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Abstract

Tumor ablation is a minimally invasive technique that is commonly used in the treatment of
tumors of the liver, kidney, bone, and lung. During tumor ablation, thermal energy is used to heat
or cool tissue to cytotoxic levels (less than —40°C or more than 60°C). An additional technique is
being developed that targets the permeability of the cell membrane and is ostensibly nonthermal.
Within the classification of tumor ablation, there are several modalities used worldwide:
radiofrequency, microwave, laser, high-intensity focused ultrasound, cryoablation, and irreversible
electroporation. Each technique, although similar in purpose, has specific and optimal indications.
This review serves to discuss general principles and technique, reviews each modality, and
discusses modality selection.
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Introduction

Tumor ablation is a minimally invasive technique that is commonly used in the treatment of
tumors of the liver, kidney, bone, and lung. It is an important option for people who have
failed chemotherapy or radiotherapy or are not surgical candidates. Ablation is also being
considered a potential first-line treatment in many patients with small hepatocellular
carcinomas or benign tumors in the liver.

Most ablation systems comprise a generator and a needlelike device that delivers the energy
directly to the targeted tissue to cause acute cellular necrosis. Radio-frequency (RF),
microwave (MW), laser, and high-intensity focused ultrasound (HIFU) systems apply
energy to heat the tissue to at least 60 C for maximum efficacy.! Cryoablation systems cool
the tissue to less than —40°C to cause tissue necrosis. Irreversible electroporation (IRE) is an
ostensibly nonthermal technique. Targeted tissues can be accessed percutaneously,
laparoscopically, through a celiotomy incision, or endoscopically. A notable exception is
HIFU, which can be completed with a specialized ultrasound probe extracorporeally. Thus,
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tumor ablation is largely a minimally invasive technique but can also be useful as an
adjuvant to surgery.

Each technique, although similar in purpose, has specific and optimal indications. This
review serves to discuss general ablation principles, commonly encountered ablation
modalities, tissue-ablation interactions, modality selection, and general ablation techniques.

General Ablation Principles

As previously stated, thermal ablation is completed by heating or cooling the targeted tissue
to cytotoxic levels. Generally, cytotoxic temperature less than —40°C or more than 60°C
cause complete necrosis in most tissues, although temperature sensitivity can vary based on
cell type.X Tumor cells are generally more sensitive to heating than normal cells owing to
variations in sensitivity to tissue hypoxia and pH.1=3 Temperatures slightly more than —40°C
or less than 60°C can also cause tissue destruction, but longer treatment times are required.

Hyperthermic ablation aims to cause acute coagulative necrosis within the targeted tissue. At
temperatures up to 41°C, blood vessels dilate, blood flow increases, and the heat shock
response is initiated.? The heat shock response is a process of rapid gene expression that
aims to combat the thermally induced damage. This includes the production of heat shock
proteins, which may confer increased thermal resistance in tissues that survive initial
thermal damage.* From 42°C-46°C, irreversible damage occurs, and after 10 minutes,
significant necrosis occurs. From 46°C-52°C, the time to cell death decreases owing to a
combination of microvascular thrombosis, ischemia, and hypoxia. At high enough
temperatures (>60°C), proteins denature and the plasma membrane melts so that cell death is
nearly instantaneous.

Hypothermic ablations destroy cells with temperatures less than —40°C through ice crystal
formation and osmotic shock. As tissue is cooled, cellular metabolism breaks down. As the
temperature further decreases, ice begins to form outside of the cell leading to a
hyperosmotic extracellular space, which causes outflow of intracellular fluid and cell
dehydration. Upon thawing, there is a reversal of the osmotic gradient, which causes influx
of extracellular fluid into the cell leading to cell swelling and membrane rupture.® If there is
rapid cooling, ice crystals can form within the cell and, owing to negative thermal
expansion, expand the cell, causing irreversible cell membrane damage. During
cryoablation, the cells closest to the cryoprobe experience rapid cooling and intracellular ice
crystal formation, whereas the more peripheral cells cool slower and are susceptible to cell
death from osmotic shock, as previously described.

IRE is an ostensibly nonthermal technique. Its main mechanism of action uses a strong
electrical current to form permanent nanopores within the cell membrane. These small
nanopores then induce cell apoptosis, programmed cell death.® Short pulses of electric
current are administered to the target tissue at brief intervals, which has been reported to
eliminate tissue heating and any thermally induced effects.®:”
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Ablation Modalities

RF

MW

RF ablations create a simple electrical circuit through the body, using an oscillating
electrical current to produce resistive heating within the tissues surrounding an interstitial
electrode. Because tissues are poor conductors of electricity, current flowing through tissues
leads to ionic agitation and production of frictional heat. Therefore, the areas closest to the
electrode experience the highest current and thus, a greater rise in temperature. Tissues
farther away from the electrode are heated primarily by thermal conduction.8 The circuit is
completed by a dispersive electrode typically placed on the skin of the patient in a
monopolar system or by a second interstitial electrode in the case of bipolar RF ablation.

Most currently available RF systems operate with monopolar electrodes. Monopolar
electrodes come in 3 general varieties: straight needlelike, multitined, or multitined
expandable. Expandable multitined and non-deployable multitined electrodes increase the
electrode-tissue contact surface area and disperse the current over a greater volume, which
can also increase the ablation zone size. Bipolar systems employ 2 interstitial electrodes
between which current oscillates. The 2 electrodes are either within the same applicator or
on separate applicators. Current flow is restricted between the 2 electrodes which limits
cooling from heat sinks and increases heating in tissues between the electrodes.

Although RF ablation has been shown to be clinically effective against small tumors (<2
cm), it is hampered by difficulties in heating physics.®10 As tissues become dehydrated and
charred, or water vapor is generated near 100°C, the electrical impedance of the tissue
increases rapidly, effectively limiting the flow of electrical current. That is, RF ablation
tends to be a self-limiting process. Cooling the electrode with circulating water can decrease
temperatures at the electrode-tissue interface, reducing the amount of charring and
improving current flow over time.11

In addition, the RF generator output is generally controlled to counteract charring.
Impedance-controlled systems either initialize power to relatively low level (20-50 W) and
increase until a maximum impedance is achieved or initialize the power to a high level and
suspend power output temporarily when the impedance rapidly increases. This power
pulsing algorithm allows the tissue to cool and rehydrate as needed, which decreases the
average impedance of the tissue and allows greater energy deposition. Power pulsing can
also be sequentially performed with multiple electrodes to create multiple independent
ablations or one large ablation, increasing procedural efficiency.12-13 Temperature-
controlled systems aim to achieve a preset target temperature at the tip(s) of the electrode(s).
Power is gradually increased until the target temperature is obtained. Power is then
modulated to maintain the target temperature for the duration the ablation, typically 10-45
minutes.

MW ablation uses dielectric hysteresis to produce heat in tissue. When electromagnetic
energy (MW range: 300 MHz-300 GHz) is applied to a tissue, polar molecules such as
water continuously attempt to align with the oscillating electromagnetic field. The inability
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of such molecules to keep up with the rapidly oscillating field leads to energy absorption and
tissue heating. Thus, tissues that have high water content (eg, liver and kidney) are heated
most readily during MW ablation. Unlike RF ablation, MW energy is not an electrical
current but rather a propagating electromagnetic field. This makes MW ablation useful in
tissues with poor electrical conductance, such bone, lung, and ablated tissue. Additionally,
because MW fields can overlap in tissue, multiple applicators can be used simultaneously to
create larger ablations (Fig. 1).

Most ablation antennas use a straight needlelike design and operate at a frequency of either
915 MHz or 2.45 GHz. Although some studies have concluded that one frequency is
preferable to another, some of those studies have been flawed in design and data analysis;
specifically, some conclusions are based on unequal power deposition into the tissue. A
survey of the literature and more controlled studies reveal that both 915 MHz and 2.45 GHz
systems are capable of creating large, clinically useful ablation zones, but that not all
systems are equal.}4-21 In addition, there is also evidence that tissue contraction may cause
underestimation of the extent of tissue damage, especially with MW systems.22

As with other thermal ablation techniques, MW heating is susceptible to heat sink from
adjacent vessels. However, because MW energy heats tissues so effectively, it is not as
susceptible as other thermal techniques. Especially for new users, the increased power
offered by MW energy should be used with a measure of caution, as unintended
consequences such as skin burn have been reported.23 Thus, the antenna shaft must be
cooled to prevent tissue damage from the skin entry site to the target ablation zone. Two
shaft-cooling options are available on today’s MW devices: (1) water cooling, as also seen
with some RF devices and (2) gas cooling with CO5.24 MW ablations should also be
monitored diligently as they progress to avoid ablating adjacent structures, as the ablation
zone can grow quickly.

A growing body of literature describing the efficacy and safety of MW ablation in ex vivo
and in vivo studies, with an increasing number of clinical studies, has developed.2>-28
However, long-term data are still lacking, especially with the newer higher power systems.
As with any new technique or device, the lack of experience may negatively affect initially
the short-term results until the operator becomes proficient with the new device. Study
design, power-delivery settings, experimental model, and data analysis techniques should
also be interpreted carefully when evaluating a MW ablation system for clinical use.

Interstitial laser ablation is an additional hyperthermic ablation technique. The devices and
systems used for laser tumor ablation are similar to those used for other clinical laser
treatments. Light generated by neodymium:yttrium aluminum garnet lasers (wavelength of
1064 nm) are applied to the target tissue using a fiberoptic applicator. External cooling may
be used if the applied power is sufficient to cause applicator heating. Applicators with a
scattering or diffusing tip are often used to increase the volume of ablation. The light energy
is then scattered and absorbed by the tissue and converted into heat.2?-30 As the scattering
transmission of light energy decreases in charred or desiccated tissue, laser ablation is
hampered by a similar self-limiting nature like RF ablation. Therefore, most systems employ
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arrays of applicators to increase the ablation zone size at the expense of increased
invasiveness, greater procedural complexity, and higher monetary cost.31:32 One advantage
to using laser fiber applicators is that most are magnetic resonance imaging compatible,
allowing for preprocedural planning and intraprocedural treatment monitoring using a
variety of temperature-sensitive techniques.29:30:33:34 Sych techniques are not widely
available and do increase procedural cost, however.

HIFU uses ultrasound waves to heat quickly tissue to cytotoxic levels. HIFU is like
conventional diagnostic ultrasound, only with increased intensity (720 mW/cm?2 compared
to 100-10,000 W/cm?2).35 This high-intensity energy is focused in the region of interest
leading to acoustic wave absorption causing rapid ablative heating of the target tissue.
Although the mechanism of cell damage in HIFU ablation is primarily thermal, HIFU can
also induce mechanical effects in the tissue. High-intensity acoustic pulses can either lead to
the formation of cavitations or induce the cavitations to expand and contract. Cavitations
that grow rapidly and then collapse release shock waves into the surrounding tissues causing
mechanical cell injury.1.36

Four types of HIFU devices have been developed: extracorporeal, transrectal, interstitial,
and percutaneous.37:38 Extracorporeal devices are used primarily for benign and more
superficial tumors not encumbered by bone or air in the ultrasound window such as uterine
fibroids.3940 Transrectal devices have been evaluated for prostate cancer treatment, whereas
interstitial devices are used for biliary and esophageal tumors.3® Percutaneous devices can
be used for deeper lesions, although these devices remain in early development stages and
are not widely available for clinical use. HIFU can also be used for targeted drug or gene
therapy using DNA or drug-containing microbubbles.!

Of all the ablation modalities considered here, HIFU is the only noninvasive option. The
cytotoxic heating and mechanical effects on the targeted tissues can be performed through
intact skin or mucosa. This makes HIFU a very attractive option for many cancers.
However, non-invasive treatment with HIFU does have several limitations. The lesions
treated most effectively by HIFU are mostly superficial owing to limitations in ultrasound
penetrance through many tissues. Additionally, the high-intensity ultrasound waves are
subject to scatter and reflection, which can lead to injury of tissues adjacent to the targeted
area, such as skin burns, damage to peripheral nerves, or bowel injury.4142 HIFU is also
limited in areas that are subject to respiration motion, owing to lack of precision, or have
overlying bone, because of sonic shadowing.#! Coagulation, desiccation, and vapor
formation are also detrimental to ultrasound energy propagation, so most HIFU treatments
need careful planning to ensure tumor coverage.*3

Cryoablation

Cryoablation destroys tumors by cooling them to cytotoxic temperatures. Most devices
today use the Joule-Thomson effect—a change in temperature in response to a change in gas
pressure—to create rapid cooling inside the cryoprobe. At the most distal end of the
cryoprobe, there is a small chamber into which gas passes from a narrower pathway
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proximally. This expansion of the gas at the distal tip of the probe can lead to temperatures
as low as —140°C when using argon.** Cryoablation is commonly used in the treatment of
renal cancers and metastatic osseous lesions.

One of the primary benefits of cryoablation is the high visibility of the ice ball on
ultrasound, computed tomography, and magnetic resonance imaging (Fig. 2). This allows
precise monitoring of treatment progress, and potentially improved precision in tissues near
sensitive or critical structures. However, the lethal isotherm actually lies inside of the
visualized ice ball. In a recent study by Georgiades et al, the lethal isotherm was placed at
1.15 £ 0.51 mm inside of the margin of visualized ice ball in swine renal tissue, but this may
be dependent on tissue type and blood flow conditions.#>46 Healing after cryoablation also
appears to be faster and more complete than after hyperthermic ablation. However,
cryoablation has been associated with potentially severe systemic reactions (cryoshock),
relatively small ablations compared with more contemporary technologies, and potentially
greater risk for bleeding complications due to the lack of coagulation during the cryoablation
procedure.#”49 For these reasons, cryoablation has found limited utility in treating
hepatocellular carcinomas owing to common comorbidities such as cirrhosis, poor liver
function, and clotting disorders. Cryoablation is more commonly used in the treatment of
renal masses, metastatic tumors in the liver, and bone lesions and is of increasing interest for
lung and breast tumors as well.

IRE is an ostensibly nonthermal ablation modality.>? IRE uses pulses of electrical current
(up to 3 kV/cm) transmitted through straight needlelike electrodes that last several
microseconds to milliseconds to cause irreversible damage to the cell membrane and
initiation of apoptosis. As IRE treatments consist of pulses that last several microseconds to
milliseconds, extreme precision must be used, as adjustments during treatments are
impossible. The ablation zones created by IRE have sharp well-defined ablative margins

between nonablated tissue and ablated tissue allowing precise control over the ablation
z0ne. 651,52

Unlike thermal ablation techniques, IRE is not susceptible to heat sink from nearby vessels;
the ablation zone can be precisely controlled and the treatment time is short, several minutes
or less. Additionally, the ablation zone resolves relatively rapidly as there is little scarring
and damage to the underlying tissue scaffolding, such as the adjacent vessels and bile
ducts.52 However, current IRE devices require the use of multiple applicators with precise
parallel alignment to create moderate ablation sizes (2 applicators to create a 2.5-cm ablation
zone).53 The increased number of applicators and precise positioning requirement negatively
affects the cost, complexity, and invasiveness of IRE procedures compared with other
ablation procedures. Intraprocedural imaging for IRE ablations is also quite different from
that of traditional thermal ablation with a delay of up to minutes before changes correlating
with the ablation zone are visible by ultrasound.>* IRE also can require general anesthesia
with paralytics, as the electrical currents can cause alterations in ion transport, which can
induce cardiac arrhythmias and provoke muscle contraction.5556 [nitial studies have shown
moderate efficacy of IRE in preclinical and small scale, well-controlled clinical trials.

Tech Vasc Interv Radiol. Author manuscript; available in PMC 2014 December 31.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Knavel and Brace

Page 7

However, confirmatory long-term, large sample clinical studies are still needed to confirm
the safety and effectiveness of IRE.54:57-59

Tissue-Ablation Interactions

Fundamental tissue properties such as electrical conductivity, thermal conductivity,
dielectric permittivity, and heat capacity as well as blood perfusion rate have substantial
effect on the growth of ablation zones. Electrical conductivity is an important factor in the
success of RF ablation and IRE. RF ablation relies on the flow of current through tissue to
cause adequate heating to cause cell death. IRE relies on similar changes in electric charge
around the cell to induce cell death. The production and flow of electrical current is
therefore most affected by tissue hydration status and ion content. Thus, tissues with high
water and ion contents (eg, liver) would more effectively transmit current, whereas those
with lower water and ion contents (eg, lung and fat) would have higher electrical impedance.
Additionally, as the ablation progresses, the tissue can become dehydrated and charred,
which can increase tissue impedance to electrical current flow. MW ablation is not similarly
limited by tissue conductance, as the propagation of MW energy is not dependent on
electrical current. Rather, MW propagation is described by the complex permittivity of the
tissue.80 Laser light penetration and ultrasound wave propagation is also limited by tissue
desiccation, charring, and carbonization.2%:3%.61 HIFU can also be affected by suboptimal
ultrasound wave transmission though low-density media such as fat and gas.

Tissue heating or cooling is affected by adjacent vasculature, as large blood vessels dissipate
thermal energy. Thus, thermal ablation size and cytotoxic effectiveness decreases with the
proximity and the size of adjacent vessels. Increased local recurrence rates of tumors
adjacent to large vessels (>3 mm) demonstrate the significant effect of thermal energy
sinks.52 MW ablations seem to be less susceptible to the effects of heat sink. Bhardwaj et al
evaluated MW, RF, and cryoablations histologically and found no perivascular hepatocyte
survival with MW ablation but did find perivascular hepatocyte survival within the ablated
volume for cryoablation and conspicuous perivascular hepatocyte survival within the RF
ablations.53 Yu et al examined MW ablations and found that the thermal injury from the
ablation extended to the vessel wall for all the ablations, but they did see distortion of the
perivascular margin in approximately one-third of the ablations. The extent of the heat sink
effect significantly correlated with the size of the vessel.54 Multiple studies have also
examined the effects of modulating hepatic perfusion and have found that the ablation size
increases with decreased blood flow.8:65:66 Developing methods to either decrease blood
flow or increase heating efficacy may be vital to optimizing perivascular ablation lethality.

Ablations within the lung are susceptible to unique energy-tissue interactions. Like other
tissues, lung ablations are affected by heat sinks from the surrounding pulmonary
vasculature. Additionally, air flow due to respiration provides a secondary heat sink. Aerated
lung tissue can also act as an insulator, limiting the conductance of thermal and electric
energy, and cause incomplete treatment of the tumor if not offset by procedural techniques
such as increasing ablation time or power or using multiple applicators.2”:67.68 MW ablation,
which does not rely on electrical current conductance through tissue, has produced ablations
25% larger in mean diameter compared with RF in the lung.2’

Tech Vasc Interv Radiol. Author manuscript; available in PMC 2014 December 31.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Knavel and Brace

Page 8

Ablation Modality Selection

Choosing the most appropriate modality is vital to the success of any ablation. The type of
tissue to be ablated and the size of the lesion are 2 important factors in this decision.
Generally, RF ablation is appropriate for the treatment of lesions of the liver and kidney that
are less than 2 cm in diameter. Treatment efficacy has been shown to decrease for larger
tumors in multiple series.1969-72 MW ablation may be applicable to a broader spectrum of
tissues, including lung, liver, kidney, and bone. Furthermore, newer generation MW systems
may be more effective for larger tumors, but longer-term clinical data are needed to evaluate
the role of tumor size on MW ablation efficacy. Cryoablation has historically been
contraindicated for use against primary tumors of the liver, especially in patients with severe
cirrhosis, but it has been used successfully against smaller (<2 cm) lesions of the lung, liver,
breast, prostate, and bone.49.73.74

IRE may theoretically be an interesting option for perivascular tumors owing to its
nonthermal technique.” The noninvasive, high-precision nature of HIFU is attractive in
stationary or superficial regions, such as the prostate or uterus, but so far has had limited
applicability in other organs. Finally, although the clinical data supporting RF, MW, laser,
and cryoablation are relatively robust for many indications, further clinical data are needed
to support the use of IRE and HIFU in human subjects.

Ablation Procedure Techniques

In additional to appropriate modality choice, certain techniques can be used to optimize
ablation results. The first is the use of multiple applicators to increase the ablation
size.3246.75,76 The simultaneous use of multiple applicators has been shown to result in
thermal synergy between the applicators, as the cumulative effect of the overlapping
ablations zones leads to increased temperatures.12 Additionally, tissue perfusion—mediated
effects are decreased as the adjacent tissues coagulate and become ischemic.12:77.78 Using
multiple applicators can also increase the ease of applicator placement, as the placement of
subsequent applicators can be adjusted based on the placement of the prior applicators to
ensure that the targeted tissue is encompassed within the ablation zone (Fig. 3).

If multiple applicators are to be used, the spacing between those applicators can be
optimized to avoid clefts within the ablation zone and to obtain the maximal ablation size. In
general, spacing between applicators should not exceed 2 cm to avoid incomplete ablation of
the intervening tissue. The geometry of the tumor to be treated is also an important factor to
take into account during the preablation planning. The size and shape of the tumor would
dictate the number of probes and the orientation of the probes needed to achieve an
appropriate ablative margin (0.5-1.0 cm).”2-81 Aplation zone patterns can vary in size and
shape (from oblong to spherical) depending on the device, applicator, and tissue interactions,
so a solid understanding of each device is necessary to optimize each treatment (Fig. 4).
Specifically, RF ablation electrodes have historically been placed less than 2.0 cm apart
when in a triangular array, and MW antennas have been placed up to 1.5 cm apart in a linear
array and 2.0 cm in a triangular array.”>82 Perhaps counterintuitively, placing MW antennas
in a linear array can still produce spherical ablations zones owing to the combination of
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electromagnetic and thermal effects (Fig. 5). Cryoprobes should be placed less than 2.0 cm
apart as distances of 2.0 cm allow for nonlethal cooling to occur at the center of the
ablations.#6:83 There is mounting evidence that smaller interantenna spacing may increase
ablation zone confluence without substantially affecting overall ablation zone size.84

Conclusion

Tumor ablation is an important technique in the treatment of a variety of tumors. Its
minimally invasive nature and technical success has increased its clinical relevance and has
made it an accepted oncologic treatment modality. In general, we recommend that both a
hypothermic and hyperthermic device be available to have widespread treatment abilities. A
user’s choice in system would be determined by the most common clinical indications that
need to be treated. If only small liver tumors are to be treated, RF or laser would likely be
sufficient. MW systems can adequately treat tumors that RF currently covers plus tumors in
tissue of high impedance (lung and bone), high perfusion (kidney), or larger tumors. IRE
offers a nonthermal alternative, whereas HIFU presents a noninvasive ablation option, but
with limited clinical data to support their use to date. For nearly every modality, some
degree of additional study is needed to verify treatment efficacy and provide appropriate
treatment guidelines for human subjects.
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Figure 1.
Microwave ablation for metastatic disease. Two gas-cooled microwave antennas were used.

(A) Preablation CT. (B) Ultrasound images during procedure: before, early, and final. (C)
Postablation CT images: day 0, 1 month, 6 months, and 12 months. CT, computed
tomography.
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Figure2.
Ultrasound images from a cryoablation of a renal cell carcinoma. (A) Preablation, (B) early

ablation, (C) midablation, and (D) final ablation.
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Figure 3.
Images from within the ablation suite. (A) Operator working together with ultrasound

technologist. (B) Insertion of 3 gas-cooled microwave antennas. Hydrodissection was
performed before ablation. (Color version of figure is available online.)
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Figure4.
Thermal ablation applicators. (A) Deployable RF electrode, (B) single water-cooled RF

electrode, (C) cryoprobe, and (D) gas-cooled microwave antenna. (Color version of figure is
available online.)
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Figureb5.
Microwave ablation with 2 antennas in a linear array. (A) Intraprocedural CT image; (B) CT

images from 6-month follow-up. CT, computed tomography.
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