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ablative margin.

m  Discuss the principles underlying the use of different
types of ablative modalities.

m Describe the rationale and current status of tumor
ablation combined with adjuvant therapies (eg, chemo-
therapy and radiation therapy).
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Image-guided tumor ablation with both thermal and non-
thermal sources has received substantial attention for the
treatment of many focal malignancies. Increasing interest
has been accompanied by continual advances in energy
delivery, application technique, and therapeutic combina-
tions with the intent to improve the efficacy and/or speci-
ficity of ablative therapies. This review outlines clinical
percutaneous tumor ablation technology, detailing the sci-
ence, devices, techniques, technical obstacles, current
trends, and future goals in percutaneous tumor ablation.
Methods such as chemical ablation, cryoablation, high-
temperature ablation (radiofrequency, microwave, laser,
and ultrasound), and irreversible electroporation will be
discussed. Advances in technique will also be covered, in-
cluding combination therapies, tissue property modula-
tion, and the role of computer modeling for treatment
optimization.
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mage-guided minimally invasive abla-

tive therapies delivered by using nee-

dlelike applicators include both ther-
mal (ie, radiofrequency [RF], microwave,
laser, and cryoablation) and nonthermal
(ie, chemical ablation and irreversible
electroporation) techniques. These ther-
apies have gained widespread attention
and, in many cases, broad clinical accep-
tance as methods for treating focal ma-
lignancies in a wide range of tumor types

® Minimally invasive tumor ablation
uses thermal- or chemical-based
technologies to induce cellular
death within the focal target
tumor, ideally including an addi-
tional 0.5-1.0-cm ablative margin
of normal-appearing parenchyma,
while limiting damage to large
amounts of normal tissue.

B Thermal ablation therapies, such
as radiofrequency, microwave,
and laser, use the energy-tissue
interaction generated around an
inserted applicator to adequately
heat the target cells to induce
irreversible injury (50°-54°C for
4-6 minutes is a commonly used
endpoint).

B [t is critical for radiologists to be
familiar with advances in ablative
technology, including the devel-
opment of varying designs in
electrodes and other applicators,
generators, and energy applica-
tion algorithms.

B Ablative technologies that are in
development have the potential
to improve upon current ther-
apies by improving treatment of
perivascular tumor tissue and
reducing heat-related injuries (ie,
irreversible electroporation) or
making ablative procedures even
less invasive (ie, high-intensity
focused ultrasound).

B Combining tumor ablation with
adjuvant therapies, such as
chemo- or radiation therapy, has
the potential to increase the size
of the ablation zone and improve
overall completeness of treatment.

and tissues, including primary and sec-
ondary malignancies of the liver, kidney,
lung, and bone (1-6). Limitations in the
success of focal therapies for treatment
of certain tumor types and sizes have
been reported, but researchers in several
studies (7-10) have reported success by
combining percutaneous therapies with
other oncologic treatment strategies, in-
cluding chemotherapy, radiation therapy,
and transcatheter arterial therapy.

Given the rising complexity of treat-
ment options and the expanding para-
digms in interventional oncology, a thor-
ough understanding of the basic principles
of commonly used therapies is a prereq-
uisite to being able to effectively provide
treatment to these patients and to accu-
rately interpret the many imaging stud-
ies that these patients undergo. Our ar-
ticle will highlight the various aspects
and therapies of interventional oncology.
We will provide a conceptual framework
for the broad basic principles and un-
derlying rationale that govern focal tu-
mor therapies and percutaneous onco-
logic intervention. We will discuss the
general principles of several commonly
used thermal and nonthermal therapies
in detail, including recent technologic
advances. Current and future directions
of research will also be reviewed, includ-
ing modulation of tumor environment to
enhance ablative therapies and the role
of combining percutaneous therapies
with other adjuvant therapies, such as
chemo- and radiation therapy, with a fo-
cus on the underlying mechanisms and
principles guiding the potential synergy
of combined treatments.

Goals of Minimally Invasive Tumor
Ablation

Minimally invasive tumor ablation ther-
apy for focal malignancies encompasses
several specific objectives. Most impor-
tantly, through the application of energy
or chemicals, the primary goal of most
ablation procedures is to eradicate all
viable malignant cells within a designated
target volume. On the basis of examina-
tions of tumor progression in patients
undergoing surgical resection and the
demonstration of viable malignant cells
beyond visible tumor boundaries, in most

cases (unless otherwise indicated), tu-
mor ablation therapies are intended to
include at least a 0.5-1.0-cm ablative
margin of seemingly normal tissue for
liver and lung, though less may be needed
for some tumors in the kidney (11,12).
While complete tumor eradication is of
primary importance, sparing normal
surrounding tissues and accuracy of
therapy are always required. As such,
one substantial advantage of percutane-
ous ablative therapies over conventional
surgical resection is the potential to re-
move or destroy only a minimal amount
of normal tissue. For example, in pri-
mary liver tumors, where functional
hepatic reserve is a primary predictive
factor for long-term patient survival
outcome, ablation therapies can mini-
mize iatrogenic damage to surrounding
cirrhotic parenchyma (13). This is also
useful when nephron-sparing treatments
are needed in patients with von Hippel-
Lindau syndrome, who are prone to the
development of multiple renal cell carci-
nomas (14), and in patients with pri-
mary lung malignancies in the setting
of extensive underlying emphysema and
limited lung function (15,16). Other clin-
ical circumstances in which high speci-
ficity and accuracy of targeting have
proved useful include providing symp-
tomatic relief for patients with symp-
tomatic osseous metastases or hormon-
ally active neuroendocrine tumors and
using percutaneous therapies to im-
prove focal interstitial drug delivery
(10,17,18). Percutaneous thermal ther-
apies are limited, however, by the quality
of imaging guidance and, in some cases,
by complex anatomy and difficult access.

Another important factor is that the
amount of tumor destruction is deter-
mined by the pattern of distribution
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IRE = irreversible electroporation
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Figure 1

Figure 1:  (a) For ethanol ablation, a 21-gauge
needle is used to inject ethanol into the tumor after
placement with ultrasonographic or computed to-
mographic (CT) guidance. (b) Gross pathologic
cross-section shows gross effects of ethanol instil-
lation in a primary hepatic tumor. (c) Pretreatment
contrast agent—enhanced axial CT image shows a
focal hepatocellular carcinoma (arrow) in the right
hepatic lobe, and (d) CT image obtained 3 months
after ethanol instillation shows focal tumor necrosis
with minimal peripheral enchancement (arrow).

within treated tissues. This means that,
for larger tumors (usually defined as
greater than 3 cm in diameter), a single
ablation treatment may not be sufficient
to entirely encompass the target vol-
ume. In these cases, multiple overlap-
ping ablations or simultaneous use of
multiple applicators may be required to
successfully treat the entire tumor and
ablative margin, though accurate target-
ing and applicator placement can often
be technically challenging (19).

Chemical Ablation

Intratumoral administration of chemi-
cally ablative substances, such as etha-
nol and acetic acid, has been studied
for the longest clinical follow-up periods
of the percutaneous ablation techniques,
particularly as it relates to the treatment
of hepatocellular carcinoma (20-23).
Chemical ablation is an attractive op-
tion in many developing region of the

world because it is inexpensive and sim-
ple. Several investigators (24,25) have
also documented similar or greater ef-
ficacy with intratumoral instillation of
acetic acid compared with ethanol. How-
ever, success of chemical ablation ther-
apies in more solid adenocarcinomas
has been limited by reported difficulty
in achieving uniform diffusion of percu-
taneously injected drugs over larger tu-
mor volumes. As a result, focal thermal
ablation has replaced chemical ablation
in many cases. Chemical ablation is
now more typically used as an adjuvant
agent in tumors that are difficult to
treat with thermal therapies, as a single
agent in the treatment of smaller sub-
cutaneous tumors (eg, locally recurrent
thyroid cancer), or in treating focal
benign lesions (eg, bronchogenic cysts,
thyroglossal duct cysts, or endometri-
omas) (26-28).

Percutaneous ethanol instillation is
principally used for treating hepatocel-
lular carcinoma in patients with cir-
rhosis (29,30) (Fig 1). The injection of
ethanol destroys tissue by two primary
mechanisms: (a) as it diffuses into neo-

plastic cells, alcohol results in immediate
dehydration of the cytoplasm, protein
denaturation, and consequent coagula-
tion necrosis and (b) alcohol entering
the local circulation leads to necrosis of
the vascular endothelium and subse-
quent platelet aggregation, resulting in
vascular thrombosis and, ultimately, is-
chemic tissue necrosis (31,32). The treat-
ment of primary hepatocellular carci-
noma with ethanol injection has been
considerably more successful than the
treatment of liver metastases because
of tumor characteristics, including softer
tissue composition compared with the
heterogeneous and dense fibrous nature
of metastases and a capsule or pseudo-
capsule surrounded by cirrhotic liver,
that limit diffusion and increase con-
centration within the target (33). Effi-
cacy rates of ethanol instillation for
hepatic metastases are poor, and it is
therefore not recommended for the treat-
ment of such malignancies. Given the
several limitations of ethanol instillation,
including poor and uneven distribution
and limited success in a wider range of
tumor types, researchers in several stud-
ies (24,25) have investigated the use of
acetic acid as a viable injectable alter-
native to ethanol for cases requiring
chemical ablation. The mechanisms of
tissue injury are similar for both acetic
acid and ethanol (34), though results of
preliminary animal studies suggest that
the diffusion abilities of acetic acid solu-
tions may exceed those of ethanol, es-
pecially through fibrous tissues (35).

Thermal Ablation Therapies

Thermal ablation strategies attempt to
destroy tumor tissue by increasing or
decreasing temperatures sufficiently to
induce irreversible cellular injury. These
strategies can be broadly divided into
cryoablation or hyperthermic ablation,
in which heat may be generated by
ultrasound or electromagnetic (ie, RF,
microwave, laser) energy. Other tech-
niques to generate heat or otherwise
induce cellular necrosis have been re-
ported; however, none have found wide-
spread use to date (36-38). For the pur-
poses of this review, we will consider
only percutaneous energy-based ablation
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modalities, with emphasis given to those
in widespread clinical use.

Complete and adequate destruction
by thermal ablation requires that the
entire tumor and an ablative margin
be subjected to cytotoxic temperatures.
The ability to heat or cool large volumes
of tissue in different environments is
dependent on several factors as follows:
“the extent of coagulation necrosis in-
duced in a given lesion is equal to the
energy deposited, modified by local tis-
sue interactions, minus the heat lost
before inducing thermal damage” (39).
On the basis of this relationship, sev-
eral strategies have been developed to
increase the amount of coagulation ne-
crosis, including increasing energy depo-
sition, modulating tissue characteristics,
and modifying tissue blood flow. Again,
although this is a useful framework, the
absolute temperature achieved at any
point within a tumor does not mean
definitively that ablation has occurred,
and heterogeneity of heating through-
out the target volume is more often the
rule than the exception.

Cryoablation

While early cryotherapy systems were
bulky and limited to open surgical use,
modern systems use more advanced
cooling techniques that allow laparo-
scopic and percutaneous approaches
in combination with imaging guidance.
Common clinically treated tumors in-
clude focal primary renal tumors and
palliative treatment of osseous metasta-
ses (17,40).

Recent advances in design and con-
struction have allowed the use of smaller
cryoprobes that are more appropriate
for percutaneous procedures (diameter
less than 13-gauge). However, it is im-
portant to note that the size of the ab-
lation zone correlates to probe diame-
ter in these systems; that is, cryoprobes
with a smaller diameter typically create
smaller zones of complete ablation. For
example, 13-gauge (2.4-mm diameter)
cryoprobes from one manufacturer (En-
docare, Irvine, Calif) can be expected to
produce zones of ablation approximately
2.5 c¢cm in diameter in normal liver and
lung tissues, while 15-gauge (1.7-mm

diameter) probes will create 1.5-2.0-cm
zones of ablation in these same organs
(41-44). For this reason, many users
choose to use two or more cryoprobes
in proximity to ensure complete coverage
of the tumor within the lethal isotherm.
Thermal synergy between cryoprobes
has been shown to improve efficacy in
both numeric and experimental tissue
models, though inappropriate spacing
in a given tissue type may lead to clefts
between zones of ablation (43,45).

Current cryoablation systems use the
Joule-Thomson effect to create unique
freeze and thaw cycles. The Joule-Thomson
effect describes the change in tempera-
ture of a gas resulting from expansion
or compression of that gas. Argon is one
example of a gas that cools during ex-
pansion; helium warms. Gas expansion
occurs in a small chamber inside the
distal end of the cryoprobe to create
the necessary heat sink during freeze
cycles and heat source during thaw cycles
(Fig 2). Argon provides a heat sink of
about 9 kJ and can generate tempera-
tures as low as —140°C inside the ice-
ball, which expands by thermal conduc-
tion (46). However, the fact that the
lethal isotherm (—20° to —40°C) rests
several millimeters inside of the iceball
boundary must be considered when us-
ing imaging to assess cryoablation treat-
ment efficacy (42).

Another new system under devel-
opment uses nitrogen near its critical
point to provide lethal cooling, which may
be more efficacious than Joule-Thomson—
based systems (47). The critical point
of a material describes a specific pres-
sure and temperature where the dis-
tinction between gas and liquid phases
vanishes. At this critical point, many
materials (eg, nitrogen) can exhibit heat
capacities that are orders of magnitude
higher than water while retaining the
low viscosity of a gas. The result is a
powerful cooling fluid that can be circu-
lated through extremely small spaces,
such as those inside a percutaneous cryo-
probe. The increased cooling power of
near-critical nitrogen may lead to smaller
cryoprobes, eliminate the need for the
large tanks now associated with argon-
and helium-based cryoablation, and cre-
ate larger zones of ablation than currently

Iceball g
Vacuum . _ .
Argon »
input v, /
Expansion j
chamber

b.

Figure 2:  (a) Schematic illustration of a cryoprobe
tip with surrounding iceball formation. (b) Axial con-
trast-enhanced CT image shows iceball formation
during cryoablation of a hepatic tumor in the right
lobe by using multiple cryoprobes.

possible. However, substantial technical
development and testing are needed to
validate critical nitrogen cooling before
clinical adoption is possible.

Hyperthermic Ablation

Thermal ablation of focal tumors uses
high-temperature tissue heating (>50°C)
surrounding applicators placed at the
center of a tumor (Fig 3). Cellular ho-
meostatic mechanisms can accommo-
date slight increases in temperature (up
to 40°C). Although increased suscepti-
bility to damage by other mechanisms
(eg, radiation or chemotherapy, which
will be discussed later) is seen at hyper-
thermic temperatures between 42° and
45°C, cell function and tumor growth
continues even after prolonged exposure
(48,49). Irreversible cellular injury oc-
curs when cells are heated to 46°C for
60 minutes, and it occurs more rapidly
as the temperature rises (50). Immediate
cellular damage centers on protein co-
agulation of cytosolic and mitochondrial
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Figure 3
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Figure 3:  (a) Schematic and (b) gross specimen
show focal thermal ablation. Electrode applicators
are positioned in the tumor with image guidance or
direct visualization. A central zone of high tempera-
tures (greater than 60°C, can exceed 100°C) is
created in tissue immediately around the electrode,
and it is surrounded by more peripheral zones of
sublethal tissue heating (43°-50°C) and back-
ground liver parenchyma.

enzymes and nucleic acid-histone protein
complexes (51-53). This damage trig-
gers cellular death over the course of
several days. The term coagulation
necrosis is used to describe this thermal
damage even though the manifestations
of cell death following high-temperature
thermal ablation may not fulfill strict
histopathologic criteria of coagulative
necrosis. For example, results of histo-
pathologic studies (51,54) have demon-
strated that tissues treated with RF ab-
lation demonstrate immediate cessation
of cytosolic and mitochondrial enzyme
activity but may not demonstrate more
classic findings of coagulative necrosis

Figure 4
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Figure 4:  Graph of maximum temperature at ablation zone margin shows
wider than expected variation, ranging from 33° to 76°C (56). Temperatures
were monitored at 10—-25 mm from the 2-cm internally cooled electrode
during RF ablation (500 kHz generator; current, 400—1100 mA varied in
100-mA intervals) of a fixed coagulation diameter in ex vivo bovine liver. Gray
band = previously reported maximum range.

until at least several days later. This has
implications with regard to clinical prac-
tice, as early posttreatment percutane-
ous biopsy and standard histopathologic
interpretation may not be a reliable
measure of adequate ablation. Optimal
temperatures for ablation exceed 50°C
and may be limited to 100°C for some
applications (55). For example, tissue
vaporization occurs at temperatures
higher than 110°C, which, in turn, limits
further current deposition in RF-based
systems (compared with, for example,
microwave systems, where higher tem-
peratures do not interfere with deposi-
tion of energy).

Despite the theoretical temperature
construct presented in the preceding
paragraph, the threshold target tem-
perature of 50°C should be used only
as a general guideline. Indeed, the exact
temperature at which cell death occurs
is multifactorial and tissue specific. On
the basis of results of a study (55) that
demonstrate that tissue coagulation can
be induced by focal tissue heating to
approximately 50°C for less than 5 mi-
nutes, this has become the standard
surrogate endpoint for thermal ablation
therapies in both experimental studies and
current clinical paradigms. Researchers
(56,57) have shown that, depending on
heating time and the tissue being heated,

maximum temperatures at the edge of
ablation range in value. Maximum tem-
peratures at the edge of the ablation
zone, known as the critical tempera-
ture, have been shown to range from 30°
to 77°C for normal tissues and from
41° to 64°C for tumor models (a 23°C
difference) (Fig 4). Likewise, the ther-
mal dose (ie, the total amount of heat
administered for a given time) required
to induce cell death varies significantly
between different tissues (56).

RF Ablation

By far, the most well-studied and clinically
relevant percutaneous ablation source to
date has been RF energy. As such, RF-
based systems serve as a useful model for
discussing thermal ablation in general
and more specific advances in devel-
opment (such as combination therapies,
which are discussed later), findings of
which can often be applied more broadly
to other thermal technologies.

During RF ablation, electrical cur-
rent from the generator oscillates be-
tween electrodes through ion channels
present in most biologic tissues. In this
way, the RF ablation setup can be thought
of as a simple electrical circuit wherein
the current loop comprises a generator,
cabling, electrodes, and tissue as the
resistive element. Tissues are imperfect
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Figure 5
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Figure 5:
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Images of various commonly used and commercially available RF electrode designs. (a) Single

internally cooled electrode with a 3-cm active tip (Cool-tip system). (b) Cluster internally cooled electrode
system with three 2.5-cm active tips (Cluster electrode system; Valleylab). Two variations of an expandable
electrode system: (c) StarBurst (RITA/AngioDynamics, Fremont, Calif) and (d) LeVeen (Boston Scientific,

Natick, Mass).

conductors of electricity (they have elec-
trical impedance), so current flow leads
to frictional agitation at the ionic level
and heat generation, known as the Joule
effect. Heating occurs most rapidly in
areas of high current density: Tissues
nearest to an electrode are heated most
effectively, while more peripheral areas
receive heat by thermal conduction (38).
As noted in earlier sections, ablative
heating leads to tissue dehydration and
water vaporization, which cause dra-
matic increases in circuit impedance
(59). These rapid and often sudden in-
creases in impedance can be used as a
feedback signal in RF generators, which
will be covered in more detail later.
When these effects begin to inhibit cur-
rent flow from a generator, alternative
methods to decrease circuit impedance,
such as expanding the electrode surface
area, pulsing the input power, and in-
jections of saline, can be used to aug-
ment RF current flow (60,61).
Electrodes.—While any conductor
and power source can create a thermal

ablation, the power output and control
algorithms for each generator have been
tailored to suit its associated electrodes.
Most RF ablation systems today oper-
ate in a monopolar mode by using two
different types of electrodes: interstitial
electrodes (hereafter, electrode) and
dispersive electrodes on the skin sur-
face (also known as ground pads). The
electrode delivers energy to the tumor,
creating a volume of high current den-
sity and localized heating. The ground
pad closes the electrical current path
but is designed to disperse energy over
a large surface area to reduce the likeli-
hood of thermal injury to the skin.
Monopolar electrode designs include
both straight insulated needles with an
exposed metallic tip and multitined elec-
trodes. Internally cooled electrodes use
a single needle, in which fluid is circu-
lated inside the electrode’s active tip, and
temperatures at the electrode-tissue in-
terface are reduced. Lower tempera-
tures inhibit charring, which, in turn,
allows increased power deposition. In

effect, internal cooling drives RF heat-
ing from the electrode-tissue interface
deeper into the tissue to create more clini-
cally relevant ablations (approximately
2 cm in diameter in normal liver)
(62,63). When using water as a cooling
fluid, the initial temperature of the water
does not seem to affect device perfor-
mance (64). The cooled needle design
also uses a smaller caliber applicator
(17 gauge, 1.5-mm diameter) compared
with expandable electrodes. Internally
cooled needles are now used by the
Cool-tip system (Valleylab by Covidien,
Boulder, Colo).

In contrast, electrodes with multiple
tines emanating from a single electrode
sheath or handle assembly aim to dis-
tribute energy spatially (65,66) (Fig 5).
The use of multiple tines improves heat-
ing efficiency in the target volume and
also increases total electrode surface
area, thereby reducing circuit imped-
ance and promoting greater energy de-
position. As a result, larger zones of
ablation and potentially faster heating
can be achieved (67). One type of mul-
titined electrode utilizes three single
17-gauge electrodes, which are spaced
5 mm apart in a triangular configura-
tion and driven in parallel by the same
generator source. This configuration ef-
fectively behaves as a single larger elec-
trode, but it has a limited puncture area
and can create zones of ablation over
3 cm in diameter in normal liver in
12 minutes with a 200-W generator (65).
The Cluster electrode system is an
example of a nondeployable multitined
electrode.

Other multitined electrode designs
deploy several smaller electrodes from
a single needle shaft (66). Two such de-
signs are clinically available today that
create either star- or umbrella-shaped
arrays. Star-shaped electrodes are deploy-
able from a 14-gauge (2.1-mm diameter)
needle in arrays of four, nine, or 12
tines. Many such electrodes also use
hollow tines capable of being used to
inject saline into the surrounding tissue
to reduce impedance and increase en-
ergy delivery. Umbrella-shaped elec-
trodes, on the other hand, contain 10
tines and are deployed from a 13-gauge
needle. These tines are electrically
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connected and operate in parallel, which
means that current flowing through
each tine can vary depending upon local
tissue properties. Deployable electrodes
are capable of creating zones of abla-
tion approximately 3-4 cm in diameter,
though care should be taken when eval-
uating device performance since deploy-
able designs have also been associated
with irregular heating patterns (68). In
general, multitined electrodes are more
invasive and may increase complication
rates, especially in percutaneous set-
tings, though relevant comparisons be-
tween devices are lacking (69,70). In-
troduction or retraction complications
with deployable electrodes have been
reported but are relatively rare (71).
Examples of multitined deployable de-
signs include the Starburst and LeVeen
electrodes.

Alternatively, in bipolar systems, cur-
rent oscillates between two interstitial
electrodes without the need for a ground
pad (72,73). The electrodes may lie on
separate applicators or be situated lon-
gitudinally along the same applicator.
The bipolar setup restricts current flow
primarily to the area between the elec-
trodes and protects this area from
perfusion-mediated cooling, resulting in
faster more focal heating between the
electrodes. Bipolar operation may re-
quire more precise placement of the
electrodes to create a confluent zone
of necrosis and can be limited by local
changes in conductivity resulting from the
ablation (72). For this reason, bipolar
systems often use saline infusion to in-
crease energy delivery between the elec-
trodes. Multipolar operation has also
become available, which involves switch-
ing between pairs of bipolar electrodes
situated on individual needles (74,75).
The ProSurge system (Celon; Teltow,
Germany) is an example of a multipolar
device.

Generator and ground pads.—The
RF ablation generator provides three es-
sential functions: power generation, con-
trol, and user interface. It is important
to remember that an RF ablation system
can be approximated as a basic resistor
circuit and that current is governed by
Ohm’s law: I = V/Z, where [ is current
in amperes, V is voltage in volts, and Z

is impedance (Q) in ohms. Power, P, is
defined as the product of voltage and
current: P = VI = V?/7 = I?Z. Power out-
put is controlled by the output voltage
and circuit impedance, which includes
all possible factors, such as electrode
design, target tissue environment, back-
ground tissue properties, and ground
pad connectivity. Since power depends on
impedance, RF ablation may be limited
in areas of high background impedance,
such as the lung, even if the tumor ex-
hibits a relatively high conductivity (76,77).
As tissue impedance rises, power out-
put tends to decrease. Generators are
now available from 150 to 250 W, which
may be underpowered for some clinical
scenarios (eg, in lung). Higher-power
designs are currently under development
to address these problems (78,79).

The most important distinguishing
factor between commercially available
generators is in the feedback and con-
trol system. Both impedance-based and
electrode temperature-based controls
are available. In the Boston Scientific
system, power is set initially at a rela-
tively low level (typically 20-50 W) and
gradually increased until impedance el-
evates to near-infinite levels. In the Val-
leylab system, initial power is usually set
to the maximum level. When the circuit
impedance spikes rapidly, the generator
turns off RF power for a short period to
facilitate tissue cooling and rehydration,
which allows more power to be used
when the generator switches back on.
This power pulsing algorithm has been
shown to increase ablation zone size
and decrease treatment time (80,81).

Switching between multiple electrodes
on the basis of impedance spikes uses
the inherent off time of the power puls-
ing algorithm to deliver energy through
another electrically independent elec-
trode (82). Up to three equivalent abla-
tions can be created independently in
the same time as a single-electrode ab-
lation, or a closely spaced array can be
used to create large conglomerate ab-
lations with substantial time savings
over the technique of overlapping single-
electrode ablations (83,84).

Electrode tip temperatures are also
monitored in some systems; however,
only the RITA/AngioDynamics system

uses that information to control power
output. In that system, generator out-
put is ramped up until electrode tem-
peratures reach a predetermined value,
usually around 95°C, and maintained
at this temperature for typically 20-30
minutes. This power delivery strategy
works effectively with multiple-tine elec-
trode designs because of the dispersion
in current density and large electrode
surface area.

The ground pad used with monopo-
lar electrodes is intended to provide a
large dissipative surface for electrical
current flow through the skin. However,
most of the current tends to congregate
around the edge of the pad nearest to
the interstitial electrode, and skin burns
can result from uneven placement or
insufficient number of pads (2,85,86).
In practice, given the substantial attention
to this problem, ground pad burns are
rarely a problem. Nevertheless, as more
RF energy is being applied per proce-
dure with higher power and multiple-
electrode systems, ground pad loads are
also increasing. Strategies to prevent
ground pad burns include monitoring
temperature and impedance through each
pad, cooling the pad, optimized pad de-
signs, and switching between pads to
reduce heating (87).

Microwave Ablation

The term microwave describes electro-
magnetic energy in the 300 MHz to
300 GHz range; however, for practical and
regulatory reasons, microwave ablation
devices are typically operated at either
915 MHz or 2.45 GHz. Microwave heat-
ing is produced as a result of dielectric
hysteresis (rotating dipoles), which dif-
fers from the Joule heating mechanism
of RF ablation. When electromagnetic
energy is applied to tissue, some of the
energy is used to force molecules with
an intrinsic dipole moment (eg, water)
to continuously realign with the applied
field. This rotation of molecules repre-
sents an increase in kinetic energy and,
hence, an elevation in local tissue tem-
peratures. As such, microwave energy
has demonstrated several advantages
for tissue ablation (88,89). Microwaves
readily penetrate through biologic ma-
terials, including those with low electrical
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conductivity, such as lung, bone, and
dehydrated or charred tissue. Conse-
quently, microwave power can be con-
tinually applied to produce extremely
high (>150°C) temperatures, which
improves ablation efficacy by increasing
thermal conduction into the surrounding
tissue (90). Microwaves also heat tissue
more efficiently than does RF energy,
microwaves do not require ground pads,
and multiple antennas can be operated
simultaneously (91). The superposition
of microwaves may even be exploited to
augment performance (92-95).

On the other hand, microwave en-
ergy is inherently more difficult to dis-
tribute than RF energy. Microwaves
must be carried in waveguides, such as
coaxial cable, which are typically more
cumbersome than the small wires used
to feed energy to RF electrodes and are
prone to heating when carrying large
amounts of power. It is well known that
higher microwave powers increase abla-
tion zone size, but excessive power in the
antenna shaft can lead to unintended
injuries to other tissues, such as the
skin (88,96). Recent investigations have
shown that adding a cooling jacket around
the antenna can reduce cable heating
and eliminate skin burns while effec-
tively increasing the amount of power
that can safely be delivered to the tu-
mor (97).

The purpose of the antenna is to
couple energy from the feeding cable
into the tissue. Antenna designs vary,
and trade-offs between antenna effi-
ciency, size, and heating pattern are
often required (98) (Fig 6). Antenna
properties, such as efficiency and heat-
ing pattern, are primarily controlled
by the surrounding tissue properties
and antenna geometry. Common de-
signs include monopole, dipole, triax-
ial, choked, and slotted antennas. Most
antennas use a straight needlelike de-
sign, though deployable loops have also
been reported (99).

Microwave ablation has been used the
most in Japan and China, where several
systems have been described (100,101).
Most of these systems operate at 2.45 GHz
and use monopole, dipole, or slotted
coaxial antennas to deliver up to 60 W.
Recently, 915-MHz and water-cooled

Figure 6
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Images show electric field patterns surrounding three microwave antenna designs with associ-

ated antenna size and power-application efficiency: triaxial, single slot (Slotted), and choked dipole (Chokea).
Energy distribution, in volts per meter, is color coded for simulations at 2.45 GHz and 50-W input power in
normal liver tissue. Images show the balance between antenna size, efficiency, and heating pattern. For
example, heating can be localized to the distal antenna tip by adding a choke coil at the expense of in-
creased invasiveness (9—10 gauge, which is not suitable for percutaneous application). Thinner antennas
can also be created but typically sacrifice efficiency (see slotted design). (Reprinted, with permission, from

reference 141.)

systems have been described, which
appear to deliver up to 80 W and cre-
ate larger ablation zones than do previ-
ous systems (102). Currently, only one
system (Evident; Valleylab) has been
approved by the Food and Drug Admin-
istration and is being actively marketed
for percutaneous microwave tumor ab-
lation in the United States. It comprises
a water-cooled 13-gauge dipole antenna
coupled to a 915-MHz generator with a
maximum output power of 45 W. Other
systems are currently in development
worldwide and will likely see clinical
launch in the next few years.

Laser Ablation

Laser ablation is familiar to many for
treating skin disorders or corrective pro-
cedures in the eye, but similar genera-
tor technologies and specially designed
applicators have allowed lasers to be
used for interstitial tumor ablation as
well (103,104) (Fig 7). Laser sources,
including pumped neodymium-doped
yttrium aluminum garnet and semicon-
ductor diodes that emit approximately
600-1000-nm wavelength light energy,
can be found in most clinical centers,
but they are rarely used for thermal tu-
mor ablation. Adoption outside of a few
centers in Europe has been relatively
weak compared with RF and cryoabla-

tion, in part owing to a lack of Food and
Drug Administration-approved systems,
sparse availability of applicators, and
few performance advantages over ex-
isting RF, microwave, and cryoablation
systems (103).

Like RF and microwave energy, lasers
induce electromagnetic heating to ele-
vate tissue temperatures to lethal levels.
The primary advantage of using laser
energy is that it may be coupled through
optical fibers, which are inherently mag-
netic resonance (MR) imaging compati-
ble. In addition, the lack of metal in the
power distribution chain and relatively
small diameter of most applicators effec-
tively eliminate image artifacts on CT and
MR images. Thus, it is more reasonable
to perform MR temperature mapping
during laser ablation (106).

Laser light is an efficient and precise
energy source for tissue heating. However,
because light is scattered and absorbed
rapidly by most body tissues, lasers have
limited energy penetration and create
smaller ablation zones (1-2-cm diameter)
than many other devices currently in
use (107). Light does not penetrate
through charred or desiccated tissues.
Diffuser tips are used to improve applica-
tor heating profiles, and higher powers
can offset the reduced penetration depth
by increasing local temperatures, but
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Figure 7
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Figure 7:
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Images of (a) laser ablation diffuser tip and (b) shaft with cooling. Laser energy is passed

through an optical fiber, which may be cooled along its length to prevent heating proximal to the target zone.
Diffuser tip (pink line in a) scatters light into a larger volume of tissue than an end-fire catheter to create
larger and more uniform zones of ablation. (Images courtesy of Thomas Vogl, MD, University Hospital
Frankfurt, Johann Wolfgang Goethe University, Frankfurt, Germany.)

when higher powers are used, fibers
must be cooled to avoid skin burns or
probe failure (108). Cooling increases
the diameter of each applicator. Larger
ablation volumes are typically realized
by using multiple applicators, which can
be operated independently and simulta-
neously (109).

Emerging Technologies

Ultrasonic Ablation

In addition to the well-known transcuta-
neous uses of ultrasound, it is also pos-
sible to elevate tissue temperatures by
using interstitial ultrasound applicators
(110,111). Heating created by such ap-
plicators can be both directional and
adjustable with proper amplitude and
phase control of the transducer array
elements (110,111). Highly directional
power delivery gives interstitial ultra-
sound a distinctive ability to concen-
trate maximal heating in one sector to
increase local heating with relatively
high precision, and larger ablations may
be realized by sweeping the active heat-
ing region through the target volume.
The directivity of the applicator may also
be used to protect critical structures
while heating nearby tissues.

To date, the diameters of many of
these devices have been larger than 13
gauge, falling outside the boundaries of

what is normally considered acceptable
for percutaneous tumor ablation; how-
ever, percutaneous devices have been
investigated (110,111). Recent reports
in animal prostate models have demon-
strated the potential of percutaneous
interstitial ultrasound heating for inter-
ventional oncology, but almost no clini-
cal experience exists (112).

Irreversible Electroporation

Percutaneous irreversible electropora-
tion (IRE) is a relative newcomer to the
field of tumor ablation and is most no-
table because it is inherently nonther-
mal; no heat is produced to cause cell
death. Rather, cells are eradicated by
using several microsecond-to-millisecond—
long pulses of electrical current. The
pulses generate electric fields up to
3 kV/em, which cause irreversible dam-
age to the cell membrane, thereby induc-
ing apoptosis (113,114) (Fig 8). Since
IRE is nonthermal, heat sinks, such as
large vessels, should have a much smaller
influence on the ablation zone than in
thermal treatments. IRE also appears
to limit damage to more collagenous tis-
sues and nerves, which if verified in
larger trials, will make it an attractive
option for thermally sensitive areas (eg,
prostate, near large blood vessels, or
renal cortex) (115).

IRE electrodes consist of insulated
19-gauge (1.1-mm-diameter) or larger

needles with an exposed active portion
of 1-4 cm. For most applications, mul-
tiple electrodes are required, which are
spaced 1-3 cm apart to provide suffi-
cient electric field strengths for irre-
versible cell damage. A single-needle
bipolar electrode is also available for
more localized treatments. While initial
studies required extremely high voltage
pulses, a more recent report (116) has
shown that lower voltage pulses can be
used when repeated several hundred
times.

Current IRE devices do have notable
drawbacks, including generation of po-
tentially dangerous electrical harmonics
that can stimulate muscle contraction or
cardiac arrhythmias. These techniques
require general anesthesia and para-
lytic induction and have treatment times
on the order of seconds, which pre-
vent treatment monitoring or adjustment.
There is also a requirement for accurate
placement of several needles to achieve
moderate-sized ablations (approximately
3-4 cm) and a lack of coagulation around
the needle insertion sites, which theo-
retically could elevate bleeding compli-
cation risks. Ongoing research aims to
minimize these complications.

Comparison of Technologies

While each thermal ablation energy source
is unique, the goal of each is to elevate
tissue temperatures enough to create
zones of irreversible cellular damage.
RF energy is relatively inexpensive and
easy to generate, but it is limited by the
need for electrical current flow. For this
reason, RF ablation suffers in areas of
high blood flow or high tissue imped-
ance (eg, lung) and requires electrical
switching for effective multiple-applicator
use. Microwave heating is fast and efficient
and, thus, appears better equipped to
overcome heat sinks and treat large tumor
volumes. Microwaves are also relatively
tissue insensitive and offer improved
multiple-applicator support, but they
can be more difficult to distribute than
other energy sources. Laser energy is
also fast and relatively tissue insensi-
tive, and generators are already avail-
able worldwide, but ablation applicators
are not as common and perform about
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the same as established RF electrodes
of similar size. Interstitial ultrasound
devices offer better control of the appli-
cator heating pattern but are typically too
large for percutaneous use and are, so
far, clinically unproved. Finally, operator
technique may have as much influence
on performance as device technology.
For example, multiple applicators can
be used to increase heating rather than
switching to a different energy source.
While some energy sources may be bet-
ter suited to certain applications, none
has proved itself a clear favorite for all
applications.

Current and Future Research

Ablation research has historically focused
on creating larger or more uniform zones
of ablation that are reproducible in many
situations through device and applica-
tion development, but device engineering
is always constrained by the physiology
of the target. This section will describe
new approaches to augment device per-
formance by altering the underlying tissue
physiology, optimizing energy delivery,
or combining ablative therapies with
other treatments, such as radiation or
drug therapies, to increase ablation size,
uniformity, or treatment specificity.

Modulating Tissue Characteristics

Many recent investigations have cen-
tered on altering underlying tumor
physiology as a means to advance ther-
mal ablation. Most studies to date have
focused on the effects of tissue charac-
teristics in the setting of temperature-
based therapies in general, such as tis-
sue perfusion and thermal conductivity,
and system-specific characteristics, such
as electrical conductivity for RF-based
ablation.

Tissue perfusion.—The foremost fac-
tor limiting thermal ablation of tumors
continues to be tissue blood flow, which
acts as a heat sink and reduces the vol-
ume of tissue heated to target tempera-
ture, either through large blood vessels
or capillary-mediated perfusion. Larger
diameter blood vessels (especially those
greater than 3 mm in diameter) act as
heat sinks, drawing away either heat or
cold from the ablative area (Fig 9), and

Figure 8

Figure 8:  (a) Monopolar IRE applicator and

(b) bipolar IRE applicator with gross specimen of
IRE ablation zone. Monopolar applicators create an
electric field between pairs of electrodes, requiring
multiple electrodes to be inserted. Bipolar applica-
tors create an electric field between the two coaxial
electrode sections. Gross specimen shows that
there is no heat-sink effect in the IRE ablation zone,
as coagulation extends up to and around the vessel
lumen (arrows). (Images courtesy of William Hamil-
ton, AngioDynamics.)

have higher patency rates, less endo-
thelial injury, and greater viability of
surrounding hepatocytes after RF abla-
tion (117). The strong effects of hepatic
blood flow have been confirmed in mul-
tiple studies where the zone of coagula-
tion is increased when hepatic blood
flow is reduced by using arterial embo-
lization techniques (eg, balloons, coils,
particles, or lipiodol agents). Researchers
have also administered intraarterial and
systemic pharmacologic agents, such as
halothane and arsenic trioxide, to re-
duce tissue perfusion and, therefore,
blood flow-mediated tissue cooling. Prom-
ising antiangiogenic therapies, such as
sorafenib, are also starting to be stud-
ied as combination therapies with abla-

Figure 9
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Figure 9: Images show effect of blood flow on
RF ablation size. (a) Gross bovine liver specimen
shows how the heat-sink effect from a large he-
patic vein (arrow) results in an incomplete zone of
coagulation after in vivo RF ablation (3-cm single
internally cooled electrode, 12-minute RF applica-
tion). (b) Contrast-enhanced axial CT image
shows how mechanical occlusion (ie, intraopera-
tive portal vein occlusion with the Pringle
maneuver) can increase RF coagulation size
(upper ablation zone) by reducing the cooling
effects of tissue perfusion as compared with the
adjacent smaller ablation zone (arrow) that was
obtained without the Pringle maneuver. (Part b
reprinted, with permission, from reference 92.)

tion, with similar encouraging results in
animals (118) (Fig 10).

Thermal conductivity.—It was ini-
tially found that the use of RF ablation
for hepatocellular carcinoma in under-
lying cirrhotic liver resulted in an oven
effect (ie, increased heating efficacy for
tumors surrounded by cirrhotic liver
or fat) or altered thermal transmis-
sion at the junction of tumor tissue and
surrounding tissue (119). Results of a
subsequent experimental study (120)
have confirmed the effects of varying
tumor and surrounding tissue thermal
conductivity on effective heat transmis-
sion during RF ablation. For example,
poor tumor thermal conductivity limits
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Figure 10 Figure 11

Figure 10:  Gross specimens show increases in RF-induced coagulation
(arrows) when combined with pharmacologic modulation of tissue and tumor
blood flow versus RF ablation alone. (a) Rabbit kidneys show increased coag-
ulation (arrows) when arsenic trioxide, which has known antivascular effects, is
combined with RF ablation (right) versus RF ablation alone (left). (Reprinted,
with permission, from reference 93.) (b) Mouse tumor model shows increased
tumor coagulation zones (9 mm vs 4 mm; arrows) when sorafenib, a vascular
endothelial growth factor receptor inhibitor, is combined with RF ablation

(right) versus RF ablation alone (left). (Reprinted, with permission, from

reference 118.)

heat transmission centrifugally away
from the electrode, with marked heat-
ing in the central tumor and limited,
potentially incomplete, heating in pe-
ripheral portions of the tumor. In con-
trast, increased thermal conductivity,
such as that in cystic lesions, results in
fast heat transmission (ie, heat dissipa-
tion), with potentially incomplete and
heterogeneous tumor heating. Different
tumor and organ characteristics may
also make a 1-cm ablative margin diffi-
cult to achieve (120). Thus, an under-
standing of tissue and tumor thermal
conductivities may be useful when
trying to predict ablation outcome in
varying clinical settings (eg, exophytic
renal cell carcinomas surrounded by
perirenal fat, lung tumors surrounded

by aerated normal parenchyma, or os-
seous metastases surrounded by cor-
tical bone) (120).

Electrical conductivity.—RF-induced
tissue heating, generated by resistive
heating from ionic agitation, is strongly
dependent on the local electrical con-
ductivity. Altering the electrical envi-
ronment immediately around the RF
electrode with ionic agents can increase
electrical conductivity prior to or during
RF ablation, allow greater energy depo-
sition, and, therefore, increase coagula-
tion volume (121,122) (Fig 11). Saline
may also be of benefit when attempting
to ablate cavitary lesions that might not
otherwise contain a sufficient current
path. In general, small volumes of highly
concentrated sodium ions are injected
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Figure 11:  Gross specimens show modulation of
intratumoral electrical conductivity with adjuvant
NaCl injection around the RF electrode increases
RF-induced (1-cm single internally cooled electrode,
12-minute RF ablation) tissue coagulation in a sub-
cutaneously implanted canine venereal sarcoma
tumor model. (a) Tumor treated with RF ablation
alone shows a 3.2-cm central focus of coagulation
(large arrow) surrounded by marked hyperemia.
Evans Blue, a marker for vascular perfusion, in-
tensely stains the peripheral subcutaneous tissues
and residual unablated tumor (small arrows). (b)

A 5.5-cm tumor treated with RF ablation and 36%
NaCl solution pretreatment shows no evidence of
residual vascular perfusion. Intense hyperemia

and perfusion is seen in the cutaneous and periph-
eral tissues (arrows). However, no evidence of mito-
chondrial enzyme activity or perfusion was seen

in this completely ablated tumor. (Reprinted, with
permission, from reference 94.)

in and around the ablation site to max-
imize local heating effects, which has
been observed in both experimental
and clinical studies and has been subse-
quently incorporated into electrode de-
velopment (123). However, it should be
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Figure 12:
part of normal circulation. Middle: Temperature elevations inside the ablation zone facilitate local drug release, which then accumulates in the
sublethal region at the periphery of the ablation zone. Right: Net result is a larger zone of ablation than would be possible with ablation alone.
(Printed with permission from the University of Wisconsin—Madison.)

noted that saline infusion is not always
a predictable process since the fluid
can migrate to unintended locations
and cause complications if not used
properly (124).

Differences in electrical conductiv-
ity between the tumor and surround-
ing background organ can affect tissue
heating at the tumor margin. Several
studies have demonstrated increases in
tissue heating at the tumor-organ inter-
face when the surrounding medium is
characterized by lower electrical con-
ductivity (77). In certain clinical set-
tings, such as when treating focal tu-
mors in either lung or bone, marked
differences in electrical conductivity
may result in variable heating at the
tumor-organ interface, may limit heat-
ing in the surrounding organ, and may
make obtaining even a 1-cm ablative
margin difficult.

Finally, nonionic fluids can be used
to protect tissues adjacent to the abla-
tion zone (eg, diaphragm or bowel)
from thermal injury by using the tech-
nique commonly referred to as hydro-
dissection (123). For this application,
fluids with low ion content, such as 5%
dextrose in water, should be used be-
cause they have been proved to electri-
cally force RF current away from the
protected organ, decrease the size and
incidence of burns on the diaphragm
and bowel, and reduce pain scores in
patients treated with 5% dextrose in
water when compared with ionic solu-

1_>43° zone

tions, such as saline (126). Tonic solu-
tions (eg, 0.9% saline) should not be
used for hydrodissection because, as
noted above, they actually increase RF
current flow (126).

Effect of Tissue Composition on Other
Energy Sources

In addition to the characteristics gener-
ally applicable to heat-based therapies
(eg, thermal conductivity) and similar to
the effect of electrical conductivity on
RF ablation, tissue characteristics are
likely to influence outcomes in other
energy-based ablation technologies. For
example, dielectric properties like rela-
tive permittivity (how well a material
will store charge) and bulk conductivity
(the energy loss inside the material) in-
fluence microwave-induced tissue heat-
ing (127). Accordingly, the water con-
tent and permittivity of these tissues
(which, for example, is approximately
half for normal lung and bone tissue what
it is for kidney) may necessitate equip-
ment optimization (128). Similarly, for
ultrasound, mechanical properties (eg,
density, bulk, and shear moduli) have
been shown to influence temperature in-
creases. Differences in refractive index
may play a role in the penetration of light
for different tissues when using laser
ablation. As such, continued investiga-
tion into the effect of tissue characteris-
tics on heating will likely continue for
all of these energy platforms to achieve
device optimization.
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lllustrations show method for combining thermal ablation with targeted drug delivery. Left: Drugs are brought to the tumor site as

Role of Computer Modeling in
Understanding Tissue Heating Patterns
Computer models have been developed
to simulate percutaneous treatment of
focal tumors by predicting tissue heating
patterns for various clinical situations
(120,129,130). Existing experimental
approaches to modeling single variables
or scenarios have been limited in com-
pletely predicting thermal ablation given
the heterogeneous target clinical popu-
lation, the complex number of variable
tissue parameters, the time-consuming
approach of single variable interrogation,
and the heterogeneity of tumor and back-
ground organ biology and physiology.
Therefore, more recent investigation
(120,130) has evolved to incorporate
both single- and two-compartment finite
element computer modeling as a more
realistic and clinically relevant simula-
tion for improving the understanding
of tissue heating patterns and tissue-
energy interactions. Advantages of
computer modeling include the ability
to interrogate individual parameters in
isolation or in combination to clarify
their potential influence on energy de-
position and tissue heating over a wide
and clinically relevant physiologic range,
the ability to separate out the specific
environments in which certain variables
demonstrate a more dominant effect,
and the ability to characterize the ef-
fects of differences in tissue and tumor
characteristics, especially at the tumor
margin. This strategy may be helpful in
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Figure 13:  Images show results of combination RF ablation and intravenous liposomal doxorubicin. (a) Autoradiographs of two paired tumors from the same animal

24 hours after intravenous administration of tritiated liposomes. Left: Without RF ablation. Right: With RF ablation immediately preceding liposome injection, the cen-
tral zone with little uptake corresponds to the zone of RF coagulation, with a peripheral rim of increased liposome uptake (arrows). (Reprinted, with permission, from
reference 95.) (b) Gross specimens of subcutaneous canine venereal sarcoma tumors. Right: RF ablation (12-minute application, 1-cm internally cooled electrode)
combined with intravenous liposomal doxorubicin (RF + Doxil). Left: RF ablation (RF alone). In the tumor that underwent combined therapy, the central white zone
(arrows) that corresponds to RF-induced coagulation is slightly (3-mm) larger and the peripheral red zone (arrowheads), which is frank coagulative necrosis, is dra-

matically increased in size (1.6 cm vs 0.7 c¢m). (Reprinted, with permission, from reference 134.)

better understanding heating for spe-
cific tumor and organ situations and,
therefore, may improve RF predictabil-
ity. Nevertheless, although preliminary
results with computer modeling have
been useful, predictive accuracy and
clinical validation of these results are
needed. Successful validation with sub-
sequent translation to clinically rele-
vant large-animal models will establish
greater predictability of thermal coagu-
lation and set the stage for rapid clini-
cal translation and subsequent imple-
mentation.

Combining Percutaneous Ablation with
Other Therapies

While substantial efforts have been made
in modifying ablation systems and the
biologic environment to improve the clin-
ical utility of percutaneous ablation, limi-
tations in clinical efficacy persist. For ex-
ample, with further long-term follow-up
of patients undergoing ablation therapy,
there has been an increased incidence
of detection of progressive local tumor
growth for all tumor types and sizes de-
spite initial indications of adequate ther-
apy, suggesting that there are residual
foci of viable untreated disease in a
substantial number of cases (1,131).
The ability to achieve complete and uni-
form eradication of all malignant cells

remains a key barrier to clinical success,
and therefore, strategies that can increase
the completeness of tumor destruction
with RF ablation, even for small lesions,
are needed.

Investigators have sought to improve
results by combining thermal ablation
with adjuvant therapies, such as radia-
tion and chemotherapy (5,10). Currently,
thermal ablation only takes advantage
of temperatures that are sufficient to
induce coagulation necrosis by them-
selves (>50°C). However, owing to the
exponential decrease in RF tissue heat-
ing, there is a steep thermal gradient in
tissues surrounding an RF electrode.
Hence, there is substantial flattening
of the curve below 50°C, with a much
larger tissue volume encompassed by
the 45°C isotherm. Modeling studies
demonstrate that if the threshold for
cell death was decreased by as few as
5°C, tumor coagulation could be in-
creased up to 1.5 cm (up to a 59% in-
crease in spherical volume of the ablation
zone) (132). Therefore, target tumors
can be conceptually divided into three
zones: (a) a central area, predominantly
treated by thermal ablation, that under-
goes heat-induced coagulation necrosis;
(b) a peripheral rim that undergoes re-
versible changes from sublethal hyper-
thermia; and (c¢) surrounding tumor or

normal tissue that is unaffected by focal
ablation, though still exposed to adju-
vant systemic therapies.

Several studies have demonstrated
that tumor death can be enhanced by
combining RF thermal therapy with ad-
Jjuvant chemotherapy or radiosensitizers.
The goal of this combined approach is
to increase tumor destruction occurring
within the sizable peripheral zone of
sublethal temperatures (ie, largely re-
versible cell damage induced by mildly
elevating tissue temperatures to 41°—
45°C) surrounding the heat-induced co-
agulation (133) (Fig 12). Additional ad-
vantages of combined therapy may also
include creating a more complete area
of tumor destruction by filling in un-
treated gaps within the ablation zone
and reducing the duration or course of
therapy (a process that currently takes
hours to treat larger tumors, with many
protocols requiring repeat sessions).

Thermal ablation with chemother-
apy.—Combining thermal ablation (pre-
dominantly with RF-based systems) with
chemotherapy (free or contained within
liposomes; administered through direct
injection, intravenously, or intravascularly
or intraarterially) increases the overall
volume of tumor necrosis and intratu-
moral drug accumulation (133) (Fig 13).
These effects occur preferentially in
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the peripheral zone of hyperemia sur-
rounding the central zone of ablation
and have been confirmed in large-
animal tumor models, different tumor
and tissue types, for different chemo-
therapeutic agents, and in a pilot clin-
ical study, in primary and secondary
hepatic malignancies (10,133) (Fig 14).
In clinical cases, the treatment effect
extended in most cases to encompass
peritumoral liver and enabled the destruc-
tion of the difficult to treat 0.5-1.0-cm
ablative margin (10).

The underlying mechanisms of this
synergy are multifactorial. Improved
intratumoral drug delivery occurs with
use of a liposomal carrier owing to in-
creased circulation time, increased drug
release with thermosensitive liposome
types, and the well-documented vascu-
lar effects of sublethal hyperthermia
(eg, vascular dilatation and increased
endothelial permeability) in the periph-
eral treatment zone (135). Additionally,
the cytotoxic effects of the chemotherapy
agent combine with the heat-induced
reduction in cellular reparative mecha-
nisms to increase apoptosis (54). Finally,
study results suggest that there are in-
dependent heat-related cytotoxic effects
of the liposome itself (54). This prelim-
inary success with combination therapy
may be augmented by the development of
new targeting vehicles, including several
polymer-based temperature-dependent
delivery systems currently under inves-
tigation (136).

Thermal ablation with radiation
therapy.—Investigators have begun ex-
ploring combining RF ablation and radi-
ation therapy with promising results.
Previous data in the literature have dem-
onstrated increased tumor destruction
with external beam radiation therapy and
low-temperature hyperthermia (137).
Findings in experimental animal studies
have demonstrated increased tumor ne-
crosis, reduced tumor growth, and im-
proved animal survival with combined
therapy when compared with either
therapy alone (138,139) (Fig 15). Pre-
liminary clinical studies in primary lung
malignancies confirm the synergistic ef-
fects of these therapies (5). Potential
causes for the synergy include the sen-
sitization of the tumor to subsequent

Figure 14

d.

Figure 14:  CT images show increased tumor destruction with combined RF ablation and liposomal doxo-
rubicin in an 82-year-old man with an 8.2-cm vascular hepatoma. (a) Image obtained immediately after RF
ablation shows persistent regions of residual untreated tumor (arrows). (b) Image at 2-week follow-up shows
interval increase in coagulation as the 1.5-cm inferior region of residual tumor and the 1.2-cm anteromedial
portion of the tumor no longer enhance (arrowheads). A persistent nodule of viable tumor is shown (arrow),
which was successfully treated with another course of RF ablation. (c) Image obtained immediately after RF
ablation shows the persistence of a large vessel (arrows) in the nonenhancing ablated lesion. (d) Image at
2-week follow-up shows no enhancement in this region, and no vessel was seen on any of the three phases
of contrast enhancement. No evidence of local tumor recurrence was identified at 48-month follow-up.

(Reprinted, with permission, from reference 10.)

radiation owing to the increased oxy-
genation resulting from hyperthermia-
induced increased blood flow to the tumor
(140). Another possible mechanism,
which has been seen in animal tumor
models, is a radiation-induced inhibition
of repair and recovery and increased
free radical formation (54). Recent work
with immunohistochemical staining af-
ter combination therapy with RF ablation

and external beam radiation has dem-
onstrated an increase in markers of
oxidative and nitrosative stress (137).
Future research is needed to identify the
optimal temperature for ablation, the op-
timal radiation dose, and the most effec-
tive method of administering radiation
therapy (eg, external beam radiation
therapy, brachytherapy, or yttrium mi-
crospheres) on an organ-by-organ basis.
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Figure 15:  Combining RF ablation with external beam radiation for treatment of subcutaneously implanted
R3230 rat breast tumors (arrowheads). (a) Left: Before treatment. Middle: Immediately after RF ablation
combined with external beam radiation. Right: At 120-day follow-up. Posttreatment images show complete
tumor dissolution. (b) Kaplan-Meier analysis shows increased animal survival with combination therapy

(RF + XRT) compared with RF ablation alone (RF), external beam radiation along (XRT), and no treatment
(Control). Tx = treatment. (Reprinted, with permission, from reference 139.)

Minimally invasive percutaneous abla-
tion has been well recognized as an im-
portant tool in the treatment of focal
malignancies. Numerous studies over
the last 2 decades have characterized
many of the basic principles underlying
ablative therapies. This article provides
an overview of the basic principles of
percutaneous tumor ablation and de-
scribes the equipment and technologic
modifications that have been developed
to further improve clinical success of
this therapy. Researchers are now look-
ing to optimize these devices for im-
proved energy delivery to specific organ

systems or tumor types, to enhance mod-
eling capabilities to reduce development
time and improve predictive abilities, and
to develop combination therapies to
further improve the clinical effective-
ness of minimally invasive thermal ab-
lation therapies.
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