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Abstract: Neuroendocrine tumors (NETs) are a heterogeneous class of cancers, predominately occur-
ring in the gastroenteropancreatic system, which pose a growing health concern with a significant
rise in incidence over the past four decades. Emerging from neuroendocrine cells, these tumors often
elicit paraneoplastic syndromes such as carcinoid syndrome, which can manifest as a constellation
of symptoms significantly impacting patients” quality of life. The prognosis of NETs is influenced
by their tendency for metastasis, especially in cases involving the liver, where the estimated 5-year
survival is between 20 and 40%. Although surgical resection remains the preferred curative option,
challenges emerge in cases of neuroendocrine tumors with liver metastasis (NELM) with multifocal
lobar involvement, and many patients may not meet the criteria for surgery. Thus, minimally invasive
and non-surgical treatments, such as locoregional therapies, have surfaced. Overall, these approaches
aim to prioritize symptom relief and aid in overall tumor control. This review examines locoregional
therapies, encompassing catheter-driven procedures, ablative techniques, and radioembolization
therapies. These interventions play a pivotal role in enhancing progression-free survival and manag-
ing hormonal symptoms, contributing to the dynamic landscape of evolving NELM treatment. This
review meticulously explores each modality, presenting the current state of the literature on their
utilization and efficacy in addressing NELM.

Keywords: transarterial chemoembolization; embolization; radioembolization; locoregional therapies;
neuroendocrine tumor

1. Introduction

Neuroendocrine tumors (NETs) constitute a heterogeneous group of neoplasms that
may occur across various organs, originating from neuroendocrine cells. The current
prevalence of NETs is approximately 170,000 and yet the incidence has risen 5-6 fold over
the last four decades [1,2]. Clinical management of NETs can be challenging and depends
on the primary tumor site, symptom severity, and proliferative activity [3]. NETs can induce
paraneoplastic syndromes caused by the release of serotonin, also referred to as “carcinoid
syndrome”. According to estimates, approximately 19% of patients can report carcinoid
syndrome, which encompasses a myriad of symptoms that include flushing, diarrhea,
and wheezing [4,5]. Many of these symptoms have been thought to be mediated by an
overproduction of serotonin [5], although other mediators, including serotonin precursors,
prostaglandins, tachykinins, and histamine, have also been reported [6].

A distinctive hallmark that influences the prognosis and clinical management of NETs
is their propensity for metastasis, which drastically reduces survival [7,8]. For example,
the localized disease is typically more indolent with slow-growing lesions and a good
prognosis, with reported overall survival (OS) > 30 years [1]. However, metastasis to the
liver carries a poor 5-year survival rate, ranging from approximately 19-38%, and the
extent of hepatic tumor burden is a crucial prognostic determinant [9,10]. Approximately
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two-thirds of NETs occur across the gastroenteropancreatic (GEP-NET) system, which
constitutes a more aggressive form associated with a worse prognosis [11]. According to
the European Neuroendocrine Tumor Society (ENETS) and the North American Neuroen-
docrine Society (NANETS), for patients with neuroendocrine disease with liver metastases,
surgical resection remains the gold standard in the pursuit of curative intent [12]. However,
in recent years, there has been a notable emergence of innovative treatment modalities,
which may not aim to achieve a cure, but focus on alleviating symptoms, prolonging
survival, and improving quality of life [9,13]. Within the battery of treatment approaches
for NELM, non-surgical methods including catheter-driven and percutaneous approaches
have emerged as adjuncts or viable alternatives to surgery [14]. In the present review, we
discuss locoregional therapy approaches for NELM, highlighting the current evidence for
their use as well as future areas of investigation.

2. Tumor Characterization and Guidelines for Locoregional Therapy
2.1. Diagnostic Imaging and NET Classification

One of the mainstay diagnostic modalities for NET is somatostatin receptor scintig-
raphy, providing highly sensitive visualization of tumor cells that express somatostatin
receptors permitting the identification of primary tumor site as well as metastases. Initially,
radiolabeled somatostatin analog octreoscan® was commonly used, but newer radiophar-
maceuticals like DOTATOC and DOTANOC are now preferred due to their superior
sensitivity (90-94%) and specificity (90-92%) [15,16]. Furthermore, positive emission to-
pography or PET may be combined with computer topography or CT (68 Ga-DOTATOC
PET/CT), which has become the gold standard method for the diagnosis and management
of NET [17]. For patients with negative PET results and high plasma serotonin levels, other
tracers like 18 F-dihydroxy-phenyl-alanine and 11 C-hydroxy-tryptophan can be used [18].
CT and MRI offer superior spatial resolution when compared to PET, and are well suited
for identifying small liver lesions, monitoring tumor growth progression, or identifying
anatomical variants to better inform locoregional therapy approaches [16]. Furthermore, CT
can be used to evaluate tumor treatment response via the radiographic response evaluation
criteria in solid tumors (RECIST) or modified criteria (mRECIST), which were initially
designed to evaluate anatomical treatment responses geared toward hepatocellular carci-
noma. Diffusion-weighted MR imaging also serves as a valuable tool for evaluating NETs
by assessing tumor microenvironment and tumor viability, which are altered in regions
of necrosis [19]. Alterations in viable tumor regions often coincide with an absence of
contrast enhancement, a potential imaging biomarker shown to be indicative of OS in those
receiving transarterial locoregional therapy [19].

After the diagnosis of NETs, treatment strategies are frequently guided by disease clas-
sification and grade. Based on the WHO 2022 classification, which accounts for proliferation
index (Ki-67) and mitotic information, NETs are categorized into well-differentiated neu-
roendocrine tumor (NET) grades G1, G2, and G3, and poorly differentiated small and large
cell neuroendocrine carcinoma [20]. G1/G2 NETs exhibit high expression of somatostatin
receptors on their cell membrane (80-95%) [21]. However, somatostatin receptor-based
PET/CT is highly sensitive in detecting G1/G2 but G2 may be less sensitive in tumors with
higher Ki-6 [21].

2.2. General Overview of Treatment Approaches

ENETS and NANETS guidelines support the use of surgical resection as the mainstay
curative treatment for liver metastasis [12]. Eligibility for surgical intervention, however,
is predominantly contingent upon the extent of the hepatic disease burden borne by
the patient. One proposed classification system distinguishes NELM liver distribution
by tumor distribution including a single, unilobular lesion (Type 1) or bilobular lesions
with a predominant lobe affected with smaller satellite lesions in the other lobe (Type 2),
and, finally, multifocal diffuse bilobular disease (Type 3) [22]. Surgical resection may be
employed to address the disease with unilobular liver metastasis or, in certain instances,



Curr. Oncol. 2024, 31

2078

patients with limited bilobular or Type 1 metastasis [14]. Five-year survival after resection
in patients with NELM is reportedly 60-75% [23,24]. Given that a considerable number
of individuals have multifocal hepatic involvement, achieving complete RO resection can
be challenging, and reported curative resection is only possible in 10-25% of patients,
with recurrence at a substantial 50-95% of cases [25,26]. Therefore, in these patients,
surgical debulking or cytoreduction is used, with the overall aim of bridging, controlling
symptoms, and improving survival [25]. Liver transplantation may also be used as a
curative intent treatment for unresectable NELM [27]. ENETS published criteria for patient
eligibility for liver transplantation, which include well-differentiated low-grade disease
and the absence of extrahepatic disease [28]. However, given that extrahepatic disease is
often prevalent in cases of NELM, coupled with global organ shortages and a significant
proportion of patients failing to meet surgical eligibility criteria, clinicians are compelled
to explore alternative therapeutic options [26]. Hence, for individuals with multiple or
extensive metastatic liver lesions, especially in cases where primary resection is constrained
(Type 2 and 3), either systemic pharmacological or liver-directed locoregional therapies can
serve as viable alternatives to surgery, by extending survival while reducing symptoms
and tumor burden [25,28,29].

2.3. Alternatives to Surgery

Pharmacological treatment of unresectable NELM includes somatostatin analogs (SSA),
such as octreotide and lanreotide [30]. A substantial portion of NETs express somatostatin
receptors, with up to 90% of cases for certain subtypes [31]. SSAs work by mimicking
the action of somatostatin, a hormone that inhibits the release of various other hormones,
including growth hormone and insulin, by binding to somatostatin receptors [32]. Somato-
statin signaling is also important for cell growth and apoptosis, and therefore octreotide
and lanreotide have been shown to be effective not only at hormonal secretion control but
also in immunomodulation and tumor cell angiogenesis inhibition [33,34]. For example,
in double-blinded placebo-controlled clinical trials, such as the PROMID and CLARINET
studies, patients with NETs treated with octreotide or lanreotide showed prolonged time
to progression and progression-free survival (PFS) benefit for NETs, respectively [33,34].
Peptide Receptor Radionuclide Therapy (PRRT) is a relatively new targeted therapy used
for unresectable G1/G2 NELM. PRRT involves radioactive substances that are conjugated
to tumor cells with somatostatin receptors. PRRT can be performed using either 0Yttrium
or 77Lutetium, bound to chelating agent DOTA and SSA. NETTER-1 phase III clinical
trial showed PRRT, ”7Lu-DOTATATE, has fairly low toxicity with good tumor control
for NETs [35,36]. More specifically, 1””Lu-DOTATATE showed a significantly longer PFS
(28.4 months) compared to its control arm (8.5 months), which included long-acting oc-
treotide. Median OS was also reported, with the PRRT arm showing a median OS of
48 months and 36.3 months for the control arm [37]. Although this was an 11.3-month
difference between both treatment arms, this was not found to be statistically significant.
Current guidelines, namely NANETS and ENETS, recommend the use of PRRT only after
the progression of disease while on SSAs [12,38-41]. Ongoing trials such as NETTER-2
seek to compare 77Lu-DOTATATE as a first-line agent with long-acting octreotide for
high-grade G2 and G3 NETs [42]. Furthermore, the COMPETE trial aims to compare the
outcomes of ””Lu-Edotreotide with the M-TOR inhibitor, everolimus, in patients with G2
and G3 gastrointestinal and pancreatic NETs [43]. Some investigations have also explored
the use of PRRT in combination with chemotherapy [44].

Liver-directed locoregional therapies include a diverse group of modalities that may
be used in diffuse NELM or disease where resection is not possible. Under certain guide-
lines, they are used as a second line to SSA or systematic therapy. However, in unresectable
NETs with metastases isolated to the liver, locoregional therapies may be preferred. Yet,
limited data exist to compare the selection of locoregional therapies over systemic agents
for unresectable NELM. Investigations have attempted to explore the use of locoregional
therapy in combination with other systemic therapies or as part of a combined approach
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with surgery. Overall, locoregional therapies serve the dual purpose of controlling tumor
progression and managing symptomatic manifestations. In fact, a retrospective investiga-
tion of patients with NELM explored the use of surgical vs. non-surgical treatment, finding
no difference in survival between both management approaches [45]. The following section
will explore the application of non-surgical locoregional therapies for NELM by providing
a contextualization of the suitability of each modality and elaborating on the underlying
rationale guiding their application within the treatment paradigm.

3. Locoregional Therapies

Liver-directed locoregional therapies encompass a diverse array of treatment modal-
ities that specifically target tumors and often represent a minimally invasive alternative
to surgery [46—48]. Much of the initial literature encompassing locoregional therapies
has focused on the treatment of primary liver cancers and has since been established as
one of the mainstay treatment approaches according to the Barcelona Clinic Liver Cancer
guidelines for treating hepatocellular carcinoma [49,50]. In NELM cases where patients
are ineligible for hepatic resection due to factors such as compromised performance status,
liver-directed locoregional therapies offer valuable options to improve PFS and OS [26].
Typically, locoregional therapies are employed for G1/G2 NELM for controlling larger or
multifocal lesions in oligometastatic NELM or for hormonal symptom relief [14]. Further-
more, guidelines such as the European Society of Medical Oncology (ESMO) recommend
the use of locoregional regional therapies early in the treatment algorithm for functional tu-
mors to prevent complications such as carcinoid crisis [51]. NANETS also recommends the
use of locoregional therapies or chemotherapy for symptomatic NELM over SSAs [38,52].
For G3 NET, systematic chemotherapy is generally recommended [53]. However, NANET
guidelines still support the use of liver-directed therapy for G3 NET. However, the decision
of when to initiate embolization remains a matter of debate. In fact, a systemic review of
non-surgical treatments for pancreatic NELM found limited evidence to support systemic
vs. locoregional therapy. Optimal management of unresectable NELM therefore requires
a multi-disciplinary approach and is patient-specific. In many cases, it is reasonable to
consider liver-directed locoregional therapies as a salvage approach when the liver burden
ranges between 10% and 90% [54]. Similarly, NANETS recommends the use of transarte-
rial locoregional therapy approaches with liver-dominant bulky disease with intact liver
function [55]. Therefore, the extent of liver involvement using diagnostic imaging can be
essential for determining whether locoregional therapies may be effective. In some cases,
locoregional therapies such as ablation can be used in combination with surgery to assist
with debulking without impacting recurrence rate, survival or post-operative complica-
tions [28]. The subsequent section offers a more comprehensive review of each locoregional
therapy modality, delineating their respective indications and long-term outcomes. Refer to
Table 1 for an overview of descriptions and outcomes of locoregional therapies for NELM.

3.1. Transarterial “Bland” Embolization

The rationale for catheter-driven locoregional therapies stems from the observation
that NELM tumors typically exhibit hypervascularity (e.g., as evidenced by homogenous
or peripheral arterial-phase image enhancement on CT/MRI), primarily deriving their
blood supply from the hepatic artery [56]. In contrast to NELM tumor cells, normal hepatic
parenchyma predominantly receives its blood supply from the portal vein. In many cases of
multifocal bilobar disease, transarterial catheter-driven therapies are recommended for gas-
troenteropancreatic NET or symptomatic patients [13,57]. Transarterial Embolization (TAE)
or “bland” embolization is the selective blockage of blood vessels supplying vascularized
NELM tumors, leading to ischemia and subsequent tumor necrosis with minimal dam-
age to normal liver parenchyma. The procedure is accomplished via ultrasound-guided
transfemoral or transradial access using an 18-21 gauge needle. Once arterial access via a
microcatheter is established, cannulation of the hepatic arteries using a 5 Fr or 6 Fr catheter
is performed, followed by angiography to delineate the primary and collateral vascula-
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ture [58]. Ultimately, arteries suppling the tumor are injected with embolic agents, such as
polyvinyl alcohol, gel foam particles, cyanoacrylate, and microspheres [59]. Follow-up CT
in 3 to 6 months can be used to monitor tumor response via the RECIST 1.1 or mRECIST
criteria (Figure 1). Transarterial therapies are typically administered at one liver lobe at
a time and may require multiple sessions or staged sub-lobar treatments if a large tumor
burden is present.

Figure 1. Transarterial chemoembolization of 55-year-old with liver-dominant metastatic NET of small
bowel origin to the liver: (a) pre-procedure CT. White arrows indicate lesion(s): (b) intraprocedural
angiogram, (c) post-procedural CT.

3.2. Transarterial Chemoembolization

In contrast to TAE, transarterial chemoembolization (TACE) combines embolization
with the infusion of chemotherapeutic agents, such as doxorubicin, cisplatin, mitomycin-C
or streptozocin, directly into the tumor-feeding vessels [47,60,61]. This dual approach
enhances the local cytotoxic effects while simultaneously inducing ischemia (Figure 1).
TACE can be executed conventionally, using an emulsion of chemotherapy and lipiodol
(cTACE), or by employing chemotherapy drug-eluting beads (DEB-TACE) [61,62]. Similar
to TAE, TACE can also cause post-embolization syndrome. Serious adverse events have
been reported in 2-6% of patients receiving TACE [63,64].

TACE has been an effective modality aiming at symptom control, with reported
symptomatic response in 78.7% of patients receiving cTACE and 50% receiving DEB-
TACE [62]. A comprehensive investigation conducted by Touloupas et al. evaluated the
efficacy of TACE in 202 patients who underwent TACE treatment for NELM, reporting a
median OS as high as 5.3 years (95% CI 4.2-6.7) [65]. However, other retrospective studies
have reported a median OS ranging from 30 to 44 months [66—-69]. Other investigations
have also reported the 5-year survival rate of cTACE for NELM to be 28-36% [66,70].
Touloupas et al. further evaluated tumor response via the mRECIST criteria, with authors
reporting responders exhibiting a twofold increase in median OS in comparison to non-
responders. The survival durations for responders and non-responders were recorded
as 80.5 months and 39.6 months, respectively. Interestingly, pancreatic NETs with liver
metastasis have shown reduced OS (27.6 months) compared to non-pancreatic NETs (55
months) treated with TACE; however, no differences in PFS have been observed [71].
Of note, negative prognostic factors after TACE treatment include extrahepatic disease,
ascites, bilirubin > 2 mg/dL, albumin < 3.5 mg/dL, tumor burden > 70%, and history of
receiving three or more trials of systemic therapy [70,72,73]. Interestingly, the neutrophil-
to-lymphocyte ratio prior to TACE has demonstrated an association with poorer OS in
patients with NELM. This association persists for ratios that remain elevated at 6 months
compared to pre-TACE levels [69].

Although some investigations have shown benefits of DEB-TACE over cTACE for
the treatment of hepatocellular carcinoma, cTACE has emerged to show improved symp-
tomatic response, as well as OS and progression-free survival compared to DEB-TACE
for NELM [62,70]. Yet, DEB-TACE was proposed to be beneficial for patients with poor
liver function, as it yields lower liver enzyme elevations and incidence of postembolization
syndrome compared to cTACE [62]. In a recent development, the DEB-TACE treatment arm
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of the Randomized Embolization Trial for Neuroendocrine Tumor Metastases to the Liver
(RETNET Trial), which aimed to compare cTACE, DEB-TACE, and TAE, was halted due to a
notable rise in hepatobiliary complications, prompting concerns about safety and sparking
a nationwide debate [74]. However, since this trial, a recent study showed DEB-TACE
to be tolerable with a safe toxicity profile. Albeit retrospective, 87 patients undergoing
DEB-TACE for NELM found a complication rate of 2.6%, which included an elevation
in liver enzymes that remained stable at 1-month follow-up [75]. Nevertheless, since the
RETNET trial, many institutions initially offering DEB-TACE transitioned to prioritizing
TAE for NELM.

Limited research, primarily retrospective, has explored the comparison between TAE
and TACE for NELM [76]. Overall, TACE and TAE have yielded similar overall and
progression-free survival outcomes, as well as tumor and symptomatic responses [77,78].
Some studies observed a tendency of greater improvement in tumor burden and symptom
alleviation with TAE over TACE, although without statistically significant distinctions and
similar patient tolerance across both methods [77,79].

3.3. Important Considerations with Transarterial Approaches

The most frequent adverse event of transarterial approaches includes postembolization
syndrome, where patients may experience a combination of symptoms such as abdomi-
nal pain, low-grade fever, and nausea/vomiting [80]. The utilization of local analgesia,
antiemetics, or preprocedural steroids, either individually or in combination, seems to
alleviate this side effect [81]. Complications of TAE include acute cholecystitis, bile duct
injury, liver failure, and liver abscess [82].

Patient selection is an important factor to consider in order to mitigate procedural
complications. Widely used laboratory criteria for eligibility include serum creatinine < 2,
lactate dehydrogenase < 425 mU/mL, aspartate transaminase < 100 mL, platelet count >
100,000/ mL, serum bilirubin < 2 mg/dL, and tumor burden < 50% of the liver [83,84]. In ad-
dition to the above criteria, other important contraindications of TAE/TACE include portal
vein occlusion, biliary anastomoses, poor liver reserve, history of pancreaticoduodenec-
tomy, and poor left ventricular ejection fraction if utilizing TACE with doxorubicin [85-87].
Periprocedural carcinoid crisis is also a potentially lethal complication of interventions
directed at NETs (e.g., locoregional therapies or surgery) where instrumentation may lead
to the release of large quantities of vasoactive compounds leading to hemodynamic in-
stability. Although no universal protocols exist, guidelines such as ENET and NANETs
generally recommend the use of perioperative octreotide prophylactically. Generally, bo-
luses of approximately 50-1100 pug can be used with infusions of 50-100 pg/hour [88-90].
Radioembolization, on the other hand, has shown some concern over its increased risk of
long-term hepatotoxicity [91,92]. However, much of the evidence illustrating hepatoxicity
originated from small retrospective investigations, which have not translated into prospec-
tive studies [93-95]. However, it should be noted that many of these concerns originated
from retrospective investigations utilizing supratherapeutic doses.

Table 1. Liver-directed locoregional therapy highlights and outcomes.

Locoregional Therapy Approach Highlights and Outcomes
Selective catheterization using embolic agents ~ _ Advantageous for diffuse, bilobar
Transarterial “bland” Embolization  (e.g., microspheres or gelatin sponge particles) unresectable disease [54]
(TAE) of the hepatic artery and embolization of - Lower risk of post-embolic

vessels supplying the tumor syndrome than TACE [77]
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Table 1. Cont.

Locoregional Therapy

Approach

Highlights and Outcomes

Transarterial Chemoembolization
(TACE)

Selective catheterization using
chemotherapeutic agents (e.g., doxorubicin or
cisplatin) injected into the hepatic artery
supplying the tumor

Advantageous for diffuse, bilobar
unresectable disease [54]

Similar survival outcomes and
symptom control to TAE [77,78]
DEB-TACE associated with greater
hepatobiliary complications than
TAE or cTACE [74]

Transarterial Radioembolization
(TARE)

Microspheres are loaded with a radioactive
isotope (e.g., yttrium-90) resulting in localized
radiation therapy to the tumor

Mixed PFS and OS outcome results
compared to cTACE [64,70]

Useful in liver metastasis with
fewer, bulky lesions [54]

Preferred over TACE with history
of hepatobiliary instrumentation or
rapid disease progression

Ablation (e.g., microwave or
radiofrequency)

Intra-operative or percutaneous probe(s)
employing microwave energy or
high-frequency alternativity currents to induce
coagulative necrosis of the tumor

Debulking and cytoreduction,
commonly combined with surgery
[96]

Liver involvement with less than
three lesions measuring < 3 cm, or

a single lesion < 5 cm [73]

3.4. Transarterial Radioembolization

Transarterial Radioembolization (TARE), or selective internal radiation therapy, in-
volves the delivery of radioactive microspheres directly into the blood vessels supplying the
tumor [97-99]. Microspheres are typically composed of biocompatible materials like resin
or glass, encapsulating the beta-emitting radioactive isotope Yttrium-90, strategically deliv-
ered within small blood vessels supplying the tumor. This approach results in localized
radiation emission, facilitating precise destruction of the targeted tumor [100]. Resin and
glass particles act as carriers for 90Y, both surpassing the diameter of liver capillaries. Resin
particles, ranging from 20 p to 60 p in diameter, carry an activity of 50 Bq per particle [76,98].
In contrast, glass particles, with a diameter range of 20 to 30 um, have a higher activity
per particle at 2500 Bq [76,98]. This vectorization process ensures the precise delivery of
therapeutic radiation to the targeted tumor site during radioembolization procedures [101].
Resin microspheres contain Yttrium-90 (90Y) on their surface, while glass microspheres
contain it internally. Despite a similar unit of activity, the fewer glass microspheres, each
carrying more activity, contribute to less uniform irradiation, minimizing toxicity and
enabling a higher tolerable absorbed dose compared to the more numerous resin micro-
spheres [101,102]. Similar to other transarterial catheter-driven techniques such as TACE
and TAE, radioembolization is commonly used in diffuse NELM disease and is typically
reserved as a salvage treatment approach [95]. On the other hand, TARE can be completed
after one session, but TACE/TAE may require multiple sessions. Helmberger et al. and
Wong et al. reported study outcomes for patients with NELM treated with TACE compared
to radioembolization with resin microspheres, with an estimated OS of 33 months [91,103].
The investigation by Wong et al. also reported a median PFS of 25 months along with
a 3-year PFS rate of 35%. Concurrent meta-analyses of retrospective studies reported a
median OS of 28-32 months with a 3-year PFS rate ranging from 45 to 50% [104,105].

3.5. Transarterial Radioembolization vs. Chemoembolization

Interestingly, Minh et al. showed cTACE to have superior survival outcomes compared
with radioembolization (33.8 months vs. 23.4 months, respectively) [70]. This is not without
disagreement, however, where Egger et al. showed similar OS in 248 patients with NELM
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between TACE and radioembolization [64], although TACE exhibited an overall improved
disease control rate. However, meta-analyses encompassing six cohort studies revealed
a higher overall survival in TACE when compared to radioembolization [106]. Yet, it is
important to note that survival ranges exhibited significant variability in both treatment
modalities (TACE 16.8 to 81.9 months; radioembolization 14.5 to 66.8 months). Serious
adverse events for radioembolization for NELM are low, and not significantly different
from TACE, with reported incidence < 10% [64].

Despite differences in survival outcomes among studies, prognostic factors or clinical
scenarios may implicate the use of radioembolization over TACE. For example, prognostic
factors such as a Ki67 score are shown to predict different treatment responses to radioem-
bolization or TACE/TAE. Ki-67 is a prominent marker of cell miotic proliferation and is
an important factor for categorizing NET tumor grade [107,108]. The Ki-67 score > 3%
predicted greater response after radioembolization, while the Ki-67 score < 3% predicted
greater benefit with TACE [107]. Additionally, some investigations have suggested that
radioembolization may be a sufficient second-line agent for the systemic treatment of
diffuse NELM [109]. Interestingly, although extrahepatic disease is associated with poorer
prognosis in patients receiving TACE, radioembolization as a second-line treatment does
not appear to be affected by extrahepatic disease in terms of OS [67,70,109]. Merits for pre-
ferring radioembolization over TACE may also depend on specific clinical scenarios, such
as cases with uneven distribution of bulky disease in a single lobe or when the disease is
progressing rapidly [54]. This preference arises from apprehension of potential progression
outside the treatment field during sequential TACE/TAE. Furthermore, radioembolization
may be better suited for patients with bilidigestive anastomosis or a history of Whipple
resection, given that TACE/TAE carry a greater risk of biliary ischemia, which can also
become infected by gastrointestinal bacteria due to the lack of a physical barrier, facilitating
retrograde colonization [54,95,110].

4. Ablative Therapies

Ablation may include either radiofrequency ablation (RFA) and microwave ablation
(MWA), which involves the insertion of one or more probes directly into the tumor, either
percutaneously or laparoscopically, utilizing thermal energy to induce coagulative necrosis,
ultimately dismantling malignant cells [111-113]. RFA involves the application of high-
frequency alternating current, generating thermal energy within the tumor tissue [114]. This
hyperthermic environment induces coagulative necrosis, effectively causing denaturation of
cellular proteins. RFA is suitable for smaller lesions, offering precise and controlled ablation
with minimal impact on the adjacent normal liver parenchyma [73,115]. Additionally, real-
time imaging guidance, such as ultrasound or CT, enhances the accuracy of electrode
placement, ensuring optimal treatment outcomes. On the other hand, MWA employs
electromagnetic waves to generate heat within the tumor tissue, resulting in thermal injury
and cellular destruction [111,116]. Compared to RFA, microwave ablation may offer faster
and larger, more homogeneous tissue heating, potentially improving treatment efficacy for
larger or irregularly shaped lesions. The ability of microwaves to penetrate tissues with
less susceptibility to the “heat-sink” effect is a notable advantage, making it a viable option
for neuroendocrine liver metastases in challenging anatomical locations [117-119]. Most of
the literature reporting ablative approaches to NELM encompasses the use of RFA or MWA.
However, other ablation techniques also include percutaneous ethanol injection, which is
a highly hydrophilic and cytotoxic agent, or cryoablation, which involves the controlled
application of extremely low temperatures to induce cell death destruction through both
direct freezing and microvascular disruption [47,120]. However, few investigations have
explored the use of these methods and the scientific literature has been subjected to mostly
small retrospective studies or case reports compared to other ablative methods [121,122].

According to current guidelines, vascular and ablative locoregional treatments are
recommended exclusively for G1-G2 NETs when there are metastases primarily affecting the
liver, and the extrahepatic disease remains stable. Ablative techniques are exclusively used
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for limited or oligometastatic liver disease, including scenarios with less than three lesions
measuring < 3 cm, or a single lesion < 5 cm, but may also be considered in conjunction
with hepatic resection [73]. Interestingly, Perodin et al. investigated outcomes when
microwave ablation is used as an alternative to surgical management for NELM, reporting
a lower incidence of both minor and major complications when compared to surgery [123].
No significant disparities were observed in terms of local recurrence or mean survival
between the two treatment modalities. Furthermore, a prospective investigation utilized
ablation under laparoscopic guidance for NELM, reporting a median OS of 3.9 years after
receiving RFA [124]. In this report, liver lesions with diameters greater than 3 cm predicted
worsening survival.

Similar to other liver-directed locoregional therapies, ablation is commonly employed
in a multimodal approach. For example, ablation may be used to reduce unresectable
lesions or to circumvent the need for extensive liver resection [28]. Ablation as a debulking
or cytoreductive approach is typically tailored for diseases where >70-90% cytoreduction
can be achieved, which equates to prolonged OS and PFS [125]. When used as an adjuvant
to surgery, overall survival has been reported to be 80% and 59% for 5 and 10 years,
respectively [96]. A systematic review of ablation utilization in NELM revealed a 92%
improvement in symptoms following RFA, with a median duration of symptom relief
spanning 14 to 27 months [126,127]. In the case of multifocal, unresectable disease where
systemic or medical therapy is warranted, ablation can also be used in the interim to
delay disease progression. For example, a small retrospective study showed prolonged
PFS in 88% of patients with NELM after receiving ablation, reporting a median PFS of
almost 16 months prior to initiating systematic therapy [128]. MWA is less susceptible to
the heat-sink effect when compared to RFA and may be useful in lesions > 4-6 cm due
to larger ablation zones [129]. A retrospective investigation showed a 77% success rate
in NELM treated with operative MWA with or without concomitant resection receiving
clinical improvement in 95%of patients after MWA. Furthermore, 5-year OS rates were
70% [127].

5. Multimodal Strategies and Future Directions

The implementation of multimodal therapy approaches may harbor improved survival
outcomes [130]. For instance, radioembolization has been combined with chemotherapeutic
agents such as everolimus and SSA in a small phase 1b investigation including patients with
advanced NELM disease, reporting PFS and OS of 18.6 and 46.3 months, respectively [131].

A few reports have utilized a combination of radioembolization with other treatment
approaches like PRRT and appears to be safe with promising results [132-134]. This
regimen may be particularly beneficial in patients with bulky disease or metastatic disease
with predominant liver burden, particularly because Lutetium-177 has a reported tissue
penetration of 2-4 mm and the reported PFS is worse with larger lesions [135]. A small
retrospective investigation of 44 patients illustrated a median OS of 41 months and a
3-month disease control rate of 91% after receiving radioembolization within previous
PRRT therapy. Furthermore, when compared to just radioembolization, a comparative
study of 27 patients showed a treatment response rate of 86.6% compared to 66.6% for
patients treated with PRRT radioembolization compared to radioembolization alone [136].
Differences were not found to be significant, as OS in the combination therapy group was
67.5 months compared to 34.9 months in the radioembolization alone group. Furthermore,
a retrospective investigation of 23 NELM cases reported no additive liver toxicity when
radioembolization was used with PRRT, 7/L.u-DOTATATE, with a median follow-up
period of 38 months [137]. These results call into question initial concerns of hepatotoxicity
associated with radioembolization; however, larger-scale investigations are warranted.

As mentioned previously, the presence of bulky NELM can negatively impact the PFS
benefit of PRRT [138]. Hence, studies like the Lutetium Intra-arterial (LUTIA) trial have
sought to compare the intra-arterial administration of 77Lu-DOTATATE with conventional
intravenous administration in patients with G1/G2 NETs featuring NELM [139]. Patients
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in this trial were randomly assigned to receive intra-arterial peptide receptor radionuclide
therapy (PRRT) in either the left or right hepatic lobe for four consecutive cycles, with the
primary endpoint being the tumor-to-non-tumor uptake ratio. Although toxicities remained
similar from both administrations, intra-arterial 77Lu-DOTATATE did not yield a clinically
significant difference in uptake compared to conventional intravenous administration [140].
While these findings may not be encouraging, some contend that the trial has laid the
groundwork for future investigations into intra-arterial PRRT [141]. The explanation for
these results could potentially lie in characteristics unique to 77Lu-DOTATATE compared
to other forms of PRRT or variations in its commercial administration, which may have
introduced confounding factors.

6. Conclusions

In conclusion, NETs present an intricate challenge, characterized by a notable surge in
prevalence and the emergence of cutting-edge treatment modalities in recent years. The focal
point of treatments has shifted towards ameliorating symptoms and augmenting the quality of
life for individuals grappling with NELM. Locoregional therapies, inclusive of catheter-driven
interventions and percutaneous interventions, assume a pivotal role in the management of
NELM, offering alternatives or complementary measures to surgical intervention.

While certain investigations posit potential advantages of TACE/TAE, radioemboliza-
tion, and ablation, all interventions evince efficacy in enhancing overall survival rates under
appropriate clinical circumstances. It is imperative to judiciously factor in patient-specific
considerations and response criteria when tailoring treatment strategies. Furthermore, the
ongoing exploration of avant-garde approaches underscores the dynamic and evolving
landscape characterizing the management of NELM. This comprehensive review illumi-
nates the intricate and multifaceted nature of NELM treatment, showcasing evidence that
supports the utilization of locoregional therapies throughout the treatment continuum,
especially in cases of unresectable diseases. It underscores the importance of embracing
personalized and all-encompassing strategies to attain optimal therapeutic outcomes.

Author Contributions: Conceptualization, C.R.C. and M.S.M.; writing—original draft preparation,
C.R.C,; writing—review and editing, M.S.M.; supervision, M.S.M. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The funders had no role in the interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.

References

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

2. Das,S.; Dasari, A. Epidemiology, Incidence, and Prevalence of Neuroendocrine Neoplasms: Are There Global Differences? Curr.
Oncol. Rep. 2021, 23, 43. [CrossRef] [PubMed]

3. Muttillo, EM.; Mazzarella, G.; Picardi, B.; Rossi, S.; Cinelli, L.; Diana, M.; Baiocchini, A.; Felli, E.; Pessaux, P,; Felli, E.; et al.
Treatment Strategies for Neuroendocrine Liver Metastases: A Systematic Review. HPB 2022, 24, 1832-1843. [CrossRef]

4. Davis, Z.; Moertel, C.G.; Mcllrath, D.C. The Malignant Carcinoid Syndrome. Surg. Gynecol. Obs. 1973, 137, 637-644.

5. Ito, T.; Lee, L.; Jensen, R.T. Carcinoid-Syndrome: Recent Advances, Current Status and Controversies. Curr. Opin. Endocrinol.
Diabetes Obes. 2018, 25, 22-35. [CrossRef] [PubMed]

6.  de Celis Ferrari, A.C.R,; Glasberg, J.; Riechelmann, R.P. Carcinoid Syndrome: Update on the Pathophysiology and Treatment.
Clinics 2018, 73, €490s. [CrossRef] [PubMed]

7. Ihse, I; Lindell, G.; Tibblin, S. Neuroendocrine Tumors Metastatic to the Liver. In Surgical Treatment: Evidence-Based and
Problem-Oriented; Zuckschwerdt: Munich, Germany, 2001.

8.  TIhse, L; Persson, B.; Tibblin, S. Neuroendocrine Metastases of the Liver. World . Surg. 1995, 19, 76-82. [CrossRef]

9. Harrelson, A.; Wang, R.; Stewart, A.; Ingram, C.; Gillis, A.; Rose, ].B.; El-Rayes, B.; Azmi, A.; Chen, H. Management of
Neuroendocrine Tumor Liver Metastases. Am. J. Surg. 2023, 226, 623-630. [CrossRef]

10. Riihiméki, M.; Hemminki, A.; Sundquist, K.; Sundquist, J.; Hemminki, K. The Epidemiology of Metastases in Neuroendocrine

Tumors. Int. ]. Cancer 2016, 139, 2679-2686. [CrossRef]


https://doi.org/10.1001/jamaoncol.2017.0589
https://www.ncbi.nlm.nih.gov/pubmed/28448665
https://doi.org/10.1007/s11912-021-01029-7
https://www.ncbi.nlm.nih.gov/pubmed/33719003
https://doi.org/10.1016/j.hpb.2022.06.009
https://doi.org/10.1097/MED.0000000000000376
https://www.ncbi.nlm.nih.gov/pubmed/29120923
https://doi.org/10.6061/clinics/2018/e490s
https://www.ncbi.nlm.nih.gov/pubmed/30133565
https://doi.org/10.1007/BF00316983
https://doi.org/10.1016/j.amjsurg.2023.08.011
https://doi.org/10.1002/ijc.30400

Curr. Oncol. 2024, 31 2086

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Xu, Z.; Wang, L.; Dai, S.; Chen, M,; Li, F.; Sun, J.; Luo, F. Epidemiologic Trends of and Factors Associated With Overall Survival
for Patients With Gastroenteropancreatic Neuroendocrine Tumors in the United States. JAMA Netw. Open 2021, 4, e2124750.
[CrossRef]

Pavel, M.; Baudin, E.; Couvelard, A.; Krenning, E.; Oberg, K.; Steinmiiller, T.; Anlauf, M.; Wiedenmann, B.; Salazar, R. ENETS
Consensus Guidelines for the Management of Patients with Liver and Other Distant Metastases from Neuroendocrine Neoplasms
of Foregut, Midgut, Hindgut, and Unknown Primary. Neuroendocrinology 2012, 95, 157-176. [CrossRef] [PubMed]

Colquhoun, S.D. Neuroendocrine Tumors with Hepatic Metastases: A Review of Evolving Treatment Options. Liver Res. 2018, 2,
92-99. [CrossRef]

Machairas, N.; Daskalakis, K.; Felekouras, E.; Alexandraki, K.I.; Kaltsas, G.; Sotiropoulos, G.C. Currently Available Treatment
Options for Neuroendocrine Liver Metastases. Ann. Gastroenterol. 2021, 34, 130-141. [CrossRef]

Wild, D.; Bomaniji, ].B.; Benkert, P.; Maecke, H.; Ell, PJ.; Reubi, J.C.; Caplin, M.E. Comparison of 68Ga-DOTANOC and 68Ga-
DOTATATE PET/CT within Patients with Gastroenteropancreatic Neuroendocrine Tumors. |. Nucl. Med. 2013, 54, 364-372.
[CrossRef] [PubMed]

Galgano, S.J.; Iravani, A.; Bodei, L.; El-Haddad, G.; Hofman, M.S.; Kong, G. Imaging of Neuroendocrine Neoplasms: Monitoring
Treatment Response—AJR Expert Panel Narrative Review. Am. J. Roentgenol. 2022, 218, 767-780. [CrossRef] [PubMed]

Carideo, L.; Prosperi, D.; Panzuto, F.; Magi, L.; Pratesi, M.S.; Rinzivillo, M.; Annibale, B.; Signore, A. Role of Combined [68Ga]Ga-
DOTA-SST Analogues and [18F]JFDG PET/CT in the Management of GEP-NENs: A Systematic Review. J. Clin. Med. 2019, 8, 1032.
[CrossRef] [PubMed]

Balogova, S.; Talbot, J.-N.; Nataf, V.; Michaud, L.; Huchet, V.; Kerrou, K.; Montravers, F. 18F-Fluorodihydroxyphenylalanine vs
Other Radiopharmaceuticals for Imaging Neuroendocrine Tumours According to Their Type. Eur. J. Nucl. Med. Mol. Imaging
2013, 40, 943-966. [CrossRef] [PubMed]

Gowdra Halappa, V.; Corona-Villalobos, C.P.; Bonekamp, S.; Li, Z.; Reyes, D.; Cosgrove, D.; Pawlik, TM.; Diaz, L.A.; Bhagat,
N.; Eng, J.; et al. Neuroendocrine Liver Metastasis Treated by Using Intraarterial Therapy: Volumetric Functional Imaging
Biomarkers of Early Tumor Response and Survival. Radiology 2013, 266, 502-513. [CrossRef]

Mete, O.; Wenig, B.M. Update from the 5th Edition of the World Health Organization Classification of Head and Neck Tumors:
Overview of the 2022 WHO Classification of Head and Neck Neuroendocrine Neoplasms. Head Neck Pathol. 2022, 16, 123-142.
[CrossRef]

Grawe, F; Rosenberger, N.; Ingenerf, M.; Beyer, L.; Eschbach, R.; Todica, A.; Seidensticker, R.; Schmid-Tannwald, C.; Cyran, C.C,;
Ricke, J.; et al. Diagnostic Performance of PET/CT in the Detection of Liver Metastases in Well-Differentiated NETs. Cancer
Imaging 2023, 23, 41. [CrossRef]

Frilling, A.; Li, J.; Malamutmann, E.; Schmid, K.-W.; Bockisch, A.; Broelsch, C.E. Treatment of Liver Metastases from Neuroen-
docrine Tumours in Relation to the Extent of Hepatic Disease. Br. J. Surg. 2009, 96, 175-184. [CrossRef]

Sarmiento, ].M.; Heywood, G.; Rubin, J.; Ilstrup, D.M.; Nagorney, D.M.; Que, EG. Surgical Treatment of Neuroendocrine
Metastases to the Liver: A Plea for Resection to Increase Survival. J. Am. Coll. Surg. 2003, 197, 29-37. [CrossRef] [PubMed]
Mayo, S.C.; de Jong, M.C,; Pulitano, C.; Clary, B.M.; Reddy, S.K.; Gamblin, T.C.; Celinksi, S.A.; Kooby, D.A; Staley, C.A.; Stokes,
J.B.; et al. Surgical Management of Hepatic Neuroendocrine Tumor Metastasis: Results from an International Multi-Institutional
Analysis. Ann. Surg. Oncol. 2010, 17, 3129-3136. [CrossRef]

Mahuron, K.M,; Singh, G. Defining a New Classification System for the Surgical Management of Neuroendocrine Tumor Liver
Metastases. J. Clin. Med. 2023, 12, 2456. [CrossRef] [PubMed]

Zane, K.E; Cloyd, ] M.; Mumtaz, K.S.; Wadhwa, V.; Makary, M.S. Metastatic Disease to the Liver: Locoregional Therapy Strategies
and Outcomes. World J. Clin. Oncol. 2021, 12, 725-745. [CrossRef] [PubMed]

Citterio, D.; Coppa, J.; Sposito, C.; Busset, M.D.D.; Virdis, M.; Pezzoli, I.; Mazzaferro, V. The Role of Liver Transplantation in the
Treatment of Liver Metastases from Neuroendocrine Tumors. Curr. Treat. Options Oncol. 2023, 24, 1651-1665. [CrossRef]

Cloyd, ].M.; Ejaz, A.; Konda, B.; Makary, M.S.; Pawlik, T.M. Neuroendocrine Liver Metastases: A Contemporary Review of
Treatment Strategies. Hepatobiliary Surg. Nutr. 2020, 9, 440-451. [CrossRef] [PubMed]

Herrera-Martinez, A.D.; Hofland, J.; Hofland, L.].; Brabander, T.; Eskens, F.A.L.M.; Galvez Moreno, M.A.; Luque, R.M.; Castafio,
J.P; de Herder, W.W.; Feelders, R.A. Targeted Systemic Treatment of Neuroendocrine Tumors: Current Options and Future
Perspectives. Drugs 2019, 79, 21-42. [CrossRef]

Costa, F.; Gumz, B. Octreotide—A Review of Its Use in Treating Neuroendocrine Tumours. Eur. Endocrinol. 2014, 10, 70-74.
[CrossRef]

Milewska-Kranc, A.; Cwikla, J.B.; Kolasinska-Cwikta, A. The Role of Receptor-Ligand Interaction in Somatostatin Signaling
Pathways: Implications for Neuroendocrine Tumors. Cancers 2023, 16, 116. [CrossRef]

Stueven, A K,; Kayser, A.; Wetz, C.; Amthauer, H.; Wree, A.; Tacke, F; Wiedenmann, B.; Roderburg, C.; Jann, H. Somatostatin
Analogues in the Treatment of Neuroendocrine Tumors: Past, Present and Future. Int. J. Mol. Sci. 2019, 20, 3049. [CrossRef]
[PubMed]

Caplin, M.E.; Pavel, M; Cwikla, J.B.; Phan, A.T.; Raderer, M.; Sedla¢kova, E.; Cadiot, G.; Wolin, E.M.; Capdevila, J.; Wall, L.; et al.
Lanreotide in Metastatic Enteropancreatic Neuroendocrine Tumors. N. Engl. ]. Med. 2014, 371, 224-233. [CrossRef] [PubMed]


https://doi.org/10.1001/jamanetworkopen.2021.24750
https://doi.org/10.1159/000335597
https://www.ncbi.nlm.nih.gov/pubmed/22262022
https://doi.org/10.1016/j.livres.2018.08.002
https://doi.org/10.20524/aog.2021.0574
https://doi.org/10.2967/jnumed.112.111724
https://www.ncbi.nlm.nih.gov/pubmed/23297077
https://doi.org/10.2214/AJR.21.27159
https://www.ncbi.nlm.nih.gov/pubmed/34985313
https://doi.org/10.3390/jcm8071032
https://www.ncbi.nlm.nih.gov/pubmed/31337043
https://doi.org/10.1007/s00259-013-2342-x
https://www.ncbi.nlm.nih.gov/pubmed/23417499
https://doi.org/10.1148/radiol.12120495
https://doi.org/10.1007/s12105-022-01435-8
https://doi.org/10.1186/s40644-023-00556-9
https://doi.org/10.1002/bjs.6468
https://doi.org/10.1016/S1072-7515(03)00230-8
https://www.ncbi.nlm.nih.gov/pubmed/12831921
https://doi.org/10.1245/s10434-010-1154-5
https://doi.org/10.3390/jcm12072456
https://www.ncbi.nlm.nih.gov/pubmed/37048539
https://doi.org/10.5306/wjco.v12.i9.725
https://www.ncbi.nlm.nih.gov/pubmed/34631439
https://doi.org/10.1007/s11864-023-01124-w
https://doi.org/10.21037/hbsn.2020.04.02
https://www.ncbi.nlm.nih.gov/pubmed/32832495
https://doi.org/10.1007/s40265-018-1033-0
https://doi.org/10.17925/EE.2014.10.01.70
https://doi.org/10.3390/cancers16010116
https://doi.org/10.3390/ijms20123049
https://www.ncbi.nlm.nih.gov/pubmed/31234481
https://doi.org/10.1056/NEJMoa1316158
https://www.ncbi.nlm.nih.gov/pubmed/25014687

Curr. Oncol. 2024, 31 2087

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Rinke, A.; Miiller, H.-H.; Schade-Brittinger, C.; Klose, K.-J.; Barth, P.; Wied, M.; Mayer, C.; Aminossadati, B.; Pape, U.-E,; Blaker,
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, 4656—4663. [CrossRef] [PubMed]

Strosberg, J.; El-Haddad, G.; Wolin, E.; Hendifar, A.; Yao, J.; Chasen, B.; Mittra, E.; Kunz, P.L.; Kulke, M.H.; Jacene, H.; et al. Phase
3 Trial of 177Lu-Dotatate for Midgut Neuroendocrine Tumors. N. Engl. J. Med. 2017, 376, 125-135. [CrossRef]

Camus, B.; Cottereau, A.-S.; Palmieri, L.-].; Dermine, S.; Tenenbaum, F.; Brezault, C.; Coriat, R. Indications of Peptide Receptor
Radionuclide Therapy (PRRT) in Gastroenteropancreatic and Pulmonary Neuroendocrine Tumors: An Updated Review. J. Clin.
Med. 2021, 10, 1267. [CrossRef] [PubMed]

Strosberg, J.R.; Caplin, M.E.; Kunz, P.L.; Ruszniewski, P.B.; Bodei, L.; Hendifar, A.; Mittra, E.; Wolin, EM.; Yao, ].C.; Pavel,
M.E,; et al. 177Lu-Dotatate plus Long-Acting Octreotide versus High-dose Long-Acting Octreotide in Patients with Midgut
Neuroendocrine Tumours (NETTER-1): Final Overall Survival and Long-Term Safety Results from an Open-Label, Randomised,
Controlled, Phase 3 Trial. Lancet Oncol. 2021, 22, 1752-1763. [CrossRef] [PubMed]

Kulke, M.H.; Anthony, L.B.; Bushnell, D.L.; de Herder, WW.; Goldsmith, S.J.; Klimstra, D.S.; Marx, S.J.; Pasieka, J.L.; Pommier,
R.E; Yao, ]J.C.; et al. NANETS Treatment Guidelines. Pancreas 2010, 39, 735-752. [CrossRef]

Hicks, R.J.; Kwekkeboom, D.J.; Krenning, E.; Bodei, L.; Grozinsky-Glasberg, S.; Arnold, R.; Borbath, I.; Cwikla, J.; Toumpanakis,
C.; Kaltsas, G.; et al. ENETS Consensus Guidelines for the Standards of Care in Neuroendocrine Neoplasms: Peptide Receptor
Radionuclide Therapy with Radiolabelled Somatostatin Analogues. Neuroendocrinology 2017, 105, 295-309. [CrossRef]
Halfdanarson, T.R.; Strosberg, J.R.; Tang, L.; Bellizzi, A.M.; Bergsland, E.K.; O'Dorisio, T.M.; Halperin, D.M.; Fishbein, L.; Eads,
J.; Hope, T.A,; et al. The North American Neuroendocrine Tumor Society Consensus Guidelines for Surveillance and Medical
Management of Pancreatic Neuroendocrine Tumors. Pancreas 2020, 49, 863-881. [CrossRef]

North American Neuroendocrine Tumor Society Consensus Guidelines; NANETS: Albany, NY, USA, 2023.

Harris, PE.; Zhernosekov, K. The Evolution of PRRT for the Treatment of Neuroendocrine Tumors; What Comes Next? Front.
Endocrinol. 2022, 13, 941832. [CrossRef]

Pavel, M.E; Rinke, A.; Baum, R.P. COMPETE Trial: Peptide Receptor Radionuclide Therapy (PRRT) with 177Lu-Edotreotide vs.
Everolimus in Progressive GEP-NET. Ann. Oncol. 2018, 29, viii478. [CrossRef]

di Santo, G.; Santo, G.; Sviridenko, A.; Virgolini, I. Peptide Receptor Radionuclide Therapy Combinations for Neuroendocrine
Tumours in Ongoing Clinical Trials: Status 2023. Theranostics 2024, 14, 940-953. [CrossRef] [PubMed]

Schreckenbach, T.; Hiibert, H.; Koch, C.; Bojunga, J.; Schnitzbauer, A.A.; Bechstein, W.O.; Holzer, K. Surgical Resection of
Neuroendocrine Tumor Liver Metastases as Part of Multimodal Treatment Strategies: A Propensity Score Matching Analysis. Eur.
J. Surg. Oncol. 2019, 45, 808-815. [CrossRef] [PubMed]

Labib, PL.; Davidson, B.R.; Sharma, R.A.; Pereira, S.P. Locoregional Therapies in Cholangiocarcinoma. Hepat. Oncol. 2017, 4,
99-109. [CrossRef] [PubMed]

Makary, M.S.; Khandpur, U.; Cloyd, J.M.; Mumtaz, K.; Dowell, ].D. Locoregional Therapy Approaches for Hepatocellular
Carcinoma: Recent Advances and Management Strategies. Cancers 2020, 12, 1914. [CrossRef] [PubMed]

Llovet, ].M.; De Baere, T.; Kulik, L.; Haber, PK.; Greten, T.F.; Meyer, T.; Lencioni, R. Locoregional Therapies in the Era of Molecular
and Immune Treatments for Hepatocellular Carcinoma. Nat. Rev. Gastroenterol. Hepatol. 2021, 18, 293-313. [CrossRef] [PubMed]
Guiu, B,; Garin, E.; Allimant, C.; Edeline, J.; Salem, R. TARE in Hepatocellular Carcinoma: From the Right to the Left of BCLC.
Cardiovasc. Interv. Radiol. 2022, 45, 1599-1607. [CrossRef]

Reig, M.; Forner, A.; Rimola, J.; Ferrer-Fabrega, J.; Burrel, M.; Garcia-Criado, A Kelley, R K.; Galle, P.R.; Mazzaferro, V.; Salem, R.;
et al. BCLC Strategy for Prognosis Prediction and Treatment Recommendation: The 2022 Update. J. Hepatol. 2022, 76, 681-693.
[CrossRef]

Pavel, M.; Oberg, K.; Falconi, M.; Krenning, E.P.; Sundin, A.; Perren, A.; Berruti, A. Gastroenteropancreatic Neuroendocrine
Neoplasms: ESMO Clinical Practice Guidelines for Diagnosis, Treatment and Follow—Up‘L. Ann. Oncol. 2020, 31, 844-860.
[CrossRef]

Strosberg, J.R.; Halfdanarson, T.R.; Bellizzi, A.M.; Chan, J.A.; Dillon, J.; Heaney, A.P.; Kunz, PL.; O’'Dorisio, TM.; Salem, R,;
Segelov, E.; et al. The North American Neuroendocrine Society (NANETS) Consensus Guidelines for Surveillance and Medical
Management of Midgut Neuroendocrine Tumors. Pancreas 2017, 46, 707-714. [CrossRef]

Eads, J.R.; Halfdanarson, T.R.; Asmis, T.; Bellizzi, A.M.; Bergsland, E.K,; Dasari, A.; El-Haddad, G.; Frumovitz, M.; Meyer, J.;
Mittra, E.; et al. Expert Consensus Practice Recommendations of the North American Neuroendocrine Tumor Society for the
Management of High Grade Gastroenteropancreatic and Gynecologic Neuroendocrine Neoplasms. Endocr. Relat. Cancer 2023, 30,
€220206. [CrossRef] [PubMed]

Rabei, R.; Fidelman, N. Liver-Directed Therapy for Neuroendocrine Tumor Metastases in the Era of Peptide Receptor Radionuclide
Therapy. Curr. Treat. Options Oncol. 2023, 24, 1994-2004. [CrossRef] [PubMed]

Vinik, A.L; Woltering, E.A.; Warner, R R.P,; Caplin, M.; O'Dorisio, T.M.; Wiseman, G.A.; Coppola, D.; Go, V.L.W.; North American
Neuroendocrine Tumor Society (NANETS). NANETS Consensus Guidelines for the Diagnosis of Neuroendocrine Tumor. Pancreas
2010, 39, 713-734. [CrossRef] [PubMed]


https://doi.org/10.1200/JCO.2009.22.8510
https://www.ncbi.nlm.nih.gov/pubmed/19704057
https://doi.org/10.1056/NEJMoa1607427
https://doi.org/10.3390/jcm10061267
https://www.ncbi.nlm.nih.gov/pubmed/33803817
https://doi.org/10.1016/S1470-2045(21)00572-6
https://www.ncbi.nlm.nih.gov/pubmed/34793718
https://doi.org/10.1097/MPA.0b013e3181ebb168
https://doi.org/10.1159/000475526
https://doi.org/10.1097/MPA.0000000000001597
https://doi.org/10.3389/fendo.2022.941832
https://doi.org/10.1093/annonc/mdy293.028
https://doi.org/10.7150/thno.91268
https://www.ncbi.nlm.nih.gov/pubmed/38250038
https://doi.org/10.1016/j.ejso.2018.12.022
https://www.ncbi.nlm.nih.gov/pubmed/30611565
https://doi.org/10.2217/hep-2017-0014
https://www.ncbi.nlm.nih.gov/pubmed/29367874
https://doi.org/10.3390/cancers12071914
https://www.ncbi.nlm.nih.gov/pubmed/32679897
https://doi.org/10.1038/s41575-020-00395-0
https://www.ncbi.nlm.nih.gov/pubmed/33510460
https://doi.org/10.1007/s00270-022-03072-8
https://doi.org/10.1016/j.jhep.2021.11.018
https://doi.org/10.1016/j.annonc.2020.03.304
https://doi.org/10.1097/MPA.0000000000000850
https://doi.org/10.1530/ERC-22-0206
https://www.ncbi.nlm.nih.gov/pubmed/37184955
https://doi.org/10.1007/s11864-023-01152-6
https://www.ncbi.nlm.nih.gov/pubmed/38100020
https://doi.org/10.1097/MPA.0b013e3181ebaffd
https://www.ncbi.nlm.nih.gov/pubmed/20664471

Curr. Oncol. 2024, 31 2088

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Ronot, M,; Clift, A K.; Baum, R.P; Singh, A.; Kulkarni, H.R,; Frilling, A.; Vilgrain, V. Morphological and Functional Imaging for
Detecting and Assessing the Resectability of Neuroendocrine Liver Metastases. Neuroendocrinology 2017, 106, 74-88. [CrossRef]
[PubMed]

Dorffel, Y.; Wermke, W. Neuroendocrine Tumors: Characterization with Contrast-Enhanced Ultrasonography. Ultraschall Med.
2008, 29, 506-514. [CrossRef]

Miyayama, S. Treatment Strategy of Transarterial Chemoembolization for Hepatocellular Carcinoma. Appl. Sci. 2020, 10, 7337.
[CrossRef]

Ngongoni, R.; Visser, B. Surgery, Liver Directed Therapy and Peptide Receptor Radionuclide Therapy for Pancreatic Neuroen-
docrine Tumor Liver Metastases. Cancers 2022, 14, 5103. [CrossRef] [PubMed]

Ghanaati, H.; Mohammadifard, M.; Mohammadifard, M. A Review of Applying Transarterial Chemoembolization (TACE)
Method for Management of Hepatocellular Carcinoma. J. Fam. Med. Prim. Care 2021, 10, 3553-3560. [CrossRef]

Melchiorre, F.; Patella, F,; Pescatori, L.; Pesapane, F; Fumarola, E.; Biondetti, P.; Brambillasca, P.; Monaco, C.; Ierardi, A.M.;
Franceschelli, G.; et al. DEB-TACE: A Standard Review. Future Oncol. 2018, 14, 2969-2984. [CrossRef]

Makary, M.S; Kapke, J.; Yildiz, V.; Pan, X.; Dowell, ].D. Conventional versus Drug-Eluting Bead Transarterial Chemoembolization
for Neuroendocrine Tumor Liver Metastases. J. Vasc. Interv. Radiol. 2016, 27, 1298-1304. [CrossRef]

Tu, J; Jia, Z.; Ying, X.; Zhang, D.; Li, S.; Tian, F,; Jiang, G. The Incidence and Outcome of Major Complication Following
Conventional TAE/TACE for Hepatocellular Carcinoma. Medicine 2016, 95, e5606. [CrossRef]

Egger, M.E.; Armstrong, E.; Martin, R.C.; Scoggins, C.R.; Philips, P.; Shah, M.; Konda, B.; Dillhoff, M.; Pawlik, T.M.; Cloyd, ].M.
Transarterial Chemoembolization vs. Radioembolization for Neuroendocrine Liver Metastases: A Multi-Institutional Analysis. J.
Am. Coll. Surg. 2020, 230, 363-370. [CrossRef]

Touloupas, C.; Faron, M.; Hadoux, J.; Deschamps, F.; Roux, C.; Ronot, M.; Yevich, S.; Joskin, J.; Gelli, M.; Barbé, R.; et al. Long
Term Efficacy and Assessment of Tumor Response of Transarterial Chemoembolization in Neuroendocrine Liver Metastases: A
15-Year Monocentric Experience. Cancers 2021, 13, 5366. [CrossRef]

Dong, X.D.; Carr, B.I. Hepatic Artery Chemoembolization for the Treatment of Liver Metastases from Neuroendocrine Tumors: A
Long-Term Follow-up in 123 Patients. Med. Oncol. 2011, 28 (Suppl. 1), S286-5290. [CrossRef] [PubMed]

Arrese, D.; McNally, M.E.; Chokshi, R.; Feria-Arias, E.; Schmidt, C.; Klemanski, D.; Gregory, G.; Khabiri, H.; Shah, M.; Bloomston,
M. Extrahepatic Disease Should Not Preclude Transarterial Chemoembolization for Metastatic Neuroendocrine Carcinoma. Ann.
Surg. Oncol. 2013, 20, 1114-1120. [CrossRef]

Dhir, M; Shrestha, R.; Steel, ].L.; Marsh, J.W.; Tsung, A.; Tublin, M.E.; Amesur, N.B.; Orons, P.D.; Santos, E.; Geller, D.A. Initial
Treatment of Unresectable Neuroendocrine Tumor Liver Metastases with Transarterial Chemoembolization Using Streptozotocin:
A 20-Year Experience. Ann. Surg. Oncol. 2017, 24, 450-459. [CrossRef] [PubMed]

McDermott, S.M.; Saunders, N.D.; Schneider, E.B.; Strosberg, D.; Onesti, J.; Dillhoff, M.; Schmidt, C.R.; Shirley, L.A. Neutrophil
Lymphocyte Ratio and Transarterial Chemoembolization in Neuroendocrine Tumor Metastases. J. Surg. Res. 2018, 232, 369-375.
[CrossRef]

Minh, D.D.; Chapiro, J.; Gorodetski, B.; Huang, Q.; Liu, C.; Smolka, S.; Savic, L.].; Wainstejn, D.; Lin, M.; Schlachter, T.; et al.
Intra-Arterial Therapy of Neuroendocrine Tumor Liver Metastases: Comparing Conventional TACE, Drug-Eluting Beads TACE
and 90Yttrium Radioembolization as Treatment Options Using a Propensity Score Analysis Model. Eur. Radiol. 2017, 27, 4995-5005.
[CrossRef] [PubMed]

Hur, S.; Chung, J.W,; Kim, H.-C.; Oh, D.-Y; Lee, S.-H.; Bang, Y.-J.; Kim, W.H. Survival Outcomes and Prognostic Factors of
Transcatheter Arterial Chemoembolization for Hepatic Neuroendocrine Metastases. J. Vasc. Interv. Radiol. 2013, 24, 947-956.
[CrossRef]

Merola, E.; Michielan, A.; Rozzanigo, U.; Erini, M.; Sferrazza, S.; Marcucci, S.; Sartori, C.; Trentin, C.; de Pretis, G.; Chierichetti, F.
Therapeutic Strategies for Gastroenteropancreatic Neuroendocrine Neoplasms: State-of-the-Art and Future Perspectives. World J.
Gastrointest. Surg. 2022, 14, 78-106. [CrossRef]

de Baere, T.; Deschamps, F; Tselikas, L.; Ducreux, M.; Planchard, D.; Pearson, E.; Berdelou, A.; Leboulleux, S.; Elias, D.; Baudin, E.
GEP-NETS Update: Interventional Radiology: Role in the Treatment of Liver Metastases from GEP-NETs. Eur. J. Endocrinol. 2015,
172, R151-R166. [CrossRef] [PubMed]

Chen, J.X.; Wileyto, E.P.; Soulen, M.C. Randomized Embolization Trial for NeuroEndocrine Tumor Metastases to the Liver
(RETNET): Study Protocol for a Randomized Controlled Trial. Trials 2018, 19, 390. [CrossRef]

Makary, M.S.; Regalado, L.E.; Alexander, J.; Sukrithan, V.; Konda, B.; Cloyd, J.M. Clinical Outcomes of DEB-TACE in Hepatic
Metastatic Neuroendocrine Tumors: A 5-Year Single-Institutional Experience. Acad. Radiol. 2023, 30 (Suppl. 1), S117-5123.
[CrossRef] [PubMed]

Barat, M.; Cottereau, A.-S.; Kedra, A.; Dermine, S.; Palmieri, L.-J.; Coriat, R.; Dautry, R.; Tselikas, L.; Soyer, P.; Dohan, A. The Role
of Interventional Radiology for the Treatment of Hepatic Metastases from Neuroendocrine Tumor: An Updated Review. J. Clin.
Med. 2020, 9, 2302. [CrossRef] [PubMed]

Fiore, E.; Del Prete, M.; Franco, R.; Marotta, V.; Ramundo, V.; Marciello, F.; Di Sarno, A.; Carratu, A.C.; de Luca di Roseto, C.;
Colao, A.; et al. Transarterial Embolization (TAE) Is Equally Effective and Slightly Safer than Transarterial Chemoembolization
(TACE) to Manage Liver Metastases in Neuroendocrine Tumors. Endocrine 2014, 47, 177-182. [CrossRef] [PubMed]


https://doi.org/10.1159/000479293
https://www.ncbi.nlm.nih.gov/pubmed/28728155
https://doi.org/10.1055/s-2008-1027555
https://doi.org/10.3390/app10207337
https://doi.org/10.3390/cancers14205103
https://www.ncbi.nlm.nih.gov/pubmed/36291892
https://doi.org/10.4103/jfmpc.jfmpc_2347_20
https://doi.org/10.2217/fon-2018-0136
https://doi.org/10.1016/j.jvir.2016.05.014
https://doi.org/10.1097/MD.0000000000005606
https://doi.org/10.1016/j.jamcollsurg.2019.12.026
https://doi.org/10.3390/cancers13215366
https://doi.org/10.1007/s12032-010-9750-6
https://www.ncbi.nlm.nih.gov/pubmed/21107755
https://doi.org/10.1245/s10434-012-2786-4
https://doi.org/10.1245/s10434-016-5591-7
https://www.ncbi.nlm.nih.gov/pubmed/27663565
https://doi.org/10.1016/j.jss.2018.06.058
https://doi.org/10.1007/s00330-017-4856-2
https://www.ncbi.nlm.nih.gov/pubmed/28677067
https://doi.org/10.1016/j.jvir.2013.02.030
https://doi.org/10.4240/wjgs.v14.i2.78
https://doi.org/10.1530/EJE-14-0630
https://www.ncbi.nlm.nih.gov/pubmed/25385817
https://doi.org/10.1186/s13063-018-2782-5
https://doi.org/10.1016/j.acra.2023.03.042
https://www.ncbi.nlm.nih.gov/pubmed/37105803
https://doi.org/10.3390/jcm9072302
https://www.ncbi.nlm.nih.gov/pubmed/32698459
https://doi.org/10.1007/s12020-013-0130-9
https://www.ncbi.nlm.nih.gov/pubmed/24385266

Curr. Oncol. 2024, 31 2089

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Tai, E.; Kennedy, S.; Farrell, A.; Jaberi, A.; Kachura, J.; Beecroft, R. Comparison of Transarterial Bland and Chemoembolization for
Neuroendocrine Tumours: A Systematic Review and Meta-Analysis. Curr. Oncol. 2020, 27, e537-e546. [CrossRef]

Pericleous, M.; Caplin, M.E.; Tsochatzis, E.; Yu, D.; Morgan-Rowe, L.; Toumpanakis, C. Hepatic Artery Embolization in Advanced
Neuroendocrine Tumors: Efficacy and Long-Term Outcomes. Asia Pac. ]. Clin. Oncol. 2016, 12, 61-69. [CrossRef] [PubMed]
Wigmore, S.J.; Redhead, D.N.; Thomson, B.N.J.; Currie, E.J.; Parks, R.W.; Madhavan, K.K.; Garden, O.]. Postchemoembolisation
Syndrome--Tumour Necrosis or Hepatocyte Injury? Br. J. Cancer 2003, 89, 1423-1427. [CrossRef] [PubMed]

Blackburn, H.; West, S. Management of Postembolization Syndrome Following Hepatic Transarterial Chemoembolization for
Primary or Metastatic Liver Cancer. Cancer Nurs. 2016, 39, E1. [CrossRef]

Sakamoto, I.; Aso, N.; Nagaoki, K.; Matsuoka, Y.; Uetani, M.; Ashizawa, K.; Iwanaga, S.; Mori, M.; Morikawa, M.; Fukuda, T.;
et al. Complications Associated with Transcatheter Arterial Embolization for Hepatic Tumors. RadioGraphics 1998, 18, 605-619.
[CrossRef]

Del Prete, M.; Fiore, F.; Modica, R.; Marotta, V.; Marciello, F.; Ramundo, V.; Di Sarno, A.; Carratu, A.; di Roseto, C.d.L.; Tafuto, S.;
et al. Hepatic Arterial Embolization in Patients with Neuroendocrine Tumors. J. Exp. Clin. Cancer Res. 2014, 33, 43. [CrossRef]
[PubMed]

Yao, K.A ; Talamonti, M.S.; Nemcek, A.; Angelos, P.; Chrisman, H.; Skarda, J.; Benson, A.B.; Rao, S.; Joehl, R.J. Indications and
Results of Liver Resection and Hepatic Chemoembolization for Metastatic Gastrointestinal Neuroendocrine Tumors. Surgery
2001, 130, 677-685. [CrossRef] [PubMed]

Piscaglia, F.; Ogasawara, S. Patient Selection for Transarterial Chemoembolization in Hepatocellular Carcinoma: Importance of
Benefit/Risk Assessment. Liver Cancer 2018, 7, 104-119. [CrossRef] [PubMed]

De Jong, M.C.; Farnell, M.B.; Sclabas, G.; Cunningham, 5.C.; Cameron, J.L.; Geschwind, J.-F.; Wolfgang, C.L.; Herman, ].M.; Edil,
B.H.; Choti, M.A; et al. Liver-Directed Therapy for Hepatic Metastases in Patients Undergoing Pancreaticoduodenectomy: A
Dual-Center Analysis. Ann. Surg. 2010, 252, 142-148. [CrossRef] [PubMed]

Farid, K.; Elalfy, H.; El-Bendary, M.; Besheer, T.; El-Eraky, A.; Abdelbadie, M.; Elmokadem, A.; Moawad, A.; El-khair, S.A;
Sakr, S.; et al. Cardiopulmonary Assessment of Patients with Unresectable Hepatocellular Carcinoma Treated by Transarterial
Chemoembolization. J. Liver Transplant. 2022, 5, 100063. [CrossRef]

Xu, A; Suz, P; Reljic, T.; Are, A.C.; Kumar, A.; Powers, B.; Strosberg, J.; Denbo, ].W.; Fleming, ].B.; Anaya, D.A. Perioperative
Carcinoid Crisis: A Systematic Review and Meta-Analysis. Cancers 2022, 14, 2966. [CrossRef]

Kaltsas, G.; Caplin, M.; Davies, P.; Ferone, D.; Garcia-Carbonero, R.; Grozinsky-Glasberg, S.; Horsch, D.; Tiensuu Janson, E.;
Kianmanesh, R.; Kos-Kudla, B.; et al. ENETS Consensus Guidelines for the Standards of Care in Neuroendocrine Tumors: Pre-
and Perioperative Therapy in Patients with Neuroendocrine Tumors. Neuroendocrinology 2017, 105, 245-254. [CrossRef] [PubMed]
Howe, ].R.; Merchant, N.B.; Conrad, C.; Keutgen, X.M.; Hallet, J.; Drebin, J.A.; Minter, R.M.; Lairmore, T.C.; Tseng, ].E.; Zeh,
H.J.; et al. The North American Neuroendocrine Tumor Society Consensus Paper on the Surgical Management of Pancreatic
Neuroendocrine Tumors. Pancreas 2020, 49, 1-33. [CrossRef] [PubMed]

Wong, TY.; Zhang, K.S.; Gandhi, R.T.; Collins, Z.S.; O’'Hara, R.; Wang, E.A.; Vaheesan, K.; Matsuoka, L.; Sze, D.Y.; Kennedy,
A.S.; et al. Long-Term Outcomes Following 90Y Radioembolization of Neuroendocrine Liver Metastases: Evaluation of the
Radiation-Emitting SIR-Spheres in Non-Resectable Liver Tumor (RESiN) Registry. BMC Cancer 2022, 22, 224. [CrossRef]

Currie, B.M.; Nadolski, G.; Mondschein, J.; Dagli, M.; Sudheendra, D.; Stavropoulos, S.W.; Soulen, M.C. Chronic Hepatotoxicity
in Patients with Metastatic Neuroendocrine Tumor: Transarterial Chemoembolization versus Transarterial Radioembolization. J.
Vasc. Interv. Radiol. 2020, 31, 1627-1635. [CrossRef]

Currie, B.M.; Hoteit, M.A.; Ben-Josef, E.; Nadolski, G.J.; Soulen, M.C. Radioembolization-Induced Chronic Hepatotoxicity: A
Single-Center Cohort Analysis. J. Vasc. Interv. Radiol. 2019, 30, 1915-1923. [CrossRef] [PubMed]

Braat, A.J.A.T; Bruijnen, R.C.G.; van Rooij, R.; Braat, M.N.G.].A.; Wessels, E].; van Leeuwaarde, R.S.; van Treijen, M.].C.; de
Herder, WW.; Hofland, J.; Tesselaar, M.E.T.; et al. Additional Holmium-166 Radioembolisation after Lutetium-177-Dotatate in
Patients with Neuroendocrine Tumour Liver Metastases (HEPAR PLuS): A Single-Centre, Single-Arm, Open-Label, Phase 2 Study.
Lancet Oncol. 2020, 21, 561-570. [CrossRef] [PubMed]

Ramdhani, K.; Braat, A.J.A.T. The Evolving Role of Radioembolization in the Treatment of Neuroendocrine Liver Metastases.
Cancers 2022, 14, 3415. [CrossRef] [PubMed]

Taner, T.; Atwell, T.D.; Zhang, L.; Oberg, T.N.; Harmsen, W.S.; Slettedahl, S.W.; Kendrick, M.L.; Nagorney, D.M.; Que, EG.
Adjunctive Radiofrequency Ablation of Metastatic Neuroendocrine Cancer to the Liver Complements Surgical Resection. HPB
2013, 15, 190-195. [CrossRef] [PubMed]

Choi, ].W.; Kim, H.-C. Radioembolization for Hepatocellular Carcinoma: What Clinicians Need to Know. |. Liver Cancer 2022, 22,
4-13. [CrossRef] [PubMed]

d’Abadie, P.; Hesse, M.; Louppe, A.; Lhommel, R.; Walrand, S.; Jamar, E. Microspheres Used in Liver Radioembolization: From
Conception to Clinical Effects. Molecules 2021, 26, 3966. [CrossRef] [PubMed]

Alrfooh, A.; Patel, A.; Laroia, S. Transarterial Radioembolization Agents: A Review of the Radionuclide Agents and the Carriers.
Nucl. Med. Mol. Imaging 2021, 55, 162-172. [CrossRef] [PubMed]

100. Sivananthan, G.; Tabori, N.E. Principles of Radioembolization. Semin. Interv. Radiol. 2021, 38, 393-396. [CrossRef]
101. Sundram, EX.; Buscombe, J.R. Selective Internal Radiation Therapy for Liver Tumours. Clin. Med. 2017, 17, 449-453. [CrossRef]


https://doi.org/10.3747/co.27.6205
https://doi.org/10.1111/ajco.12438
https://www.ncbi.nlm.nih.gov/pubmed/26663886
https://doi.org/10.1038/sj.bjc.6601329
https://www.ncbi.nlm.nih.gov/pubmed/14562011
https://doi.org/10.1097/NCC.0000000000000302
https://doi.org/10.1148/radiographics.18.3.9599386
https://doi.org/10.1186/1756-9966-33-43
https://www.ncbi.nlm.nih.gov/pubmed/24887262
https://doi.org/10.1067/msy.2001.117377
https://www.ncbi.nlm.nih.gov/pubmed/11602899
https://doi.org/10.1159/000485471
https://www.ncbi.nlm.nih.gov/pubmed/29662837
https://doi.org/10.1097/SLA.0b013e3181dbb7a7
https://www.ncbi.nlm.nih.gov/pubmed/20531007
https://doi.org/10.1016/j.liver.2021.100063
https://doi.org/10.3390/cancers14122966
https://doi.org/10.1159/000461583
https://www.ncbi.nlm.nih.gov/pubmed/28253514
https://doi.org/10.1097/MPA.0000000000001454
https://www.ncbi.nlm.nih.gov/pubmed/31856076
https://doi.org/10.1186/s12885-022-09302-z
https://doi.org/10.1016/j.jvir.2020.05.019
https://doi.org/10.1016/j.jvir.2019.06.003
https://www.ncbi.nlm.nih.gov/pubmed/31353191
https://doi.org/10.1016/S1470-2045(20)30027-9
https://www.ncbi.nlm.nih.gov/pubmed/32112737
https://doi.org/10.3390/cancers14143415
https://www.ncbi.nlm.nih.gov/pubmed/35884479
https://doi.org/10.1111/j.1477-2574.2012.00528.x
https://www.ncbi.nlm.nih.gov/pubmed/23374359
https://doi.org/10.17998/jlc.2022.01.16
https://www.ncbi.nlm.nih.gov/pubmed/37383534
https://doi.org/10.3390/molecules26133966
https://www.ncbi.nlm.nih.gov/pubmed/34209590
https://doi.org/10.1007/s13139-021-00709-3
https://www.ncbi.nlm.nih.gov/pubmed/34422126
https://doi.org/10.1055/s-0041-1735606
https://doi.org/10.7861/clinmedicine.17-5-449

Curr. Oncol. 2024, 31 2090

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.
113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Spreafico, C.; Maccauro, M.; Mazzaferro, V.; Chiesa, C. The Dosimetric Importance of the Number of 90Y Microspheres in Liver
Transarterial Radioembolization (TARE). Eur. |. Nucl. Med. Mol. Imaging 2014, 41, 634-638. [CrossRef]

Helmberger, T.; Golfieri, R.; Pech, M.; Pfammatter, T.; Arnold, D.; Cianni, R.; Maleux, G.; Munneke, G.; Pellerin, O.; Peynircioglu,
B.; et al. Clinical Application of Trans-Arterial Radioembolization in Hepatic Malignancies in Europe: First Results from the
Prospective Multicentre Observational Study CIRSE Registry for SIR-Spheres Therapy (CIRT). Cardiovasc. Interv. Radiol. 2021, 44,
21-35. [CrossRef] [PubMed]

Frilling, A.; Clift, A.K,; Braat, A.J.A.T.; Alsafi, A.; Wasan, H.S.; Al-Nahhas, A.; Thomas, R.; Drymousis, P.; Habib, N.; Tait, P.N.
Radioembolisation with 90Y Microspheres for Neuroendocrine Liver Metastases: An Institutional Case Series, Systematic Review
and Meta-Analysis. HPB 2019, 21, 773-783. [CrossRef] [PubMed]

Jia, Z.; Wang, W. Yttrium-90 Radioembolization for Unresectable Metastatic Neuroendocrine Liver Tumor: A Systematic Review.
Eur. ]. Radiol. 2018, 100, 23-29. [CrossRef] [PubMed]

Ngo, L.; Elnahla, A.; Attia, A.S.; Hussein, M.; Toraih, E.A.; Kandil, E.; Killackey, M. Chemoembolization Versus Radioembolization
for Neuroendocrine Liver Metastases: A Meta-Analysis Comparing Clinical Outcomes. Ann. Surg. Oncol. 2021, 28, 1950-1958.
[CrossRef] [PubMed]

Singla, S.; LeVea, C.M.; Pokuri, VK.; Attwood, K.M.; Wach, M.M.; Tomaszewski, G.M.; Kuvshinoff, B.; Iyer, R. Ki67 Score as a
Potential Predictor in the Selection of Liver-Directed Therapies for Metastatic Neuroendocrine Tumors: A Single Institutional
Experience. J. Gastrointest. Oncol. 2016, 7, 441-448. [CrossRef] [PubMed]

Nadler, A.; Cukier, M.; Rowsell, C.; Kamali, S.; Feinberg, Y.; Singh, S.; Law, C.H.L. Ki-67 Is a Reliable Pathological Grading Marker
for Neuroendocrine Tumors. Virchows Arch. 2013, 462, 501-505. [CrossRef]

Schaarschmidt, B.M.; Wildgruber, M.; Kloeckner, R.; Nie, J.; Steinle, V.; Braat, A.J.A.T.; Lohoefer, F; Kim, H.S.; Lahner, H,;
Weber, M.; et al. 90Y Radioembolization in the Treatment of Neuroendocrine Neoplasms: Results of an International Multicenter
Retrospective Study. J. Nucl. Med. 2022, 63, 679-685. [CrossRef] [PubMed]

Cholapranee, A.; van Houten, D.; Deitrick, G.; Dagli, M.; Sudheendra, D.; Mondschein, ].I.; Soulen, M.C. Risk of Liver Abscess
Formation in Patients with Prior Biliary Intervention Following Yttrium-90 Radioembolization. Cardiovasc. Interv. Radiol. 2015, 38,
397-400. [CrossRef] [PubMed]

Gala, K.B.; Shetty, N.S.; Patel, P.; Kulkarni, S.S. Microwave Ablation: How We Do It? Indian. J. Radiol. Imaging 2020, 30, 206-213.
[CrossRef]

Lim, H.K. Radiofrequency Thermal Ablation of Hepatocellular Carcinomas. Korean J. Radiol. 2000, 1, 175-184. [CrossRef]

1zzo, F,; Granata, V,; Grassi, R.; Fusco, R.; Palaia, R.; Delrio, P; Carrafiello, G.; Azoulay, D.; Petrillo, A.; Curley, S.A. Radiofrequency
Ablation and Microwave Ablation in Liver Tumors: An Update. Oncologist 2019, 24, €990—-1005. [CrossRef] [PubMed]

Hong, K.; Georgiades, C. Radiofrequency Ablation: Mechanism of Action and Devices. |. Vasc. Interv. Radiol. 2010, 21, S179-5186.
[CrossRef] [PubMed]

Mazzaferro, V.; Battiston, C.; Perrone, S.; Pulvirenti, A.; Regalia, E.; Romito, R.; Sarli, D.; Schiavo, M.; Garbagnati, F.; Marchiano,
A.; et al. Radiofrequency Ablation of Small Hepatocellular Carcinoma in Cirrhotic Patients Awaiting Liver Transplantation. Ann.
Surg. 2004, 240, 900-909. [CrossRef] [PubMed]

Lubner, M.G.; Brace, C.L.; Hinshaw, J.L.; Lee, ET. Microwave Tumor Ablation: Mechanism of Action, Clinical Results and Devices.
J. Vasc. Interv. Radiol. 2010, 21, S192-S203. [CrossRef] [PubMed]

Simon, C.J.; Dupuy, D.E.; Mayo-Smith, W.W. Microwave Ablation: Principles and Applications. Radiographics 2005, 25 (Suppl. 1),
569-S83. [CrossRef] [PubMed]

Poulou, L.S.; Botsa, E.; Thanou, L; Ziakas, P.D.; Thanos, L. Percutaneous Microwave Ablation vs Radiofrequency Ablation in the
Treatment of Hepatocellular Carcinoma. World J. Hepatol. 2015, 7, 1054-1063. [CrossRef] [PubMed]

Pillai, K.; Akhter, J.; Chua, T.C.; Shehata, M.; Alzahrani, N.; Al-Alem, I.; Morris, D.L. Heat Sink Effect on Tumor Ablation
Characteristics as Observed in Monopolar Radiofrequency, Bipolar Radiofrequency, and Microwave, Using Ex Vivo Calf Liver
Model. Medicine 2015, 94, €580. [CrossRef] [PubMed]

Niu, L.-Z.; Li, J.-L.; Xu, K.-C. Percutaneous Cryoablation for Liver Cancer. |. Clin. Transl. Hepatol. 2014, 2, 182-188. [CrossRef]
Livraghi, T.; Vettori, C.; Lazzaroni, S. Liver Metastases: Results of Percutaneous Ethanol Injection in 14 Patients. Radiology 1991,
179,709-712. [CrossRef]

Seifert, ].K.; Cozzi, PJ.; Morris, D.L. Cryotherapy for Neuroendocrine Liver Metastases. Semin. Surg. Oncol. 1998, 14, 175-183.
[CrossRef]

Perrodin, S.F,; Renzulli, M.M.; Maurer, M.H.; Kim-Fuchs, C.; Candinas, D.; Beldi, G.; Lachenmayer, A. Can Microwave Ablation
Be an Alternative to Resection for the Treatment of Neuroendocrine Liver Metastases? Endocr. Pract. 2020, 26, 378-387. [CrossRef]
[PubMed]

Mazzaglia, PJ.; Berber, E.; Milas, M.; Siperstein, A.E. Laparoscopic Radiofrequency Ablation of Neuroendocrine Liver Metastases:
A 10-Year Experience Evaluating Predictors of Survival. Surgery 2007, 142, 10-19. [CrossRef] [PubMed]

Maxwell, J.E.; Sherman, S.K.; O’Dorisio, T.M.; Bellizzi, A.M.; Howe, ].R. Liver-Directed Surgery of Neuroendocrine Metastases:
What Is the Optimal Strategy? Surgery 2016, 159, 320-335. [CrossRef] [PubMed]

Mohan, H.; Nicholson, P.; Winter, D.C.; O’Shea, D.; O'Toole, D.; Geoghegan, J.; Maguire, D.; Hoti, E.; Traynor, O.; Cantwell, C.P.
Radiofrequency Ablation for Neuroendocrine Liver Metastases: A Systematic Review. ]. Vasc. Interv. Radiol. 2015, 26, 935-942.e1.
[CrossRef] [PubMed]


https://doi.org/10.1007/s00259-013-2674-6
https://doi.org/10.1007/s00270-020-02642-y
https://www.ncbi.nlm.nih.gov/pubmed/32959085
https://doi.org/10.1016/j.hpb.2018.12.014
https://www.ncbi.nlm.nih.gov/pubmed/30733049
https://doi.org/10.1016/j.ejrad.2018.01.012
https://www.ncbi.nlm.nih.gov/pubmed/29496075
https://doi.org/10.1245/s10434-020-09469-4
https://www.ncbi.nlm.nih.gov/pubmed/33393019
https://doi.org/10.21037/jgo.2016.02.02
https://www.ncbi.nlm.nih.gov/pubmed/27284478
https://doi.org/10.1007/s00428-013-1410-8
https://doi.org/10.2967/jnumed.121.262561
https://www.ncbi.nlm.nih.gov/pubmed/34475236
https://doi.org/10.1007/s00270-014-0947-5
https://www.ncbi.nlm.nih.gov/pubmed/24989145
https://doi.org/10.4103/ijri.IJRI_240_19
https://doi.org/10.3348/kjr.2000.1.4.175
https://doi.org/10.1634/theoncologist.2018-0337
https://www.ncbi.nlm.nih.gov/pubmed/31217342
https://doi.org/10.1016/j.jvir.2010.04.008
https://www.ncbi.nlm.nih.gov/pubmed/20656227
https://doi.org/10.1097/01.sla.0000143301.56154.95
https://www.ncbi.nlm.nih.gov/pubmed/15492574
https://doi.org/10.1016/j.jvir.2010.04.007
https://www.ncbi.nlm.nih.gov/pubmed/20656229
https://doi.org/10.1148/rg.25si055501
https://www.ncbi.nlm.nih.gov/pubmed/16227498
https://doi.org/10.4254/wjh.v7.i8.1054
https://www.ncbi.nlm.nih.gov/pubmed/26052394
https://doi.org/10.1097/MD.0000000000000580
https://www.ncbi.nlm.nih.gov/pubmed/25738477
https://doi.org/10.14218/JCTH.2014.00017
https://doi.org/10.1148/radiology.179.3.2027979
https://doi.org/10.1002/(SICI)1098-2388(199803)14:2%3C175::AID-SSU10%3E3.0.CO;2-2
https://doi.org/10.4158/EP-2019-0394
https://www.ncbi.nlm.nih.gov/pubmed/31859556
https://doi.org/10.1016/j.surg.2007.01.036
https://www.ncbi.nlm.nih.gov/pubmed/17629995
https://doi.org/10.1016/j.surg.2015.05.040
https://www.ncbi.nlm.nih.gov/pubmed/26454679
https://doi.org/10.1016/j.jvir.2014.12.009
https://www.ncbi.nlm.nih.gov/pubmed/25840836

Curr. Oncol. 2024, 31 2091

127.

128.

129.

130.
131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Pickens, R.C.; Sulzer, ] K.; Passeri, M.].; Murphy, K.; Vrochides, D.; Martinie, ].B.; Baker, E.H.; Ocuin, L.M.; McKillop, I.H.; Iannitti,
D.A. Operative Microwave Ablation for the Multimodal Treatment of Neuroendocrine Liver Metastases. J. Laparoendosc. Adv.
Surg. Tech. A 2021, 31,917-925. [CrossRef] [PubMed]

Matrood, S.; Gress, T.M.; Rinke, A.; Mahnken, A.H. Radiofrequency and Microwave Ablation Controls Hepatic Oligoprogression
of Advanced Gastroenteropancreatic Neuroendocrine Tumors. J. Neuroendocrinol. 2023, 35, €13289. [CrossRef]

Cazzato, R.L.; Hubelé, F.; De Marini, P.; Ouvrard, E.; Salvadori, ].; Addeo, P.; Garnon, J.; Kurtz, ] .-E.; Greget, M.; Mertz, L.; et al.
Liver-Directed Therapy for Neuroendocrine Metastases: From Interventional Radiology to Nuclear Medicine Procedures. Cancers
2021, 13, 6368. [CrossRef]

Yordanova, A.; Ahmadzadehfar, H. Combination Therapies with PRRT. Pharmaceuticals 2021, 14, 1005. [CrossRef]

Kim, H.S.; Shaib, W.L.; Zhang, C.; Nagaraju, G.P; Wu, C.; Alese, O.B.; Chen, Z.; Brutcher, E.; Renfroe, M.; El-Rayes, B.F. Phase 1b
Study of Pasireotide, Everolimus, and Selective Internal Radioembolization Therapy for Unresectable Neuroendocrine Tumors
with Hepatic Metastases. Cancer 2018, 124, 1992-2000. [CrossRef]

Filippi, L.; Ciorra, A.; Sardella, B.; Schillaci, O.; Bagni, O. Sequential Use of 90Y Microspheres Radioembolization and 177Lu-
Dotatate in Pluri-Metastatic Neuroendocrine Tumors: A Case Report. Nucl. Med. Mol. Imaging 2014, 48, 321-325. [CrossRef]
Geisler, J.; Auernhammer, C.; Zech, C.; Bartenstein, P.; Hacker, M.; Haug, A. Toxicity of Sequential Treatment with Radioemboliza-
tion and PRRT in Hepatic Metastasized Neuroendocrine Tumors. J. Nucl. Med. 2012, 53, 1189.

Braat, A.J.A.T.; Ahmadzadehfar, H.; Kappadath, S.C.; Stothers, C.L.; Frilling, A.; Deroose, C.M.; Flamen, P.; Brown, D.B.; Sze, D.Y,;
Mahvash, A.; et al. Radioembolization with 90Y Resin Microspheres of Neuroendocrine Liver Metastases After Initial Peptide
Receptor Radionuclide Therapy. Cardiovasc. Interv. Radiol. 2020, 43, 246-253. [CrossRef]

Strosberg, J.; Kunz, PL.; Hendifar, A.; Yao, J.; Bushnell, D.; Kulke, M.H.; Baum, R.P; Caplin, M.; Ruszniewski, P.; Delpassand, E.;
et al. Impact of Liver Tumour Burden, Alkaline Phosphatase Elevation, and Target Lesion Size on Treatment Outcomes with
177Lu-Dotatate: An Analysis of the NETTER-1 Study. Eur. |. Nucl. Med. Mol. Imaging 2020, 47, 2372-2382. [CrossRef] [PubMed]
Yilmaz, N.; Yilmaz, U.E.; Suer, K.; Goral, V.; Cakir, N. Screening for Hepatocellular Carcinoma: Summary of Current Guidelines
up to 2018. Hepatoma Res. 2018, 4, 46. [CrossRef]

Ezziddin, S.; Meyer, C.; Kahancova, S.; Haslerud, T.; Willinek, W.; Wilhelm, K.; Biersack, H.-].; Ahmadzadehfar, H. 90Y
Radioembolization after Radiation Exposure from Peptide Receptor Radionuclide Therapy. J. Nucl. Med. 2012, 53, 1663-1669.
[CrossRef]

Strosberg, J.; Hendifar, A.; Yao, J.C.; Kulke, M.; O’'Dorisio, T.; Caplin, M.; Baum, R.P,; Kunz, P.; Hobday, T.; Wolin, E.; et al. Impact
of Liver Tumor Burden on Therapeutic Effect of 177Lu-Dotatate Treatment in NETTER-1 Study. Ann. Oncol. 2018, 29, viii471.
[CrossRef]

Ebbers, S.C.; Braat, A.J.A.T.; Moelker, A.; Stokkel, M.P.M.; Lam, M.G.E.H.; Barentsz, M.W. Intra-Arterial versus Standard
Intravenous Administration of Lutetium-177-DOTA-Octreotate in Patients with NET Liver Metastases: Study Protocol for a
Multicenter, Randomized Controlled Trial (LUTIA Trial). Trials 2020, 21, 141. [CrossRef] [PubMed]

Ebbers, S.C.; Barentsz, M.W.; de Vries-Huizing, D.M.V.; Versleijen, M.W.].; Klompenhouwer, E.G.; Tesselaar, M.E.T.; Stokkel,
M.PM.; Brabander, T.; Hofland, J.; Moelker, A.; et al. Intra-Arterial Peptide-Receptor Radionuclide Therapy for Neuro-Endocrine
Tumour Liver Metastases: An in-Patient Randomised Controlled Trial (LUTIA). Eur. J. Nucl. Med. Mol. Imaging 2024, 51,
1121-1132. [CrossRef]

Deroose, C.M. The LUTIA Trial: A Small Step for PRRT, a Giant Leap for Intra-Arterial Radionuclide Therapy Trial Methodology.
Eur. J. Nucl. Med. Mol. Imaging 2024, 51, 1133-1135. [CrossRef]

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


https://doi.org/10.1089/lap.2020.0558
https://www.ncbi.nlm.nih.gov/pubmed/33296283
https://doi.org/10.1111/jne.13289
https://doi.org/10.3390/cancers13246368
https://doi.org/10.3390/ph14101005
https://doi.org/10.1002/cncr.31192
https://doi.org/10.1007/s13139-014-0292-2
https://doi.org/10.1007/s00270-019-02350-2
https://doi.org/10.1007/s00259-020-04709-x
https://www.ncbi.nlm.nih.gov/pubmed/32123969
https://doi.org/10.20517/2394-5079.2018.49
https://doi.org/10.2967/jnumed.112.107482
https://doi.org/10.1093/annonc/mdy293.009
https://doi.org/10.1186/s13063-019-3888-0
https://www.ncbi.nlm.nih.gov/pubmed/32024533
https://doi.org/10.1007/s00259-023-06467-y
https://doi.org/10.1007/s00259-023-06581-x

	Introduction 
	Tumor Characterization and Guidelines for Locoregional Therapy 
	Diagnostic Imaging and NET Classification 
	General Overview of Treatment Approaches 
	Alternatives to Surgery 

	Locoregional Therapies 
	Transarterial “Bland” Embolization 
	Transarterial Chemoembolization 
	Important Considerations with Transarterial Approaches 
	Transarterial Radioembolization 
	Transarterial Radioembolization vs. Chemoembolization 

	Ablative Therapies 
	Multimodal Strategies and Future Directions 
	Conclusions 
	References

