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Abstract: Percutaneous ablation is a mainstay of treatment for early stage, unresectable
hepatocellular carcinoma (HCC). Recent advances in technology have created multiple
ablative modalities for treatment of this common malignancy. The purpose of this review
is to familiarize readers with the technical and clinical aspects of both existing and emerging
percutaneous treatment options for HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the second leading cause of cancer-related
mortality worldwide, the fifth most common cancer in men, and the seventh
most common cancer in women.' Liver-directed therapies (LDT), including both
percutaneous and transarterial approaches, are first-line therapy options for early
and intermediate stage HCC for those with unresectable disease, or as
a therapeutic bridge for those awaiting liver transplantation. Increasing experi-
ence and interest with external beam radiation therapy is also evolving as a non-
invasive locoregional treatment option for suitable candidates with limited
treatment options. Moreover, newer systemic therapies have emerged for
advanced stage disease.

Thermal ablation has historically been the mainstay of percutaneous LDT
in early stage, unresectable HCC. Both heat and ice-based ablation techniques
exist, including radiofrequency ablation (RFA) and microwave ablation
(MWA), and cryoablation. These techniques have primarily supplanted direct
intra-tumoral chemical injection. Newer technologies including irreversible
electroporation (IRE), histotripsy, and high intensity focused ultrasound
(HIFU) show promise but have not yet been widely adopted in clinical
practice.

This review will focus on the current state of percutaneous locoregional thera-
pies and future directions that may benefit patients in the years to come. In
performing this review, articles were selected from a PubMed search (https://
pubmed.ncbi.nlm.nih.gov) using several pertinent terms including hepatocellular

carcinoma, percutaneous, ablation, ethanol, acetic acid, injection, microwave, radio-
frequency, cryoablation, nanoparticles, irreversible electroporation. Articles
included span from 1995 to 2021, including primary literature for case-series,
prospective trials, benchtop and translational studies, meta-analysis and
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comprehensive review articles. A total of 94 references
were ultimately curated to conduct this review.

How Do We Decide Who to Treat?

Patient Selection

Before treatment, clinicians typically evaluate liver func-
tion using the Child-Turcotte-Pugh (CTP) classification or
the Model for End-Stage Liver Disease (MELD) score.
The functional status of the patient is typically also
assessed by using the Eastern Cooperative Oncology
Group (ECOG). These metrics have consistently been
shown to correlate with outcomes and survival.>™*

Published consensus guidelines for HCC outcomes after
LDT assume relatively preserved liver function (CTP A) and
good performance status (ECOG 0). Caution is advised
when attempting to extrapolate these outcomes to patients
with worse liver function or performance status.”

Due to the high degree of institutional variation in
practice, considerations for liver transplantation, and
a variety of currently open clinical trial options, HCC
patients are frequently discussed at multidisciplinary
tumor boards for consensus on optimal therapy.

Table | Comparison of Percutaneous Ablation Modalities

Performance status and Child-Pugh score are combined
with radiologic tumor characteristics to determine the opti-
mal treatment. The Barcelona clinic liver cancer (BCLC)
staging system is one of the most widely used for HCC,
incorporating treatment recommendations by stage.’
Pretreatment cross-sectional imaging with unenhanced and
multiphasic enhanced CT or MRI is performed to diagnose
HCC and to evaluate tumor size, number of tumors, vascu-
lar invasion, and extra-hepatic spread. For percutaneous
therapies such as ablation, choice of treatment modality
depends on local expertise and operator preference. Each
ablation technique has advantages and disadvantages, and
tumor size and location may demand special considerations
or adjunct maneuvers to optimize treatment and minimize
risk to the patient (see Table 1). For tumors in high-risk
locations such as along the diaphragm, near the gallbladder
fossa, or adjacent to bowel, local expertise with specialized
maneuvers must be weighed against surgical candidacy.
Most ablative therapies are performed either under moder-
ate sedation or general anesthesia. Patient assessment for
procedural sedation risk, such as with the American Society
of Anesthesiologists (ASA) classification score, is also
critical.

Radiofrequency Ablation Microwave Cryoablation Percutaneous Irreversible
Ablation Ethanol Injection Electroporation
Pros Widely available Faster treatment Can visualize Less expensive Fast Can treat hilar
Large body of literature time ablation zone tumors
Variety of electrode shapes Fewer antennas Can be done Can treat tumors
needed without GA near bowel
Larger ablation
zone
Cons Heat sink Not as widely Longer Can require multiple Requires precise
Monopolar requires grounding pads available procedure time | treatments electrode
Multiple probes | Non-uniform infusion positioning
often required At least 2
Less data on electrodes required
efficacy High cost
Higher risk of Limited to smaller
bleeding tumors
Possible
cryoshock
Patient Single session: Tumor 3 cm or less* Single session: Can treat larger | Not frequently Tumors near hilum,
selection | Consider switching monopolar RFA with | Tumor 3 cm or tumors performed gallbladder fossa
2-6 electrodes for tumors > 3 cm less* Can be used if thermal Tumor <5 cm
ablation is not feasible

Notes: *Tumors larger than 3 cm can be treated, but may require multiple electrodes/antennas for a single session, or multiple treatments due to residual disease. A 3 cm

tumor can be consistently treated with adequate margins across modalities.
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What Techniques are We Using
Today?

Percutaneous Ethanol Injection/Chemical
Ablation

Percutaneous ethanol injection (PEI) was one of the initial
ablative techniques employed for treatment of HCC, and it
has shown efficacy for small solitary tumors <2cm.®’
Ethanol (95-99.5%) is a caustic agent that is directly
injected into tumors to cause cell death. Ethanol works
not only directly by denaturing proteins in tumor cells, but
also by causing local thrombosis. The procedure is fast and
relatively inexpensive compared to other ablation techni-
ques; however, it can be difficult to ensure appropriate
delivery of ethanol for complete tumor coverage due to
heterogeneity within the tumor architecture. Once injected,
the tumor capsule contains the ethanol as it does not
spread easy through fibrous septa or the tumor capsule.
Acetic acid is another infused agent for tumor treatment
that has been shown to be lethal to hepatocytes.
Percutaneous acetic acid injection (PAI) using a 50% solu-
tion of acetic acid has the ability to treat HCCs effectively
because it appears to penetrate intra-tumoral collagenous
septa more effectively than ethanol.

Technical Considerations

PEI/PAI is commonly performed under ultrasound gui-
dance or in combination with CT fluoroscopy. A 21 or 22-
gauge needle is advanced to the deep portion of the tumor.
The agent is injected while the needle is retracted to infuse
a segment of the tumor. For tumors larger than 2 cm, this
must be repeated several times to ensure adequate cover-
age of the entire tumor. In general, 5-10 mL of agent is
used per session. Specialized delivery devices have also
been incorporated to improve infusion efficiency. As the
needle is withdrawn from the tumor, gelatin sponge or
saline is injected to minimize leakage of ethanol into the
surrounding liver parenchyma.

Efficacy and Outcomes

Small series have compared PEI and PAI, but data are
insufficient in aggregate to suggest a significant difference
in terms of outcomes.® ? Recurrence is common due to
insufficient control of the spread of the agent, inhomoge-
neous distribution in larger tumors, and difficulty attaining
adequate treatment margins. While chemical ablation with
ethanol and acetic acid has demonstrated efficacy for treat-
ing small HCC, the introduction of thermal ablation has

largely replaced this technique based on improved out-
comes and fewer limitations, particularly for tumors
>2 ¢m.® PEI remains a useful technique in select cases,
or for targeting a portion of tumor adjacent to critical
structures at risk for thermal injury.

Radiofrequency Ablation

Technical Considerations

Radiofrequency ablation is a hyperthermal ablative tech-
nique that causes coagulative necrosis and cell death.
Current is passed through a circuit including a generator,
a monopolar electrode needle and large dispersive
grounding pads typically located on the patient’s thighs
or back. The tissue to be ablated functionally acts as
a resistor to complete the circuit. Bipolar systems also
exist which do not require grounding pads, and allows
operators to treat patients with pacemakers more safely.
The applied current agitates ions around the tip of the
electrode due to high local current density, causing local
frictional heating that is then conducted deeper into the
surrounding tissue. Irreversible heat-related cell injury
and death can happen at temperatures >46 degrees
depending on the duration of heat application, with
shorter  application times required for higher
temperatures.'” While there is likely extensive tissue
variability with respect to thresholds for cell death, gen-
eral clinical consensus for the liver suggests immediate
cell death at temperatures between 60 and 100 degree
Celsius, and cell death within 5-6 minutes of heat appli-
cation above 50 degree Celsius.'" Ablation zones with
RFA are significantly impacted by increased tissue impe-
dance, which occurs with tissue desiccation and vaporiza-
tion at higher temperatures. Different ablation systems
and operator experience can address these issues to
achieve an effective ablation.

Ablation zone shape is also increasingly controllable
by operators. The majority of research into ablation zone
shape has been done with RFA. Multi-tined electrodes
allow the operator to control the size of the ablation zone
by adjusting the surface area generating heat.'?
Additionally, directional electrodes are being developed
that either allow the operator to change the shape of the
multi-tine array, or allow the operator to selectively heat
only one side a single electrode.'® Switching monopolar
RFA (SW-RFA) uses a 2—6 electrode array and alternating
activation of the electrodes to produce a larger ablation

zone than single electrode RFA. A recent study by Lin
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et al comparing SW-RFA to single electrode RFA demon-
strated similar long-term outcomes for HCC <3.5 cm, but
superior outcomes with SW-RFA for HCC measuring
>3.5 cm.'* All of these advances may allow for safer and
more effective treatment of tumors that are larger, near the
hilum, or near large vessels.

Efficacy and Outcomes

RFA has been more extensively studied than other ablation
modalities. Short- and medium-term survival after RFA of
HCC is generally high, especially in patients with solitary
or small tumors. For very early-stage HCC (BCLC 0),
cohort studies and meta-analyses have observed outcomes
for RFA rivaling resection, with >70% 5 year survival
rates and putatively with lower cost.>'> Doyle et al
reported 1, 3, and 5 year survival for tumors <2 cm as
98.2%, 86.2%, and 79%; and 2-3 cm tumors as 93.3%,
77.6%, and 70.9%.'® N’Kontchou et al evaluated out-
comes after RFA for patients with single tumors up to
5 cm or three tumors up to 3 cm, reporting a 40% 5 year
survival, a 17% recurrence free survival, and a 32% tumor-
free survival.'” However, in a subgroup analysis of
patients meeting BCLC criteria for resection, the 5 year
overall survival was significantly higher at 76%, highlight-
ing the importance of tumor size on outcomes.

Safety and Complications

With appropriately selected patients, RFA is a safe and
well-tolerated procedure. Major complication rates are
low, between 2% and 10% with procedure-related mortal-
ity rates <1%.'®'® In a study of 664 patients undergoing
1000 ablations for HCC with RFA, Tateishi et al reported
a major complication rate of 4%, most of which were
related to hemorrhage and hepatic abscess formation in
the short term and track seeding in the longer term.?’
Other major complications of RFA include perforated vis-
cus, hepatic infarction, liver failure, biliary injury and
pneumothorax. Skin burns have become quite rare due to
efforts including limitation of applied power, maximizing
dispersive surface area using multiple grounding pads and
ensuring an equal distance from the pads to the
electrodes."”

Challenges

RFA does have limitations that must be considered for
effective use. Current technology and safety constraints
around power input somewhat limit ablation volumes for
treating larger tumors, and outcomes are consistently best

for tumors <3cm.? Furthermore, RF energy is susceptible
to heat sink effects from adjacent vessels that can prevent
lethal temperatures at tumor margins. Finally, caution must
be taken around central tumors within 1 cm of major
biliary ducts near the hilum to avoid biliary injury and

subsequent biliary strictures.'”

Microwave Ablation

Technical Considerations

Compared to RFA, MWA uses higher energy electromag-
netic waves and frequencies to heat tissue and kill tumor
cells. Each microwave ablation device functions as an
antenna transmitting oscillating microwave energy to
polar water molecules resulting in tissue heating.”’
Microwave energy is distinct from RF in that it can pro-
pagate through a variety of tissues, including high-
impedance, desiccated and charred substances. Existing
medical devices generate microwaves between 915 MHz
and 2.45 GHz, corresponding to microwave tissue pene-
tration between 2 and 4 cm.?' Unlike radiofrequency tech-
niques, microwave energy allows for active heating
throughout the ablation zone, relying less on passive tissue
conductance to transmit thermal energy. This property
allows for faster treatments with MWA of a larger volume
of tissue compared to RFA. As a result of this active
heating, microwave ablation is also less susceptible to
heat sink effects from nearby vasculature.*?

Efficacy and Outcomes

MWA is a newer modality compared to RFA, with fewer
that
Progression-free survival is reported to be between 27%

studies have evaluated long-term outcomes.
and 91.7% at 3 years.” In a recent meta-analysis by Cui
et al comparing MWA to RFA, no significant difference
was observed in overall survival or progression-free survi-
val at 3 years.”*

Based on the principles of heat-induced cell death
utilized in MWA and RFA, both systems should perform
similarly, with the potential added benefits of reduced
treatment times and larger ablation zones with MWA. As
a result, MWA has rapidly gained popularity as a dominant

ablation modality for HCC.

Safety and Complications

Microwave ablation has similar complications to RFA
including hemorrhage, pneumothorax, bowel perforation,
and biliary injury. A multicenter trial in Italy reported
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a complication rate of 2.9% in 736 patients, with the most
common major complications being symptomatic pleural
effusion requiring drainage (N=3), intraperitoneal hemor-
rhage requiring transfusion (N=3), and bowel perforation
requiring repair (N=2).'"® The elliptical-shaped ablation
zone and tissue dessication may result in non-target tissue
injury. Furthermore, heterogeneities in system designs and
implementation may result in more inconsistent ablation
zones compared to the fairly reproducible ablations
achieved with RFA.*?

Cryoablation

Technical Considerations

Modern cryoablation systems create ice via adiabatic cool-
ing of gas by the Joule-Thomson effect. Argon gas rapidly
cools as it expands, generating below-freezing tempera-
tures in a small expansion chamber at the probe tip, creat-
ing a lethal ablation zone of ice between —20 and —40
degree Celsius via passive tissue conductance. Because the
dispersion of low temperatures into tissue is passive, there
is a direct relationship between the surface area of the
probe and the cooling potential of the device.”? Hence,
larger ablation zones require larger diameter probes.
Modern designs have engineered smaller probes suitable
for percutaneous insertion.

The 0 degree Celsius isotherm can be monitored by
CT, MR or US due to the relatively different tissue fea-
tures of ice compared to water. Most cryoablation algo-
rithms require sequential freeze-thaw cycles. Thawing can
be passive or active by expansion of helium gas, which
conversely warms via the Joule-Thomson effect. Cell
death is achieved in a multifactorial process including
mechanical disruption of cells, osmotic disruption of cel-
lular homeostasis, and by microvascular thrombosis.*’
There is some evidence that cell death with cryoablation
is associated with greater inflammatory and more durable
antitumor antigenic responses, raising interest in possible
synergy of this technology with immunotherapy.*®

Efficacy and Outcomes

While cryoablation is less commonly used to treat HCC
than RFA or MWA, several studies have demonstrated its
safety and efficacy. Rong et al evaluated 1197 HCC tumors
within Milan criteria (mean diameter 2.9 + 0.9 cm) treated
with cryoablation reporting a 24.2% local recurrence at 5
years, and a 59.5% overall survival at 5 years.”” Of the
patients who achieved from

complete  response

cryoablation, 60.3% developed recurrence (local, distant
intrahepatic, or extrahepatic). In a randomized multicenter
prospective trial, Wang et al compared outcomes of RFA
compared to cryoablation (180 patients in each arm) for
patients with one or two HCC lesions <4cm. Despite
cryoablation demonstrating lower recurrence rates, parti-
cularly for larger tumors >3cm, no significant differences
were noted in overall survival or tumor-free survival at 1,
3, or 5 years.’

Safety and Complications

Complications are similar to those associated with RFA or
MWA and include hemorrhage, pneumothorax, and infec-
tion. Major complication rates are similar between RFA
and cryoablation.>*® One notable complication associated
with liver cryoablation is a complex systemic inflamma-
tory response, termed “cryoshock,” which can include
multisystem organ failure, hemodynamic compromise,
thrombocytopenia and disseminated intravascular coagula-
tion. This is hypothesized to represent a cytokine response
akin to that seen with sepsis and is in part related to the
volume of liver subjected to cryotherapy.>**® For this
reason, cryoablation of the liver has not been as widely
adopted as RFA or microwave ablation; however, careful
patient selection and limitation of ablation volumes have

been reported with favorable safety profiles.*'**

Irreversible Electroporation

Technical Considerations

Irreversible electroporation (IRE) is a non-thermal ablation
technique used in locations where thermal ablation may be
high risk. Through pulsations of high-energy electrical
currents, IRE disrupts the cellular lipid bilayer, induces
apoptosis, and causes cell death. However, the structural
integrity of surrounding extracellular matrices is
preserved.

IRE is advantageous over thermal ablative techniques
for tumors within 1 cm of the major bile ducts, bowel and
gallbladder, and large vessels. Because the current com-
mercially available system (NanoKnife, AngioDynamics)
only supports up to 6 monopolar probes, placed less than
2 cm apart, ablations are limited to tumors <5 cm. History
of ventricular arrhythmia is a relative contraindication as
the strong currents delivered during IRE ablation can
trigger hemodynamically significant ventricular arrhyth-
mias. IRE can be used for hilar or dome lesions, near

adrenal glands, and near metallic stents as long as the
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metal is outside the ablation zone.**** General anesthesia
with full muscle relaxation is required because the pulses
will trigger surrounding skeletal muscle contractions.

While IRE overcomes the limitation of ablation adja-
cent to thermally sensitive structures, it can be technically
more challenging. IRE requires a minimum of 2 mono-
polar probes to deliver electrical pulses, and requires
approximately 3—5 probes for a 3—4 cm lesion. Because
the probes function as capacitors across which an electrical
current is applied, they must be parallel (max of 10
degrees in difference) and placed between 1.2 and
2.0 cm apart for maximum efficacy. These factors become
particularly challenging when the operator must negotiate
around the ribs. In such scenarios, ultrasound-guidance or
navigational platforms can assist with more complex nee-
dle trajectory placements.

Efficacy and Outcomes
Both prospective and retrospective trials reporting HCC-
specific data have demonstrated encouraging short-term
outcomes. Short-interval follow-up of patients with HCC
after IRE ablation have reported a 67-100% complete
response rate.>> >° Other studies have reported local pro-
gression-free survival (LPFS) rates of 71-97% at 6
months, and 70-83% at 12-months.¢4042

Small tumor size is correlated with improved survival
outcome.*® In a total of 23 patients with mean HCC size of
2.0 cm (range 1.0-5.0 cm), Freeman et al reported a 12-
month LRFS of 83.6% for all-comers, and 100% for HCC
< 2.0 cm. In addition, the median overall LPFS for tumors
<2 c¢cm was 106.5 months compared to 34.5 months for all
study patients.*°

Only a few studies have observationally compared IRE
to thermal ablation. Verloh et al reported a single-
institution experience treating 47 HCC with IRE and 117
HCC with MWA or RFA. Although their primary focus
was not on response rate, the 6-week complete response
rate was 84% in the MWA and RFA group compared to
67% in the IRE group.’” Bhutiani et al compared IRE and
MWA ablation in 55 Child-Pugh B patients and reported
no significant difference in complete response rate at 180-
days (97% for 30 patients treated with IRE, 100% for 25
patients treated with MWA).*? Of note, the data described
above are confounded by differences in cancer stage,
Child-Pugh scores, and additional tumor directed therapy
such as chemoembolization. A prospective randomized
control trial would be needed to better evaluate the effi-
cacy of IRE in HCC.

Safety and Complications

IRE of liver masses carries a similar rate of complication
(0-27.5%) compared to thermal ablation.*> Complications
include intrahepatic abscess, hematoma/bleeding, portal
vein thrombosis, arrhythmias, cholestasis, and lung injury
(pleural effusion, pneumothorax, hemothorax). Verloh et al
reported no differences in complication between IRE
(n=47) and MWA/RFA (n=117) in HCC.** In IRE, some
complications are directly related to needing more probes
and more complex trajectories. When IRE was first used,
there were reports of cardiac arrhythmia.** Recent device
improvements with cardiac synchronization are included
in all new models of NanoKnife (AngioDynamics), and
reports of arrhythmia remain few.

Safe use of IRE for hepatic tumors encasing, abutting
or within 1.0 cm of a vessel has been validated in numer-
ous pre-clinical and clinical trials. Narayanan et al
reported only 4.4% vascular changes in 158 vessels (aver-
age distance from vessel 2.3 £ 2.5 mm) evaluated in 129
lesions, 100 of which were hepatic masses.*> Similarly,
mid-term outcomes report from Distelmaier et al reported
no occlusion or narrowing after treating 43 tumors adja-
cent to major hepatic or portal veins.*® More recently,
Shibuya et al evaluated small hepatic and portal veins.
While they reported 37% portal and 27% hepatic vein
occlusion, most involved veins <4mm, and were not clini-
cally significant. No hepatic vein >4 mm occluded, includ-
ing 14 within the treatment zone.

Combination Therapies
TACE and Ablation

Early-stage HCC is primarily treated with definitive thera-
pies such as transplantation, resection, or ablation in
patients with preserved liver function.*” As patient out-
comes improved with these treatments, interest developed
for combining transarterial chemoembolization (TACE)
with ablation for unresectable candidates, particularly for
larger tumors.*®>' The combination of TACE and ablation
is not only additive, but also complementary and poten-
tially synergistic. Conceptually, ablation treats the tumor
from the inside-out. In contrast, TACE treats the tumor
from outside-in based on perfusion, with potential for
treating tumor cells and satellite lesions in the vascular
distribution of the main tumor mass. Arterial embolization
with TACE reduces the
a relatively vascularized tumor, thus theoretically increas-

intrinsic heat sink within

ing ablation efficiency and ablation zone size."’
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Furthermore, heat from ablation may potentiate che-
motherapeutic toxicity to cancer cells.

Comparative series examining the relative efficacy of
TACE to combination therapy with TACE and ablation
have consistently shown improved tumor and overall sur-
vival outcomes with combination therapy relative to TACE
alone.”'>*Comparison of TACE and ablation to ablation
alone in both retrospective and single-center prospective
studies has also consistently demonstrated a signal favor-
ing combination therapy with respect to progression-free
survival (PFS) and overall survival (OS), particularly with
tumors greater than 3cm in size.** ' There is less clarity
with the benefits of combination therapy with smaller
tumors; however, the experience has shown that combina-
tion therapy is very well tolerated, especially in those with
baseline preserved liver function, with little concern for
additional toxicity.> Furthermore, when TACE is per-
formed in a highly selective fashion, the toxicity of com-
bination therapy becomes theoretically even lower.

Ablation and Immunotherapy
After the introduction of sorafenib as essentially the first
systemically delivered agent with efficacy against HCC,
there has been interest in seeing whether locoregional
therapies could be leveraged with systemically delivered
agents to maximize response rates and outcomes.>* Early
trials assessed the performance of combining sorafenib
with locoregional therapies for early and intermediate
stage HCC, unfortunately with no clearly defined benefits.
The STORM trial showed no benefit for adjuvant sorafe-
nib after resection or ablation, and the SPACE trial showed
that sorafenib combined with TACE did not improve out-
comes over sorafenib alone in unresectable intermediate
stage HCC.?>*° Despite these negative early trials, there
remained appeal for combined locoregional and systemic
therapies to better control the known high recurrence rates
for HCC. The advent of immunotherapies with checkpoint
inhibitor blockade, including programmed cell death pro-
tein-1 (PD-1), its cognate ligand (PD-L1), and cytotoxic
T-lymphocyte-associated antigen 4 (CTLA-4), when com-
bined with multi-kinase inhibitors, has recently shown
improved efficacy for advanced HCC over sorafenib.’®
Based on these favorable results, attempts at synergiz-
ing locoregional therapy with immunotherapy has rapidly
proliferated the clinical trial landscape for HCC, pushing
this well.>7%

Locoregional therapies have the capability of generating

combination in earlier stages as

tumor antigens that can work with immune-checkpoint

inhibition to enhance an anti-tumor immune response.®'
Phase III clinical trials are currently underway examining
whether combination ablation and systemic/immunother-
apy can improve recurrence rates and overall survival in

early-stage HCC.>">?

Where are We Heading?
AR Guidance Systems

Effective percutaneous ablation is dependent in good part
on operator skill and experience. Inadequate targeting of
the tumor can result in incomplete ablation and higher
rates of marginal recurrence. Accurate device positioning
is essential to achieve adequate tumor coverage and
therapy.®>®® Navigation systems (as shown in Figure 1)
allow the ability to position ablation devices with high
accuracy and treat hard-to-reach lesions, such as those at
the dome.®*®> Emerging and existing fusion navigation
software can provide feedback on tumor location and
adjacent anatomical structures that may be difficult to
discern during US-guided, CT-guided, or even cone-
beam CT navigation using a fluoroscopic C-arm.**’
Although tumor and ablation zones are 3D datasets, nee-
dle navigation systems as well as ablation planning soft-
ware are limited to viewing these datasets on 2D monitor
screens. However, 3D planning has been shown to be
superior to 2D planning.”® Emerging technologies includ-
ing virtual reality (VR) and augmented reality (AR) allow
the capability to stereoscopically view 3D datasets in
actual three dimensions. These technologies can be used
to display trajectories more intuitively in actual 3D space,
resulting in improved spatial understanding as well as
procedure execution and safety.”"”> However, accurate
registration of these trajectories within patients will be
essential for 3D-assisted virtual and holographic gui-
dance. Promising results with AR-assisted guidance
include decreased procedure time, reduced radiation

and enhanced performance of inexperienced
73-75

dose,
operators.

Ablation Zone Prediction

Even when the ablation device has been successfully navi-
gated to the tumor, an inadequate ablation zone can result
in incomplete coverage of the tumor. The ablation zone
can only be visualized in real time with cryoablation, and
even then the visible iceball does not exactly correspond to
the ablation zone. Understanding and predicting the
expected ablation zone for a single device is complex
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Figure | Microwave ablation of HCC following transarterial chemoembolization (TACE). Augmented reality was used to overlay the post-TACE 3D CT volume within the
patient to verify ultrasound location prior to ablation. Red arrow denotes location of <2cm tumor in segment 3 stained with lipiodol. Procedural ultrasound images confirm

adequate positioning with the antenna traversing through the center of the tumor.

X (mm)

Figure 2 (A) Example case of antenna orientations and predicted Neuwave PR antenna ablation volumes at 65 W for 10 min. Axes represent pixel locations in isotropic
volume. Tips are separated by distance of 15.7 mm with 8.30 degrees acute angle between the antennas. Total calculated ablation volume is 34,512 mm3. Maximum predicted
ablation volume for 2 antennas with 0% overlap is 44,296 mm3. As a result, total volumetric overlap of antennas in configuration above is 44.2%. (B) Theoretical modeled
ablation zones overlaid on intraprocedural CT scan. Of note, overlapping ablations were predicted to be additive than synergistic.

and involves interactions among the settings chosen by the
operator, tissue density, tissue hydration, and local heat
sinks. Additionally,
require precise spacing to achieve tumor bracketing and

multi-device treatment strategies

overlap for synergistic ablation effects that are even more
complex to model. There is a growing body of literature

examining in vivo ablation zone dimensions to better pre-
dict the expected treatment volume.”® Ablation planning
software (as shown in Figure 2) has become more widely
available and can be used to verify optimal trajectories and
appropriate tumor coverage to improve technical success
and outcomes.”” Additional research efforts are focusing
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on more accurately modeling and simulating ablation
zones and post-ablation volumetric assessment to improve

0utcomes.78’79

Direct Intra-Tumoral Injection

The capabilities of anatomically selective tumor delivery,
either via transarterial access or direct tumor injection,
have led to novel therapeutic agents for direct tumor deliv-
ery. These agents include a variety of potential immunomo-
dulating agents and nanoparticle therapeutics.**®' Direct
tumor injection or infusion of immunomodulating agents,
such as activated dendritic cells, has been explored as
a putative mechanism to augment an anti-tumor immune
response in the early clinical setting.**®' These studies
have shown promise for an increased anti-tumor specific
immune response, but with mixed clinical outcomes.***'
Further pre-clinical and clinical studies will undoubtedly
increase as excitement for immunomodulation in HCC
continues.

Nanotherapeutics act by diffusing through the peri-
vascular tumor spaces, primarily in a passive fashion
termed enhanced permeability and retention (EPR).**%?
Additional targeting moieties have been explored to
EPR-based

accumulation.®** ™ Nanoplatforms can be used for

enhance the tumor  selectivity and
tumor detection and targeting, selectivity, drug delivery,
and for additional therapeutic features such as photother-
apy, reactive oxygen species (ROS) generation, magnetic
hyperthermia and photoacoustic therapy.®>*%° Several
of these features rely on nanoparticle excitation using
laser light. While promising, this technology is largely in
the pre-clinical setting, with clinical translation requiring
likely significant additional research in better under-
standing the biodistribution and safety profile of these
agents before they can be used in a clinically meaningful
way. Nevertheless, there is precedence for combination
nanotherapeutics with locoregional therapy, as demon-
strated in the HEAT trial using thermosensitive liposo-
mal doxorubicin in combination with ablation for
multimodal therapy of HCC.*® While this study did not
meet its primary endpoint, there was signal suggesting
improved outcomes in patients who sustained prolonged
(>45 minutes) tumor heating with RFA.*® The next dec-
ade will likely see a rapid burst of research more deeply

exploring the potentials of this therapeutic approach.

Other Ablative Modalities

Several additional ablative modalities for HCC are being
investigated but have not found widespread clinical use.
High intensity focused ultrasound (HIFU) uses ultra-
sound waves from 0.8 to 3.5 megahertz that converge
at a set focal point to heat tissue and induce coagulative
necrosis.®’” Early studies have shown promise in treating
small (<3 cm) HCC tumors and combining TACE with
HIFU for HCC 8889
include skin burns and damage to internal organs due

larger tumors. Complications
to misregistration of the focal zone or due to patient
breathing.

An analogous modality is histotripsy. Like HIFU, his-
totripsy uses ultrasound waves, but instead of heating
tissue, the system uses high intensity high-frequency ultra-
sound waves to mechanically damage the target tissue.””
While still investigational, this technology shows promise
both as a direct means of killing tumor tissue, and also as
a means of facilitating delivery of novel therapeutics.”'

Percutaneous laser ablation (LA) is a thermal ablation
technique that uses a neodymium:yttrium-aluminum-
garnet (Nd:YAG) laser and optical fibers to cause coagu-
lative necrosis. This technique has been shown to be
effective at treating HCC, and uses less energy to treat
a given tumor volume than RFA or MWA.**® With recent
advances in laser mediated nanoparticle delivery, the next

few years may demonstrate a renewed interest in LA.%*

Conclusion

Percutaneous ablative techniques are a mainstay of early-
stage, unresectable HCC treatment, and in some cases
provide potentially definitive treatment for tumors less
than 3 cm in size. Improving percutaneous ablation is an
active area of research, including technical refinements,
evolution of new technologies, and better determination
of treatment end points. Improved guidance systems using
augmented reality show promise in allowing for faster and
more accurate targeting of tumors. Predicting the final
ablation zone remains challenging, but advances in com-
puter modeling are allowing for more accurate pre-
procedure estimation of the treatment zone. Future clinical
trials will hopefully show promise for newer techniques
and for leveraging combinatorial therapies. This growing
armamentarium will hopefully allow ongoing adaptive
tailored treatment for a challenging malignancy.
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