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Abstract
The most common primary liver malignancy, hepatocellular carcinoma (HCC), has a high likelihood of mortality, and much 
effort into early detection and treatment has occurred. Multiple staging systems have surfaced of which some guide treatment. 
Curative intent is a goal of early-staged HCC treatment, and this can be achieved with surgical resection, liver transplantation, 
and minimally invasive percutaneous therapies such as tumor ablation. Many of the newer ablation techniques have evolved 
from shortcomings of prior methods which have resulted in an expanded number of applications for tumor ablation. Our review 
focuses on current mainstream image-guided percutaneous ablation modalities which are commonly performed as an alterna-
tive to surgery.
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Key Messages

• Hepatocellular carcinoma is the most common primary 
liver malignancy and is one of the highest cancer-related 
causes of death. Therefore, early detection and treatment 
are crucial.

• Image-guided percutaneous ablation of HCC is a viable 
option for curative intent treatment and is particularly 
useful when patients are not operative candidates.

• Each ablation modality has unique advantages: PEI is 
cheap; RFA improved upon deficiencies related to PEI 
by decreasing local recurrence rates; MWA had less heat 
sink effect and allowed for larger ablation zones based 
on synergy related to multiple probes; CA required 
less sedation; and IRE allowed for treatment of central 
hepatic tumors with decreased fear of disrupting the bil-
iary ducts or vasculature.

• The main limitation of image-guided percutaneous 
ablation with any method is tumor size. HCCs 3 cm or 
smaller treated by ablation have shown decreased local 
recurrence and longer overall survival when compared to 
larger HCCs.

http://crossmark.crossref.org/dialog/?doi=10.1007/s10620-019-05514-9&domain=pdf
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Introduction

Hepatocellular Carcinoma (HCC), the most common cause 
of liver cancer, has a myriad of etiologies ranging from viral 
infections to alcohol abuse [1]. Because of the high mortal-
ity associated with HCC, early detection and treatment are 
critical [2]. Multiple staging paradigms have surfaced, each 
having a unique wrinkle in classifying the disease process. 
One of these staging systems, the Barcelona-clinic liver can-
cer (BCLC), categorizes the extent of HCC and focuses on 
treatment schemes [3, 4]. Early-detected HCC subjects are 
eligible for curative intent treatments, which include surgical 
resection, liver transplantation, and minimally invasive per-
cutaneous therapies such as tumor ablation [5]. This review 
will focus on the current techniques for image-guided tumor 
ablation.

Image-guided ablation of HCC is a subset of mini-
mally invasive techniques that are performed via a per-
cutaneous approach using fluoroscopy, ultrasound, CT, 
or MRI. Although by definition these treatment strategies 
are less invasive than standard surgical methods, surgical 
resection remains favored over ablation for treatment of 
early-staged HCC granted subjects are candidates [6]. 
Thus, ablation of early-staged HCC is the best treatment 
strategy for patients unable to undergo surgery [7]. Abla-
tion is also favorable in bridging patients awaiting liver 
transplant to thwart interval HCC growth [6]. Several 
ablation modalities have developed and have been refined 
over time. These technologies include direct injection 
of alcohol into HCC tumors, manipulating temperatures 
of the tumor and immediate surrounding tissues, and 
destruction of tumor cellular membranes with non-ther-
mal energies.

Direct Injection of Alcohol

Percutaneous ethanol injection (PEI) was an influential 
technique established in the early 1990s. The technique 
consisted of percutaneously placing a small bore needle 
into the tumor under direct visualization, typically with 
ultrasound. The procedure was easy to perform and had 
few adverse effects on the patient [8]. Three to 5 years sur-
vival rates determined in long-term studies demonstrated 
efficacious results consistent with earlier, short-term, stud-
ies [9].

Direct injection of alcohol into small HCC tumors 
dehydrates the cell and catalyzes the coagulation cascade 

leading to a fibrinous scar. Major arteries supplying the 
tumor interact with the ethanol, and the vessels undergo 
a coagulation cascade leading to platelet aggregation and 
tumor ischemia [10]. However, the small caliber access 
needle used to percutaneously treat the tumor limits the 
treatment zone necessitating multiple sessions. For a sin-
gle HCC, some interventionalists recommend 4–6 PEI 
treatments over a few weeks [11].

Determining complete tumor and immediate surround-
ing liver parenchyma coverage during PEI sessions is a 
difficult task. Moreover, effectively destroying the imme-
diate surrounding tissue where small satellite HCCs may 
occur has limitations which can allow for unclear margins 
resulting in local recurrence rates up to 33% at 5 years 
after initial treatment [12].

Although survival rates at 1 year reached 96% after PEI 
therapy, appropriate patient selection is paramount [13]. 
Exclusion criteria encompass Child–Pugh C liver function, 
portal vein thrombosis, extrahepatic metastasis, and other 
causes for a high risk of bleeding [10]. Given the appropri-
ate patient population, the procedure has advantages. The 
overall cost of the procedure remains low, and most treat-
ments can be performed with only local anesthesia while 
not relying on thermal-induced destruction [14].

Newer treatment modalities including radiofrequency 
ablation (RFA) have since evolved for the percutaneous 
ablation of HCC, resulting in head to head studies. Ulti-
mately, RFA has shown superiority over PEI with 1- and 
2-years local recurrence-free survival rates at 98% and 
96% in RFA vs 83% and 62% in PEI, respectively [15].

Temperature Manipulating Ablation 
Modalities

Percutaneous thermal ablation encompasses a broader set 
of technologies. Tissue temperatures of tumor tissue and 
the immediately surrounding liver parenchyma can be 
altered to high or low extremes to induce cell death and 
are thus deemed thermal ablative techniques. On one end 
of the spectrum are heat induction modalities; such as, 
radiofrequency ablation (RFA) and microwave ablation 
(MWA). Opposite and producing extreme cold is cryoab-
lation (CA). These modalities will be discussed in detail 
and separately. Laser ablation and high intensity focused 
ultrasound (HIFU) are less commonly used heat induction 
technologies.
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Radiofrequency Ablation

Developed in 1990 for the percutaneous treatment of HCC, 
RFA utilizes radiofrequency alternating current to induce 
heat between the percutaneously placed probe and the 
surrounding tissues ultimately leading to tissue coagula-
tion necrosis and death [16]. Target tissue temperatures 
between 60 and 100 °C must be maintained for several 
minutes to ensure complete necrosis of the tumor and 
immediate surrounding tissue [17].

As mentioned previously, RFA had better local recur-
rence-free survival rates than PEI. This is due in large 
part in the ability to obtain improved surgical margin of 
at least 0.5–1 cm around the HCC [18] in the backdrop of 
histopathologic knowledge that HCC tumors have small 
peritumoral microsatellites residing around the periphery 
of the lesion [19]. Outcomes at 5 years are favorable for 
small HCCs less than 3.5 cm with low local recurrence 
rates of 14% and survival rates approaching 64% [20]. 
Provided these reported successes, head to head pro-
spective, randomized studies between RFA and surgical 
resection were pursued. HCC liver masses within Milan 
criteria treated via RFA had greater local recurrence (LR) 
rates and less overall survival (OS) at 5 years compared 
to surgical resection in Huang’s study in 2010 (LR 63% 
and 42%; OS 55% and 76% for RFA and surgical resec-
tion, respectively) [21]. A more recent study in 2018 by 
Lee et al. had a similar trend in LR, but OS was not sig-
nificantly different between the two groups (LR 53% and 
26%; OS 86% and 83% for RFA and surgical resection, 
respectively) [22]. More conflicting was a 2014 study by 
Fang et al. which showed RFA being comparable to hepa-
tectomy for HCCs 3 cm or smaller at 3 years (LR 37% 
and 35%; OS 83% and 78% for RFA and hepatectomy, 
respectively) [23].

Disadvantages of RFA include size limitations, skin 
burns, and heat sink. As the HCC tumor size increases, 
complete ablation necrosis downtrends (61% complete 
necrosis for HCCs 3.1–5.0 cm vs 24% complete necro-
sis for HCCs greater than 5.0 cm) [24]. One distinction 
of RFA from other ablative technologies is the require-
ment for a grounding pad due to the AC current deployed 
through the body. Skin burns at the grounding pad have 
been reported [25], and precautions to prevent injury have 
been enacted [26]. Prior experiments have identified that 
tumors abutting vessels have smaller ablation cavities than 
tumors distant from vasculature [27]. This phenomenon, 
known as the “heat sink effect,” has been identified on his-
tologic review after RFA in which perivascular cells sur-
vived, in turn, leading to local recurrence [28]. Microwave 
ablation (MWA), another thermal, heat-inducing ablative 

modality has been shown to have less heat sink effect when 
compared to RFA [29].

Microwave Ablation

Microwave ablation (MWA) for treatment of HCC was 
originally developed in the 1970s as an adjunctive surgical 
technique to help control bleeding during surgical hepatecto-
mies [30]. Subsequent investigations led to its primary use in 
percutaneously treating HCC [31]. Using energies along the 
microwave spectrum, this ablation modality disturbs water 
within the tumor and immediately adjacent surrounding tis-
sue to generate extreme heat that ultimately causes coagula-
tion and cell death [32].

Although in principle MWA is similar to RFA in gen-
erating heat to destroy cells, several advantages of MWA 
over RFA have become apparent. First, MWA suffers less 
from the heat sink effect as more thermal energy is pro-
duced due to a higher frequency (2400 MHz) versus RFA 
which relies on radio frequencies (460 kHz) [10, 33]. Post-
ablation histologic review has also confirmed MWA is less 
susceptible to the heat sink effect [28]. Risk of skin burns is 
less with MWA as they do not require the use of a ground-
ing pad. Last and most importantly, multiple MWA probes 
placed close together (~ 1.5 cm apart) act synergistically to 
create a larger zone of ablation which can ultimately treat 
larger tumors [34]. In one study by Yin et al., 80% of MWA 
treated HCC (sizes 5–7 cm) achieved complete necrosis 
[35] compared to 24% of RFA treated HCC (size greater 
than 5 cm) [24].

MWA is most effective when tumor sizes remain less 
than 4.0 cm (BCLC stages 0 and A), as survival probability 
significantly changes: 50% survival at 3 years for HCCs 
larger than 4.0 cm versus 50% survival at 6.5 years for 
HCCs less than 4.0 cm [36]. Similar findings in a large 
series of HCC patients (N = 234) were also documented 
by Dong et al. in which local recurrence was significantly 
higher (50%) in larger HCC tumors (greater than 5.0 cm) 
[37]. To combat poorer outcomes found when treating 
larger tumors, combination therapies evolved. A predomi-
nant and current treatment style is to perform transarte-
rial chemoembolization (TACE) to the tumor bed first and 
then subsequently thermally ablate the HCC with multiple 
MWA probes. Xu and colleagues retrospectively evaluated 
TACE only versus TACE plus MWA patient groups, and 
found a significant difference in overall survival at 1 year 
(63% vs 88%), at 3 years (18% vs 50%), and at 5 years 
(5% vs 10%) for TACE and TACE plus MWA, respectively 
[38]. Zhang et al’s review of 150 patients with HCC tumor 
sizes ranging up to 7.0 cm (median 4.2 cm) was compared 
between TACE and TACE plus MWA. The TACE plus 
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MWA had better overall survival rates than TACE only 
(68% vs 21%); as well as, progression-free survival (25% 
vs 15%) at 5 years [39].

An illustrative case of a 61-year-old male with a solitary 
inferior right hepatic lobe HCC treated with MWA is shown 
in Figs. 1 and 2. Pre-ablation and post-ablation changes of 
the HCC are depicted (Fig. 1). Intraprocedural MWA probe 
placement into the HCC is also shown (Fig. 2). 

Cryoablation

The last and now least likely used temperature manipu-
lating mainstream modality is cryoablation (CA). CA 
evolved from cryogenic surgery which was developed in 
the 1960s as an adjunctive surgical technique for destroy-
ing abnormal tissue [40]. Subsequently in the 1980s, intra-
operative ultrasound localization during open laparotomy 
to expose the liver was utilized to direct the cryoprobes 
into the hepatic lesions [41]. Improvements in the field led 
to percutaneous minimally invasive approaches, a myriad 
of probe sizes which allowed modification of the ablation 
zone diameters, and use of the Joule–Thomson effect to 
create lethal, freezing temperatures [42]. The goal of CA 
is to obtain ice formation within cells and sustain that 
temperature for several minutes/cycles to ultimately cause 
tissue death, and these lethal temperatures range between 
− 20 and − 40 °C [43].

Compared to MWA and RFA, CA has less induced pain 
associated with the procedure. Most patients (85%) in one 
study tolerated complete tumor ablation with cryotherapy 
using only local sedation [44]. In another series, CA out-
performed RFA in requiring less sedation during the pro-
cedure [45]. Intraprocedural imaging of the ablation zone 
is a crucial advantage of CA. Imaging of the growing ice 
ball ablation zone can be directly seen with ultrasound, CT, 
or MRI which informs the operator about lesion coverage 
[46–48]. Given the ability to see the ablation zone during 
ice ball formation, the operator must be aware of discordant 
temperatures. That is, the true lethal zone is not demarcated 
by the edges of the visible ice ball but up to 4 mm inside 
[49]. Thus, larger ablation zones must be created which ulti-
mately requires more cryoprobes. Another distinct disadvan-
tage of CA is the proposed higher risk of bleeding related to 
cryoshock. With heat-manipulating modalities coagulation 
is fundamental, but this quality is lost with CA. A 1% risk 
of cryoshock was determined in a world survey among CA 
users; and, although this is a small risk, 18% died as a result 
when it occurred [50].

Most of the reported HCC ablation treatments have 
shifted to modalities other than CA. Therefore, long-term 
survival data are sparse. Xu et al. evaluated local recurrence 
(LR) and 5 years overall survival (OS) among CA only ver-
sus TACE plus CA in subjects with HCC (LR 23% and 11%; 

Fig. 1  MWA before and after treatment. A 61-year-old male with 
solitary inferior right hepatic lobe hepatocellular carcinoma (HCC). 
He underwent CT-guided percutaneous microwave ablation (MWA). 
a One-month pre-ablation MRI. The left image is a pre-contrast T2 
coronal MRI demonstrating the viable HCC (→). The right image is 
a post-contrast, fat saturation T1 axial MRI demonstrating the viable 
HCC, perforated circle. b Three-month post-ablation MRI. The left 
image is a pre-contrast T2 coronal MRI demonstrating the ablation 
zone (→). The right image is a post-contrast, fat saturation T1 axial 
MRI demonstrating the ablation zone without residual or recurrent 
disease, perforated circle. c Two-year post-ablation MRI. The left 
image is a pre-contrast T2 coronal MRI demonstrating the ablation 
zone (→). The right image is a post-contrast, fat saturation T1 axial 
MRI demonstrating the ablation zone without residual or recurrent 
disease, perforated circle



955Digestive Diseases and Sciences (2019) 64:951–958 

1 3

5 years OS 23% and 39% for CA only and TACE plus CA, 
respectively) [51]. CA remains a prominent ablative therapy, 
but primarily for other tumor types including renal and pul-
monary tumors.

Figure 3 is an illustrative case of a 41-year-old male 
with two right lobe HCCs treated with cryoablation. The 
images highlight the pre-procedure, intra-procedure, and 
post-procedure follow-up changes of the HCC and abla-
tion zone.

Non‑thermal Energy Ablation

Irreversible Electroporation

Irreversible electroporation (IRE) is the newest ablative 
modality. The technology was introduced from biomedi-
cal engineers to treat cancer in 2005, and evolved from 
preexisting cancer treatments that used reversible forms 
of electroporation [52]. A non-thermal electric field 
is created across at least two IRE ablation probes that 
disrupt nearby tissue cellular membranes which subse-
quently alter ion-driven homeostasis, resulting in cellular 
death [53].

Uniquely, delicate adjacent biliary and vascular structures 
are not jeopardized [54]. In fact, the outbreak of research 
promoting IRE use in percutaneous ablations relates to this 
mere advantage. For instance, Silk and colleagues reviewed 
22 subjects for biliary complications after IRE treatment of 
central hepatic tumors and found no significant changes on 
short-term follow-up imaging and laboratory values [55]. In 
another study with a larger cohort of patients (N = 58), IRE 
was chosen due to contraindications for thermal ablation. 
This study confirmed safety and efficacy of the treatment 
with IRE [56]. Histologic evaluation of the ablation zones of 
each ablative technique was investigated to determine which 
modality had the narrowest distinction between normal and 
necrotic tissue. Contrary to speculation, IRE had the widest 
transition zone between living and necrotic tissues which 
may portend to local recurrence of disease [57].

Since IRE is a relatively newer ablation modality, wide-
spread use and long-term survival data are slim. Most data 
are in the form of tumor treatment efficacy. Niessen et al. 
treated 65 malignant hepatic tumors with IRE and deter-
mined that the mean time to local recurrence was approxi-
mately 16 months [58]. Another study which used IRE to 
treat 103 malignant hepatic tumors found a 32% local recur-
rence rate after 3 years of follow-up [59].

Fig. 2  MWA intraprocedural imaging. A 61-year-old male with 
solitary inferior right hepatic lobe hepatocellular carcinoma (HCC). 
He underwent combined ultrasound and CT-guided percutaneous 
microwave ablation (MWA). a Scout sagittal ultrasound image of 
the inferior right hepatic lobe HCC prior to MWA probe placement. 
The HCC is relatively hypoechoic to the adjacent liver parenchyma 

(→). b Intraprocedural ultrasound during MWA probe placement into 
inferior right hepatic lobe HCC. The MWA probe is delineated (→). 
c Immediate post-MWA contrast-enhanced CT in the portovenous 
phase. The ablation zone is demarcated by the perforated circle. Mes-
enteric fat stranding adjacent to the lesion is due to hydrodissection 
technique (*)
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Conclusion

Image-guided HCC tumor ablation is a viable option for 
HCC treatment, particularly when a patient is not an opera-
tive candidate. Ablation modalities have evolved from an 
open surgical adjunctive method to a minimally invasive 
percutaneous technique. Maturation and refinement of 
earlier ablation modalities have led to improved treatment 
outcomes with lower rates of local recurrence and longer 
survival times. Tumor size remains the main limiting fac-
tor for all ablative techniques. Each ablation modality has 
unique advantages, and choosing one over the other requires 
individual patient and tumor assessment (Table 1). 

Fig. 3  CRYO. A 41-year-old male with two right hepatic lobe hepa-
tocellular carcinomas (HCC). He underwent CT-guided percutane-
ous cryoablation. a One-month pre-ablation contrast-enhanced CT. 
Within the perforated circle are two separate HCCs located in the 
anterosuperior right hepatic lobe. b Intraoperative cryoablation-unen-
hanced CT. Iceball demarcation (→) and two linear cryoprobes are 
present. c Three-month post-ablation contrast-enhanced CT. Post-
ablation zone with no evidence of recurrence or residual disease (*). 
d Three-year post-ablation contrast-enhanced CT. Post-ablation zone 
continues to shrink, and there is no evidence of recurrence or residual 
disease (*)
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