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Mini abstract 

Neuroendocrine liver metastases may be treated with a broad armamentarium which has evolved (alongside imaging technologies) in the last few decades. This multicentre, descriptive, observational analysis explores trends in treatments and outcomes for these challenging tumours over the last 30 years. Five-year overall survival substantially improved over the last three decades, and 10-year survival doubled from 23.5% in 1990-2000 to 55.5% in 2010-2020. The use of multimodal therapy was significantly associated with improved overall survival. 





Structured abstract
  
Objective: To describe the evolution of management strategies for neuroendocrine liver metastases (NE LM) and trends in patient outcomes over the preceding 3 decades. 

Summary background data: Liver metastases are common in neuroendocrine neoplasms and impair prognosis. A broad therapeutic armamentarium has evolved over recent decades but there remains uncertainty regarding optimal treatment selection and sequencing. 

Methods: Retrospective cohort study pooling data from 4 specialist centres of excellence in the United Kingdom and Germany for individuals diagnosed with neuroendocrine liver metastases between 1st Jan 1990 and 31st December 2020. We explored trends in theranostic strategies over three decades and quantified overall survival (cohort, and by decade-defined temporal periods).

Results: We identified 551 individuals with NE LM with a median age at diagnosis of 59.1 years; 453 (82.2%) had synchronous metastases, and 402 (73.0%) underwent multimodal therapy. In all centres somatostatin receptor-based PET/CT and MRI were the preferred imaging techniques. There were significant trends in the use of somatostatin analogues and peptide receptor radionuclide therapy but the number of surgical resections remained stable. Overall survival (OS) at 5- and 10-years was 77.5% and 58.1% respectively. Across the three time periods, 5-year OS significantly improved - period I: 45.2%, period II: 66.0%, and period III: 75.7%. Ten-year OS showed overlapping confidence intervals for Period I (23.5%) and Period II (18.3%) but doubled in period III (55.5%). On multivariate analysis, the use of multimodal therapy strategies was significantly associated with improved overall survival (HR = 0.59, 95% CI: 0.40 to 0.88, p = 0.009). 

Conclusions: Improved imaging modalities and modifications in specific therapies as components of multimodal treatment concepts are concordant with significantly improved survival outcomes in NELM over 30 years. The use of multimodal therapy improved overall survival in patients with NE LM.  Future studies should determine optimal treatment selection and sequencing, and role of novel biomarkers to guide these. 


























Introduction

Neuroendocrine tumours (NET), which in 2019 were reclassified under the umbrella term neuroendocrine (NE) neoplasia1 frequently metastasise to the liver. In those with metastatic disease, approximately 80% exhibit liver metastases (LM) at initial diagnosis2. Irrespective of the primary NET site, LM represent the most crucial prognostic factor. In historical series, localised disease exhibits a 5-year overall survival (OS) of 75%-99% compared to 13%-54% for individuals with LM3. Three morphological growth types of NE LM have been identified radiologically: single metastasis irrespective of size (type I), isolated metastatic bulk accompanied by smaller deposits (type II) and disseminated metastatic spread (type III). They delineate therapeutic management trajectories and are predictive of long-term outcomes: 5- and 10-year survival rates are both 100% for type I, 84% and 75% respectively for type II, and 51% and 29% respectively for type III4. Hepatic micrometastases detectable by meticulous pathological examination occur in up to 55% of NE LM. This large group is not demonstrable with conventional cross-sectional or functional imaging5 and represents a major confounder in management strategy. 
Surgery is considered the quintessential treatment strategy for resectable NE LM, since it not only has potential to improve survival but to ameliorate clinical symptoms dependent on bioactive tumour products6. Following hepatic resection, 5-year and 10-year OS rates range between 61% and 77% and 34% and 51%, respectively, with median survival rates ranging from 81 to 125 months7-9. However, <30% of patients are suitable for complete liver resection with curative intent due to bilobar multifocal tumour growth and concomitant extrahepatic metastases4,10. A further 20% to 30% may be candidates for effective palliative hepatic cytoreduction11-13. NE LM are regarded as one of the few metastatic malignancies that may qualify for liver transplantation14. Early tumour recurrence is the Achilles’ heel of cytoreductive hepatic surgery for neuroendocrine disease with recurrence rates of 70% at <3 years15 and up to 94% at 5 years7. Residual hepatic micrometastases are considered the cause of disease recurrence and are an independent prognostic factor for poor OS. Such data raise concerns as to the efficacy of current strategy and mandate consideration of complementary approaches to enhance outcomes.  
The therapeutic armamentarium for NE LM is extensive and has evolved over recent decades. A fundamental change in NET management was the introduction of somatostatin analogues (SSA) in the early 1990s followed by peptide receptor radionuclide therapy (PRRT) in late 1990s16. Since then, a compendium of systemic palliative therapeutic options has become available. Although some have been shown in phase III trials to prolong PFS, a prolongation of OS remains to be established17-19. Currently, rigorous information is unavailable to determine the treatment response especially in the liver, the selection of treatment based on genomic tumour information, identify optimal therapy sequencing, and combinations thereof. Another important advance with potential to contribute to improved management of NET is the recently introduced blood-based molecular genomic biomarker (NETest). Such strategies can be used for estimation of tumour burden, prediction of biologic behaviour, assessment of completeness of tumour ablation, early identification of disease recurrence, and individualised treatment selection, especially PRRT20,21. 
Of note, despite striking evidence of efficacy and recommendations in various guidelines, somatostatin-receptor based functional diagnostics and therapy are still not widely available for NET patients 22-24. For example, according to a NET patient and healthcare professionals survey conducted in 2019, the availability of 68Ga-DOTA PET/CT and PRRT were significantly lower in Asia (45% and 31%, respectively) compared with global figures (60% and 52%, respectively)25. 
This report is an international, multicentre, cohort study of prospectively collected data on NE LM from European NET and hepato-pancreato-biliary expert units. The manuscript summarises the trends in treatment approaches, describes the evolution of outcomes, and provides an overview of the integration of novel developments over the past three decades in NE LM. 






Methods 

Data sources and study population 
We undertook a retrospective review of prospectively maintained databases of consecutive individuals with NE LM treated between 1st Jan 1990 and 31st Dec 2020 at four European centres: Imperial College Healthcare NHS Trust (ICHNT), London, UK; The University Hospital Hamburg (UKE), Hamburg, Germany; University Hospital Essen (UE), Germany; and Zentralklinik Bad Berka (ZKBB), Bad Berka, Germany. At each institution at least one of the authors was responsible for the management of patients with NE LM since the beginning of the study (NH, AF and PD at ICHNT, AF and JRI at UKE, AF and ML at UE, DK and RPB at ZKBB). The main enrolment criterion was the diagnosis of NE LM irrespective of the treatment anticipated. All patients were evaluated by the individual disease management team of the respective hospital. The diagnosis of NE LM was confirmed either on liver biopsy and/or histopathology of the surgical liver specimen. Since the late 1990s, each contributing centre has maintained a prospective institutional NET database. For the purposes of this study, we designed a central database capturing 30 parameters of relevance for our analyses. For uniformity and in the interests of quality control, predefined drop-down functions were implemented. Each centre was asked to provide their respective individual patient-level data, which were cross-checked for validity. Data were implemented in the final central database by a co-author (AKC) with statistical expertise. In total, 652 patients were initially considered for this study. Due to incomplete follow-up data, 101 were excluded from the final analysis. 

Clinical practice
In all participant institutions, management of NET followed guidelines of the European Neuroendocrine Tumor Society (ENETS) since their establishment in 2004 and was broadly comparable in terms of the diagnostics and therapies applied. Functional imaging was available during the entire study period; for grade (G) 1 and G2 tumours, this was initially somatostatin receptor scintigraphy, and later somatostatin receptor-based positron emission tomography/computed tomography (PET/CT), with additional 18F-FDG PET/CT for G2/G3 lesions. Computed tomography and more recently magnetic resonance imaging (MRI) were applied for anatomic imaging. Liver metastases were defined as synchronous if present at the time of primary tumour diagnosis, and as metachronous if diagnosed at least 6 months after primary tumour diagnosis.  
Liver directed surgical procedures included R0/R1 resection, debulking (R2, ≥90% cytoreduction), resection or debulking in combination with radiofrequency ablation (RFA), and liver transplantation. Ninety-day postoperative mortality and morbidity were recorded and from 2009 onwards categorised according to the Clavien-Dindo classification26. Liver directed interventional therapies encompassed percutaneous CT- or ultrasound guided RFA and various angiographic techniques (trans-arterial bland embolization [TAE], trans-arterial chemoembolization [TACE], and trans-arterial radioembolization [TARE]). Non-surgical treatment modalities consisted of systemic therapies including SSA, interferon alpha, cytotoxic chemotherapy, molecular targeted therapy, and PRRT. Of note, PRRT was not available on the UK National Health Service during the 3rd period of the study. 

Follow-up protocols encompassing standard biochemistry, assessment of blood and urinary standard NET biomarkers, morphologic imaging, and functional imaging were comparable at all institutions. Multimodal therapy was defined as any treatment strategy in which more than one modality was used. 

Outcome definitions 
The primary endpoint was OS, with secondary endpoints of recurrence-free and progression-free survival. Overall survival was calculated from date of initial diagnosis to death from NET, death from a non-NET cause, loss to follow-up, or reaching the end of follow-up alive (censoring, 31/12/2020). To address metachronous metastases, OS was also estimated from the date of detection of LM. Progression-free survival (PFS) was defined as follow-up from date of first medical treatment to date of disease progression on routine follow-up imaging. Recurrence-free survival (RFS) was calculated from date of surgical treatment (R0/R1 resection) of NE LM until the date of imaging-confirmed recurrence of LM, death from a non-NET cause, or censoring. Progression-free survival was not determined for patients who underwent debulking (R2 resection). 
Patient demographics and tumour characteristics were reported with descriptive statistics. Continuous variables were expressed as means with standard deviation (SD) or as medians with ranges. Kaplan-Meier methodology was used to estimate 5- and 10-year OS, PFS and RFS with 95% confidence intervals (CI). To assess for temporal outcome trends, the cohort was split by period of NET diagnosis: period I (01/01/1990 to 31/01/1999), period II (01/01/2000 to 31/01/2009), and period III (01/01/2010 to 31/12/2020). Follow-up for period-specific OS was truncated at the end date for the patient’s respective decade in which they were diagnosed.

Statistical Analyses 
Kaplan-Meier methodology was used to estimate OS within each temporal period; period-specific survival curves were compared with log-rank tests.    
Cox proportional hazards modelling was used to estimate hazard ratios (with 95% confidence intervals [CIs]) for the prognostic roles of pre-selected characteristics on 10-year OS. Univariable and multivariable analyses were conducted. Potential non-linearities were explored for age with fractional polynomials with up to 2 powers. Trends in the use of selected treatments across each decade were assessed using Chi-squared tests. A p-value of <0.05 was set as the threshold for statistical significance. All analyses were undertaken in Stata V17.   

Ethics approval 
Institution-specific ethics approvals were in place for each centre. The Principal Investigator (AF) was granted overarching ethics approval for the multicentric study (REC reference 23/SC/0028). All patients provided informed consent for inclusion in respective institutional databases. 



 
Results 

Overall, we assessed 551 patients in this study: 245 females (44.5%) and 306 males (55.5%), Patient demographic data and tumour characteristics are summarised (Table 1). Median age at diagnosis was 59.1 years (range 15.1 to 85.4 years). The primary tumour site was: small intestine (50.1%, n=276), pancreas (30.3%, n=167), broncho-pulmonary system (5.3%, n=29), large bowel (2.9%, n=16), duodenum (2.0%, n=11), stomach (1.3%, n=7), and other 9 (1.6%). The primary tumour site was unknown in 6.5% (n=36). There were 206 (37.3%) functional tumours. In 172 patients (31.2%) carcinoid syndrome was evident and 48 (8.7%) had carcinoid heart disease. Pathology grading was mostly G1 (38.8%) or G2 (40.8%). Tumour grade was not available for 60 cases. In all of them a well-differentiated NET and positivity on somatostatin receptor imaging were confirmed. Retrospective immunostaining was not feasible due to insufficient material available. Based on anatomic and/or functional imaging at initial diagnosis, lymph node metastases were present in 387 (70.2%) and distant metastases in 459 (82.1%). Synchronous LM were noted in 453 (82.2%). Median time between initial NET diagnosis and detection of metachronous LM was 48 months (range 6-300 months).  


Surgery
The primary tumour was resected in the majority of individuals (n=413, 75.0%) (Table 2). Subsequently or synchronously with primary tumour resection, 198 (35.9%) underwent surgical treatment of their LM. In this group 129 (65.2%) had formal hepatic resection and 54 (27.3%) had cytoreduction of gross hepatic tumour mass. Liver transplantation was undertaken in 15 (7.6%), 3 with a graft from a living donor. 
The 90-day morbidity and mortality of hepatic surgery was comparable between centres; these were ≤15% (all Clavien-Dindo I-IIIa) and 0%, respectively. No patient experienced intra- or postoperative carcinoid crisis. Nine (4.5%) underwent repeat hepatic surgery. Sixteen patients underwent hepatic cytoreduction in combination with intraoperative RFA (8.1%). Postoperative symptomatic relief was reported in 90%. 

Non-surgical therapies
Liver-directed percutaneous or angiographic therapies used were: RFA in 39 (7.1%), TACE in 70 (12.7%), TAE in 15 (2.7%), and TARE in 28 (5.1%). Minor morbidity was recorded in 29 (5.3%) and there was no treatment-associated mortality. None of the interventions were associated with a carcinoid crisis. Systemic therapies including SSA, PRRT, mTOR inhibitors, cytotoxic chemotherapy, and interferon were applied in 345 (62.6%), 207 (37.6%), 43 (7.8%), 120 (21.8%), and 12 (2.2%), respectively. Following PRRT, transient grade 1 or grade 2 toxicity occurred in 36.9% (82/207), and no grade 3 toxicity or hormonal excess was noted. These therapeutic modalities were administered either as an isolated measure or consecutively during the disease course. Multimodal treatment approaches were applied in 402 (73.0%), of these 251 (62.4%) had ≥ 2 lines of therapy. 

Trend analysis over time
Different treatment modalities were undertaken in each decade-defined study period (Figure 1).  

A. Resection
While the number of hepatic resections remained stable over the three periods, there was a trend with time towards less radical resections. The number of patients who underwent multimodal treatment was comparable over the three periods: Period I, n=57/81 (70.4%); Period II, n=93/137 (67.9%), and Period III, n=252/333 (75.7%) (X2=3.30, p=0.191). 
B. SSA Usage
Of note was significant increases in the use of SSA between period I and II (48/81 patients [59.3%] and 231/333 patients [69.4%], respectively (X2=19.08, p<0.01). The use of PRRT in all centres did not differ significantly between period I and II, with 31/81 patients (38.3%) and 65/137 patients (47.5%), respectively (X2 = 1.87, p=0.2). This trend was not assessed for period III as PRRT was not available in the UK. 

C. Cytotoxic Therapy
Chemotherapy was applied relatively uniformly during the three periods of the study, primarily in higher grade LM originating from the pancreas or lung: 16/81 in period I (19.8%), 38/137 (27.7%) in period II, 66/33 (19.8%) in period III (X2=3.8, p=0.15). In Period III, mTOR inhibitors were increasingly used as a third- or fourth-line therapy mainly in trials, and in transplants, respectively: 0% in period I, 5/137 in period II (3.7%), and 38/333 (11.4%) in period III (X2=16.2, p<0.01).  

D. Radiofrequency Ablation 
Radiofrequency ablation was decreasingly used over time, typically as an adjunct to surgical resection or as a percutaneous approach for single progressive LM in the context of otherwise stable disease: 7/81 period I (8.6%), 19/137 period II (13.9%), 13/333 period III (3.9%), (X2=15.0, p<0.01).

E. Trans-arterial Radioembolization
The use of TARE increased over time: period I 2/81 (2.5%), period II 5/137 (3.7%), period III 22/333 (6.6%), but small counts precluded meaningful analysis results. 

There was no trend in the median number of treatment lines across the study periods (all median 3, range 2 to 7). 

Survival 
The median follow-up from the date of initial NET diagnosis was 4.9 years (range 6 months to 39 years). During a total follow-up of 3,583.2 patient-years there were 195 deaths (35.4%). 
Overall survival at 5- and 10-years was 77.5% (95% CI: 73.3% to 81.2%) and 58.1% (95% CI: 52.3% to 63.5%), respectively (Figure 2). Median OS for the entire study cohort was 12.5 years (95% CI: 10.3 to 15.4 years). To account for metachronous LM, we calculated follow-up from the date of LM detection: median OS was 10.3 years (95% CI: 9.4 years to 13.2 years), 5-year OS was 74.4% (95% CI: 69.7% to 78.4%), and 10-year OS was 52.3% (95% CI: 46.0% to 58.2%).  
When examining for trend in OS across the three time periods (Figure 3), 5-year OS significantly improved - period I: 45.2% (95% CI: 33.1% to 56.4%), period II: 66.0% (95% CI: 56.0% to 74.3%), and period III: 75.7% (69.5% to 80.8%), (X2=32.8, p<0.001). The 10-year OS results showed overlapping confidence intervals for Period I (23.5%, 95% CI: 13.0% to 35.8%) and Period II (18.3%, 8.3% to 31.3%), but doubled in period III (55.5%, 95% CI: 44.4% to 65.2%). 
Recurrence-free survival and progression-free survival at 5 years were 36.9% (95% CI: 26.7% to 47.1%), and 41.8% (95% CI: 36.1% to 47.5%), respectively. Median recurrence-free survival was 4.1 years (95% CI: 2.9 to 4.7 years), and median progression-free survival was 3.8 years (95% CI: 3.2 to 4.7 years). 
Failure to resect the primary tumour had significantly worse overall survival than those resected: 5- and 10-year OS were 68.1% and 33.4%, and 87.7% and 57.9%, respectively (X2=58.5, p<0.001). Failure to undergo hepatic surgery for LM had significantly worse outcomes than those resected, 5- and 10-year OS was 66.9% and 57.9%, and 87.0% and 77.8%, respectively (X2=10.69, p<0.001). Individuals with progressive disease who failed to receive multimodal therapy had significantly worse outcomes than those treated: 5- and 10-year OS were 66.6% and 44.3% and 86.1% and 66.7%, respectively (X2=25.5, p<0.001). 

Prognostic factors  
Results from the univariable and multivariable analyses are summarised in Table 3. In univariable analysis, synchronous liver metastases, tumour grade, primary tumour site (small bowel vs. pancreas), surgery on the primary tumour, surgical treatment of LM and use of multimodal therapy were significantly associated with prognosis. In multivariable analyses, synchronous liver metastases, the presence of extrahepatic metastases, tumour grade, surgery on the primary tumour, and the use of multimodal therapy were significant prognosticators. Primary tumour site was not included in the multivariable analysis due to primary tumour sites other than small bowel and pancreas being uncommon, which would affect result precision.  

Discussion 

Historically, outcomes in NE LM have been disappointing – a 5-year survival of 38.5% was reported for patients with LM compared to 71.7% in those without LM treated between 1950 and 1999 in a United States registry-based series of 13,715 NETs patients27. Limited awareness of NET, inaccuracy of historical staging modalities, and lack of effective cytoreductive therapies likely contributed to these outcomes. 
[bookmark: _heading=h.30j0zll]The present 30 years report demonstrates significant improvements in the OS of patients with NE LM. In particular, the differences in 5- and 10-year OS between the 1990s and the 2010s (45.2% versus 75.7%, and 23.5% versus 55.5%, respectively) is encouraging. In the wider context of other retrospective studies in metastatic NET, the 5-year OS of 77.5% (95% CI: 73.3% to 81.2%) reported in the present series compares favourably with that of 65.9% reported in the 2009 UK multi-centre study of Ahmed et al  of 360 individuals with midgut NET LM9 although 30.3% of  our patients had pancreatic primary tumours which are associated with worse OS when compared to NET originating from the midgut28,29. The 5-year OS (77.5%, 95% CI: 73.3% to 81.2%) and the 10-year OS (58.1%, 95% CI: 52.3% to 63.5%) in the present study also compare well with the Mayo clinic institutional experience of NE LM (75% and 51%, respectively), all of which underwent hepatectomy30. 

The positive trajectory of survival outcomes in NE LM patients over time reflects several factors. First, temporal changes in case mix at contributing specialist centres could lead to ‘drift’ in the more optimised prognostic profile of later patients. Second, the evolution and amplification of the therapeutic armamentarium during the study period provided wider ranges of multimodal treatment strategies. Whilst the average number of treatment ‘lines’ did not differ across periods, several significant trends were observed in the use of different treatment modalities including increased use of SSA. In parallel, functional imaging technology improved. Thus, somatostatin receptor scintigraphy, the initial standard technique in the first period, was superseded by somatostatin receptor-based PET/CT. The latter is superior in terms of lesion detection and has been shown to alter treatment decisions in ~ 60% compared to CT and/or MRI alone31. In particular, it has utility in detecting peritoneal carcinomatosis and bone metastases32. A critical advantage of functional imaging is the ability to provide accurate baseline staging and monitoring of treatment response. In addition, it facilitates selection of candidates for somatostatin receptor targeting radiolabelled therapies33. 
Hepatic surgery to eliminate macroscopic tumour burden remains the option with the best outcomes for survival and symptom control of NE LM. Liver resection was one of the significant independent prognostic factors in large retrospective cohort studies9,10. In the present study, liver resection was significantly associated with improved prognosis in terms of OS (HR: 0.59, 95% CI: 0.43 to 0.81) – however, on multivariable adjustment for other clinicopathological characteristics the direction of the association was similar but became non-significant (multivariable adjusted HR 0.59, 95% CI: 0.49 to 1.07). This may be due to these analyses accounting for factors that may influence decisions on surgery that also correlate with prognosis (e.g. presence of extrahepatic disease and tumour grade). The use of multimodal therapy was also observed to be significantly associated with more favourable prognosis on both univariable (HR = 0.48, 95% CI: 0.36 to 0.64, p<0.001) and on multivariable analysis (HR = 0.59, 95% CI: 0.40 to 0.88, p = 0.009)   
Valid assessment of the effect of liver resection on long-term OS is lacking, however - no prospective randomised trials have compared surgery outcomes with non-surgical liver-directed or systemic therapies. In retrospective cohort series on liver resection published since 2010, 5-year and 10-year OS range from 70%-100% and 50%-100%, respectively7,10,34,35. The wide ranges reflect heterogeneity of patient populations analysed, inconsistent selection criteria and the variety of hepatic procedures included. In our study we noted 5-year and 10-year OS of 87.0% and 77.8%, respectively for those who had liver resection. This exceeds the median OS of 122 months in the 2023  Mayo Clinic28 series as well as the 5- and 10-year OS of 70.5% and 42%, reported in a systematic review of hepatic resection reports published during 1990-201036. In the study reported by Fairweather et al., the 10-year OS was 70% in patients who had liver resection compared to 31% in those who had systemic treatment and 20% in those who were observed only10. Nomograms predicting the prognosis of patients undergoing liver resection for NE LM37 or recurrence after liver resection38 could be informative for patient selection. 
In total 35.9% of our patients were considered suitable for hepatic resection due to mainly >50% liver involvement, which frequently co-existed with synchronous non-resectable extrahepatic deposits. In the series of 649 patients with NE LM reported by Fairweather and colleagues, only 58 (9%) had  liver resection10. Our resection rate also exceeds the 13.9% (50/260 patients) reported in the UK report of Ahmed et al.9. Hepatic resection should be considered irrespective of the chronology of disease manifestation. In a series reported by Zhang et al., patients with synchronous or metachronous NE LM had comparable 10-year disease-specific survival (76.2% vs. 85.9%, respectively), however the latter group were at higher risk of recurrence (10-year RFS, 34.1% vs 59.8%, respectively). In those with metachronous LM, no difference in long-term survival was identified between early (≤2 years, 57.6%) and late (>2 years, 42.4%) disease presentation39. By contrast, in the patients in the present study, synchronous LM were a prognostic factor of significance for OS on both univariable analysis (p <0.001) and multivariable analysis (p=0.003). Synchronous LM were one of the predictive factors for worse survival also in an international multicentre study encompassing 339 patients from 8 major HPB centres7.
It is of interest that the number of resections remained stable over the three time periods. Novel surgical strategies such as two stage hepatectomy after right portal vein embolization35, associating liver partition and portal vein ligation for staged hepatectomy (ALPPS)40,41, radiation lobectomy42, and neoadjuvant PRRT for down-sizing bilobar LM43 were introduced during the last two decades. Such procedures did not substantially increase the number of candidates suitable for hepatic resection. In line with the observations made by the Mayo Clinic30, we noted a decline of formal hepatectomies in favour of segmentectomies or non-anatomical metastasectomies over the study period. Of note, non-anatomical resection might be associated with higher rate of recurrence when compared to formal anatomical hepatectomies44.  It has been suggested that a recent shift from the ≥90% to ≥70% debulking threshold for NE LM45 may increase the number of patients considered for incomplete hepatic resections; however, we did not observe this in our series. As of 2023 the predominant limitations of liver surgery for NE LM remain, namely high recurrence rates (up to 94% at 5-years after resection) 7,30,46, median liver PFS of 11 months after debulking13, and lack of adjuvant concepts.
The more indolent nature of NE LM and frequent bilobar multifocal manifestations render them worthy of consideration for liver transplantation47. Following robust selection criteria and (critically) timing of transplantation proved to be decisive for achieving long-term benefit for the patient and deliver results competitive to those of non-transplant treatments48. Post-transplant recurrence is observed in 30%-50% of cases and remains the Achilles’ heel of the procedure49.
The European Liver Transplantation Registry report (1982 and 2009) included 213 patients transplanted for NE LM. In this group of relatively ‘unselected’ patients, the outcome was chastening with a 90-day post-operative mortality rate of 10%, a subsequent 5-year OS of 52% and approximately a 60% disease recurrence rate. Of note was the observation that outcomes improved over time, with 5-year OS of 46% prior to 2000 compared to 59% thereafter47. In our experience (previously reported) of 15 patients, the majority of them transplanted before 2000, 5-year OS and RFS amounted to 67.2% and 48.3%, respectively51. The importance of strict selection criteria52, refining of transplant techniques, and introduction of novel post-transplant immunosuppressive regimens is especially reflected in the experience (1995-2010) of Mazzaferro et al.14 who attained  5-year and 10-year OS of 97.2% and 88.8%. In their patients with post-transplant recurrence treated with an aggressive surgical approach or non-surgical therapies if surgery was not an option, 5- and 10-year survival after recurrence was 76.3% and 45.5%, respectively. The most favourable outcomes were seen in those who developed recurrence a long time after liver transplantation (>24 months)49.
Hepatic intraarterial therapies are effective and well-tolerated palliative options for non-surgical candidates with progressive, liver-predominant, metastatic NET and for those with refractory hormonal symptoms. In the absence of randomised controlled trials, no rigorous statement regarding the relative superiority of each technique in terms of radiological response, symptomatic response or survival impact can be made. In a systematic review, Kennedy et al. concluded that the 5-year survival for TAE and TACE range from 13% to 65.4%, and 11.1% to 50%, respectively. For TARE, 3-year survival ranged from 42% to 47%53. Symptomatic response was seen in 39% to 95% within 1 to 18 months following treatment.  In our experience with TARE, OS and PFS at 3-years were 77.6% and 50.4%, respectively, and there were no grade 3/4 toxicities post-procedure54. In single studies, hepatic intra-arterial therapies have been combined with systemic agents55 or PRRT56 to enhance the treatment effect. In the absence of any objective criteria for treatment stratification such results must at present be regarded as observational.
The effect of systemic antineoplastic therapy specifically on LM is difficult to assess since there is a lack of published data discriminating between treatment response in the liver and in extrahepatic disease sites. In addition, randomised studies comparing systemic therapies with hepatic intra-arterial therapies in liver predominant disease do not exist. In the first phase III trial of somatostatin analogues, hepatic tumour burden of <10% predicted a positive response to treatment. In the following phase III trial on SSA, and in the Phase III trial on PRRT vs SSA, prolongation of PFS was seen irrespective of baseline hepatic tumour burden (cut-offs were ≤25% vs. ≥25%, and <25% vs 25-50% vs. >50%, respectively)18,57. These conflicting data suggest that tumor burden alone is not an adequate criterion and that better knowledge of the biological basis of individual disease is required. It is possible that genomic characterisation will facilitate treatment stratification58.
Clearly, intervention in the NE LM setting can be effective. Although the optimal strategies are not yet well defined, it seems likely that multimodal therapy will provide optimised outcomes. Support for this supposition was initially provided by Norheim et al. of Uppsala University who reported the impact of such concepts in 103 patients with ‘malignant carcinoids’ (92% had LM). In this cohort, surgery was undertaken in 83%, followed by treatment with interferon in 92%, and 15% also received SSA59. They posited that multiple therapies improved survival outcomes when compared to historical data. In the present study, all centres were early adopters of multimodal concepts, but favoured somatostatin receptor-targeted therapies due to the inauspicious safety profile of interferons. Overall, SSA were used in 62.6% and PRRT in 37.6%. It is likely that adoption of this ‘theranostic’ approach which combined somatostatin receptor imaging with somatostatin receptor-targeted therapy may have contributed to improved outcomes. 
In a 2023 review on circulating biomarkers in neuroendocrine disease serious concerns were raised about the potential clinical use of chromogranin A, traditionally used as a standard biomarker for NET60. Blood-based genomic tumour markers (NETest) present a novel, effective approach for accurate diagnosis, staging, delineation of surgical resection, selection of treatment, and monitoring of treatment response. In our previous studies and in those performed by others, NETest was shown to accurately correlate with completeness of resection (R0 resection/normal NET score: no recurrence, R0 resection/elevated NET score: recurrence in 83%, R1/R2 resection/decreased but elevated NET score: recurrence in 100%)21 and early identification of minimal residual disease as well as recognition of disease recurrence and progression21,58,61,62. 
The strengths of the present study include the size and temporal coverage of the diverse multi-centre international cohort permitting analysis of trends in treatments and outcomes. There are, however, important limitations worthy of consideration. First, whilst the tertiary nature of all contributing centres and the embedded NET and hepato-pancreato-biliary expertise may demonstrate the optimisation of outcomes attainable in such scenarios, there are reservations that will likely limit the generalisation of our findings to other settings. Second, the availability of best-in-class imaging and PRRT (in 3 centres over ~ two decades) may not reflect standard practice in non-specialist units or those in different geographic locations. Best available imaging modalities can identify additional disease burden usually undetectable until a later date thereby compromising the timing of treatment strategies31. The initial resistance to the use of PRRT appears now to have waned and offers an effective approach to attain disease control17.
Neuroendocrine LM pose multiple clinical challenges. They are common, portend negative prognosis, and whilst there are multiple treatments available, the precise utility of individual strategies is often based on opinion and assertion rather than rigorous, critically designed studies. Thus, the comparative ‘role’ of liver transplantation or R0 hepatectomy in resectable NE LM63 are subject to controversy. Similarly, the effects of systemic antineoplastic therapies specifically on LM cannot be clearly documented in published series due to lack of data that adequately discriminates between treatment response in hepatic versus extra-hepatic sites18,50. 
This study demonstrates that acceptable long-term outcomes are attainable for NE LM with multimodal treatment concepts, and these have improved over time as novel approaches became embedded into standard clinical practice (Figure 4). The next step in defining specific therapy and timing will depend upon the genomic biologic characterisation of individual NE LM. It is improbable that all metastases are equal. Thus, to advance the therapeutic efficacy, biological stratification of an individual’s neuroendocrine tumour disease is a key step forwards.  
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Figure legends 
Figure 1. Trends in the use of different treatment modalities by each decade-specific period during the study. 
Figure 2. Kaplan-Meier survival curve demonstrating the overall survival up to 10 years for all individuals in the cohort studied. CI = confidence interval. 
Figure 3. Kaplan-Meier survival curves demonstrating the overall survival for decade-specific periods in the study. For this analysis, where applicable, participants had their follow-up truncated to the end of the period in which they entered the study cohort. CI = confidence interval. 
Figure 4. The treatment recommendations above are based on combinations of individual randomised clinical trials, and/or current society guidelines. *= everolimus indicated for pancreatic primaries, ^ = neuroendocrine carcinoma based on being grade 3 but with poor/lack of differentiation. NEN = neuroendocrine neoplasm, NET = neuroendocrine tumour, NEC = neuroendocrine carcinoma, G = grade, PRRT = peptide receptor radionuclide therapy, TARE = transarterial radioembolisation, LTx = liver transplantation, SSA = somatostatin analogues, LM = liver metastases, EHD = extrahepatic disease, STZ = streptozotocin, CAPTEM = capecitabine and temozolomide chemotherapy. 

