategy aimed

to clear all extrahepatic tumor deposits after careful exploration of the

abdominal cavity and liver ultrasonography to exclude peritoneal diffusion

and to evaluate the resectability of the hepatic metastases. The lymph

nodes of the liver hilum were dissected and removed if found to be sus-

picious on preoperative imaging or intraoperatively.

After surgery, if the histology of the primary tumor demonstrated a

low grade NET (G1-G2 of the World Health Organization [WHO] 2000

classification) and resection was confirmed as potentially curative (R0),

the patients were put on somatostatin analogues and followed in a dedi-

cated outpatient clinic. Transarterial chemoembolization (TACE) treat-

ments were offered depending on the metastatic pattern, presence of

syndrome (carcinoid syndrome was not an exclusion criterion), and liver

vascularization.

Six months after the surgical removal of all extrahepatic tumor deposits,

the patients underwent total body contrast-enhanced computed tomogra-

phy (CT) scan or magnetic resonance imaging (MRI), somatostatin recep-

tor scintigraphy (octreoscan) or Ga68 positron emission tomography

(PET), full clinical examination, and laboratory tests, including serum

chromogranin-A. At this time point, provided there was a stable or

responding metastatic tumor burden, no extrahepatic spread and the

absence of contraindications to major surgery, the patients were consid-

ered eligible for liver transplantation and entered the cohort of the study

by means of a discussion of the case history before a multidisciplinary

board that included surgeons, oncologists, hepatologists, interventional

radiologists, nuclear medicine physicians, pathologists, psychologists, and

social workers.

In all instances, the transplant-oncology board produced an indication/

contraindication on whether to enlist patients according to a single case

examination and to the dynamics of the transplant list in that specific

period. The board decisions were explained to the patients and fami-

lies, and those offered liver transplantation were informed of the inves-

tigational nature of the proposal that could have been accepted or

declined.

Eventually, the study cohort was made up of two parallel groups of con-

secutive patients with similar tumor stage, metastatic tumor liver extent

and biology, who differed only by liver transplantation. Although patients

had to meet restrictive a-priori criteria that brought only eligible patients

to multidisciplinary discussion, some clinical aspects that led to the final

decision of enlistment might have been underestimated. For this reason,

a propensity score adjustment was adopted to reduce the bias of nonran-

domized treatment allocation by taking into account all variables poten-

tially associated with treatment assignment.

The study was conducted in an academic setting, in accordance with

Good Clinical Practice principles. All patients provided written informed

consent to all medical or surgical procedures.

Group characteristics

In all patients, the primary tumor was identified in the gastroentero-pan-

creatic area and was removed by means of individualized surgical proce-

dures, including locoregional lymphadenectomy. Liver transplantation was

performed according to standard techniques. Graft assignment to NET

patients did not follow the Model of End Stage Liver Disease (16) (MELD)

score priority and had to be justified locally and allocated according to a

sequential rotation among Centers of the North Italian region, according

to donor–recipient matching, graft quality, and concomitant priorities in

the waiting list.

All patients in both groups were followed up in a dedicated NET multidis-

ciplinary clinic, including patients in whom waiting-list conditions pre-

cluded transplant consideration (n = 24) and patients refusing transplant

for various reasons (n = 22).

Table 1: Selection criteria for eligibility for liver transplantation

in patients with liver metastases from neuroendocrine tumors

(NET)

Milan selection criteria for liver transplantation in patients

with liver metastases from NET (6,15,35)

Confirmed histology of low-grade (G1-G2) NET

Primary tumor drained by the portal system and removed,

with all extrahepatic deposits in a separate curative

resection prior to transplant consideration

Metastatic diffusion to <50% of the total liver volume

Stable disease/response to therapies for at least

6 months prior to transplant consideration

Age < 60 (relative criteria)
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Efficacy assessment and endpoints

Patients were evaluated for efficacy starting from the date of registration,

which was the time of resection of the primary tumor, because the date

of diagnosis was on average very close but less precisely determinable.

The time-to-event was calculated from the primary tumor removal, when

eligibility to transplant could be decided at histology, with margin-free

resections (R0) of a well-differentiated (non-G3) tumor.

The primary endpoints were overall survival and transplant survival bene-

fit within a 5- and 10-year horizon. The secondary endpoint was the time

to tumor-related events (recorded as time-to-progression [TTP]) or recur-

rence in the transplant group and progression in nontransplant patients.

Progression and recurrence were documented on imaging according to

response evaluation criteria in solid tumors (RECIST 1.0) (17). Disease

assessment was conducted in accordance with the major guideline rec-

ommendations (18–20) with up-to-date CT or MRI performed at baseline

and every 3–4 months. Due to organizational constraints, somatostatin-

receptor scan (octreoscan), Ga68PET, and fluorodeoxyglucose PET scans

were added only in cases of suspicion of recurrence at CT or MRI scans

or in cases of progressive and otherwise unjustified increase in chromo-

granin-A serum levels. Tumor histology was always assessed on the pri-

mary site and on biopsies of liver metastases whenever available. All

tumor specimens collected during the study period were reviewed for

MIB-1 determination and adjusted for grading according to the WHO

2010 classification update (21).

Statistical analysis

Comparisons between the two treatment groups were performed using

the Fisher exact (with p-values computed by Monte Carlo simulation in

larger than 2 9 2 tables) or the Wilcoxon test, depending on whether cat-

egorical or continuous variables were compared. Missing data were

excluded from the computations.

The propensity score (PS), or the probability that a patient with specific

baseline characteristics would receive a transplant (22), was estimated

using a multivariable binary logistic model where the response variable

was treatment—whether liver transplantation was performed or not—and

the independent variables were factors potentially associated with treat-

ment assignment, including year of diagnosis, age at diagnosis (continu-

ous variable), primary tumor site (colon-rectum/stomach, duodenum/

pancreas, ileum), tumor node metastases classification (TNM) stage of

the primary tumor, surgery of primary tumor, carcinoid syndrome, per-

centage of liver involvement, WHO 2010 grading, and serum chromo-

granin (continuous variable). We applied a backward selection procedure

based on the Akaike information criterion (23), and the discriminative abil-

ity of the final logistic model was assessed using the Harrell C statistic

(24), for which values 0.5 and 1 indicate lack of versus perfect discrimina-

tive ability, respectively. A bootstrap procedure was adopted to adjust

the C statistic estimate for the optimism implicit in the use of sample

data for model fitting and variable selection (25). The estimated PS was

used as a covariate in the multivariable models to adjust for treatment

selection bias because the small sample size contraindicated application

of the conventional PS matching.

For the analysis of endpoints, the time-to-event was calculated from the

date of primary tumor removal, namely, when eligibility for transplant

could be determined.

Survival curves were estimated using the Kaplan–Meier method and

compared with the log-rank test. Cox proportional hazards models were

fitted to assess the transplant effect on the investigated endpoints with-

out (univariable model) and with adjustment for the above-described PS

(multivariable model); we used the left–truncated version of the Cox

Model to take into account the delayed entry time inherently associated

with the cohort for transplanted patients. The association between overall

survival and putative prognostic factors was explored by univariable and

multivariable Cox models, including treatment as a stratification factor.

This analysis was exploratory, as it was not possible to fulfill the “10-

events per variable” rule (26) required for obtaining reliable estimates for

all the prognostic factor joint modeling. Therefore, we only tested factors

that achieved a univariable p-value < 10% in the multivariable Cox model.

In all the models, the categorical variables were modeled using dummy

variables, and the continuous variables were modeled using 3 knots

restricted cubic splines (27). The Cox model proportional hazards assump-

tion was verified using tests based on scaled Schoenfeld residuals (28).

Missing values were replaced by the modal category for categorical vari-

ables or the median value for the continuous variables when <10%;

otherwise, missing values were assigned to an additional category for

categorical variables.

The survival benefit was quantified by the difference between mean sur-

vival time (D-MST) in the transplant and nontransplant groups. Because

the usual estimation of D-MST—the area under the Kaplan–Meier curve

restricted up to a chosen time—did not allow an adjusted estimate of

survival benefit, we resorted to the method proposed by Klein et al (28)

based on “pseudo values” calculation and Generalized Estimating Equa-

tion (GEE) modeling. An additional analysis was carried out to explore the

possible modifying effect of different prognostic clinical factors on the

benefit of transplantation (namely, patient age and gender, tumor site,

TNM stage, previous octreotide analog treatment, carcinoid syndrome,

serum chromogranin-A level, liver involvement, tumor WHO 2010 grading

at histology and MIB-1); this analysis was performed by fitting GEE multi-

variable models, including the PS as an adjustment factor, and the inter-

action between treatment groups and the covariates.

The analyses were performed using SAS� (Institute for Statistics and

Mathematics, University of Vienna, Austria) and R software (http://

www.r-project.org/). We considered a statistical test as significant when

the corresponding p-value was <5%.

Results

The study design and sample size are summarized in

Figure 1.

From June 1995 to January 2010, 280 consecutive

patients with liver metastases from gastroentero-

pancreatic NETs were referred to our unit to be consid-

ered for transplantation. Among the patients, 140 were

excluded because they were found to have limited dis-

ease amenable to curative resection (n = 75) or were far

beyond curative surgery (first round exclusion: n = 65).

Of the remaining 140 patients, 52 were excluded (sec-

ond round) because they exceeded the age limit (n = 24)

or because of other causes, such as comorbidities or

rapidly progressing tumors.

Therefore, the study collected 88 patients with liver

metastases that met the predetermined criteria (Table 1)

and were considered eligible for transplantation. Each

case underwent transplant–oncology board multidisci-

plinary decision upon enlistment; in addition to the dis-

ease condition, the board decision also considered
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transplant list dynamics, age and patient psychological

attitude to the disease state and the proposed strategy.

Eventually, 42 patients undergoing transplantation (Group 1)

and 46 patients continuing treatments according to non-

transplant strategies (Group 2) were collected.

Patients and groups
Baseline characteristics of the collected groups are

reported in Table 2.

There were marginal differences between individuals trea-

ted with transplant versus nontransplant options. Larger

primary tumors—more advanced T stage according to

TNM classification—were found in the nontransplant

patients (p = 0.048), although extension of the liver metas-

tases remained identical in both groups. The liver trans-

plant patients were younger (median 40.5 vs. 55.5 years;

p < 0.001), received more locoregional treatments (40.5%

vs. 21.7%, p = 0.003), and had less frequently continuous

treatment with somatostatin analogs (54.8 vs. 89.7%,

p < 0.001) compared with nontransplant patients. The

increased number of TACE given to transplanted patients

was prescribed on an individual basis once patients, allo-

cated to the transplant strategy, were on the waiting list.

The number of patients receiving TACE before grouping

consideration was similar in both groups (details in foot-

note to Table 2). Conversely, more intense systemic thera-

pies, including peptide-receptor radionuclide therapy, were

given to the nontransplant patients (8.7%), and this differ-

ence partially counterbalanced nonsurgical treatments

among groups. Such a bias was considered inherently

associated with field practice and was taken into account

in the subsequent PS adjustment, despite not being signif-

icantly associated with patient outcomes (Table S1).

The transplant and nontransplant groups were similar in

the primary tumor site, particularly for pancreatic NETs

(35.7% vs. 34.8%, respectively), the type of surgery

required for primary tumor removal, extent of lymph node

spread (N1 in 81% vs. 78.3%), metastatic liver involve-

ment (≤50% of the parenchyma in 90.5% vs. 87%),

tumor histology, WHO 2000 grading, number of mitoses,

chromogranin-A serum levels, and the presence of carci-

noid syndrome. On the pathology review, according to

the WHO 2010 recommendations, 0% versus 8.7% of

Figure 1: Study design and group formation. This study included 88 patients with equal extension of liver metastases from NETs

meeting the predetermined criteria in Table 1 and who were therefore eligible for transplantation. The patients were presented before

NET specialists and the transplant board. A multidisciplinary decision on transplant versus no-transplant options was made on the hier-

archical influence of wait-list dynamics, patient disposition, and age. Ultimately, 42 patients who underwent transplantation (Group 1)

and 46 who continued treatment according to nontransplant strategies (Group 2) were included. NET, neuroendocrine tumor.
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transplanted versus nontransplanted patients were

reclassified as being G3-NETs, respectively (p = 0.032).

Incidentally, 24% of histological assessments in the non-

transplant group were made only on primary tumors

because liver metastases tissues were not available in 11

cases. The size of the primary tumor, as the only source

of information for possible adverse histology in the non-

transplant group, was an unavoidable bias incorporated in

the regression models and propensity adjustments. After

applying the backward selection procedure, the final PS

model included the year of diagnosis, patient age, T stage

of the primary tumor, and serum chromogranin. The Har-

rell C statistics for the complete (before backward) and

final PS model were 0.833 and 0.861, respectively, indi-

cating a certain amount of overfitting for the former and a

good discriminative ability for the latter.

Treatment characteristics
Transplant patients received deceased donor grafts

except for one living-donor transplantation. Posttrans-

plant immunosuppression tapered steroids within the

third posttransplant month, and calcineurin inhibitor

monotherapy was used thereafter (tacrolimus and

Table 2: Baseline characteristics of 88 consecutive neuroen-

docrine tumor (NET) patients with gastroentero-pancreatic

primary tumors, receiving or not receiving liver transplants

Transplant

(42 patients)

No transplant

(46 patients) p value1

Age at diagnosis, years <0.001

Median (range) 40.5 (13–62) 55.5 (29–69)
Gender, n (%) 0.370

Male 26 (61.9) 33 (71.7)

Female 16 (38.1) 13 (28.3)

Site of primary tumor, n (%) 0.342

Ileum/cecum 24 (57.1) 22 (47.8)

Duodenum,

pancreas

15 (35.7) 16 (34.8)

Colon/stomach 3 (7.2) 8 (17.4)

T stage of the primary tumor, n (%) 0.048

T1 1 (2.4) 2 (4.4)

T2 18 (42.8) 7 (15.2)

T3 16 (38.1) 25 (54.3)

T4 7 (16.7) 7 (15.2)

Missing – 5 (10.9)

N stage of the primary tumor, n (%) 0.110

N0 7 (16.7) 4 (8.7)

N1 34 (81.0) 36 (78.3)

Nx 1 (2.3) 6 (13.0)

M stage (liver) at diagnosis, n (%) 0.472

M0 5 (11.9) 3 (6.5)

M1 37 (88.1) 43 (93.5)

Surgery of primary tumor, n (%) 0.277

Ileal resection 17 (40.5) 16 (34.8)

Pancreato-

duodenectomy

(Whipple)

2 (4.7) 6 (13.0)

Distal

pancreatectomy

10 (23.8) 8 (17.4)

Other 13 (31.0) 16 (34.8)

Perioperative chemotherapy, n (%) 0.659

No 28 (66.7) 28 (60.9)

Yes 14 (33.3) 18 (39.1)

Somatostatin analogs at any time, n (%) <0.001
No 19 (45.2) 5 (10.9)

Yes 23 (54.8) 41 (89.1)

Carcinoid syndrome, n (%) 0.942

No 28 (66.7) 31 (67.4)

Yes 14 (33.3) 15 (32.6)

Serum chromogranin-A (ng/mL) 0.170

Median (range) 163.5 (22–2417) 207 (6–5290)
Hepatic (H) involvement by NETs metastases, n (%) 0.718

H1 (<25%) 17 (40.5) 21 (45.7)

H2 (25–50%) 21 (50.0) 19 (41.3)

H3 (>50%) 4 (9.5) 3 (6.5)

Undetermined – 3 (6.5)

Hilar lymph nodes, n (%) 0.645

Negative 13 (31.0) 1 (2.2)

Positive 24 (57.1) 5 (10.9)

Unknown 5 (11.9) 40 (86.9)

WHO 2000 grading, n (%) 0.360

Well differentiated 39 (92.8) 39 (84.8)

Poorly

differentiated

1 (2.4) 4 (8.7)

Missing 2 (4.8) 3 (6.5)

(Continued )

Table 2: Continued

Transplant

(42 patients)

No transplant

(46 patients) p value1

WHO 2010 grading, n (%) 0.032

G1 (MIB-1 ≤ 3%) 33 (78.5) 24 (52.2)

G2 (MIB-1 > 3%

≤ 20%)

7 (16.7) 11 (23.9)

G3 (MIB-1 > 20%) – 4 (8.7)

Infeasible/missing 2 (4.8) 7 (15.2)

MIB-1 0.581

Median (range) 3.0 (0.2–19.5) 3.0 (0.1–65)
Locoregional therapy, n (%) 0.003

None 24 (57.1) 34 (73.9)

Liver resection

(elsewhere)

1 (2.4) 2 (4.4)

TACE2 17 (40.5) 6 (13.0)

PRRT – 4 (8.7)

Le Treut score3 n (%)

0 22 (52.4)

1 15 (35.7)

2 2 (4.8)

Missing 3 (7.1)

All patients were similar with respect to the metastatic tumor

load in the liver. The data are expressed as the median (range)

or absolute number (%) as appropriate. p values < 0.05 were

considered significant and are bold in the table.

T, tumor stage; N, lymph-node stage; M, metastatic disease; G,

grading; TACE, transarterial chemoembolization; PRRT, peptide

receptor radionuclide therapy; WHO, World Health Organization.
1Wilcoxon or Fisher’s exact test was used where appropriate.
2The number of patients receiving TACE before grouping consid-

eration was five in both groups.
3Le Treut score (31) was determinable only in the transplant

group.

2896 American Journal of Transplantation 2016; 16: 2892–2902

Mazzaferro et al



cyclosporine in 81% and 19% of patients, respectively).

None of the recipients received posttransplant somato-

statin analogs or other treatments; mammalian target of

rapamycin inhibitors were not administered if there was

no recurrence.

In 37 of 42 transplants (88%), marginal quality grafts

were used (29). The median donor age was 65 (in-

terquartile range [IQR]: 51–70) with a median intensive

care unit stay of 7 days, the median severity of

(microvesicular) steatosis was 40%, the percentage of

size-reduced full-right grafts from split or living donor

was 25%, the median cold ischemia time was 8 h (IQR:

3–12), and the median donor risk index adjusted to our

population was 1.6 (30). Median waiting time to liver

transplant—i.e. from board decision—was 6.8 months

(IQR: 1.7–8.1) while the median time from primary tumor

resection (study registration) to transplant was

18.5 months (IQR: 15–19). Observed mortality was zero

during prelisting observation (median 11.7 months) and

actual wait-list period.

In addition to somatostatin analogs, intrahepatic progres-

sion of nontransplant patients received chemoemboliza-

tion (25.2%) while peptide-receptor radionuclide therapies

were given in 8.7% of systemic progressions, combined

with chemotherapy in 41.3% and more recently with

molecular targeted agents (sunitinib, everolimus: 2.2%)

in cases of pancreatic primaries. None of these

patients was considered for palliative cytoreductive liver

resection.

Patient’s well-being status at the beginning of the study

was confirmed by psychological evaluation, showing that

76% of patients refused transplantation (18 out of 22)

because they judged their own medical condition and

quality of life to be normal enough to discourage or post-

pone transplant indefinitely.

Survival outcomes
A summary of all outcome measures is reported in

Table 3.

The median follow-up duration in both groups was

122 months (IQR 53–207), and 5 and 29 deaths were

registered in the transplant versus nontransplant group,

respectively. Kaplan–Meier curves of the overall survival

and TTP at 5-year and 10-year intervals are reported in

Figures 2(A) and (B), including adjustments for the PS.

Transplantation was significantly associated with a posi-

tive outcome; the probability of survival of transplanted

patients at the 10-year interval was 88.8% versus 22.4%

in the nontransplant group (hazard ratio [HR]: 14.48; 95%

CI: 5.06–41.42; p < 0.001). Similar significant differences

were observed when the time-to-tumor event (TTP) was

Table 3: Study outcomes according to treatment

Survival rates

5 years 10 years Median

Overall survival

Transplant 97.2% 88.8% NR

No transplant 50.9% 22.4% 62 months

Time-to-progression

Transplant 13.1% 13.1% NR

No transplant 83.5% 89% 20 months

Univariable Cox model

Multivariable Cox model (with adjust-

ment for propensity score)

Hazard ratio (95% CI) p value Hazard ratio (95% CI) p value

Overall survival

No transplant versus transplant 10.0 (3.4–28.9) <0.001 7.4 (2.4–23.0) 0.001

Time-to-progression

No transplant versus transplant 13.0 (4.1–41.2) <0.001 14.6 (4.3–50.0) <0.001

Survival benefit (months)

D-MST (95% CI) p value D-MST (95% CI) p value

At 5 years

Transplant versus no transplant 12.8 (8.0–17.6) <0.001 6.8 (1.1–12.5) 0.019

At 10 years

Transplant versus no transplant 48.6 (35.5–61.8) <0.001 38.4 (21.4–55.5) <0.001

D-MST, difference in mean survival time expressed in months; NR, not reached; CI, confidence interval.

p value: two-sided Wald test p value.
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considered; at 10 years, 13.1% of the transplanted

patients and 89% of the nontransplant progressed (HR:

21.3; 95% CI: 8–57.1; p < 0.001). No patients died with-

out tumor recurrence; therefore, no competing risks

arose in the analysis of TTP. The median overall survival

and recurrence-free survival were not reached in the

transplanted group. The median overall survival and

recurrence-free survival were 62 months (95% CI: 41–
90) and 20 months (95% CI: 14–31) in the nontrans-

planted group, respectively.

The PS-adjusted analysis confirmed the significant differ-

ence between the nontransplant and transplant groups in

overall survival (HR = 7.4; 95% CI: 2.4–23.0; p = 0.001)
and TTP (HR = 14.6; 95% CI: 4.3–50.0; p < 0.001).

With respect to the analysis of patient outcomes, includ-

ing treatment as a stratification factor, and the results of

the final PS model (described in Tables S1 and S2), the

variables supported by a p-value < 10% at univariable

Cox analysis were as follows: patient age, site of primary

tumor, WHO grading, and MIB-1. On the multivariable

analysis, patient age and site of primary tumor main-

tained a significant p-value < 10%. Middle-aged patients

between 42 and 54 had the lowest mortality risk (Fig-

ure 3) because patients beyond that age cut-off were

more prone to die during follow-up; on the multivariable

analysis, including age as categorical variable, the HRs

were 3.41 (CI: 0.89–13.11) and 3.72 (CI: 1.33–10.41)
when comparing middle-aged patients and patients under

42 and over 54, respectively.

A

B

Figure 2: Outcome measures. Trends in the overall survival (A) and time-to-progression (B) calculated at 10 years were in favor of

the patients receiving transplantation, who showed a long-term outcome that was unprecedented for patients with NETs metastatic

to the liver. NET, neuroendocrine tumor; HR, hazard ratio; CI, confidence interval.
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Transplant survival benefit
The survival benefit data are shown in Table 3, and the

benefit trend is depicted in Figure 4. The magnitude of

the transplant benefit increased over time and was

maximized at distant posttransplant intervals. On the

univariable GEE analysis, the survival benefit at 5 and

10 years associated with transplant over nontransplant

options was 12.79 months (95% CI: 7.95–17.63) and

48.62 months (95% CI: 35.49–61.75), respectively (p <
0.001). In the multivariable analysis, adjusting for PS, the

gain in favor of transplantationwas reduced to 6.82 months

at 5 years (95% CI: 1.10–12.54; p: 0.019) and reached

38.43 months (95% CI: 21.41–55.45) at the 10-year follow-

up interval (p < 0.001).

By exploring the possible interference of different prog-

nostic factors on survival benefit, a modifying effect was

detected for the site of the primary tumor and N stage

(Table S3), which yielded significant interactions in both

the 5- and 10-year GEE analyses. Categories showing a

greater benefit were those of patients with outlier indica-

tion (colon/stomach) or N0 cancers.

Discussion

The results described in this study demonstrate the sig-

nificant long-term survival advantage provided by liver

transplantation in patients with liver metastases from

gastroentero-pancreatic NETs meeting the restrictive cri-

teria summarized in Table 1.

The study was based on the belief that the precious

resource of liver transplantation had to be offered with a

curative rather than palliative intent to patients with lim-

ited tumor burden and no extrahepatic spread. Previous

reports have observed that older age, synchronous

resection of the primary tumor (31), G3 and mixed

tumors (2,4,5), large tumor burdens (hepatomegaly)

(31), non-gastro-entero-pancreatic primaries, and fast-track

transplantation (32) are correlated with an adverse out-

come, and limiting these risk factors significantly improved

posttransplant survival (33).

The presented observational study based on predetermined

selection criteria provided a long-term outcome—i.e.

88.8% overall survival and 13.1% TTP at 10 years—never

before described in patients with NETs metastatic to the

liver.

Currently, the criteria for patient selection described in

Table 1 have been accepted in most national and interna-

tional Organ Procurement and Transplant Networks (34),

even though transplant candidates with NETs are consid-

ered exceptional transplant cases and therefore do not

get priority like primary liver cancer does, adding extra

points to the MELD score (34,35). It has been demon-

strated that transplanting patients without malignancies

and with a low MELD score (<15) produces a hazard

rather than a benefit, with no gain in life expectancy (36).

More precisely, a MELD score of 15 corresponds to

12 months of life gained at 5 years compared with non-

transplant options (37,38). The presented study demon-

strates that the transplant survival benefit in NET

patients significantly increased over time with respect

to nontransplant options (p < 0.001), escalating from

approximately 7 months after 5 years to more than

3 years (38.4 months) after a decade of follow-up (Fig-

ure 4). Even in the most conservative scenarios—after

multivariate propensity adjustments—the enlisting of

NET patients for transplantation as MELD exceptions

appeared justified. The increase over time and the magni-

tude of the observed transplant benefit corresponds to

the minimal requirement of 15 points essential to avoid

Figure 3: Age-related risk of death. Patients aged 42–54 had

better prognoses, reflecting the tendency to advocate transplan-

tation in young individuals with advanced tumors while excluding

older individuals due to comorbidities.

Figure 4: Visual representation of the magnitude of trans-

plant benefit. The magnitude of transplant benefit, calculated

as the difference in mean survival time at 5 and 10 years

between study groups, increased over time and was maximized

at distant posttransplant intervals (also see Table 3).
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transplant futility, which might allow exception points to

be assigned to patients on the basis of age, pattern of

progression, and response to treatments.

The benefit in survival observed in this study might have

been due to the benefit of transplant and to the selection

of patients for transplantation, indicating the worthiness

of such a treatment perspective.

Considering the current donor shortage, living donation

and non-heart-beating donors in metastatic NETs could

be an option. However, access to deceased-donor grafts

should not be precluded to these patients, considering

that these patients are cirrhosis free, carry a very low

risk of death in the midterm, and have very good

chances of long-term posttransplant survival. This is a

patient subset in which the utility principle of transplanta-

tion could be maximized through the use of marginal

donated organs, namely, organs defined as at an

increased risk of poor function or failure but associated

with good long-term outcomes if proper matching with

low-risk recipients—usually with cancer indication—is

provided (29,39).

The only consistent difference among the groups under

study was the younger age of the transplanted group,

with patients aged 40–55 showing a better prognosis

(Figure 3). This finding reflects the tendency to push for

transplantation in young individuals with advanced

tumors, while not including older individuals because of

comorbidities. Whether transplant criteria built on tumor

characteristics should be adjusted to patient age remains

a matter of debate. Future studies including age as a

covariate should also take years-of-life lost into consider-

ation and should be referenced to cohorts belonging to

the general population matched by sex, age, and year of

diagnosis (40).

The main limitation of these results in favor of liver trans-

plantation for liver-only NET metastases is that they

derive from a comparison in which treatment options

could not be randomized. Segregation of the groups

based on criteria other than those thoroughly applied

might occur in nonrandomized studies; in this study, all

the patients were equally comparable with respect to eli-

gibility for transplantation according to predetermined cri-

teria, thus avoiding any selection bias based on tumor

features. In the current scenario in which randomized tri-

als on liver transplantation for NETs remain unlikely (2),

the proposed propensity adjustments within a cohort of

such patients identified a subgroup in whom transplanta-

tion appears to be justified.

The observed outcomes of such a described subgroup of

patients bearing a metastatic NET to the liver clearly dif-

ferentiates it from other series in which transplantation

was offered with fewer restrictions or in cases of symp-

tomatic disease progression, when no other treatment

could be proposed (33,41). As in other cancer indications,

the debate on liver transplantation for hepatic NET

metastases would have to counterbalance long-term cure

versus midterm palliation and confront posttransplant

survival (utility) with the years-of-life gained (benefit) for

the best use of the donated organs. Moreover, in a slow-

growing disease such as NETs, possible differences

among therapeutic strategies involving transplantation

would likely remain uncaptured unless a minimal horizon

of 10 years is pursued; at such a long-term interval, the

survival of nonsurgical metastatic NET patients is very

poor (5,42,43), especially when considering significant

metastatic tumor load (44).

Drug interventions in patients with liver metastases from

NETs are often proposed within randomized trials in

which surrogate survival endpoints, such as progression-

free survival, are used, allowing for treatment cross-over

(10–12). This study assessed the long-term 10-year sur-

vival with no cross-over, minimizing the risk of error in

the transplant benefit estimation. Although quality of life

variations were not measured over time, the high rate of

long-term curability after transplantation is in favor of a

general improvement in the quality of life at long-term

follow-up intervals.

Future studies should investigate transplantation after

tumor downstaging with novel agents because this study

was conducted in the premolecular target era of NETs

treatment. Prospective investigations on the use of new

molecules as bridging or adjuvant agents in combination

with transplantation should include markers of tumor

aggressiveness and assessment of response as stratifying

factors. As in other cancers, the identification of blood-

based gene transcripts and specific signatures to detect

circulating mRNAs in NET might replace chromogranin-A

serum determination and increase the definition of the

biologic profile of these tumors (45) to be added to clinical

presentation and pathology assessment. Such changes

will increase the evaluation of treatment efficacy and

ultimately prognostication and patient selection.

In conclusion, the data derived from the presented study

provide evidence to indicate transplantation as the best

option to pursue in selected patients with liver metas-

tases from NETs.
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sity score estimation.
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tors for which the interaction with treatment group was
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