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Simple Summary: Liver malignancy affects thousands of people, and its treatment is constantly
evolving. Ablative therapies are a series of minimally invasive modalities that treat these tumors in
combination with other established forms of treatment such as chemotherapy and surgery. Ablative
therapy is well-studied in the case of the most common type of liver malignancy, hepatocellular
carcinoma. There is much less information on ablative therapy in non-hepatocellular carcinoma
liver malignancy treatment. Therefore, we have described the available literature, focusing on
ablative therapy’s promising results, shortcomings, and detail areas for future research on the topic
of non-hepatocellular carcinoma of the liver.

Abstract: Surgical extirpation of liver tumors remains a proven approach in the management of
metastatic tumors to the liver, particularly those of colorectal origin. Ablative, non-resective therapies
are an increasingly attractive primary therapy for liver tumors as they are generally better tolerated
and result in far less morbidity and mortality. Ablative therapies preserve greater normal liver
parenchyma allowing better post-treatment liver function and are particularly appropriate for treating
subsequent liver-specific tumor recurrence. This article reviews the current status of ablative therapies
for non-hepatocellular liver tumors with a discussion of many of the clinically available approaches.

Keywords: liver malignancy; radiofrequency ablation; microwave ablation; cryotherapy; photodynamic
therapy; percutaneous ethanol injection; Irreversible Electroporation; high intensity focused ultrasound;
stereotactic body radiotherapy; laser-induced thermotherapy; electrochemotherapy

1. Introduction

In 2022 it is predicted that in the United States, there will be over 41,000 new cases of
liver cancers resulting in over 30,000 deaths [1]. Thus, there is a critical need to optimize
therapies for these patients to both improve quality of life and survival time, and decrease
mortality. In addition to systemic therapies such as chemotherapy and immunotherapy,
local therapies can offer significant palliation or impart cures with less morbidity than
conventional surgical approaches. These non-surgical local therapies include a variety
of approaches that cause focused destruction of the liver cancer while better preserving
normal adjacent cells. Such therapies include external beam radiation, embolization, and
point-source based ablations.

Ablative therapies focus on various forms of destructive external energy within a
restricted region of tissue to destroy cells within an ablative zone with little effect on
adjacent healthy tissue. The first modern use of ablation was for trigeminal neuralgia
in 1931 by Martin Kirschner using Radiofrequency Thermocoagulation [2]. The idea of
tumor ablation subsequently has been traced back to the 1970s by Taylor who proposed
the use of a hypodermic syringe to inject electromagnetic energy into tissues deep in the
body [3]. Modern examples of ablative technologies directed at cancer include heat killing
of cells utilizing energy from a variety of electromagnetic spectra including microwave
and X-ray spectra, freezing and thawing cells, applying external voltage potentials to
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disrupt cell membranes, local instillation of toxins such as ethanol, and focused external
ultrasound waves.

Ablative therapies are an attractive potential therapy for patients with localized tumors,
particularly of the liver where directed ablation can spare traumatic injury to the liver and
preserve functional liver mass. Some ablative therapies offer clinical outcomes on par with
definitive surgical treatment, while others currently function as a less effective though far
less morbid alternative. This is of particular concern for patients who might not tolerate
an operation due to comorbidities such as cirrhosis or require extensive resections that
might be prohibitively morbid due to regenerative limitations on liver parenchyma from
underlying liver disease or chemotherapy-associated liver disease [4]. The neoadjuvant
and adjuvant roles of ablation in conjunction with surgical and systemic therapies are
ever-expanding and may offer an alternative to systemic chemotherapeutic agents such
as irinotecan and oxaliplatin which cause fatty liver disease and sinusoidal damage [4,5].
Finally, in certain circumstances ablation offers a means of palliation and can be performed
in the outpatient setting, reduces morbidity and mortality, decreases cost, and allows for
real-time imaging to direct therapy [6–8].

2. Review Purpose

There has been abundant research conducted on outcomes following ablative therapies
in the most common type of primary liver malignancy, hepatocellular carcinoma (HCC)
of the liver, however, there has been a more limited discussion of ablative therapies in
non-HCC malignancies. Herein, we describe the techniques, (which are summarized in
Table 1) and review the literature on ablative therapies applied to primary and metastatic
non-HCC malignancies. Liver metastasis occurs in 5% of cancer patients, and in the United
States, is more common than primary liver cancers [9]. After HCC, the second most
common type of primary liver malignancy is cholangiocarcinoma, which worldwide is
responsible for 10–20% of primary liver malignancy [10]. Primary liver tumors such as
hepatoblastoma (100 new diagnoses per year in the United States [11]) and angiosarcoma
(200 new diagnoses per year in the world [12]) lack data on ablative therapeutic treatment
and for the purpose of this review will not be discussed.

Table 1. Summary of Ablative Therapy Techniques.

Ablative Therapy Technique

Radiofrequency Ablation A probe delivers electric current, which is alternated by a radiofrequency generator creating heat [6,13,14]

Microwave Ablation A generator oscillates an electromagnetic field through an antenna, which causes molecules with dipole moments to feel
electromagnetic force. The movement of molecules creates heat [15,16]

Cryotherapy An applicator delivers argon gas or liquid nitrogen causing an ice ball to form adjacent to the probe [17–21]

Irreversible Electroporation Electrodes are inserted into the target tissue and a high-voltage electric impulses created by the electrodes produce pores
in the cellular membrane [17,21–23]

High-Intensity Frequency Ultrasound
A probe, similar to that which is used in conventional ultrasound, delivers ultrasonic waves at extremely high-frequency.
These waves create pressure changes that cause gas or vapor-filled cavitations in the tissue. The cavitations oscillate and

allow for the mechanical destruction of target tissue [24–26]

Photodynamic Therapy
Systemic administration of a fluorescent photosensitizing agent localizes to the tumor. A probe that emits light at a

desired wavelength is directed toward the tumor. Activation of the agent by a specific wavelength of light creates free
radical damage [27–29]

Stereotactic Body Radiotherapy A linear accelerator or specialized device such as the Cyberknife delivers beams of radiation. A high degree of precision is
achieved through patient immobilization, imaging, and flexible external placement of the radiation device [30–32]

Laser Induced Thermotherapy Optical fiber applicators deliver light, which is absorbed by the target tissue creating heat [33]

Electrochemotherapy Electrodes are inserted into the target tissue and chemotherapy is given systemically. An electric field is then created by
the electrodes causing cells to become more porous and allowing for increased uptake of chemotherapy [34]

Percutaneous Ethanol Injection A long needle is inserted and ethanol is injected into the target tissue [35]

Materials and Methods

This research was deemed exempt by the Institutional Review Board by Indiana
University. All authors completed institutional training and certification on the conduct of
human subject biomedical research. An exhaustive search for articles related to various
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ablative technologies was undertaken by generating a list of keywords related to each
candidate modality to search on publicly available databases including PubMed and Google
Scholar. Candidate articles were screened for relevance to the narrow clinical focus by
reviewing the abstract of each article. Articles related to hepatocellular carcinoma treatment
were excluded, as were those not directly related to human subjects. A list of candidate
review articles and clinical studies was generated and grouped by ablative modality.
The authors reviewed the available literature and concluded that there was sufficient
literature to describe the clinical application of radiofrequency ablation, microwave ablation,
cryotherapy, high-intensity focused ultrasound, photodynamic therapy, stereotactic body
radiotherapy, laser-induced thermotherapy, electrochemotherapy and percutaneous ethanol
injection in treatment of non-hepatocellular carcinoma malignancy in the liver. Next,
the institution’s Picture Archiving and Communication System (PACS) was queried for
procedural images representative of each modality. Images were completely deidentified
and stored within a secure database for submission.

3. Impact of Non-HCC Primary Liver Malignancy on Prognosis

The 5-year survival for patients with cholangiocarcinoma is as low as 10% with treat-
ment. Without treatment, the median survival is 3.9 months [36,37]. The median survival of
patients with intrahepatic cholangiocarcinoma who undergo surgical resection is 28 months
and the 5-year survival is 30% [38]. Resection is the mainstay for cholangiocarcinoma
treatment, however, even after R0 resection, or a microscopically negative tumor margin,
60–70% of these patients have cancer recurrence [39]. A German retrospective multicenter
study that examined survival in patients with recurrence of intrahepatic cholangiocar-
cinoma found that patients who underwent repeat hepatectomy for recurrence had a
median overall survival of 65.2 months and 5-year overall survival of 57% [40]. Recently a
multi-center prospective trial has demonstrated five-year survival for patients undergoing
neoadjuvant therapy followed by liver transplantation for the treatment of nonresectable
cholangiocarcinoma [41].

To date, non-resective local therapies for extra-hepatic cholangiocarcinoma remain lim-
ited to palliative-intent treatments. These have been particularly focused on photo-dynamic
and laser therapies to relieve biliary obstruction in combination with stent placement [42].
Retrospective data seems to support this approach as potentially improving quality of life
and survival, but supportive data for this remains small retrospective case series [43].

4. Impact of Metastatic Disease to the Liver on Prognosis

One of the most common sites of distant metastatic disease in solid tumors is the
liver [44]. The one-year survival of all patients with liver metastasis is 15% [9]. The majority
of metastasis to the liver are adenocarcinomas, however neuroendocrine tumors, squamous
cell carcinomas, lymphoma, sarcoma, and melanoma also metastasize to the liver. A previ-
ous review thoroughly describes metastatic disease to the liver [45]. Organs with primary
tumors that metastasize to the liver include the colon and rectum, breast, lung, pancreas,
and stomach [9,45]. For metastatic disease with multiple sites in the liver, major resection is
associated with worse outcomes than parenchymal-preserving smaller resections.

All patients with colorectal cancer have a 1-, 5-, and 10-year overall survival of
75%, 44%, and 33%, respectively and the median overall survival was two years for
stage III-IV [46]. Due to the portal circulation and hepatic artery blood supplies of the
liver, as many as 50% of patients diagnosed with colorectal cancer will develop liver
metastasis [45,47]. In a large retrospective Dutch study of over 23,000 patients with liver
metastasis, the most common type of metastasis was of colorectal origin, which was present
in about 35% of liver metastasis [48]. At autopsy of over 5800 patients with colorectal
cancer metastatic disease was found in 29% of patients. Of those with metastatic disease,
metastasis to the liver was found between 32% and 73% depending on the histological
subtype [49]. Patients who have colorectal liver metastasis that is untreated have a median
survival of 6.9 months with a 5-year survival of less than 5% [50,51]. Patients who undergo
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metastasectomy have a 5-year survival of 20% to 50%, however, only 10% to 25% of patients
are eligible for resection [45,52]. For those with unresectable diseases, improvements in
liver transplant science have allowed for transplantation as a reasonable curative treatment.
An initial prospective trial, SECA-1, demonstrated overall five-year survival of 60% in
21 patients undergoing orthotopic liver transplantation for the treatment of colorectal
metastasis [53]. Based on these results, inclusion criteria for liver transplantation were
refined for SECA-II which demonstrated overall survival of 83% [54].

When considering all patients with melanoma the 5-year survival rate is 93% [1].
Melanoma liver metastasis is found in 10% to 20% of patients with melanoma and these
patients have a median survival of 4 to 28 months [45,55]. This is consistent with all
patients with stage M1c melanoma who have a median overall survival of 5.1 months [56].
If patients undergo metastasectomy the median survival was found to be 24 months with a
median 5-year survival of 24% [57]. At autopsy of patients with liver metastasis, 2% were
from melanoma [48].

Small cell lung cancer metastasizes to the liver in 20% of patients and non-small cell
lung cancer in 13% of patients with median survival under 1 year [58,59]. The median
overall survival for patients with small cell lung cancer is 7 months, and the median overall
survival for patients with non-small cell lung cancer is as low as 5 months [60,61]. The
5-year overall survival for all patients with lung cancer is 22% [1]. At autopsy of patients
with liver metastasis, lung cancer was found in about 12% of patients [48]. The 5-year
survival for all patients with breast cancer is 90% [1]. Breast cancer patients develop liver
metastasis in up to 50% of patients and have a median survival of 3 to 15 months [45,62]. All
patients with pancreas cancer have a 5-year survival of 11% [1]. Greater than 50% of patients
who are diagnosed with pancreatic cancer are found to have liver metastasis at the time of
diagnosis [63]. The median survival is less than 6 months regardless of treatment in these
patients [45,63]. The median overall survival for neuroendocrine tumors is 9.3 years [64].
Neuroendocrine tumors are found to have liver metastasis in up to 75% of patients and
patients who go untreated have a 13% to 54% 5-year survival [65]. This 5-year survival in-
creases to 60–86% with surgery and the median survival was 125 months [66]. Of note, >90%
of patients with neuroendocrine metastasis to the liver are not candidates for surgery [67].
The 5-year relative survival rate of all gastric cancer patients is 43% [68]. Gastric cancer
patients present with liver metastasis in 4–14% of patients and have metachronous liver
lesions after gastric resection in up to 37% of patients. The median survival was between
7 and 14.1 months [69]. For soft tissue sarcoma, the 5-year survival is 58% and the median
survival is 8.2 years [70]. Soft tissue sarcoma presents with liver metastasis in 3% of patients
and had a 1-year overall survival of 36% while patients who had non-liver metastasis had
a 1-year overall survival of 81% [71]. Metastasis to the liver from any primary cancer has
devastating effects on patient survival and subsequent treatment strategies are paramount
to improving patient outcomes.

5. Radiofrequency Ablation
5.1. Technique

Radiofrequency ablation utilizes electric current alternating at high-frequency to
cause the destruction of the intended tissue. The procedure is often performed under
imaging guidance, using some combination of real-time ultrasound guidance with or
without confirmatory computed tomography (CT) guidance (including CT Fluoroscopy,
Helical CT, and/or cone-beam CT) (Figure 1) Trans biliary endoscopic approaches have
also been explored and several open trials are registered at clinicaltrials.gov. Treatment
of the lesion is done with monopolar energy whereby a closed circuit is formed between
an electrode needle within the ablation probe and a dispersive electrode via the patient’s
body [13]. As the current attempts to pass from the electrode needle through the tissue
and back to the dispersive electrode, a radiofrequency generator alternates the current at
a high frequency causing ion agitation, friction, and subsequently heat deposition within
a defined region adjacent to the ablation probe. The tissue is heated to 50–100 degrees
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Celsius to induce coagulation necrosis [6,14]. Beyond 100 degrees Celsius, the delivery
of energy is limited by increased tissue impedance as a result of the carbonization of
tissue and water vaporization [35]. Modern RFA systems include automated methods
to measure tissue impedance and adjust monopolar energy characteristics in real-time.
The heat is concentrated concentrically around the tip of the electrode needle in various
shapes and diameters depending on how the probe is constructed, the energy applied,
and the tissue characteristics of the lesion. Larger regions of ablation are achieved by
overlapping ablative zones of multiple probes with the goal of obtaining a 1 cm tumor-free
margin [6,72–74]. In tissues adjacent to large blood vessels, a phenomenon known as “heat
sink” occurs whereby blood flow causes perfusion-mediated tissue cooling prohibiting the
tissue from reaching a minimum temperature for tissue necrosis [75]. This can be addressed
through pre-ablation occlusion of the arterial supply of the tumor [76] either with preceding
transarterial embolization, or with intra-operative temporary vessel clamping.
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Figure 1. Representative Image of RFA. (A) 56-year-old female with hilar cholangiocarcinoma status
post right hepatectomy and extra hepatic bile duct resection followed by multiple embolizations for
residual disease. Referred for RFA ablation for treatment of enlarging segment 4A and 4B metastases
in the setting of hepatic artery stenosis limiting repeat embolization. The preprocedural axial CT
demonstrates a contrast enhancing hypoattenuating cholangiocarcinoma in segment 4 adjacent to
the hepatectomy margin. (B) Intraoperative CT demonstrating percutaneous radiofrequency probe
(Boston Scientific LeVeen) within the segment 4A liver mass. Delivered 190 watts for 15 min followed
by 200 watts for 15 min without reaching impedance limit. (C) Axial CT one month following the
procedure demonstrating a hypoattenuating lesion with thin rim of contrast enhancement overlying
the zone of ablation.

5.2. Radiofrequency Ablation in Non-HCC Primary Liver Malignancy

Currently, surgery is the standard of care for cholangiocarcinoma, however, even after
R0 reSection 60–70% of these patients have cancer recurrence and hepatectomy carries
significant operative mortality of over 9% in a single center study [39,77]. In the event the
patient is not a candidate for surgery, RFA might be a useful option, however given the
low incidence of cholangiocarcinoma, poor overall survival after diagnosis, and existing
definitive surgical therapy, data describing the role of RFA ablation in cholangiocarcinoma
is limited to observation of outcomes in patients ineligible for initial resection or in cases of
recurrence not amenable to reoperation. Given the lack of data, expert consensus provides
some guidance including the European Association of the Study of Liver which offers
guidelines for ablative therapy of cholangiocarcinoma. These guidelines suggest consider-
ing ablative therapy in small single lesions ≤3 cm in patients who are not candidates for
surgery [78]. These guidelines are extrapolated from a more robust study of RFA ablation
in the treatment of HCC. A small retrospective study of 13 nonsurgical candidates with
less than three total lesions supported restricting RFA ablation to small lesions. This study
demonstrated a technical procedural success rate of 88%. The 12% of patients with failed
procedures had lesions >7 cm. RFA may not be an optimal choice in lesions this large.
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Overall, the 5-year survival of these nonsurgical candidates initially treated with RFA was
15% and the median survival of this group was 38.5 months [79]. In comparison, initial
treatment with major hepatic resection demonstrates improved 5-year survival of 26% with
a worse median survival of 27.6 months. This is likely a reflection of the more invasive
nature of major hepatectomy when compared to percutaneous RFA [77].

RFA has been used in treating recurrence following surgical resection. One retro-
spective analysis of 40 patients with recurrent cholangiocarcinoma after hepatectomy
investigated the role of RFA. Investigators found a median survival of 26.6 months and a
5-year survival of 18% [80]. Another single-center retrospective series examined 29 patients
with recurrent cholangiocarcinoma following surgery treated for recurrence with RFA. The
disease-free survival in this group at 4 years was 74%, the median survival after the RFA
procedure was 27.4 months, and the overall 4-year survival was 21% [81]. Both studies had
similar inclusion criteria including <3 lesions that were <5 cm. In the setting of tumor recur-
rence, patients are often not eligible for reoperation due to a variety of reasons including;
comorbidities making surgery too risky, inadequate functional liver remnant, and anatomic
considerations limiting resection. In these situations, limited data have suggested RFA as a
reasonable substitution for resection when reoperation is contraindicated. In a prospective
cohort study of 72 patients, Braunwarth et al. were able to increase the portion of patients
with cholangiocarcinoma recurrence treated aggressively with curative intent from 12% to
37% by offering RFA to those ineligible or uninterested in hepatic resection. Though the
majority of patients with recurrence underwent palliative care, those undergoing treatment
with curative intent had significantly greater 5-year survival; 48% in the curative intent
cohort vs. 12% in the palliative cohort [82]. The differences in 5-year survival between
cohorts are likely affected by selection bias, however, these findings demonstrate how
the less invasive nature of RFA allows for the treatment of additional patients deemed
ineligible for surgery.

5.3. Radiofrequency Ablation in Metastatic Disease to the Liver

Expert consensus guidelines indicate RFA for the treatment of metastatic disease in
nonsurgical candidates with Childs Pugh class A or B with less than three metastases
each less than 3cm in diameter [83–85]. Although there are no definite indications for
metastatic disease, it is common practice to use the HCC guidelines for RFA treatment [85].
RFA for colorectal metastasis to the liver has demonstrated complete response rates of
52% to 95%. When used with non-curative intent, it can increase disease-free survival to
50% and overall survival to 94% at one year, however, the treatment is less effective with
increasing lesion size [52]. In a single institution retrospective analysis of 194 patients with
colorectal liver metastasis recurrence after hepatectomy, 50 underwent repeat hepatectomy
and 144 underwent RFA. Indications for hepatectomy were anatomy that allowed for R0
resection, no surgical contraindication, adequate functional liver remnant, and appropriate
hepatic inflow and outflow of the remaining liver. The indications for RFA were the number
of tumors ≤3 and the maximum diameter of the tumor ≤5 cm, or the number of tumors >4,
and the maximum diameter of the tumor ≤3 cm, a safe path for percutaneous ablation, the
anatomy that allowed for R0 ablation, and no coagulopathy. The study found no significant
differences in liver function or overall survival between the groups. The RFA group’s
5-year overall survival was 29%. Patients treated with RFA experienced lower rates of
post-procedure complications and shorter procedure time and hospital length of stay [86].
Clearly, RFA has a role for patients to be treated with curative intent and may offer patients
whose tumor characteristics prevent R0 resection a viable alternative.

RFA and surgery have also been used synergistically in the treatment of metastasis
to the liver. A retrospective single-institution study of 72 patients with liver metastases
that were deemed unresectable underwent RFA in addition to surgery. Inclusion criteria
were unresectable liver metastasis, the liver function of at least Childs Pugh A or B, and
no extrahepatic involvement. The 5-year survival was found to be 19% and the 5-year
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recurrence-free survival of 13% [87]. This study included metastases of more lethal primary
tumors including lung and pancreas which likely contributed to low overall survival.

Pancreatic ductal adenocarcinoma (PDAC) patients with stage IV disease historically
are treated with chemotherapy, however, RFA may offer extended survival in these patients
who have liver metastasis. A retrospective single-institution study of 34 patients who had
PDAC with liver metastasis and a diameter of the tumor ≤3 cm, less than five lesions, and
no extrahepatic metastasis underwent RFA either intraoperatively or following pancre-
atectomy. Of patients that underwent RFA, 91% had a metastatic recurrence. However,
58% of patients with metastases had recurrence limited to the liver and 89% of those pa-
tients underwent repeat RFA. Again, 88% of patients that had a second RFA treatment had
metastatic recurrence with 43% isolated to the liver. This group of isolated liver metastases
underwent a third RFA treatment. Patients had a median survival of 14 months after liver
metastases, however, there was no benefit in survival >2 years after surgery [88]. RFA may
offer some benefit to patients with PDAC metastasis to the liver albeit in the setting of an
aggressive primary cancer the benefits of treating liver metastases are inherently limited by
the course of primary cancer.

Aside from prolonging survival, RFA treatment may offer a safe means of symptom
relief for patients with hepatic neuroendocrine metastases. In a single institution prospec-
tive study of 80 RFA treatments for 63 patients with metastatic neuroendocrine tumors,
Mazzaglia et al. found that 92% of participants experienced at least partial symptom relief
while symptoms entirely resolved in 70% of cases. Only 5% of patients experienced periop-
erative morbidity and no 30-day mortalities were observed [67]. In symptomatic patients
that otherwise have limited treatment options, RFA provided safe symptom and disease
control. Additionally, recent early evidence suggests the modality may offer prolonged
relief from malignant biliary obstruction when applied intraluminal. One small recent
randomized controlled trial of 30 patients compared biliary obstruction between patients
treated with placement of plastic biliary stent with intraductal radiofrequency ablation of
malignant hilar biliary obstruction vs. placement of the plastic stent alone. For a subset of
patients with ductal obstruction greater than 11 cm in length, intraductal RFA prolonged
the median time to obstruction to 178 days vs. 122 days with plastic stenting alone [89].
A large, recent meta-analysis of 19 studies including 1946 patients demonstrates similar
benefits for prolonging stent patency times as well as a slight overall survival benefit for
intraductal RFA [90].

6. Microwave Ablation
6.1. Technique

Microwave ablation (MWA) emits electromagnetic radiation locally into tissue at
frequencies between radiowaves and infrared radiation [15]. An oscillating electromagnetic
field is created by a generator, passed through a power distribution system, and delivered
to tissues through an antenna [15,16]. As with RFA, CT or ultrasound guidance is used to
place the antenna within the tissue to be ablated (Figure 2). Tissues adjacent to the antenna
are exposed to an electromagnetic field that oscillates at a high frequency. Molecules with
dipole moments, such as water, experience an electromagnetic force as the dipole moment
of the molecule attempts to align with the applied electromagnetic field. In the case of
water, this may occur 2 to 5 billion times per second [15]. High-frequency alternation of
the applied electromagnetic field generates heat in the nearby tissues as water molecules
rotate and interact, generating heat. This heat reaches an excess of 100 degrees Celsius [16].
A cooling system exists in the antenna via chilled saline or gas [15,16].
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Figure 2. Representative image of MWA. (A)Noncontrast enhanced preprocedural axial CT demon-
strating a well circumscribed hypoattenuating lesion in segment 5 concerning for metastasis in a
74-year-old male with rectal carcinoma. (B) The lesion was ablated by application of 100 watts for
7 minutes through each of the adjacent probes. The ablation zone is visualized as a region of hypo
attenuation along the antennae. (C) Under CT guidance, two Neurowave microwave antenna are
positioned within the lesion to provide overlapping ablation zones. (D) Contrast enhanced axial CT
demonstrating a hypoattenuating lesion overlying the previous ablation zone.

Electromagnetic radiation emitted from a point source follows the inverse square
law whereby the intensity of the electromagnetic field emitted by the antenna, and thus
heat energy created within adjacent tissues, decreases precipitously at increased distances
from the source. The field of ablation can vary based on the characteristics of the energy
source, the shape of the electromagnetic field generated by the antenna, and the duration
the tissue is exposed to the microwave. Given the ubiquity of water throughout the human
body, microwaves are able to generate heat within diverse types of tissue including those
with poor conductivity, high impedance, and low thermal conductivity which may limit
other ablative therapies such as RFA [16]. Potential advantages to microwave ablation are
higher temperatures achieved within the tumor, less dispersion of heat due to the heat
sink effect, larger tumors amenable to ablation, improved convection of heat, and shorter
procedure times [15,16]. Disadvantages include higher cost, less definitive visualization
intra-procedurally during active ablation, underpowered systems, the large diameter of the
antenna, and long thin ablation zones [16].

6.2. Microwave Ablation in Non-HCC Primary Liver Malignancy

Data describing clinical outcomes of MWA in cholangiocarcinoma are limited. In
a prospective series by Yu, 15 patients were treated with MWA for cholangiocarcinoma.
These patients were not surgical candidates and three patients had failed other treatment
modalities. Additional criteria included less than three total lesions, each less than 5 cm, no
portal venous thrombus or extrahepatic metastasis, and no coagulopathy. Median survival
was 10 months, and the 1-year overall survival was 60% [91].
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MWA offers several technical advantages over RFA leading to widespread adoption in
modern interventional practices. MWA provides a more predictable ablation zone, allows
for the treatment of multiple lesions at the same time, and achieves larger coagulation
volumes while having a shorter procedural time [92]. Whether these attributes translate to
better outcomes when applied to cholangiocarcinoma is poorly understood. A retrospective
review compared RFA to MWA for the treatment of primary cholangiocarcinoma and
intrahepatic metastases in 20 nonsurgical candidates, 76% of the tumors treated were
metastasis from a primary cholangiocarcinoma. Tumors were less than 5 cm, and they did
not have hilar cholangiocarcinoma or metastasis from hilar cholangiocarcinoma. Median
disease-free survival was 8.2 months and median overall survival was 23.6 months for all
20 patients. No difference in tumor progression was observed between tumors treated with
RFA and MWA [93].

A retrospective single institution series compared repeat hepatectomy to thermal abla-
tion, which included both RFA and MWA in patients that had ≤5 lesions that were ≤5 cm
in diameter, Child−Pugh A or B liver function, no coagulopathy, no evidence of vascular
invasion or extrahepatic metastasis. The criteria for repeat hepatectomy was a single tumor
or 2–3 tumors ≤5 cm in diameter and otherwise the same criteria as thermal ablative ther-
apy. No significant difference in terms of median survival or 3-year survival was observed
between the two groups. Median overall survival for hepatectomy was 20.3 months and
thermal ablative therapy was 21.3 months. The 3-year survival for hepatectomy was 17%
and thermal ablative therapy was 21% [94].

6.3. Microwave Ablation in Metastatic Disease to the Liver

In the US, the most common metastasis to the liver is colorectal cancer, the treatment of
which is the most commonly studied application of MWA for metastatic disease to the liver.
A meta-analysis of 395 patients with colorectal metastases treated MWA demonstrated
overall survival at 1, 3, and 5 years of 87%, 60%, and 45% and recurrence-free survival
at 1, 3, and 5 years of 65%, 45%, and 34%, respectively. These outcomes lead the authors
to conclude that MWA can safely be considered as an option for curative treatment of
metastases <3 cm [95].

Similar to RFA, limited retrospective studies have compared outcomes between pa-
tients selected to undergo surgical resection and those treated with MWA due to one or
more factors making the patient ineligible for resection. For example, Stattner et al. retro-
spectively reviewed 43 patients who had colorectal liver metastasis that was treated with
MWA alone or MWA with surgery and found that there was a 36% 3-year survival for
MWA alone vs. 45% for MWA with surgery [96]. Differences in outcomes between these
groups are likely affected by selection bias, whereby patients with less severe disease are
more often recommended standard of care treatment with resection while those with one
or more factors making the patient ineligible for surgery are recommended MWA. When
controlling for differences between treatment groups, MWA appears to be an equivalent
option for the treatment of focal metastatic disease in the liver. A prospective randomized
control trial of 30 patients with colorectal liver metastasis that were less than 8 cm, less than
10 lesions, and did not have cirrhosis, chronic hepatitis, or extrahepatic disease found no
significant differences between surgery and MWA in mean survival times or 1-year, 2-year,
and 3-year survival rates [97]. Treatment of colon cancer metastases is not limited to either
surgery or percutaneous ablation; MWA can be administered via laparoscopic or open
surgical approach. A retrospective single-institution series examined MWA in 36 patients
with nonresectable colorectal metastasis to the liver. These patients underwent surgical
ablation due to anatomical challenges that prevented the percutaneous approach. Intraop-
erative administration of MWA demonstrated a median overall survival of 81 months with
a per-lesion recurrence rate of 4% [98].

Taken together these results demonstrate that MWA is a reasonable alternative to
surgery and that in appropriate situations this ablative modality can function synergistically
with the surgical approach in the treatment of colorectal liver metastasis. Whether these
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findings can be extrapolated to the treatment of liver metastases from other primary cancers
requires further investigation. In the case of more aggressive primary cancers, treating
metastases may not hold as much benefit to overall survival as with colorectal cancer.

7. Cryotherapy
7.1. Technique

The inverse of heat killing is cryoablation. Freezing temperatures between −20 and
−190 degrees Celsius are achieved by liquid nitrogen or argon gas within an applicator
probe causing an ice ball to form in tissues adjacent to the probe. Two freeze–thaw cycles
are performed, which causes disruption of cell membranes, intracellular and extracellular
ice formation, hypoxia, and ultimately cell death [17–21]. Guidance of the probe into
the lesion and visualization of ice ball formation is obtained via CT, ultrasound, or MRI
(Figure 3). This allows the physician to recognize the margin borders of the ablation in
real time [17,18,21]. The ideal margins are 0.5 cm to 1 cm [19]. Additional probes may be
inserted as necessary. Cryoablation can be performed percutaneously or intraoperatively
during surgery. For example, if clean surgical margins are unobtainable, edge cryotherapy
may reduce recurrence [99,100]. Similar to RFA, cryoablation is also limited by the heat
sink phenomenon in which the convection of heat from nearby blood flow prevents the
applicator probe from achieving the desired temperatures [17,21].
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Figure 3. Representative image of Cryotherapy. (A) Noncontrast enhanced axial CT demonstrating a
large hypoattenuating metastasis in liver segment 7 of an 83-year-old male with history of ascending
colon cancer status post hemicolectomy. (B) Intraoperative noncontrast axial CT demonstrating
ice ball formation around two percutaneous cryoablation probes within the metastasis. (C) Imme-
diately following cryoablation, thermal damage is demonstrated by a region of hypoattenuation.
(D) Two years later, the patient unfortunately presented with another large metastatic lesion within
right liver lobe concerning for recurrence. Deemed unresectable by Surgery and too large for re-
peat cryoablation.
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7.2. Cryoablation in Non-HCC Primary Malignancy and Metastatic Disease to the Liver

Limited studies describe the role of cryoablation in the treatment of non-HCC liver
malignancies. Of those available, most describe the application of this modality intraop-
eratively for the treatment of HCC and metastasis, very little information is available in
the literature describing the percutaneous use of cryoablation or the use of this modality
in the treatment of cholangiocarcinoma. A single institution retrospective cohort study
examined percutaneous, image-guided cryoablation in 186 patients with 299 primary and
metastatic tumors within the liver that were deemed inoperable. Of the 56 primary tu-
mors treated by cryoablation, 50 of these tumors were HCC, a remaining six patients were
cholangiocarcinoma. The vast majority of tumors, 243 in total, were metastatic diseases
from at least 17 different types of primary tumors. The highest technical efficacy rate was
for renal cell carcinoma metastasis at 100% and the lowest was for lung cancer at 63%.
Tumor progression was more likely in lesions larger than 4 cm and occurred in 23% of
the lesions overall. CT guidance was associated with better technical success and lower
rates of local tumor progression when compared to MRI guidance. Overall, the adverse
event rate was 34% [101]. Interestingly, renal cell carcinoma metastasis appeared to re-
spond well to cryoablation in the liver, this modality has become the standard of care in
treating primary renal cell carcinoma. A limitation of this study is that the patients were
taken from 16 years of experience with the procedure, however, half of the patients were
treated in the first year of the study when the technique was first brought to this institution.
This likely decreased the efficacy in those patients who were treated early as the operator
was becoming comfortable with the technique. Unfortunately, there was no survival data
presented specifically for cholangiocarcinoma patients. A lack of survival data remains a
gap in the current literature regarding cholangiocarcinoma treated by cryoablation [102].

A prospective series of 223 patients who had colorectal cancer with liver metastasis
observed outcomes in 168 patients who underwent liver resection alone and 55 patients who
were treated with intraoperative cryotherapy, of which 25 were in combination with liver
resection. Cryotherapy was used when the surgeons felt that the lesions were unresectable
and if there was no extrahepatic disease. Cryotherapy was performed laparoscopically or
after a bilateral subcostal incision. The groups were different in that the cryotherapy group
had more patients who had a previous liver resection, the lesions were smaller, and they
were less frequently synchronous. They found that the median survival time was 29 months
in both groups and 5-year overall survival was 23% in surgical resection and 26% in
cryotherapy. They also found that cryotherapy had 11% morbidity and 2% mortality while
surgery had 26% morbidity and 5% mortality although there was no statistical significance
reached for mortality. The median disease-free survival times and 5-year disease-free
survival rates following resection were 10 months and 19% whereas cryotherapy was
6 months and 12%. The disease-free interval in the liver was 19 months and a 5-year
liver disease-free rate of 33% after surgical resection, whereas cryotherapy was 7 months
disease-free interval in the liver and a 15% 5-year liver disease-free rate [103]. Although
surgery is the current standard, cryotherapy has similar results. Furthermore, cryotherapy
produces less morbidity and mortality and may be preferred in more frail patients.

A randomized clinical trial of 123 patients compared the cryosurgical technique to
conventional surgical resection of metastasis from all forms of the primary malignancy.
The 3-year survival rate in cryotherapy was 60% and 51% in surgical resection. The 5-year
survival rate was 44% in cryotherapy and 36% in surgical resection. The 10-year survival
rate was 19% in cryotherapy and 8% in surgical resection. Recurrence in the liver was
observed in 85% of cryotherapy and 95% in surgical resection [104]. A Cochrane review
of this study gave the evidence a grade of low certainty and raised concerns of bias and
noted multiple statistics of interest that were not included such as time to mortality, cancer
mortality, health-related quality of life, and time to progression of liver metastasis [105].
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8. Irreversible Electroporation
8.1. Technique

Irreversible Electroporation (IRE) is a nonthermal technique that triggers programmed
cell death by disruption of cellular membranes via applied a DC current with high electric
potential. This ablative method requires the placement of multiple electrodes connected
to a generator between the targeted tumor. The probes are placed percutaneously with
ultrasound or CT guidance. A faraday probe and oscilloscope are connected to a computer
which allows the monitoring of the current as it is applied. The patient is attached to
EKG leads for anesthesia monitoring as well as cardiac gating. This technique creates
high-voltage electrical pulsations of short duration that cause small pores within cell
membranes, loss of contents, and programmed cell death via apoptosis [17,21–23]. The cells
are affected, however, the extracellular matrix is not. This allows for the sparing of fragile
structures immediately adjacent to, but not between the electrodes such as vessels and bile
ducts [21,106,107]. There is concern that the closer the target lesion is to the heart, the more
likely IRE will cause dysrhythmias. Therefore, heart-gated delivery is required to avoid
this complication [22].

8.2. Irreversible Electroporation in Non-HCC Primary Liver Malignancy and Metastatic Disease to
the Liver

IRE is a relatively new ablative modality that lacks clinical evidence when compared
to incumbent ablative technologies [108]. A meta-analysis of IRE in liver cancer identified
nine studies with 300 total patients. The vast majority of these patients, 123 in total, were
treated for HCC. Only 21 were treated for cholangiocarcinoma. The remaining 156 patients
had metastatic disease or disease classified as other [109]. All studies in the meta-analysis
were observational in nature and most were retrospective, which limits the ability to draw
conclusions on its effectiveness. One prospective cohort study found 6-month local recur-
rence of IRE-treated tumors to be 33% in cholangiocarcinoma, 38% in colorectal metastasis,
and 75% in unspecified metastasis [110]. A more recent prospective trial demonstrated
median overall survival of 21 months in 12 patients treated for cholangiocarcinoma who
were deemed inappropriate for surgical resection or radiotherapy ablation [111].

Despite limitations in understanding the effectiveness of IRE, the included studies
were able to describe the application, potential value, and imaging findings associated with
the use of IRE in liver malignancy. For example, multiple studies demonstrated that when
properly placed, IRE was able to avoid biliary injury [107,112]. Several others described
characteristic post-ablation CT/MRI findings [113,114]. Another evaluated safety, short-
term complications, and morbidity at a six-month follow-up [115]. A recent prospective trial
demonstrated a major adverse event rate of 50% following the procedure [111]. While these
studies describe the application and risks of IRE, additional studies should address the lack
of randomized, prospective clinical outcomes in the use of non-HCC liver malignancy.

9. High-Intensity Focused Ultrasound
9.1. Technique

High-intensity focused ultrasound (HIFU) is a noninvasive technique that creates
both thermal and mechanical effects to ablate tumors through coagulation necrosis. HIFU
works similarly to a conventional ultrasound, however, the intensity is vastly greater.
Conventional ultrasound has an intensity of 720 mW/cm2 whereas HIFU has an intensity
of up to 10,000 mW/cm2 [24]. HIFU can be constant and cause thermal damage to cells or
pulsed and cause acoustic cavitation. When HIFU is constant, target temperatures reach
greater than 56 Celsius to allow for cell death. When HIFU is pulsed with alternating
compression and expansion acoustic pulses, the target tissue has rapid pressure changes at
points of weakness in the tissue creating gas and vapor-filled cavitation. When the cavities
oscillate, mechanical shearing allows for cellular destruction [24–26]. The procedure is
conducted with MRI or ultrasound guidance with no radiation or dose limit. A gel or
liquid coupling device is placed in between the probe and target tissue to allow for the
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propagation of the ultrasonic waves [24,116]. These probes are extracorporeal, interstitial,
or transrectal [24,116]. A potential limitation for treatment in the liver is the ability of
HIFU to effectively ablate tumors deep in the parenchyma, obstruction by ribs, and organ
movement throughout the procedure [117].

9.2. High-Intensity Focused Ultrasound in Non-HCC Primary Liver Malignancy and Metastatic
Disease to the Liver

HIFU is an emerging ablative therapy for the treatment of various malignancies, most
notably, prostate in the US. Most clinical studies of HIFU applied to liver malignancy focus
primarily on HCC. Recent studies have investigated the feasibility and safety of HIFU
in combination with other therapies, such as transarterial chemoembolization (TACE) in
the treatment of HCC. One study of 37 patients demonstrated a 2-year progression-free
survival of 29.7% and a median overall survival of 24 months [118]. Similar studies have
been performed in non-HCC liver malignancies. One cohort study of 12 patients with
hepatoblastoma examined HIFU in combination with TACE. The authors found a median
survival time of 14 months and a 2-year survival rate of 83% [119]. A systematic review
identified 24 separate studies from 2008 to 2019 that described the technical application
of HIFU in 940 patients: 924 had HCC, 12 had hepatoblastoma, and 4 had cholangio-
carcinoma [120]. Results were not differentiated between tumor types. Complete tumor
ablation was found in 55% of patients. When combined with other modalities such as
transarterial chemoembolization, RFA, or Percutaneous Ethanol Injection (PEI), technical
success increased to 66%. The most common complications observed were skin burns
(15%), local pain (5%), and fever (2%). Though the study found promising rates of technical
success, the review was limited by wide heterogeneity between methods of the included
studies as well as a lack of clinical outcomes such as survival data for some studies.

In regard to metastatic disease of the liver, Leslie et al. examined two phase II non-
randomized prospective trials of thirty-one patients in total (one was excluded due to
equipment failure), twenty-nine of whom had metastatic disease to the liver and one of
whom had primary HCC. All patients had a radiological evaluation at 30 days. The ra-
diological trial ended after this evaluation while the surgical trial went on to perform a
resection of the tumor. Thirty days after HIFU treatment, 93% of patients demonstrated
evidence of ablation on post-procedure imaging. Disease progressed in seven patients,
and two died during the follow-up timeframe [117]. A larger, single-center retrospective
analysis of 275 patients treated with HIFU compared technical success, disease progression,
and survival between 80 patients with HCC and 195 with liver metastases. Interestingly,
the study found similar rates of objective response (72% vs. 64%), disease control rate
(81% vs. 83%), and a median one-year survival (13 vs. 12 months), suggesting HIFU
may be similarly effective in the treatment of malignant liver lesions regardless of tumor
type [121]. Overall, it is difficult to draw conclusions regarding the efficacy of HIFU without
prospective, randomized clinical studies with longer follow up.

10. Photodynamic Therapy
10.1. Technique

Photodynamic therapy (PDT) is a technique that allows tumor ablation through a
unique mechanism of photodamage. Systemic administration of a fluorescent photosensi-
tizing agent localizes to the tumor and is activated by light of a specific wavelength creating
a photodynamic reaction that creates oxygen-free radicals and induces cell death through
apoptosis and necrosis [27–29]. Various forms of light are used including lasers, incandes-
cent light, and laser-emitting diodes [122]. The light is directed through a catheter via a
laparoscopic approach, with endoscopic retrograde cholangiopancreatography, through
a T-tube, or with percutaneous placement into the interstitium of the tumor itself [123]
(Figure 4). Limitations of PDT are poor tissue depth penetration of the light irradiation, pos-
sible revascularization of the tumor, and non-specificity of the photosensitizing agents [124].
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Figure 4. Representative image of PDT. (A) Sagital MR Abdomen T2 weighted image demonstrating
a soft tissue perihilar mass and diffuse dilation of the intrahepatic biliary system in a 70-year-old male
diagnosed with choliangiocarcinoma. (B) Initial flouroscopic image during ERCP demonstrating
position of the scope and an intrahepatic biliary stent. (C) Following removal of the stent, contrast
injection into the ampulla of Vater demonstrates common bile duct stricture. (D) After crossing the
common bile duct stricture, injection of contrast media demonstrates the extent of focal common
bile duct stricture and biliary dilation upstream. (E) Light diffuser is advanced over the stricture for
application of PDT. (F) Following PDT session, the light diffuser is removed from the common bile
duct and an endobiliary stent is placed.

10.2. Photodynamic Therapy in Non-HCC Primary Liver Malignancy

Compared to other ablative modalities, PDT is a more well-established treatment for
Non-HCC primary malignancy. In a prospective cohort of 50 patients with hilar cholan-
giocarcinoma, patients were assigned one of three treatments based on multidisciplinary
team discussion; radical surgery, PDT and stenting, or chemotherapy and stenting. Of
the fifty patients, ten were surgical candidates, the remaining were placed into the PDT
and chemotherapy groups for palliative therapy. To qualify for palliative therapy patients
required an expected life expectancy of >6 weeks. Skin porphyria or extensive metastatic
disease were contraindications to PDT. The study found that the actual 1-year survival
was 80% in surgery, 75% in PDT and stenting, and 12% in chemotherapy and stenting.
Furthermore, the median survival after 4 years of follow-up had not been reached in the
surgery group, while the median survival was 169 days in the chemotherapy and stent-
ing group, and 425 days in the PDT and stenting group [125]. Differences in survival
at 4-year follow-up between PDT and surgery groups might relate to patients with less
severe diseases being offered a surgical approach. Future prospective, randomized trials
could directly compare the survival benefit of PDT vs. surgery, however, the survival
demonstrated for PDT alone is promising.

Randomized prospective trials demonstrate a similar survival benefit for PDT in an-
other group of nonsurgical candidates. One randomized prospective multicenter study
of 39 patients with Bismuth II-IV cholangiocarcinoma compared survival between endo-
scopic PDT with stenting across the biliary disease vs. stenting only in patients with no
extrahepatic disease who were deemed inoperable. The authors found that the addition of
PDT increased median survival to 493 days compared to 98 days without PDT. Patients
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who underwent PDT also had several improved metrics in their physical functioning status
and quality of life when compared to those without PDT. Both groups had similar amounts
of fatal and nonfatal adverse events [28]. Two separate systematic reviews discussing PDT
in unresectable cholangiocarcinoma have found similar results [126,127].

Additional studies have investigated the role of combination therapies involving PDT.
A retrospective cohort of 55 patients at a single center examined patients with unresectable
cholangiocarcinoma who received PDT as well as other supplemental treatments such
as chemotherapy alone, chemotherapy and radiotherapy, and radiotherapy alone. No
significant difference was found in median survival comparing PDT alone vs. PDT and
chemotherapy/radiotherapy [128]. Taken together these results demonstrate that PDT
monotherapy offers nonsurgical candidates a one-year survival benefit comparable to
surgery without the systemic side effects of other adjuvant therapies.

10.3. Photodynamic Therapy in Metastatic Disease to the Liver

PDT is most commonly used via an endoscopic approach to treat malignancies adjacent
to the biliary tree. As such, this modality is less commonly applied to the treatment of
metastatic disease which may occur anywhere throughout the liver with poor penetration
of endoscopic light source. A phase I trial examined the technical success and safety
characteristics of percutaneous, image-guided PDT in the treatment of 24 patients with
unresectable colorectal metastasis to the liver. These patients had previously resected
primary colorectal carcinoma and also had no evidence of extrahepatic disease. Exclusion
criteria included lesions >7 cm, patients who had poor functioning status, diseases that
cause damage when exposed to light, coagulopathy, chronic liver disease or elevated
LFTs, or prior treatment with chemotherapy, photosensitizing drugs, or radiotherapy
30 days before PDT. In terms of technical success, all lesions treated experienced necrosis at
1 month. Safety outcomes included; one serious adverse event of bleeding that recovered
uneventfully, two moderate adverse events including pancreatic injury, and a skin lesion
at the site of PDT fiber insertion which took several months to resolve [129]. With PDT
showing promising results in cholangiocarcinoma, further investigation of its efficacy in
metastatic liver disease should be considered.

11. Stereotactic Body Radiotherapy
11.1. Technique

Stereotactic body radiotherapy (SBRT) is given through a linear accelerator or a specific
delivery device such as the robotic Cyberknife [30]. Commonly, the linear accelerator
administers doses of 30 to 60 Gy in five fractions or fewer for metastasis, five or fewer,
and tumors up to 6 cm [31]. Preprocedural imaging may be obtained with CT, MRI, or
PET combinations. Multiple beams are used, and these beams are directed from many
different angles. Corrections for movement are made through breath holding, abdominal
compression devices, gating the radiation beams for respiratory variation, and placement
of internal markers are used for tumor tracking [127–129]. Cyberknife is a commonly used
robotic SBRT machine with an arm that allows for a 6-dimensional movement of a small
linear accelerator. The tumor is localized with an X-ray and infrared tracking system that
has both internal and external components that correct for any movement by the patient
during the procedure [32]. A major drawback of SBRT is the associated toxicity, specifically
for the liver it may cause radiation-induced liver injury [130].

11.2. Stereotactic Body Radiotherapy in Non-HCC Primary Liver Malignancy

SBRT has shown good survival in cholangiocarcinoma at highly specialized cen-
ters that perform the procedure. Jung conducted a retrospective single-institution study
examining 58 patients who had unresectable primary cholangiocarcinoma or recurrent
cholangiocarcinoma treated by SBRT. Of note, five of these patients were treated with
external beam radiation therapy as well and were selected by radiation oncologist discre-
tion. There was a median follow-up of 10 months. In the primary cholangiocarcinoma
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cohort, the 2-year overall survival rate was 11% and median survival was 5 months. In the
recurrent cancer group, the median survival was 13 months and the 2-year survival was
28% [131]. A retrospective review of twenty-eight patients who had cholangiocarcinoma
who underwent SBRT and did not have distant metastasis or ascites, had a maximum
of three lesions, eight had previously been treated by transarterial chemoembolization,
8 patients had cirrhosis, and there were 20 Childs Pugh class A patients and eight Childs
Pugh class B patients. They found a median overall survival of 15 months, 2-year survival
rate was 32%, and the 2-year progression-free survival rate was 21% [132]. A single insti-
tution retrospective cohort of 31 patients with cholangiocarcinoma who underwent SBRT.
They excluded patients with lesions >8 cm, active infection, their comorbidities prevented
them from being a liver transplant candidate, or extrahepatic disease. They found that the
median survival was nearly 16 months, 2-year overall survival was 33%, and the 2-year
freedom from disease progression was 34%. They offered four patients liver transplantation
after SBRT and the median overall survival was 31 months [133]. Certainly, SBRT should
be part of the discussion for patients with cholangiocarcinoma.

11.3. Stereotactic Body Radiotherapy in Metastatic Disease to the Liver

Similar to non-HCC primary liver malignancy, SBRT has shown good outcomes for
patients compared to other ablative therapies. A prospective phase I and II clinical trials at
a single center examined SBRT in colorectal metastasis. They included lesions of any size or
amount in phase I and limited lesions to ≤15 cm or 5 lesions in phase II. Patients achieved a
median overall survival of 16 months and 4-year overall survival was 9% [134]. A separate
phase II clinical trial included 42 patients with colorectal metastasis to the liver who had
contraindications to surgery as well as metastasis not amenable to RFA. They included
patients who had no extrahepatic disease, no concurrent chemotherapy around the time
of SBRT, maximum lesion size of 6 cm, ≤3 total lesions, no prior radiation to the targeted
area, appropriate liver function and coagulation parameters, no connective tissue disorders,
and adequate performance score. Patients had a median overall survival of 29 months
and 24-month actuarial local control of the disease was achieved in 91% of patients [135].
A limitation of this study is that the follow-up of 2 years is shorter when compared to
studies of more established treatments. The results are reassuring that patients who may
otherwise only be considered for palliative treatment have an option for local control of
their lesions and an increase in survival rate. A single institution retrospective study of
323 patients who underwent hepatectomy for colorectal metastasis, of which 206 developed
recurrence. These recurrence patients underwent surgery, RFA, or SBRT. Surgery was the
preferred option and RFA or SBRT was chosen if the patient was not a surgical candidate.
RFA was performed in 1–3 lesions ≤3 cm and SBRT in 1–3 lesions ≤5 cm, with RFA being
preferred. At 2 years, surgery had local disease control of 93%, SBRT of 74%, and RFA of
56% [136]. Although SBRT is not as efficacious as surgery, it may warrant more frequent
use especially if ablative procedures are being considered.

12. Laser-Induced Thermotherapy
12.1. Technique

Laser-induced thermotherapy (LITT) uses optical fibers to produce radiation that
induces tumor coagulation necrosis at temperatures of 130 Celsius. MRI is the preferred
imaging modality to visualize the lesion [33]. Periprocedural temperature monitoring
of the applicators allows for customized treatment of each lesion [137]. LITT optical
fibers are applied percutaneously, laparoscopically, or in an open-operative approach.
The laser applicator has a built-in liquid cooling system that allows a large zone of necrosis
when compared to other ablative modalities making it especially useful in the treatment
of metastasis [138]. Multiple applicators may be inserted depending on the tumor size.
For example, lesions of 2 cm are treated with two applicators and lesions of 3 cm are
treated with three applicators. The laser power is applied and then the applicators are
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withdrawn 1–2 cm and this is repeated until the tumor is ablated [138]. A challenge of LITT
is procedural time, which may take 1–2 h [137].

12.2. Laser Induced Thermotherapy in Non-HCC Primary Liver Malignancy and Metastatic
Disease to the Liver

Similar to other less common ablative therapies, there are no studies of LITT in non-
HCC primary malignancy. Most available data on LITT comes from the application of this
modality in the treatment of metastatic disease at single institutions. Results of the effec-
tiveness of LITT varied between institutions based on volume, experience, and inclusion
criteria. One large prospective trial of 1259 patients with 3440 metastases from a variety
of primary tumors treated over 14,694 laser applications demonstrated median survival
of three years in patients with <5 lesions each less than 5 cm in diameter [138]. Puls et al.
studied 87 nonsurgical candidates with colorectal metastases treated with 180 sessions of
LITT at a single institution. The median survival was 54 months. The 1-year survival rate
after the first ablation was 96% and the 5-year survival rate was 33% [137]. Another large
prospective cohort of 594 nonsurgical candidates with colorectal liver metastasis following
initial hepatectomy treated roughly half the patients with curative intent. They found a
median survival of 25 months after the date of the first LITT procedure, a 1-year survival
rate of 78%, and a 5-year survival rate of nearly 8%. Having more than four metastases
decreased median survival to 18 months and patients with a metastasis size greater than
4 cm had a median survival of 21 months [139].

13. Electrochemotherapy
13.1. Technique

Electrochemotherapy leverages electroporation to increase the uptake of chemotherapy
within a targeted lesion. In this method, chemotherapy can be provided intratumorally
or intravenously, but uptake of the chemotherapy is particularly high within the targeted
tumor in comparison to surrounding tissues. The procedure is performed with an electric
pulse generator and multiple electrodes. The electrodes are placed inside and around the
tumor. Chemotherapy is then given and afterward the tumor is exposed to the electric field
causing increased permeability of the cells. During this process, the patient is monitored
on EKG and electricity is administered during the refractory period of the cardiac cycle
to prevent arrhythmias [34]. Historically, the limitation of electrochemotherapy in the
treatment of liver malignancy was a requirement for open surgical technique. Recently this
challenge has been overcome by the use of the percutaneous approach [140].

13.2. Electrochemotherapy in Non-HCC Primary Liver Malignancy and Metastatic Disease to
the Liver

The use of electrochemotherapy in liver malignancy is relatively new. In a prospec-
tive cohort of five patients with unresectable cholangiocarcinoma electrochemotherapy
was utilized in one patient intraoperatively while undergoing hepatectomy, three un-
derwent percutaneous electrochemotherapy for a singular nodule, and the last patient
underwent electrochemotherapy in conjunction with RFA to treat liver recurrence after
hepatectomy. Responses ranged from death within 10 months due to cardiovascular fail-
ure to complete response at 18 month follow-up [141]. In a prospective pilot study of
16 patients with metastatic colorectal liver metastasis, electrochemotherapy was used in-
traoperatively. The inclusion criteria specified that the patient has a good performance
status, life expectancy >3 months, age over 18, and a chemotherapy-free interval of 2–5
weeks. Not every lesion was treated with electrochemotherapy, and some lesions were only
partially treated. Pathologic comparison of resected metastases in the same patient treated
with and without electrochemotherapy demonstrated a larger percentage of the residual
tumor when treated with resection alone. The study did not observe any perioperative
mortality and or other serious adverse events related to the electrochemotherapy. Despite
nearly half of the patients with metastatic disease near a major blood vessel, no intraoper-
ative or postoperative bleeding occurred. The median radiologic follow-up interval was
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33 days and 85% of patients had a complete response [142]. A follow- up study at 8–10
weeks examined the histological changes of the tumors treated with electrochemotherapy
and found regressive changes in the area of the liver with the tumor while preserving
blood vessels >5 mm and coagulating smaller vessels [143]. While these initial findings are
promising, further research is needed to determine the safety and efficacy of this modality
in liver malignancy in larger cohorts outside of colorectal metastatic disease.

14. Percutaneous Ethanol Injection
14.1. Technique

Using a long needle, ethanol or acetic acid is injected percutaneously into the tumor
under CT or ultrasound visualization. The injection results in coagulative necrosis of
the tumor [35]. Patients undergo multiple treatments with follow-up imaging to observe
tumor response [144]. Compared to other ablative modalities percutaneous ethanol injec-
tion can be quite tedious and laborious which has hindered the widespread adoption of
this modality.

14.2. Percutaneous Ethanol Injection in Non-HCC Primary Liver Malignancy and Metastatic
Disease to the Liver

Studies regarding percutaneous ETOH injection in primary malignancy have exclu-
sively focused on HCC. A study of 14 patients who underwent percutaneous ethanol
injection in metastatic tumors of any primary malignancy included patients without extra-
hepatic disease, <3 lesions, <4 cm size of the biggest lesion, refusal of surgery when offered,
no other anticancer therapies, and no coagulopathy. A complete technical response was ob-
served in 11 lesions and the maximum recurrence-free follow-up was 38 months. Technical
success was more likely in lesions with a diameter of less than 3 cm [145]. Further studies
are needed understand the role of ethanol injection in treatment of liver metastasis. Even
though ethanol was more commonly used for treatment of primary HCC, a Cochrane re-
view found insufficient evidence in the literature demonstrating that percutaneous ethanol
injection performed better than no intervention [146].

15. Conclusions and Future Directions

Ablative therapies have a long history of treating various pathologies, however, the ev-
idence supporting their use in liver malignancy is still under development. With regard
to the treatment of liver malignancies, the most readily available data pertains to primary
HCC rather than metastatic disease or non-HCC primary malignancy. Ablative therapy
indications have been proposed for metastatic disease to guide patient and procedure
selection [147]. The use of ablative therapy in non-HCC primary liver malignancy and
metastatic malignancy has shown many viable treatment options for unresectable lesions.
In certain patients, RFA and MWA may be considered curative. Ablative therapies offer
good options for palliative treatment. Surgeons should continue to consider the addition
of ablative therapy to patients undergoing resection. The study of ablative modalities in
non-HCC liver malignancy is complicated by ever-changing ablative technologies and dif-
ferences between protocols of single-institution observational studies. Heterogeneity in the
natural progression of primary malignancy has bearing on survival data when evaluating
the potential benefit of ablating liver metastases. In the case of cholangiocarcinoma, low in-
cidence and poor survival at the time of diagnosis limit the number of patients available to
evaluate ablative techniques. Finally, the availability of surgical resection for ideal surgical
candidates introduces selection bias which must be considered when evaluating outcomes
of ablation in patients with comorbidities not eligible for surgery.

Even still, a few modalities have demonstrated promising results in limited prospec-
tive, randomized trials, such as PDT in the treatment of cholangiocarcinoma or MWA
in the treatment of solitary colorectal metastasis. Based on available evidence, certain
percutaneous ablative modalities are reasonable considerations when surgical resection is
not possible. A further prospective investigation of ablative technologies is warranted to
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better evaluate these technologies prior to widespread adoption, and investigators should
examine ablative therapies’ efficacy prospectively, ideally in randomized control trials, and
develop new modifications to improve their use in the future. However, the need for further
research supporting ablative methods will have to compete with widespread, growing
interest in modern catheter-directed transarterial chemoembolization and radioemboliza-
tion with promising results demonstrated in randomized trials of their own [148]. Finally,
improvements in liver transplant surgery have allowed some investigators to revisit dogma
about the inappropriateness of liver transplantation for the treatment of non-HCC liver
malignancy. Outcomes from multi-center, prospective trials have demonstrated impressive
results for liver transplantation as treatment for both unresectable colorectalcarcinoma
metastases and intrahepatic cholangiocarcinoma.

Author Contributions: Conceptualization, L.G.K.; writing—original draft preparation, T.P.R.; visual-
ization, T.P. and T.P.R.; writing—review and editing, T.P., M.E.K. and L.G.K.; supervision, L.G.K.; fund-
ing acquisition—L.G.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Institute of General Medical Sciences grant
number 5R01GM137656-02 and the National Cancer Institute grant number 5P01CA236778-02 5266.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Institutional Review Board at Indiana University. IRB:
#17338 Date of Approval: 29 November 2022.

Acknowledgments: The graphical abstract was created with BioRender.com.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2022. CA Cancer J. Clin. 2022, 72, 7–33. [CrossRef] [PubMed]
2. Kirschner, M. Zur elektrochirurgie. Arch. Klin. Chir. 1931, 167, 761–768.
3. Taylor, L.S. Electromagnetic syringe. IEEE Trans. Biomed. Eng. 1978, 25, 303–304. [CrossRef] [PubMed]
4. Zorzi, D.; Laurent, A.; Pawlik, T.M.; Lauwers, G.Y.; Vauthey, J.N.; Abdalla, E.K. Chemotherapy-associated hepatotoxicity and

surgery for colorectal liver metastases. Br. J. Surg. 2007, 94, 274–286. [CrossRef] [PubMed]
5. Sanuki, N.; Takeda, A.; Tsurugai, Y.; Eriguchi, T. Role of stereotactic body radiotherapy in multidisciplinary management of liver

metastases in patients with colorectal cancer. Jpn. J. Radiol. 2022, 40, 1009–1016. [CrossRef]
6. Goldberg, S.N.; Gazelle, G.S.; Mueller, P.R. Thermal ablation therapy for focal malignancy: A unified approach to underlying

principles, techniques, and diagnostic imaging guidance. Am. J. Roentgenol. 2000, 174, 323–331. [CrossRef]
7. Ben Ammar, M.; Nouri-Neuville, M.; Cornelis, F.H. Percutaneous image-guided therapies of primary liver tumors: Techniques

and outcomes. Presse Med. 2019, 48(7–8 Pt. 2), e245–e250. [CrossRef]
8. Covey, A.M.; Hussain, S.M. Liver-Directed Therapy for Hepatocellular Carcinoma: An Overview of Techniques, Outcomes, and

Posttreatment Imaging Findings. Am. J. Roentgenol. 2017, 209, 67–76. [CrossRef]
9. Horn, S.R.; Stoltzfus, K.C.; Lehrer, E.J.; Dawson, L.A.; Tchelebi, L.; Gusani, N.J.; Sharma, N.K.; Chen, H.; Trifiletti, D.M.;

Zaorsky, N.G. Epidemiology of liver metastases. Cancer Epidemiol. 2020, 67, 101760. [CrossRef]
10. Shaib, Y.; El-Serag, H.B. The epidemiology of cholangiocarcinoma. Semin. Liver. Dis. 2004, 24, 115–125. [CrossRef]
11. Spector, L.G.; Birch, J. The epidemiology of hepatoblastoma. Pediatr. Blood Cancer 2012, 59, 776–779. [CrossRef] [PubMed]
12. Chaudhary, P.; Bhadana, U.; Singh, R.A.; Ahuja, A. Primary hepatic angiosarcoma. Eur. J. Surg. Oncol. 2015, 41, 1137–1143.

[CrossRef] [PubMed]
13. Lencioni, R.; Crocetti, L.; Cioni, D.; Della Pina, C.; Bartolozzi, C. Percutaneous radiofrequency ablation of hepatic colorectal

metastases: Technique, indications, results, and new promises. Investig. Radiol. 2004, 39, 689–697. [CrossRef] [PubMed]
14. Goldberg, S.N.; Gazelle, G.S.; Halpern, E.F.; Rittman, W.J.; Mueller, P.R.; Rosenthal, D.I. Radiofrequency tissue ablation: Impor-

tance of local temperature along the electrode tip exposure in determining lesion shape and size. Acad. Radiol. 1996, 3, 212–218.
[CrossRef] [PubMed]

15. Ward, R.C.; Healey, T.T.; Dupuy, D.E. Microwave ablation devices for interventional oncology. Expert Rev. Med. Devices 2013, 10,
225–238. [CrossRef]

16. Lubner, M.G.; Brace, C.L.; Hinshaw, J.L.; Lee, F.T., Jr. Microwave tumor ablation: Mechanism of action, clinical results, and
devices. J. Vasc. Interv. Radiol. 2010, 21 (Suppl. S8), S192–S203. [CrossRef]

17. Mansur, A.; Garg, T.; Shrigiriwar, A.; Etezadi, V.; Georgiades, C.; Habibollahi, P.; Huber, T.C.; Camacho, J.C.; Nour, S.G.;
Sag, A.A.; et al. Image-Guided Percutaneous Ablation for Primary and Metastatic Tumors. Diagnostics 2022, 12, 1300. [CrossRef]

18. Arciero, C.A.; Sigurdson, E.R. Liver-directed therapies for patients with primary liver cancer and hepatic metastases. Curr. Treat
Options Oncol. 2006, 7, 399–409. [CrossRef]

http://doi.org/10.3322/caac.21708
http://www.ncbi.nlm.nih.gov/pubmed/35020204
http://doi.org/10.1109/TBME.1978.326349
http://www.ncbi.nlm.nih.gov/pubmed/680765
http://doi.org/10.1002/bjs.5719
http://www.ncbi.nlm.nih.gov/pubmed/17315288
http://doi.org/10.1007/s11604-022-01307-9
http://doi.org/10.2214/ajr.174.2.1740323
http://doi.org/10.1016/j.lpm.2019.07.016
http://doi.org/10.2214/AJR.17.17799
http://doi.org/10.1016/j.canep.2020.101760
http://doi.org/10.1055/s-2004-828889
http://doi.org/10.1002/pbc.24215
http://www.ncbi.nlm.nih.gov/pubmed/22692949
http://doi.org/10.1016/j.ejso.2015.04.022
http://www.ncbi.nlm.nih.gov/pubmed/26008857
http://doi.org/10.1097/00004424-200411000-00007
http://www.ncbi.nlm.nih.gov/pubmed/15486530
http://doi.org/10.1016/S1076-6332(96)80443-0
http://www.ncbi.nlm.nih.gov/pubmed/8796667
http://doi.org/10.1586/erd.12.77
http://doi.org/10.1016/j.jvir.2010.04.007
http://doi.org/10.3390/diagnostics12061300
http://doi.org/10.1007/s11864-006-0008-7


Cancers 2023, 15, 1200 20 of 25

19. Orlacchio, A.; Bazzocchi, G.; Pastorelli, D.; Bolacchi, F.; Angelico, M.; Almerighi, C.; Masala, S.; Simonetti, G. Percutaneous cryoab-
lation of small hepatocellular carcinoma with US guidance and CT monitoring: Initial experience. CardioVascular Interv. Radiol.
2008, 31, 587–594. [CrossRef]

20. Qian, J. Interventional therapies of unresectable liver metastases. J. Cancer Res. Clin. Oncol. 2011, 137, 1763–1772. [CrossRef]
21. Petre, E.N.; Sofocleous, C. Thermal Ablation in the Management of Colorectal Cancer Patients with Oligometastatic Liver Disease.

Visc. Med. 2017, 33, 62–68. [CrossRef] [PubMed]
22. Thomson, K.R.; Kavnoudias, H.; Neal, R.E., 2nd. Introduction to Irreversible Electroporation–Principles and Techniques. Tech.

Vasc. Interv. Radiol. 2015, 18, 128–134. [CrossRef] [PubMed]
23. Golberg, A.; Yarmush, M.L. Nonthermal irreversible electroporation: Fundamentals, applications, and challenges. IEEE Trans.

Biomed. Eng. 2013, 60, 707–714. [CrossRef] [PubMed]
24. Zhou, Y.F. High intensity focused ultrasound in clinical tumor ablation. World J. Clin. Oncol. 2011, 2, 8–27. [CrossRef]
25. Quadri, S.A.; Waqas, M.; Khan, I.; Khan, M.A.; Suriya, S.S.; Farooqui, M.; Fiani, B. High-intensity focused ultrasound: Past,

present, and future in neurosurgery. Neurosurg. Focus 2018, 44, E16. [CrossRef]
26. Jagannathan, J.; Sanghvi, N.T.; Crum, L.A.; Yen, C.P.; Medel, R.; Dumont, A.S.; Sheehan, J.P.; Steiner, L.; Jolesz, F.; Kassell, F.

High-intensity focused ultrasound surgery of the brain: Part 1—A historical perspective with modern applications. Neurosurgery
2009, 64, 201–211. [CrossRef]

27. Dougherty, T.J.; Gomer, C.J.; Henderson, B.W.; Jori, G.; Kessel, D.; Korbelik, M.; Moan, J.; Peng, Q. Photodynamic therapy. J. Natl.
Cancer Inst. 1998, 90, 889–905. [CrossRef]

28. Ortner, M.E.; Caca, K.; Berr, F.; Liebetruth, J.; Mansmann, U.; Huster, D.; Voderholzer, W.; Schachschal, G.; Mössner, J.; Lochs, H.
Successful photodynamic therapy for nonresectable cholangiocarcinoma: A randomized prospective study. Gastroenterology 2003,
125, 1355–1363. [CrossRef]

29. Allison, R.R.; Moghissi, K. Photodynamic Therapy (PDT): PDT Mechanisms. Clin. Endosc. 2013, 46, 24–29. [CrossRef]
30. Aitken, K.L.; Hawkins, M.A. Stereotactic body radiotherapy for liver metastases. Clin. Oncol. (R Coll. Radiol.). 2015, 27, 307–315.

[CrossRef]
31. Høyer, M.; Swaminath, A.; Bydder, S.; Lock, M.; Méndez Romero, A.; Kavanagh, B.; Goodman, K.A.; Okunieff, P.; Dawson, L.A.

Radiotherapy for liver metastases: A review of evidence. Int. J. Radiat. Oncol. Biol. Phys. 2012, 82, 1047–1057. [CrossRef] [PubMed]
32. Tsang, M.W. Stereotactic body radiotherapy: Current strategies and future development. J. Thorac. Dis. 2016, 8 (Suppl. S6),

S517–S527. [CrossRef]
33. Mack, M.G.; Straub, R.; Eichler, K.; Engelmann, K.; Zangos, S.; Roggan, A.; Woitaschek, D.; Böttger, M.; Vogl, T.J. Percutaneous

MR imaging-guided laser-induced thermotherapy of hepatic metastases. Abdom. Imaging 2001, 26, 369–374. [CrossRef] [PubMed]
34. Edhemovic, I.; Gadzijev, E.M.; Brecelj, E.; Miklavcic, D.; Kos, B.; Zupanic, A.; Mali, B.; Jarm, T.; Pavliha, D.; Marcan, M.; et al.

Electrochemotherapy: A new technological approach in treatment of metastases in the liver. Technol. Cancer Res. Treat. 2011, 10,
475–485. [CrossRef]

35. Ansari, D.; Andersson, R. Radiofrequency ablation or percutaneous ethanol injection for the treatment of liver tumors.
World J. Gastroenterol. 2012, 18, 1003–1008. [CrossRef] [PubMed]

36. Everhart, J.E.; Ruhl, C.E. Burden of digestive diseases in the United States Part III: Liver, biliary tract, and pancreas. Gastroenterology
2009, 136, 1134–1144. [CrossRef] [PubMed]

37. Park, J.; Kim, M.H.; Kim, K.P.; Park, D.H.; Moon, S.H.; Song, T.J.; Eum, J.; Lee, S.S.; Seo, D.W.; Lee, S.K. Natural History
and Prognostic Factors of Advanced Cholangiocarcinoma without Surgery, Chemotherapy, or Radiotherapy: A Large-Scale
Observational Study. Gut Liver 2009, 3, 298–305. [CrossRef] [PubMed]

38. Mavros, M.N.; Economopoulos, K.P.; Alexiou, V.G.; Pawlik, T.M. Treatment and Prognosis for Patients With Intrahepatic
Cholangiocarcinoma: Systematic Review and Meta-analysis. JAMA Surg. 2014, 149, 565–574. [CrossRef]

39. Bekki, Y.; Von Ahrens, D.; Takahashi, H.; Schwartz, M.; Gunasekaran, G. Recurrent Intrahepatic Cholangiocarcinoma—Review.
Front. Oncol. 2021, 11, 776863. [CrossRef]

40. Bartsch, F.; Eberhard, J.; Rückert, F.; Schmelzle, M.; Lehwald-Tywuschik, N.; Fichtner-Feigl, S.; Gaedcke, J.; Oldhafer, K.J.; Oldhafer,
F.; Diener, M.; et al. Repeated resection for recurrent intrahepatic cholangiocarcinoma: A retrospective German multicentre study.
Liver Int. 2021, 41, 180–191. [CrossRef]

41. Darwish Murad, S.; Kim, W.R.; Harnois, D.M.; Douglas, D.D.; Burton, J.; Kulik, L.M.; Botha, J.F.; Mezrich, J.D.; Chapman, W.C.;
Schwartz, J.J.; et al. Efficacy of neoadjuvant chemoradiation, followed by liver transplantation, for perihilar cholangiocarcinoma
at 12 US centers. Gastroenterology 2012, 143, 88–98.e3. [CrossRef] [PubMed]

42. Saccomandi, P.; Quero, G.; Gassino, R.; Lapergola, A.; Gurriero, L.; Diana, M.; Vallan, A.; Perrone, G.; Schena, E.;
Costamagna, G.; et al. Laser ablation of the biliary tree: In vivo proof of concept as potential treatment of unresectable
cholangiocarcinoma. Int. J. Hyperthermia. 2018, 34, 1372–1380. [CrossRef] [PubMed]

43. Chen, Z.; Jiang, X.; Xue, P.; Chen, S.; Li, S.; Li, Z.; Pan, W.; Zhang, D. Long-term efficacy of percutaneous transhepatic
cholangioscopy-guided photodynamic therapy for postoperative recurrent extrahepatic cholangiocarcinoma. Photodiagnosis
Photodyn Ther. 2022, 40, 103122. [CrossRef] [PubMed]

44. Obenauf, A.C.; Massagué, J. Surviving at a Distance: Organ-Specific Metastasis. Trends Cancer 2015, 1, 76–91. [CrossRef] [PubMed]
45. Tsilimigras, D.I.; Brodt, P.; Clavien, P.A.; Muschel, R.J.; D’Angelica, M.I.; Endo, I.; Parks, R.W.; Doyle, M.; de Santibañes, E.;

Pawlik, T.M. Liver metastases. Nat. Rev. Dis. Primers 2021, 7, 27. [CrossRef]

http://doi.org/10.1007/s00270-008-9293-9
http://doi.org/10.1007/s00432-011-1026-9
http://doi.org/10.1159/000454697
http://www.ncbi.nlm.nih.gov/pubmed/28612019
http://doi.org/10.1053/j.tvir.2015.06.002
http://www.ncbi.nlm.nih.gov/pubmed/26365541
http://doi.org/10.1109/TBME.2013.2238672
http://www.ncbi.nlm.nih.gov/pubmed/23314769
http://doi.org/10.5306/wjco.v2.i1.8
http://doi.org/10.3171/2017.11.FOCUS17610
http://doi.org/10.1227/01.NEU.0000336766.18197.8E
http://doi.org/10.1093/jnci/90.12.889
http://doi.org/10.1016/j.gastro.2003.07.015
http://doi.org/10.5946/ce.2013.46.1.24
http://doi.org/10.1016/j.clon.2015.01.032
http://doi.org/10.1016/j.ijrobp.2011.07.020
http://www.ncbi.nlm.nih.gov/pubmed/22284028
http://doi.org/10.21037/jtd.2016.03.14
http://doi.org/10.1007/s002610000197
http://www.ncbi.nlm.nih.gov/pubmed/11441548
http://doi.org/10.7785/tcrt.2012.500224
http://doi.org/10.3748/wjg.v18.i10.1003
http://www.ncbi.nlm.nih.gov/pubmed/22416173
http://doi.org/10.1053/j.gastro.2009.02.038
http://www.ncbi.nlm.nih.gov/pubmed/19245868
http://doi.org/10.5009/gnl.2009.3.4.298
http://www.ncbi.nlm.nih.gov/pubmed/20431764
http://doi.org/10.1001/jamasurg.2013.5137
http://doi.org/10.3389/fonc.2021.776863
http://doi.org/10.1111/liv.14682
http://doi.org/10.1053/j.gastro.2012.04.008
http://www.ncbi.nlm.nih.gov/pubmed/22504095
http://doi.org/10.1080/02656736.2018.1427287
http://www.ncbi.nlm.nih.gov/pubmed/29322853
http://doi.org/10.1016/j.pdpdt.2022.103122
http://www.ncbi.nlm.nih.gov/pubmed/36115558
http://doi.org/10.1016/j.trecan.2015.07.009
http://www.ncbi.nlm.nih.gov/pubmed/28741564
http://doi.org/10.1038/s41572-021-00261-6


Cancers 2023, 15, 1200 21 of 25

46. Joachim, C.; Macni, J.; Drame, M.; Pomier, A.; Escarmant, P.; Veronique-Baudin, J.; Vinh-Hung, V. Overall survival of colorectal
cancer by stage at diagnosis: Data from the Martinique Cancer Registry. Medicine 2019, 98, e16941. [CrossRef]

47. Pan, Z.; Peng, J.; Lin, J.; Chen, G.; Wu, X.; Lu, Z.; Deng, Y.; Zhao, Y.; Sui, Q.; Wan, D. Is there a survival benefit from adjuvant
chemotherapy for patients with liver oligometastases from colorectal cancer after curative resection? Cancer Commun. 2018, 38, 29.
[CrossRef]

48. de Ridder, J.; de Wilt, J.H.; Simmer, F.; Overbeek, L.; Lemmens, V.; Nagtegaal, I. Incidence and origin of histologically confirmed
liver metastases: An explorative case-study of 23,154 patients. Oncotarget 2016, 7, 55368–55376. [CrossRef]

49. Hugen, N.; van de Velde, C.J.H.; de Wilt, J.H.W.; Nagtegaal, I.D. Metastatic pattern in colorectal cancer is strongly influenced by
histological subtype. Ann. Oncol. 2014, 25, 651–657. [CrossRef]

50. de Jong, M.C.; Pulitano, C.; Ribero, D.; Strub, J.; Mentha, G.; Schulick, R.D.; Choti, M.A.; Aldrighetti, L.; Capussotti, L.;
Pawlik, T.M. Rates and patterns of recurrence following curative intent surgery for colorectal liver metastasis: An international
multi-institutional analysis of 1669 patients. Ann. Surg. 2009, 250, 440–448. [CrossRef]

51. Xu, J.; Fan, J.; Qin, X.; Cai, J.; Gu, J.; Wang, S.; Wang, X.; Zhang, S.; Zhang, Z. Chinese guidelines for the diagnosis and
comprehensive treatment of colorectal liver metastases (version 2018). J. Cancer Res. Clin. Oncol. 2019, 145, 725–736. [CrossRef]
[PubMed]

52. Rothbarth, J.; van de Velde, C.J. Treatment of liver metastases of colorectal cancer. Ann. Oncol. 2005, 16 (Suppl. S2), ii144–ii149.
53. Hagness, M.; Foss, A.; Line, P.D.; Scholz, T.; Jørgensen, P.F.; Fosby, B.; Boberg, K.M.; Mathisen, O.; Gladhaug, I.P.; Egge, T.S.; et al.

Liver transplantation for nonresectable liver metastases from colorectal cancer. Ann. Surg. 2013, 257, 800–806. [CrossRef]
[PubMed]

54. Dueland, S.; Syversveen, T.; Solheim, J.M.; Solberg, S.; Grut, H.; Bjørnbeth, B.A.; Hagness, M.; Line, P.D. Survival Following Liver
Transplantation for Patients With Nonresectable Liver-only Colorectal Metastases. Ann. Surg. 2020, 271, 212–218. [CrossRef]
[PubMed]

55. Rose, D.M.; Essner, R.; Hughes, T.M.; Tang, P.C.; Bilchik, A.; Wanek, L.A.; Thompson, J.F.; Morton, D.L. Surgical resection for
metastatic melanoma to the liver: The John Wayne Cancer Institute and Sydney Melanoma Unit experience. Arch. Surg. 2001, 136,
950–955. [CrossRef]

56. Song, X.; Zhao, Z.; Barber, B.; Farr, A.M.; Ivanov, B.; Novich, M. Overall survival in patients with metastatic melanoma. Curr. Med.
Res. Opin. 2015, 31, 987–991. [CrossRef]

57. Hameed, A.M.; Ng, E.E.; Johnston, E.; Hollands, M.J.; Richardson, A.J.; Pleass, H.C.; Lam, V.W.T. Hepatic resection for metastatic
melanoma: A systematic review. Melanoma. Res. 2014, 24, 1–10. [CrossRef]

58. Nakazawa, K.; Kurishima, K.; Tamura, T.; Kagohashi, K.; Ishikawa, H.; Satoh, H.; Hizawa, N. Specific organ metastases and
survival in small cell lung cancer. Oncol. Lett. 2012, 4, 617–620. [CrossRef]

59. Tamura, T.; Kurishima, K.; Nakazawa, K.; Kagohashi, K.; Ishikawa, H.; Satoh, H.; Hizawa, N. Specific organ metastases and
survival in metastatic non-small-cell lung cancer. Mol. Clin. Oncol. 2015, 3, 217–221. [CrossRef]

60. Wang, S.; Tang, J.; Sun, T.; Zheng, X.; Li, J.; Sun, H.; Zhou, X.; Zhou, C.; Zhang, H.; Cheng, Z.; et al. Survival changes in patients
with small cell lung cancer and disparities between different sexes, socioeconomic statuses and ages. Sci. Rep. 2017, 7, 1339.
[CrossRef]

61. Risteski, M.; Crvenkova, S.; Atanasov, Z.; Isjanovska, R. Epidemiological analysis of progression-free survival (PFS) and overall
survival (OS) in non-small-cell lung cancer patients in Republic of Macedonia. Pril. (Makedon. Akad. Nauk. Umet. Odd. Med. Nauki).
2013, 34, 49–61. [PubMed]

62. Adam, R.; Aloia, T.; Krissat, J.; Bralet, M.P.; Paule, B.; Giacchetti, S.; Delvart, V.; Azoulay, D.; Bismuth, H.; Castaing, D. Is liver
resection justified for patients with hepatic metastases from breast cancer? Ann. Surg. 2006, 244, 897–907; discussion 907–908.
[CrossRef]

63. Ouyang, H.; Wang, P.; Meng, Z.; Chen, Z.; Yu, E.X.; Jin, H.; Chang, D.Z.; Liao, Z.; Cohen, L.; Liu, L. Multimodality treatment of
pancreatic cancer with liver metastases using chemotherapy, radiation therapy, and/or Chinese herbal medicine. Pancreas 2011,
40, 120–125. [CrossRef]

64. 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]

65. Frilling, A.; Sotiropoulos, G.C.; Li, J.; Kornasiewicz, O.; Plöckinger, U. Multimodal management of neuroendocrine liver
metastases. HPB 2010, 12, 361–379. [CrossRef]

66. Mayo, S.C.; Herman, J.M.; Cosgrove, D.; Bhagat, N.; Kamel, I.; Geschwind, J.F.H.; Pawlik, T.M. Emerging approaches in the
management of patients with neuroendocrine liver metastasis: Role of liver-directed and systemic therapies. J. Am. Coll. Surg.
2013, 216, 123–134. [CrossRef]

67. Mazzaglia, P.J.; 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]

68. Li, Y.; Feng, A.; Zheng, S.; Chen, C.; Lyu, J. Recent Estimates and Predictions of 5-Year Survival in Patients with Gastric Cancer:
A Model-Based Period Analysis. Cancer Control. 2022, 29, 10732748221099227. [CrossRef] [PubMed]

69. Luo, Z.; Rong, Z.; Huang, C. Surgery Strategies for Gastric Cancer With Liver Metastasis. Front. Oncol. 2019, 9, 1353. [CrossRef]

http://doi.org/10.1097/MD.0000000000016941
http://doi.org/10.1186/s40880-018-0298-8
http://doi.org/10.18632/oncotarget.10552
http://doi.org/10.1093/annonc/mdt591
http://doi.org/10.1097/SLA.0b013e3181b4539b
http://doi.org/10.1007/s00432-018-2795-1
http://www.ncbi.nlm.nih.gov/pubmed/30542791
http://doi.org/10.1097/SLA.0b013e3182823957
http://www.ncbi.nlm.nih.gov/pubmed/23360920
http://doi.org/10.1097/SLA.0000000000003404
http://www.ncbi.nlm.nih.gov/pubmed/31188200
http://doi.org/10.1001/archsurg.136.8.950
http://doi.org/10.1185/03007995.2015.1021904
http://doi.org/10.1097/CMR.0000000000000032
http://doi.org/10.3892/ol.2012.792
http://doi.org/10.3892/mco.2014.410
http://doi.org/10.1038/s41598-017-01571-0
http://www.ncbi.nlm.nih.gov/pubmed/24566015
http://doi.org/10.1097/01.sla.0000246847.02058.1b
http://doi.org/10.1097/MPA.0b013e3181e6e398
http://doi.org/10.1001/jamaoncol.2017.0589
http://www.ncbi.nlm.nih.gov/pubmed/28448665
http://doi.org/10.1111/j.1477-2574.2010.00175.x
http://doi.org/10.1016/j.jamcollsurg.2012.08.027
http://doi.org/10.1016/j.surg.2007.01.036
http://doi.org/10.1177/10732748221099227
http://www.ncbi.nlm.nih.gov/pubmed/35499497
http://doi.org/10.3389/fonc.2019.01353


Cancers 2023, 15, 1200 22 of 25

70. Bessen, T.; Caughey, G.E.; Shakib, S.; Potter, J.A.; Reid, J.; Farshid, G.; Roder, D.; Neuhaus, S.J. A population-based study of soft
tissue sarcoma incidence and survival in Australia: An analysis of 26,970 cases. Cancer Epidemiol. 2019, 63, 101590. [CrossRef]
[PubMed]

71. Kawae, Y.; Matsuoka, M.; Onodera, T.; Yokota, I.; Iwasaki, K.; Hishimura, R.; Suzuki, Y.; Kondo, E.; Iwasaki, N. Liver metastasis
in soft tissue sarcoma at initial presentation [published online ahead of print, 2022 July 6]. J. Surg. Oncol. 2022, 126, 1074–1079.
[CrossRef]

72. Dodd GD 3rd Frank, M.S.; Aribandi, M.; Chopra, S.; Chintapalli, K.N. Radiofrequency thermal ablation: Computer analysis of
the size of the thermal injury created by overlapping ablations. Am. J. Roentgenol. 2001, 177, 777–782. [CrossRef] [PubMed]

73. Laeseke, P.F.; Frey, T.M.; Brace, C.L.; Sampson, L.A.; Winter TC 3rd Ketzler, J.R.; Lee, F.T., Jr. Multiple-electrode radiofrequency
ablation of hepatic malignancies: Initial clinical experience. Am. J. Roentgenol. 2007, 188, 1485–1494. [CrossRef] [PubMed]

74. Widmann, G.; Schullian, P.; Haidu, M.; Bale, R. Stereotactic radiofrequency ablation (SRFA) of liver lesions: Technique effectiveness,
safety, and interoperator performance. Cardiovasc. Intervent. Radiol. 2012, 35, 570–580. [CrossRef]

75. Goldberg, S.N.; Hahn, P.F.; Tanabe, K.K.; Mueller, P.R.; Schima, W.; Athanasoulis, C.A.; Compton, C.C.; Solbiati, L.; Gazelle, G.S.
Percutaneous radiofrequency tissue ablation: Does perfusion-mediated tissue cooling limit coagulation necrosis? J. Vasc.
Interv. Radiol. 1998, 9 Pt 1, 101–111. [CrossRef] [PubMed]

76. Rossi, S.; Garbagnati, F.; Lencioni, R.; Allgaier, H.P.; Marchianò, A.; Fornari, F.; Quaretti, P.; Tolla, G.D.; Ambrosi, C.;
Mazzaferro, V.; et al. Percutaneous radio-frequency thermal ablation of nonresectable hepatocellular carcinoma after occlusion of
tumor blood supply. Radiology 2000, 217, 119–126. [CrossRef] [PubMed]

77. Rea, D.J.; Munoz-Juarez, M.; Farnell, M.B.; Donohue, J.H.; Que, F.G.; Crownhart, B.; Larson, D.; Nagorney, D.M. Major Hepatic
Resection for Hilar Cholangiocarcinoma: Analysis of 46 Patients. Arch. Surg. 2004, 139, 514–525. [CrossRef] [PubMed]

78. Bridgewater, J.; Galle, P.R.; Khan, S.A.; Llovet, J.M.; Park, J.W.; Patel, T.; Pawlik, T.M.; Gores, G.J. Guidelines for the diagnosis and
management of intrahepatic cholangiocarcinoma. J. Hepatol. 2014, 60, 1268–1289. [CrossRef]

79. Kim, J.H.; Won, H.J.; Shin, Y.M.; Kim, K.A.; Kim, P.N. Radiofrequency ablation for the treatment of primary intrahepatic
cholangiocarcinoma. Am. J. Roentgenol. 2011, 196, W205–W209. [CrossRef]

80. Chu, H.H.; Kim, J.H.; Shin, Y.M.; Won, H.J.; Kim, P.N. Percutaneous Radiofrequency Ablation for Recurrent Intrahepatic
Cholangiocarcinoma After Curative Resection: Multivariable Analysis of Factors Predicting Survival Outcomes. Am. J. Roentgenol.
2021, 217, 426–432. [CrossRef]

81. Kim, J.H.; Won, H.J.; Shin, Y.M.; Kim, P.N.; Lee, S.G.; Hwang, S. Radiofrequency ablation for recurrent intrahepatic cholangiocar-
cinoma after curative resection. Eur. J. Radiol. 2011, 80, e221–e225. [CrossRef]

82. Braunwarth, E.; Schullian, P.; Kummann, M.; Reider, S.; Putzer, D.; Primavesi, F.; Stättner, S.; Öfner, D.; Bale, R. Aggressive local
treatment for recurrent intrahepatic cholangiocarcinoma-Stereotactic radiofrequency ablation as a valuable addition to hepatic
resection. PLoS ONE 2022, 17, e0261136. [CrossRef] [PubMed]

83. Kudo, M.; Izumi, N.; Kokudo, N.; Matsui, O.; Sakamoto, M.; Nakashima, O.; Kojiro, M.; Makuuchi, M. Management of
hepatocellular carcinoma in Japan: Consensus-Based Clinical Practice Guidelines proposed by the Japan Society of Hepatology
(JSH) 2010 updated version. Dig. Dis. 2011, 29, 339–364. [CrossRef] [PubMed]

84. Omata, M.; Lesmana, L.A.; Tateishi, R.; Chen, P.J.; Lin, S.M.; Yoshida, H.; Kudo, M.; Lee, J.M.; Choi, B.I.; Poon, R.T.P.; et al. Asian
Pacific Association for the Study of the Liver consensus recommendations on hepatocellular carcinoma. Hepatol. Int. 2010, 4,
439–474. [CrossRef] [PubMed]

85. Minami, Y.; Kudo, M. Radiofrequency ablation of liver metastases from colorectal cancer: A literature review. Gut Liver 2013, 7,
1–6. [CrossRef]

86. Fan, X.X.; Lv, S.Y.; Zhang, M.W.; Dai, X.Y.; Zhao, J.P.; Mao, D.F.; Zhang, Y. Clinical analysis of ultrasound-guided radiofrequency
ablation for recurrent colorectal liver metastases after hepatectomy. World J. Surg. Oncol. 2020, 18, 76. [CrossRef]

87. Qiu, J.; Chen, S.; Wu, H. Long-term outcomes after hepatic resection combined with radiofrequency ablation for initially
unresectable multiple and bilobar liver malignancies. J. Surg. Res. 2014, 188, 14–20. [CrossRef]

88. Park, J.B.; Kim, Y.H.; Kim, J.; Chang, H.M.; Kim, T.W.; Kim, S.C.; Kim, P.N.; Han, D.J. Radiofrequency ablation of liver metastasis
in patients with locally controlled pancreatic ductal adenocarcinoma. J. Vasc. Interv. Radiol. 2012, 23, 635–641. [CrossRef]

89. Kang, H.; Han, S.Y.; Cho, J.H.; Kim, E.J.; Kim, D.U.; Yang, J.K.; Jeon, S.; Park, G.; Lee, T.H. Efficacy and safety of temperature-
controlled intraductal radiofrequency ablation in advanced malignant hilar biliary obstruction: A pilot multicenter randomized
comparative trial. J. Hepatobiliary Pancreat Sci. 2022, 29, 469–478. [CrossRef]

90. Song, S.; Jin, H.; Cheng, Q.; Gong, S.; Lv, K.; Lei, T.; Tian, H.; Li, X.; Lei, C.; Yang, W.; et al. Local palliative therapies for
unresectable malignant biliary obstruction: Radiofrequency ablation combined with stent or biliary stent alone? An updated
meta-analysis of nineteen trials. Surg. Endosc. 2022, 36, 5559–5570. [CrossRef]

91. Yu, M.A.; Liang, P.; Yu, X.L.; Cheng, Z.G.; Han, Z.Y.; Liu, F.Y.; Yu, J. Sonography-guided percutaneous microwave ablation of
intrahepatic primary cholangiocarcinoma. Eur. J. Radiol. 2011, 80, 548–552. [CrossRef] [PubMed]

92. Poulou, L.S.; Botsa, E.; Thanou, I.; 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]

93. Takahashi, E.A.; Kinsman, K.A.; Schmit, G.D.; Atwell, T.D.; Schmitz, J.J.; Welch, B.T.; Callstrom, M.R.; Geske, J.R.; Kurup, A.N.
Thermal ablation of intrahepatic cholangiocarcinoma: Safety, efficacy, and factors affecting local tumor progression. Abdom. Radiol.
2018, 43, 3487–3492. [CrossRef] [PubMed]

http://doi.org/10.1016/j.canep.2019.101590
http://www.ncbi.nlm.nih.gov/pubmed/31520939
http://doi.org/10.1002/jso.27007
http://doi.org/10.2214/ajr.177.4.1770777
http://www.ncbi.nlm.nih.gov/pubmed/11566672
http://doi.org/10.2214/AJR.06.1004
http://www.ncbi.nlm.nih.gov/pubmed/17515366
http://doi.org/10.1007/s00270-011-0200-4
http://doi.org/10.1016/S1051-0443(98)70491-9
http://www.ncbi.nlm.nih.gov/pubmed/9468403
http://doi.org/10.1148/radiology.217.1.r00se02119
http://www.ncbi.nlm.nih.gov/pubmed/11012432
http://doi.org/10.1001/archsurg.139.5.514
http://www.ncbi.nlm.nih.gov/pubmed/15136352
http://doi.org/10.1016/j.jhep.2014.01.021
http://doi.org/10.2214/AJR.10.4937
http://doi.org/10.2214/AJR.20.23461
http://doi.org/10.1016/j.ejrad.2010.09.019
http://doi.org/10.1371/journal.pone.0261136
http://www.ncbi.nlm.nih.gov/pubmed/34982804
http://doi.org/10.1159/000327577
http://www.ncbi.nlm.nih.gov/pubmed/21829027
http://doi.org/10.1007/s12072-010-9165-7
http://www.ncbi.nlm.nih.gov/pubmed/20827404
http://doi.org/10.5009/gnl.2013.7.1.1
http://doi.org/10.1186/s12957-020-01849-0
http://doi.org/10.1016/j.jss.2013.11.1120
http://doi.org/10.1016/j.jvir.2012.01.080
http://doi.org/10.1002/jhbp.1082
http://doi.org/10.1007/s00464-022-09181-2
http://doi.org/10.1016/j.ejrad.2011.01.014
http://www.ncbi.nlm.nih.gov/pubmed/21300500
http://doi.org/10.4254/wjh.v7.i8.1054
http://www.ncbi.nlm.nih.gov/pubmed/26052394
http://doi.org/10.1007/s00261-018-1656-3
http://www.ncbi.nlm.nih.gov/pubmed/29869103


Cancers 2023, 15, 1200 23 of 25

94. Zhang, S.J.; Hu, P.; Wang, N.; Shen, Q.; Sun, A.I.; Kuang, M.; Qian, G.J. Thermal ablation versus repeated hepatic resection for
recurrent intrahepatic cholangiocarcinoma. Ann. Surg. Oncol. 2013, 20, 3596–3602. [CrossRef] [PubMed]

95. Mimmo, A.; Pegoraro, F.; Rhaiem, R.; Montalti, R.; Donadieu, A.; Tashkandi, A.; Al-Sadairi, A.R.; Kianmanesh, R.; Piardi, T.
Microwave Ablation for Colorectal Liver Metastases: A Systematic Review and Pooled Oncological Analyses. Cancers 2022,
14, 1305. [CrossRef] [PubMed]

96. Stättner, S.; Jones, R.P.; Yip, V.S.; Buchanan, K.; Poston, G.J.; Malik, H.Z.; Fenwick, S.W. Microwave ablation with or without
resection for colorectal liver metastases. Eur. J. Surg. Oncol. 2013, 39, 844–849. [CrossRef]

97. Shibata, T.; Niinobu, T.; Ogata, N.; Takami, M. Microwave coagulation therapy for multiple hepatic metastases from colorectal
carcinoma. Cancer 2000, 89, 276–284. [CrossRef]

98. McEachron, K.R.; Ankeny, J.S.; Robbins, A.; Altman, A.M.; Marmor, S.; D’Souza, D.; Schat, R.; Spilseth, B.; Jensen, E.H. Surgical
microwave ablation of otherwise non-resectable colorectal cancer liver metastases: Expanding opportunities for long term
survival. Surg. Oncol. 2021, 36, 61–64. [CrossRef]

99. Gruenberger, T.; Jourdan, J.L.; Zhao, J.; King, J.; Morris, D.L. Reduction in recurrence risk for involved or inadequate margins
with edge cryotherapy after liver resection for colorectal metastases. Arch. Surg. 2001, 136, 1154–1157. [CrossRef]

100. Ng, K.M.; Chua, T.C.; Saxena, A.; Zhao, J.; Chu, F.; Morris, D.L. Two decades of experience with hepatic cryotherapy for advanced
colorectal metastases. Ann. Surg. Oncol. 2012, 19, 1276–1283. [CrossRef]

101. Glazer, D.I.; Tatli, S.; Shyn, P.B.; Vangel, M.G.; Tuncali, K.; Silverman, S.G. Percutaneous Image-Guided Cryoablation of Hepatic
Tumors: Single-Center Experience With Intermediate to Long-Term Outcomes. Am. J. Roentgenol. 2017, 209, 1381–1389. [CrossRef]
[PubMed]

102. Sweeney, J.; Parikh, N.; El-Haddad, G.; Kis, B. Ablation of Intrahepatic Cholangiocarcinoma. Semin. Intervent. Radiol. 2019, 36,
298–302. [CrossRef] [PubMed]

103. Seifert, J.K.; Springer, A.; Baier, P.; Junginger, T. Liver resection or cryotherapy for colorectal liver metastases: A prospective case
control study. Int. J. Colorectal. Dis. 2005, 20, 507–520. [CrossRef]

104. Korpan, N.N. Hepatic cryosurgery for liver metastases. Long-term follow-up. Ann. Surg. 1997, 225, 193–201. [CrossRef]
105. Bala, M.M.; Riemsma, R.P.; Wolff, R.; Pedziwiatr, M.; Mitus, J.W.; Storman, D.; Swierz, M.J.; Kleijnen, J. Cryotherapy for liver

metastases. Cochrane Database Syst. Rev. 2019, 7, CD009058. [CrossRef]
106. Maor, E.; Ivorra, A.; Leor, J.; Rubinsky, B. The effect of irreversible electroporation on blood vessels. Technol. Cancer Res. Treat.

2007, 6, 307–312. [CrossRef] [PubMed]
107. Silk, M.T.; Wimmer, T.; Lee, K.S.; Srimathveeravalli, G.; Brown, K.T.; Kingham, P.T.; Fong, Y.; Durack, J.C.; Sofocleous, C.T.;

Solomon, S.B. Percutaneous ablation of peribiliary tumors with irreversible electroporation. J. Vasc. Interv. Radiol. 2014, 25,
112–118. [CrossRef]

108. Renzulli, M.; Ramai, D.; Singh, J.; Sinha, S.; Brandi, N.; Ierardi, A.M.; Albertini, E.; Sacco, R.; Facciorusso, A.; Golfieri, R.
Locoregional Treatments in Cholangiocarcinoma and Combined Hepatocellular Cholangiocarcinoma. Cancers 2021, 13, 3336.
[CrossRef]

109. Tian, G.; Zhao, Q.; Chen, F.; Jiang, T.; Wang, W. Ablation of hepatic malignant tumors with irreversible electroporation:
A systematic review and meta-analysis of outcomes. Oncotarget 2017, 8, 5853–5860. [CrossRef]

110. Niessen, C.; Igl, J.; Pregler, B.; Beyer, L.; Noeva, E.; Dollinger, M.; Schreyer, A.G.; Jung, E.M.; Stroszczynski, C.; Wiggermann, P.
Factors associated with short-term local recurrence of liver cancer after percutaneous ablation using irreversible electroporation:
A prospective single-center study. J. Vasc. Interv. Radiol. 2015, 26, 694–702. [CrossRef]

111. Franken, L.C.; van Veldhuisen, E.; Ruarus, A.H.; Coelen, R.J.S.; Roos, E.; van Delden, O.M.; Besselink, M.G.; Klümpen, H.J.;
van Lienden, K.P.; van Gulik, T.M.; et al. Outcomes of Irreversible Electroporation for Perihilar Cholangiocarcinoma: A Prospective
Pilot Study. J. Vasc. Interv. Radiol. 2022, 33, 805–813. [CrossRef] [PubMed]

112. Dollinger, M.; Zeman, F.; Niessen, C.; Lang, S.A.; Beyer, L.P.; Müller, M.; Stroszczynski, C.; Wiggermann, P. Bile Duct Injury
after Irreversible Electroporation of Hepatic Malignancies: Evaluation of MR Imaging Findings and Laboratory Values. J. Vasc.
Interv. Radiol. 2016, 27, 96–103. [CrossRef] [PubMed]

113. Barabasch, A.; Distelmaier, M.; Heil, P.; Krämer, N.A.; Kuhl, C.K.; Bruners, P. Magnetic Resonance Imaging Findings After
Percutaneous Irreversible Electroporation of Liver Metastases: A Systematic Longitudinal Study. Investig. Radiol. 2017, 52, 23–29.
[CrossRef] [PubMed]

114. Dollinger, M.; Jung, E.M.; Beyer, L.; Niessen, C.; Scheer, F.; Müller-Wille, R.; Stroszczynski, C.; Wiggermann, P. Irreversible
electroporation ablation of malignant hepatic tumors: Subacute and follow-up CT appearance of ablation zones. J. Vasc.
Interv. Radiol. 2014, 25, 1589–1594. [CrossRef] [PubMed]

115. Kingham, T.P.; Karkar, A.M.; D’Angelica, M.I.; Allen, P.J.; Dematteo, R.P.; Getrajdman, G.I.; Sofocleous, C.T.; Solomon, S.B.;
Jarnagin, W.R.; Fong, Y. Ablation of perivascular hepatic malignant tumors with irreversible electroporation. J. Am. Coll. Surg.
2012, 215, 379–387. [CrossRef] [PubMed]

116. Izadifar, Z.; Izadifar, Z.; Chapman, D.; Babyn, P. An Introduction to High Intensity Focused Ultrasound: Systematic Review on
Principles, Devices, and Clinical Applications. J. Clin. Med. 2020, 9, 460. [CrossRef]

117. Leslie, T.; Ritchie, R.; Illing, R.; Phillips, R.; Middleton, M.; Bch, B.; Wu, F.; Cranston, D. High-intensity focused ultrasound
treatment of liver tumours: Post-treatment MRI correlates well with intra-operative estimates of treatment volume. Br. J. Radiol.
2012, 85, 1363–1370. [CrossRef]

http://doi.org/10.1245/s10434-013-3035-1
http://www.ncbi.nlm.nih.gov/pubmed/23715967
http://doi.org/10.3390/cancers14051305
http://www.ncbi.nlm.nih.gov/pubmed/35267612
http://doi.org/10.1016/j.ejso.2013.04.005
http://doi.org/10.1002/1097-0142(20000715)89:2&lt;276::AID-CNCR11&gt;3.0.CO;2-0
http://doi.org/10.1016/j.suronc.2020.11.016
http://doi.org/10.1001/archsurg.136.10.1154
http://doi.org/10.1245/s10434-011-2025-4
http://doi.org/10.2214/AJR.16.17582
http://www.ncbi.nlm.nih.gov/pubmed/28952807
http://doi.org/10.1055/s-0039-1696649
http://www.ncbi.nlm.nih.gov/pubmed/31680720
http://doi.org/10.1007/s00384-004-0723-0
http://doi.org/10.1097/00000658-199702000-00007
http://doi.org/10.1002/14651858.CD009058.pub3
http://doi.org/10.1177/153303460700600407
http://www.ncbi.nlm.nih.gov/pubmed/17668938
http://doi.org/10.1016/j.jvir.2013.10.012
http://doi.org/10.3390/cancers13133336
http://doi.org/10.18632/oncotarget.14030
http://doi.org/10.1016/j.jvir.2015.02.001
http://doi.org/10.1016/j.jvir.2022.03.024
http://www.ncbi.nlm.nih.gov/pubmed/35346858
http://doi.org/10.1016/j.jvir.2015.10.002
http://www.ncbi.nlm.nih.gov/pubmed/26777402
http://doi.org/10.1097/RLI.0000000000000301
http://www.ncbi.nlm.nih.gov/pubmed/27379698
http://doi.org/10.1016/j.jvir.2014.06.026
http://www.ncbi.nlm.nih.gov/pubmed/25156648
http://doi.org/10.1016/j.jamcollsurg.2012.04.029
http://www.ncbi.nlm.nih.gov/pubmed/22704820
http://doi.org/10.3390/jcm9020460
http://doi.org/10.1259/bjr/56737365


Cancers 2023, 15, 1200 24 of 25

118. Gu, L.; Shen, Z.; Ji, L.; Ng, D.M.; Du, N.; He, N.; Fan, X.; Yan, K.; Zheng, Z.; Chen, B.; et al. High-intensity focused ultrasound
alone or combined with transcatheter arterial chemoembolization for the treatment of hepatocellular carcinoma with unsuitable
indications for hepatectomy and radiofrequency ablation: A phase II clinical trial. Surg. Endosc. 2022, 36, 1857–1867. [CrossRef]

119. Wang, S.; Yang, C.; Zhang, J.; Kong, X.R.; Zhu, H.; Wu, F.; Wang, Z. First experience of high-intensity focused ultrasound
combined with transcatheter arterial embolization as local control for hepatoblastoma. Hepatology 2014, 59, 170–177. [CrossRef]

120. Sehmbi, A.S.; Froghi, S.; Oliveira de Andrade, M.; Saffari, N.; Fuller, B.; Quaglia, A.; Davidson, B. Systematic review of the role
of high intensity focused ultrasound (HIFU) in treating malignant lesions of the hepatobiliary system. HPB 2021, 23, 187–196.
[CrossRef]

121. Ji, Y.; Zhu, J.; Zhu, L.; Zhu, Y.; Zhao, H. High-Intensity Focused Ultrasound Ablation for Unresectable Primary and Metastatic
Liver Cancer: Real-World Research in a Chinese Tertiary Center With 275 Cases. Front. Oncol. 2020, 10, 519164. [CrossRef]

122. Correia, J.H.; Rodrigues, J.A.; Pimenta, S.; Dong, T.; Yang, Z. Photodynamic Therapy Review: Principles, Photosensitizers,
Applications, and Future Directions. Pharmaceutics 2021, 13, 1332. [CrossRef] [PubMed]

123. Zou, H.; Wang, F.; Zhou, J.J.; Liu, X.; He, Q.; Wang, C.; Zheng, Y.W.; Wen, Y.; Xiong, L. Application of photodynamic therapy for
liver malignancies. J. Gastrointest. Oncol. 2020, 11, 431–442. [CrossRef] [PubMed]

124. Zhu, F.; Wang, B.R.; Zhu, Z.F.; Wang, S.Q.; Chai, C.X.; Shang, D.; Li, M. Photodynamic therapy: A next alternative treatment
strategy for hepatocellular carcinoma? World J. Gastrointest. Surg. 2021, 13, 1523–1535. [CrossRef] [PubMed]

125. Quyn, A.J.; Ziyaie, D.; Polignano, F.M.; Tait, I.S. Photodynamic therapy is associated with an improvement in survival in patients
with irresectable hilar cholangiocarcinoma. HPB 2009, 11, 570–577. [CrossRef] [PubMed]

126. Lu, Y.; Liu, L.; Wu, J.C.; Bie, L.K.; Gong, B. Efficacy and safety of photodynamic therapy for unresectable cholangiocarcinoma:
A meta-analysis. Clin. Res. Hepatol. Gastroenterol. 2015, 39, 718–724. [CrossRef]

127. Moole, H.; Tathireddy, H.; Dharmapuri, S.; Moole, V.; Boddireddy, R.; Yedama, P.; Dharmapuri, S.; Uppu, A.; Bondalapati, N.;
Duvvuri, A. Success of photodynamic therapy in palliating patients with nonresectable cholangiocarcinoma: A systematic review
and meta-analysis. World J. Gastroenterol. 2017, 23, 1278–1288. [CrossRef] [PubMed]

128. Talreja, J.P.; Degaetani, M.; Ellen, K.; Schmitt, T.; Gaidhane, M.; Kahaleh, M. Photodynamic therapy in unresectable cholangiocar-
cinoma: Not for the uncommitted. Clin. Endosc. 2013, 46, 390–394. [CrossRef] [PubMed]

129. van Duijnhoven, F.H.; Rovers, J.P.; Engelmann, K.; Krajina, Z.; Purkiss, S.F.; Zoetmulder, F.A.N.; Vogl, T.J.; Terpstra, O.T.
Photodynamic therapy with 5,10,15,20-tetrakis(m-hydroxyphenyl) bacteriochlorin for colorectal liver metastases is safe and
feasible: Results from a phase I study. Ann. Surg. Oncol. 2005, 12, 808–816. [CrossRef] [PubMed]

130. Lo, S.S.; Sahgal, A.; Chang, E.L.; Mayr, N.A.; Teh, B.S.; Huang, Z.; Schefter, T.E.; Yao, M.; Machtay, M.; Slotman, B.J.; et al. Serious
complications associated with stereotactic ablative radiotherapy and strategies to mitigate the risk. Clin. Oncol. (R Coll. Radiol.)
2013, 25, 378–387. [CrossRef]

131. Jung, D.H.; Kim, M.S.; Cho, C.K.; Yoo, H.J.; Jang, W.I.; Seo, Y.S.; Paik, E.K.; Kim, K.B.; Han, C.J.; Kim, S.B. Outcomes of stereotactic
body radiotherapy for unresectable primary or recurrent cholangiocarcinoma. Radiat. Oncol. J. 2014, 32, 163–169. [CrossRef]

132. Shen, Z.T.; Zhou, H.; Li, A.M.; Li, B.; Shen, J.S.; Zhu, X.X. Clinical outcomes and prognostic factors of stereotactic body radiation
therapy for intrahepatic cholangiocarcinoma. Oncotarget 2017, 8, 93541–93550. [CrossRef] [PubMed]

133. Sandler, K.A.; Veruttipong, D.; Agopian, V.G.; Finn, R.S.; Hong, J.C.; Kaldas, F.M.; Sadeghi, S.; Busuttli, R.W.; Lee, P. Stereotactic
body radiotherapy (SBRT) for locally advanced extrahepatic and intrahepatic cholangiocarcinoma. Adv. Radiat. Oncol. 2016, 1,
237–243. [CrossRef]

134. McPartlin, A.; Swaminath, A.; Wang, R.; Pentilie, M.; Brierley, J.; Kim, J.; Ringash, J.; Wong, R.; Dinniwell, R.; Craig, T.; et al.
Long-Term Outcomes of Phase 1 and 2 Studies of SBRT for Hepatic Colorectal Metastases. Int. J. Radiat. Oncol. Biol. Phys. 2017,
99, 388–395. [CrossRef]

135. Scorsetti, M.; Comito, T.; Tozzi, A.; Navarria, P.; Fogliata, A.; Clerici, E.; Mancosu, P.; Reggiori, G.; Rimassa, L.; Torzilli, G.; et al.
Final results of a phase II trial for stereotactic body radiation therapy for patients with inoperable liver metastases from colorectal
cancer. J. Cancer Res. Clin. Oncol. 2015, 141, 543–553. [CrossRef] [PubMed]

136. Viganò, L.; Pedicini, V.; Comito, T.; Carnaghi, C.; Costa, G.; Poretti, D.; Franzese, C.; Personeni, N.; Del Fabbro, D.;
Rimassa, L.; et al. Aggressive and Multidisciplinary Local Approach to Iterative Recurrences of Colorectal Liver Metastases.
World J. Surg. 2018, 42, 2651–2659. [CrossRef] [PubMed]

137. Puls, R.; Langner, S.; Rosenberg, C.; Hegenscheid, K.; Kuehn, J.P.; Noeckler, K.; Hosten, N. Laser ablation of liver metastases from
colorectal cancer with MR thermometry: 5-year survival. J. Vasc. Interv. Radiol. 2009, 20, 225–234. [CrossRef] [PubMed]

138. Vogl, T.J.; Straub, R.; Zangos, S.; Mack, M.G.; Eichler, K. MR-guided laser-induced thermotherapy (LITT) of liver tumours:
Experimental and clinical data. Int. J. Hyperthermia. 2004, 20, 713–724. [CrossRef] [PubMed]

139. Vogl, T.J.; Dommermuth, A.; Heinle, B.; Nour-Eldin, N.E.; Lehnert, T.; Eichler, K.; Zangos, S.; Bechstein, W.O.; Naguib, N.N.
Colorectal cancer liver metastases: Long-term survival and progression-free survival after thermal ablation using magnetic
resonance-guided laser-induced interstitial thermotherapy in 594 patients: Analysis of prognostic factors. Investig. Radiol. 2014,
49, 48–56. [CrossRef] [PubMed]

140. Trotovšek, B.; Djokić, M.; Čemažar, M.; Serša, G. New era of electrochemotherapy in treatment of liver tumors in conjunction with
immunotherapies. World J. Gastroenterol. 2021, 27, 8216–8226. [CrossRef]

141. Tarantino, L.; Busto, G.; Nasto, A.; Nasto, R.A.; Tarantino, P.; Fristachi, R.; Cacace, L.; Bortone, S. Electrochemotherapy of
cholangiocellular carcinoma at hepatic hilum: A feasibility study. Eur. J. Surg. Oncol. 2018, 44, 1603–1609. [CrossRef] [PubMed]

http://doi.org/10.1007/s00464-021-08465-3
http://doi.org/10.1002/hep.26595
http://doi.org/10.1016/j.hpb.2020.06.013
http://doi.org/10.3389/fonc.2020.519164
http://doi.org/10.3390/pharmaceutics13091332
http://www.ncbi.nlm.nih.gov/pubmed/34575408
http://doi.org/10.21037/jgo.2020.02.10
http://www.ncbi.nlm.nih.gov/pubmed/32399283
http://doi.org/10.4240/wjgs.v13.i12.1523
http://www.ncbi.nlm.nih.gov/pubmed/35070061
http://doi.org/10.1111/j.1477-2574.2009.00102.x
http://www.ncbi.nlm.nih.gov/pubmed/20495709
http://doi.org/10.1016/j.clinre.2014.10.015
http://doi.org/10.3748/wjg.v23.i7.1278
http://www.ncbi.nlm.nih.gov/pubmed/28275308
http://doi.org/10.5946/ce.2013.46.4.390
http://www.ncbi.nlm.nih.gov/pubmed/23964337
http://doi.org/10.1245/ASO.2005.09.005
http://www.ncbi.nlm.nih.gov/pubmed/16132377
http://doi.org/10.1016/j.clon.2013.01.003
http://doi.org/10.3857/roj.2014.32.3.163
http://doi.org/10.18632/oncotarget.19972
http://www.ncbi.nlm.nih.gov/pubmed/29212171
http://doi.org/10.1016/j.adro.2016.10.008
http://doi.org/10.1016/j.ijrobp.2017.04.010
http://doi.org/10.1007/s00432-014-1833-x
http://www.ncbi.nlm.nih.gov/pubmed/25245052
http://doi.org/10.1007/s00268-018-4525-x
http://www.ncbi.nlm.nih.gov/pubmed/29423737
http://doi.org/10.1016/j.jvir.2008.10.018
http://www.ncbi.nlm.nih.gov/pubmed/19109037
http://doi.org/10.1080/02656730400007212
http://www.ncbi.nlm.nih.gov/pubmed/15675667
http://doi.org/10.1097/RLI.0b013e3182a6094e
http://www.ncbi.nlm.nih.gov/pubmed/24056114
http://doi.org/10.3748/wjg.v27.i48.8216
http://doi.org/10.1016/j.ejso.2018.06.025
http://www.ncbi.nlm.nih.gov/pubmed/30017329


Cancers 2023, 15, 1200 25 of 25

142. Edhemovic, I.; Brecelj, E.; Gasljevic, G.; Music, M.M.; Gorjup, V.; Mali, B.; Jarm, T.; Kos, B.; Pavliha, D.; Grcar Kuzmanov, B.; et al.
Intraoperative electrochemotherapy of colorectal liver metastases. J. Surg. Oncol. 2014, 110, 320–327. [CrossRef] [PubMed]

143. Gasljevic, G.; Edhemovic, I.; Cemazar, M.; Brecelj, E.; Gadzijev, E.M.; Music, M.M.; Sersa, G. Histopathological findings in
colorectal liver metastases after electrochemotherapy. PLoS ONE. 2017, 12, e0180709. [CrossRef]

144. Ebara, M.; Okabe, S.; Kita, K.; Sugiura, N.; Fukuda, H.; Yoshikawa, M.; Kondo, F.; Saisho, H. Percutaneous ethanol injection for
small hepatocellular carcinoma: Therapeutic efficacy based on 20-year observation. J. Hepatol. 2005, 43, 458–464. [CrossRef]

145. Livraghi, T.; Vettori, C.; Lazzaroni, S. Liver metastases: Results of percutaneous ethanol injection in 14 patients. Radiology 1991,
179, 709–712. [CrossRef]

146. Weis, S.; Franke, A.; Berg, T.; Mössner, J.; Fleig, W.; Schoppmeyer, K. Percutaneous ethanol injection or percutaneous acetic acid
injection for early hepatocellular carcinoma. Cochrane Database Syst. Rev. 2015, 1, CD006745. [CrossRef] [PubMed]

147. Shamimi-Noori, S.; Gonsalves, C.F.; Shaw, C.M. Metastatic Liver Disease: Indications for Locoregional Therapy and Supporting
Data. Semin. Intervent. Radiol. 2017, 34, 145–166. [CrossRef]

148. Mulcahy, M.F.; Mahvash, A.; Pracht, M.; Montazeri, A.H.; Bandula, S.; Martin, R.C.G., 2nd; Hermann, K.; Brown, E.;
Zuckerman, D.; Wilson, G.; et al. Radioembolization With Chemotherapy for Colorectal Liver Metastases: A Randomized,
Open-Label, International, Multicenter, Phase III Trial. J. Clin. Oncol. 2021, 39, 3897–3907. [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.

http://doi.org/10.1002/jso.23625
http://www.ncbi.nlm.nih.gov/pubmed/24782355
http://doi.org/10.1371/journal.pone.0180709
http://doi.org/10.1016/j.jhep.2005.03.033
http://doi.org/10.1148/radiology.179.3.2027979
http://doi.org/10.1002/14651858.CD006745.pub3
http://www.ncbi.nlm.nih.gov/pubmed/25620061
http://doi.org/10.1055/s-0037-1602712
http://doi.org/10.1200/JCO.21.01839

	Introduction 
	Review Purpose 
	Impact of Non-HCC Primary Liver Malignancy on Prognosis 
	Impact of Metastatic Disease to the Liver on Prognosis 
	Radiofrequency Ablation 
	Technique 
	Radiofrequency Ablation in Non-HCC Primary Liver Malignancy 
	Radiofrequency Ablation in Metastatic Disease to the Liver 

	Microwave Ablation 
	Technique 
	Microwave Ablation in Non-HCC Primary Liver Malignancy 
	Microwave Ablation in Metastatic Disease to the Liver 

	Cryotherapy 
	Technique 
	Cryoablation in Non-HCC Primary Malignancy and Metastatic Disease to the Liver 

	Irreversible Electroporation 
	Technique 
	Irreversible Electroporation in Non-HCC Primary Liver Malignancy and Metastatic Disease to the Liver 

	High-Intensity Focused Ultrasound 
	Technique 
	High-Intensity Focused Ultrasound in Non-HCC Primary Liver Malignancy and Metastatic Disease to the Liver 

	Photodynamic Therapy 
	Technique 
	Photodynamic Therapy in Non-HCC Primary Liver Malignancy 
	Photodynamic Therapy in Metastatic Disease to the Liver 

	Stereotactic Body Radiotherapy 
	Technique 
	Stereotactic Body Radiotherapy in Non-HCC Primary Liver Malignancy 
	Stereotactic Body Radiotherapy in Metastatic Disease to the Liver 

	Laser-Induced Thermotherapy 
	Technique 
	Laser Induced Thermotherapy in Non-HCC Primary Liver Malignancy and Metastatic Disease to the Liver 

	Electrochemotherapy 
	Technique 
	Electrochemotherapy in Non-HCC Primary Liver Malignancy and Metastatic Disease to the Liver 

	Percutaneous Ethanol Injection 
	Technique 
	Percutaneous Ethanol Injection in Non-HCC Primary Liver Malignancy and Metastatic Disease to the Liver 

	Conclusions and Future Directions 
	References

