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The liver is a common site of disease for both primary and metastatic cancer. Since most
patients have a disease that is not amenable to surgical resection, tumor ablation
modalities are increasingly being used for treatment of liver cancer. This review describes
the current status of ablative technologies used as alternatives for resection, clinical
expetience with these technologies, currently available devices and design rules for the
development of new devices and the improvement of existing ones. It focuses on probe
design for radiofrequency ablation, microwave ablation and cryoablation, and compares

the advantages and disadvantages of each ablation modality.
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The liver is a common site of disease for both
primary hepatic malignancies (hepatocellular
cancer) and metastatic disease from gastro-
intestinal malignancies. Primary hepatocellular
carcinoma (HCC) is a significant worldwide
public health problem with an estimated
1 million deaths per year (1. In the USA,
17,000 new cases and 15,000 deaths occurred
in 2005 but only 0.8% of patients underwent
curative resection [2]. The incidence of primary
HCC in the USA is increasing with an expect-
ation of a corresponding increase in the death
rate due to poor patient survival [3]. Persistent
or recurrent liver disease is the major cause of
both morbidity and mortality in patients with
HCC. Although the ultimate control of this
disease rests with the treatment of at-risk popu-
lations with vaccines for both hepatitis B and C,
extirpation of tumor is the only potentially
curative therapy for established cancers.
Secondary liver metastases from the spread of
colorectal cancer are the most common indica-
tion for liver-directed therapies in the USA.
Almost 150,000 new cases of colorectal cancer
are diagnosed in the USA each year, which is
associated with 57,000 deaths [21. Among men
aged between 40 and 79 years, colorectal can-
cer is the second leading cause of cancer mor-
tality. Metastatic disease of the liver is the major
impediment to long-term survival in patients
with colon cancer. Improved chemotherapy has

had a major impact on the treatment of stage 3
(nonmetastatic) disease but has not improved
survival in patients with metastatic disease. Sur-
gical resection is the gold standard for the treat-
ment of patients with resectable isolated
hepatic metastases, with a 40% 5-year and a
26% 10-year survival. Although initial guide-
lines suggested that patients with more than
four metastases should not undergo resection,
recent literature has demonstrated a 10-year
actuarial survival of 29% among patients with
more than four tumors, almost equal to that of
patients with solitary tumors [4]. Therefore, it is
now recommended that all patients with liver-
only disease should undergo surgical resection
if feasible, regardless of the number of lesions.
Even patients with recurrent liver metastases
may be eligible for repeat resection, with a
5-year survival equivalent to that of the initial
treatment [5,6].

As advances have been made in surgical tech-
niques, anesthesia and perioperative care, surgi-
cal resection for primary and metastatic liver
tumors has become the standard of care for pos-
sible cure [7.8. Unfortunately, most patients
(~80%) have a disease that is not amenable to
surgical resection, even if confined to the liver [9].
This may be due to anatomic considerations,
such as bilobar disease, limited hepatic reserve in
cirrhotic patients with HCC, high surgical risk

or comorbid disease [10]. Therefore, a number of
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technologies have been developed for local control of liver tumors
through physical methods, that is, tumor ablation by freezing or
heating. Clinically available ablative technology includes cryo-
ablation, radiofrequency ablation (RFA) and microwave ablation
(MWA). Regardless of the technique, the goal of ablative therapy
is to destroy the tumor and a 1 cm margin of surrounding viable
tissue [11]. Ablation may be used alone, in conjunction with sur-
gical resection or as a therapy for recurrence following resection.
Depending on the approach (open surgery, laparoscopy or per-
cutaneously, i.e., minimally invasive through a small incision)
either a surgeon or an interventional radiologist will perform the
ablation procedure.

There is a need for more long-term survival data regarding
ablative therapies; however, current data suggest that these thera-
pies may improve survival in selected patients. In addition, these
ablative techniques can provide palliation of symptoms from
liver tumors that are causing pain or secreting active hormones.

This review will discuss the current status of thermal-based
technologies for the treatment of liver cancer focusing on treat-
ment applicator design. This will include a discussion of a sur-
geon’s clinical experience with resection and alternative treat-
ments, design goals, existing types of treatments and associated
applicators and a basic comparison of treatment modalities.

Clinical experience

Many patients with solid tumors have been treated with abla-
tive techniques. The majority of clinical studies have focused
on ablation of malignant liver tumors, although ablation is used
increasingly in other organs, such as lung, kidney, bone, pros-
tate and adrenal gland. There have been no randomized trials
comparing any ablative therapy to resection in patients who
would be candidates for either therapy or comparing different
ablation technology. The technology is, however, used routinely
in the clinical practice of surgical oncology. The targeting of
this technology to specific patients requires a multidisciplinary
decision making team consisting of surgical oncologists, inter-
ventional radiologists, radiologists, medical oncologists and
transplant surgeons.

Over the last 10 years, a body of literature has been devel-
oped describing the indications, techniques, efficacy, imaging
characteristics and expected outcomes of this technology in
liver cancer patients. Ablative technology is indicated in the
patient with a liver tumor who is not amenable to resection and

who may gain some survival or palliative benefit. The literature
is not mature at this point; thus, the most critical end point,
long-term survival, is not known. The lack of comparative
studies also suggests that selection bias may impact the clinical
results. Local recurrence and short-term survival data do exist
and allow for some comparison of the clinically available
devices. TABLE 1 presents data on the recurrence and survival for
both primary and metastatic liver cancer.

Radiofrequency ablation

Currently, RFA is the most commonly used ablation modality
and can be used via open, laparoscopic or percutaneous
approach on both HCC and metastatic disease. RFA kills
tumors by converting radiofrequency energy into heat, which
causes protein denaturation, a loss of cell structure and coagu-
lative necrosis [5]. For tumors greater than 3-5 cm, multiple
overlapping sequential ablations may be necessary to ensure
adequate margins [12]. Placement of probes is guided by ultra-
sound or CT scan. The ablation is monitored in real time with
ultrasound or contrast-enhanced ultrasound, following an
expanding hyperechogenic zone. RFA is safe, with overall com-
plication rates similar to that of cryoablation but with lower
reported mortality rates [5.9.10,13]. Reported local recurrence fol-
lowing RFA varies from 2 to 39% depending on technique and
patient selection [1,14]. Most series report local recurrence rates
of 10-20%, roughly comparable to cryoablation but signifi-
cantly worse than hepatic resection [15,16]. After recurrence, a
patient may be retreated by RFA, while retreatment is typically
not performed after resection. In general, percutaneous RFA
has higher rates of local recurrence than open RFA [17]. There
are few studies with long-term results following RFA. One
report demonstrated a 3-year survival rate of 46% among
230 patients with colorectal metastases and 77% among
241 patients with HCC [18]. Two other recent studies found
5-year survival rates of 40% in 65 patients with HCC (19 and
30.5% in 100 patients with colorectal metastases [20]. Another
study examined factors predicting survival after RFA and con-
cluded that it positively impacts patient survival in patients
with liver-predominant disease, particularly for patients with
tumors smaller than 5 cm in diameter [21]. Early complications
are more frequent after RFA during open surgery (8.6%) com-
pared with percutaneous RFA (4.4%), while the rate of late
complications is similar (2.4%) for both approaches [22]. While

-

Table 1. Comparison of local recurrence rates and survival by different ablative technologies. Results vary based on

technique or patient selection.

Method Local recurrence:

Local recurrence: 3-year survival: 3-year survival:

5-year survival: 5-year survival:

HCC (%) metastatic (%) HCC (%) metastatic (%) HCC (%) metastatic (%)
Cryoablation 9-22 9-22 46-86 31-74 22-78
RFA 2-38 38-98 46-58 24-74 24-30
MWA 12-17 47 14-51 57-74 32

HCC: Hepatocellular carcinoma; MWA: Microwave ablation; RFA: Radiofrequency ablation.
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liver abscess is the most frequent complication, other complica-
tions include colon perforation, portal vein thrombosis, pleural
effusion, skin burns, hypoxemias and pneumothorax.

Microwave ablation

MWA is another hyperthermic technique for tissue destruction.
Volumetric heating is accomplished by friction as microwaves
propagate through the tissue and cause water molecules to
rotate rapidly. While not as common as RFA, there is growing
commercial and clinical interest in this technology owing to
higher tissue temperatures, shorter treatment times and
reduced effects by vascular-mediated cooling. In the treatment
of HCC, MWA has been demonstrated to be as efficacious as
RFA [23]. Small studies evaluating MWA for metastatic disease
have also been performed, again with similar results to RFA [24].
As with the other ablative technologies, MWA can be applied
via an open, laparoscopic or percutaneous technique.

Cryoablation

The first widely available ablative therapy was cryoablation. Per-
formed via open surgical, laparoscopic or a percutaneous
approach, cryoablation is performed by placing one or more
cryoprobes within a tumor, which is then frozen by the closed
circulation of liquid argon or nitrogen. Cell death is due to
rapid freezing of intracellular water and subsequent cell lysis [25].
Freezing is followed in real time with ultrasound, as the patho-
logic size of the region of liver necrosis is approximated by the
ice ball. Reported local recurrence rates following cryoablation
range from 9 to 22% [26-32]. Mortality is low, from 1.5 to 5%,
with a morbidity of 7-25% [29.33,34]. Complications include
hypothermia and cryoshock syndrome. Cryoshock is a syn-
drome of disseminated intravascular coagulation and multiple
system organ failure. This is thought to be mediated
by cytokine release [5,35]. This complication has limited the
utilization of cryoablation, although it is still considered to be
an acceptable treatment modality and continues to see use at
our institution.

Desirable characteristics for ablative technologies

Current technology, although effective, has several problems
that have limited utilization in patients with unresectable dis-
ease. The generation of an appropriately sized ablation zone,
long treatment times, insufficient interoperative imaging
modalities and performance in the vicinity of vascular struc-
tures are limitations of current devices. Safety and efficacy are
most important in the design of any ablative technology. An
ideal ablative technology would ensure complete destruction of
all malignant cells with no significant side effects or complica-
tions. Tumor sizes treatable with ablation range from 0.4 to
13.5 cm [22.36] and are generally spherical; therefore, the treat-
ment applicator must create a spherical ablation region the size
of the tumor plus a small rim (~1 cm) of normal tissue. The
technology should be safe for both the patient and the practi-
tioner applying it, regardless of the number of times it is
applied. To work in all regions of the liver and other organs that
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have large vasculature, it should not be affected by the thermal
heat sink phenomen adjacent to large vessels. The blood flow in
large vessels can remove significant amounts of heat from the
region, preventing temperatures in the neighborhood of the
vessel walls from reaching levels required to achieve cell death.
It is preferable if the blood inflow occlusion is not required for
efficacy, as cirrhotic livers (often coexistent in patients with
HCC) do not tolerate this ischemic insult well. The deposition
of energy must be controllable; adjacent liver and other organs
must be protected while the tumor and 1-cm margin are
destroyed. Interpatient variability in the perfusion, thermal and
electrical properties of the liver tissue and tumor should not
impair the technology’s effectiveness.

Ideally, the tumor, regardless of size, should be treatable with a
single application of a single instrument. If overlapping abla-
tions are required, simultaneous application of energy with mul-
tiple probes would be preferable, rather than multiple sequential
applications of energy. The ablation time should be measured in
a span of seconds or minutes. A faster ablation time is theoreti-
cally less likely to be affected by thermal heat sinks. In addition,
shorter operative times are less expensive.

The instrument should be ergonomic and controllable by
the practitioner, while maintaining a sterile technique. It
should be visible with a currently available imaging modality
to aid in accurate placement. In addition, the ablated tissue
should have imaging characteristics that differentiate it from
tumor or normal tissue.

While treatment would ideally be completely noninvasive, it
is beyond current capabilities. As such, the choice of treatment
technique tries to balance noninvasiveness with ablation effec-
tiveness. The choice of technique depends on the location of
the tumor and adjacent organs, as well as the condition of the
patient. There are advantages and disadvantages to each of the
three application techniques. A percutaneous application is par-
ticularly desirable in that it is a minimally invasive technique
and has the lowest morbidity rates. Most patients do not
require a general anesthetic and recovery time is usually quick,
with patients typically leaving the hospital the same or the next
day. However, current external imaging techniques are not as
sensitive, often missing smaller lesions that would be discovered
with intraoperative ultrasound [16,32]. Additionally, a percutane-
ous approach holds the theoretical risk of seeding the tract with
malignant cells. A laparoscopic or open approach may be neces-
sary for access to certain locations in the liver. Additionally,
larger lesions are treated more easily with an open approach [37].
An open or laparoscopic technique is necessary when ablation
is used in combination with resection, such as when disease is
in both lobes of the liver. Laparoscopic and open cases share the
same intraoperative imaging and placement advantages; how-
ever, laparoscopic cases are less invasive than open cases. Often,
patients who have undergone laparoscopic treatment have
shorter hospital stays and recovery times. The instrument
should be easily applied percutaneously, laparoscopically or via
an open surgical technique. BOX1 summarizes the above
described ideal parameters.
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Principles of thermal tissue injury

Tissue injury from heafing

Most thermal ablation devices cause tissue necrosis via heating
(RFA, MWA, laser and high-intensity focused ultrasound).
Tissue necrosis can occur from temperatures as low as 43°C
after several hours. Hyperthermia studies have confirmed, in a
large number of different tissues, that above 43°C, the time
required to cause cell death is cut in half with each degree
centigrade of temperature rise (38]. However, note that the
exact time—temperature relationship depends on the tissue type
and the thermal-dose relationship observed at lower tempera-
tures (<45°C) may not hold true at ablative temperatures [39].
In the time scales relevant for ablation therapies (~5-30 min),
tissue necrosis occurs above approximately 50°C, that is,
the ablation zone extends from the probe to the 50°C iso-
thermal surface (FIGURE 1). The most prevalent mechanism of
necrosis during tumor ablation is due to protein coagulation
(coagulation necrosis).

Box 1. Ideal characteristics of a technology used as an
alternative to resection.

e Complete destruction of malignant cells
® No significant side effects or complications

® Application percutaneously, laproscopically, or via open
surgical approach

e Efficacious adjacent to vascular structures (not effected by
thermal sink)

e Fast

e (Can be used on the same individual more than once
(retreatment)

® Probe visible with imaging

¢ Ablative changes visible with imaging in real time and
post ablation

® Images of ablative change distinguishable from tumor and
normal parenchyma

¢ Single probe for any tumor size
® Ergonomic

® (Can be controlled by surgeon while maintaining sterile
technique (hand or foot pedal)

o Safe for practitioners applying the technology
® Inexpensive

® Placement tract ablated to prevent tumor seeding
with withdrawal

® Short recovery time for patient

® Energy controllable to prevent damage to adjacent liver
or organs

® Robust to inter-patient differences in tissue properties

Tissue injury from freezing

An alternative to heating tissue to cause necrosis is freezing
tissue. For a discussion of the response of tissue to low tempera-
tures refer to [40]. In addition to absolute temperature, the rate
of freezing and thawing affects cell death, with a rapid freeze
rate and a slow thaw rate improving tissue destruction. With
regard to the threshold temperature, consensus is yet to be
reached, although temperatures in the range of -40 to -50°C are
generally considered lethal to cells (40]. Susceptibility to low
temperatures varies between tissue type and studies have shown
survival of tumors at temperatures of less than -50°C. However,
results from cellular studies may not correctly predict damage at
the tissue level. [z vivo studies in porcine liver have shown that
the zone of tissue necrosis extends close to the ice ball (~0°C)
boundary [41] and a comprehensive study of cryodamage in the
porcine kidney showed the region of complete cell death
extending up to the -20°C isotherm [42]. Repeated freeze—thaw
cycles produce more extensive tissue destruction and increase the
likelihood of adequate ablation in the target region. The ice ball
size after a second freeze cycle is large than after a single freeze [40]
— possibly owing to change in thermal tissue properties after
thawing (43].

Comparison of existing ablative technologies

Below we present descriptions of current alternative cancer treat-
ment technologies and a summary of their status. TABLE 2 sum-
marizes the relevant characteristics of current cryoablation, RFA
and MWA devices. Current cryoablation devices, with diameters
of 1.2-8 mm, produce ablation zones of 4-5 cm in diameter, in
approximately 15-25 min. Radiofrequency devices, with dia-
meters measuring 1.2-1.6 mm, produce ablation zones of
1.5-7 cm in diameter, in approximately 12-25 min. Microwave
devices, with diameters of 1.2-5.7 mm, produce ablation zones
of 1.5-6 cm in diameter, in approximately 1-12 min.

Radiofrequency ablation
During RFA, radiofrequency current is injected into the treat-
ment region via a RFA electrode placed at the target location.
A dispersive pad (ground pad) is typically placed on the
patient’s thigh or back to serve as a return electrode for
completing the electric circuit. Within the tissue, the electric
current is carried by ions (Na*, K" and CI’). Rapid ion oscil-
lations due to radiofrequency current (typically in the fre-
quency range of 450500 kHz) result in resistive heating pref-
erentially around the RFA electrode, where radiofrequency
current density is highest. More detailed descriptions of
radiofrequency tumor ablation and devices can be found in
the literature [44].

RFA devices for tumor ablation were introduced in the early
1990s.

approximately 1.5 cm and ablation zone diameters increased

Initial devices created ablation zone diameters of

with each new device generation. Current devices can create
ablation zones of approximately 1.5-7 cm in diameter and up
to 5 cm in length (FIGURES 2 & 3) (45-49]. Since the goal is to ablate
the tumor plus a 1 cm margin of normal tissue, for tumors
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Figure 1. Representative simulated isotherms. (A) Temperature profile for
Cool-tip™ radiofrequency electrode. (B) Temperature profile for sleeve
antenna [95].

larger than 3-5cm more than one ablation is typically
required, depending on the device type. In most radiofrequency
systems, this requires multiple sequential placements and abla-
tions with a single electrode to create overlapping ablation
zones [12,50].

The different manufacturers employed various strategies to
obrtain larger ablation zones [51]; there are currently three dif-
ferent manufacturers that offer commercial radiofrequency
tumor ablation devices in the USA (Boston Scientific, Rita
Medical and Valleylab) and an additional one in Europe
(Celon). Two manufacturers (Boston Scientific and Rita Med-
ical) employ multitined electrodes, to increase electrode sur-
face area and volume of tissue heating (FIGURE 2B-E). For multi-
tined electrodes typically an incremental deployment of the
tines in stages is used, with ablation at each deployment stage
for a certain amount of time or until the target temperature is
achieved to ensure complete ablation of the target volume.

Two manufacturers use internal electrode cooling via circulation
of water or saline to increase ablation zone size (Valleylab and
Celon, FIGURE 24 & F). By cooling the electrode, the tissue sur-
rounding the electrode is also cooled. The location of maximum
temperature is ‘pushed’ further into the tissue, resulting in a larger
ablation zone size [52]. A similar effect is obtained by infusing saline
into the tissue via ports in the electrode [53] — this method is used
by the Starburst Xli™ electrode (Rita Medical, FIGURE 2E) [45].

Current status of liver ftumor ablation devices

In addition, Valleylab recently introduced a system that
allows the use of up to three electrodes simultaneously [54,55].
This system is based on rapid switching of radiofrequency
energy between electrodes (i.e., time interleaving) to allow heat-
ing of all electrodes without electrical interactions that adversely
affect the heating profile (56]. The advantages of the simultane-
ous use of multiple electrodes are a significant reduction in
treatment time, simpler treatment planning compared with
multiple sequential ablations and a synergistic thermal effect
resulting in higher temperatures in between electrodes.

Another method that has been described in several studies is
bipolar energy delivery between two electrodes or two separated
conducting areas on a single electrode [57-60]. A second radio-
frequency electrode replaces the dispersive electrode (ground
pad) to close the electric circuit and the tissue is heated around
both electrodes. An advantage of the bipolar method is that the
region of direct heating extends further from the electrode
resulting in more uniform tissue temperatures [59]. The bipolar
method is used in the Celon device (FIGURE 2F), where up to
three electrodes — each with two conducting regions — are used
and radiofrequency energy is applied in a round-robin fashion
between all possible combinations.

Control of applied power

During RFA, tissue temperatures are limited to a maximum of
approximately 100-110°C. At higher temperatures, tissue vapor-
ization and charring can occur; the latter should be avoided espe-
cially since charred tissue presents an electrically isolating layer
that prevents further power deposition into tissue (for RFA but
not for MWA). The manufacturers use two different approaches
to control the applied radiofrequency energy. One manufacturer
(Rita Medical) uses temperature control; the electrode has temp-
erature sensors embedded in the tips of the tines (FIGURE 2¢-F),
and applied power is controlled such that tip temperature is kept
between 100 and 105°C. All other manufacturers use impedance
control; applied power is slowly ramped up (to prevent charring)
until tissue impedance exceeds a threshold level as a result of
tissue vaporization. Subsequently, power is turned off to allow
vapor to settle and power is either reapplied at a lower level or
ablation is terminated (Boston Scientific). The time required for
a single ablation depends on device type and the desired size of
the ablation zone; typically between 12 and 25 min are required
for a single ablation. For multitined devices (FIGURE 2B-E) a step-
wise expansion of times is recommended to ensure confluent
ablation zones, that is, ablate at 2 cm expansion for 5 min,
extend to 3 cm and ablate for 5 min, and so on.

Vascular-mediated cooling (heat sink effect)

One shortcoming of RFA devices is reduced performance close
to large vasculature (i.e., vessels >3 mm in diameter) [48,60-62).
Reduced tissue temperatures due to convective cooling by blood
flow results in a rim of viable tissue surrounding large vessels
(FIGURE 4). Several case series have shown that local tumor recur-
rence occurs preferentially in tumors that are in close proximity
to large vessels [17]. To counteract the heat sink effect of large
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Table 2. Comparison of radiofrequency, microwave and cryoablation technologies.

Radiofrequency

Microwave

Cryoablation

Heating mechanism Resistive heating by RF current

Absorption of microwave power due

Tissue freezing (Joule-Thomson effect)

to rapid rotation of polar molecules

Size of ablation zone 1.5-7 cm in diameter

1.5-6 cm in diameter

4-5cm in diameter

Probe diameter 1.2-1.6 mm (17-14 gauge) 1.2-5.7 mm 1.2-8 mm
Ablation time 12-25 min 1-12 min 15-25 min
Frequency range 460-480 kHz 915 MHz, 2.45 GHz N/A

Power control methods ~ Temperature, impedance feedback

No feedback currently used

Flow rate control

(constant power)

Available from one manufacturer
(time interleaving)

Multiple probe devices

Effect of large-vessel Yes

heat sinks

Advantages Small diameter probes
Availability Commercially available (WW)
Companies Boston Scientific (WW), Rita

Medical (WW), Valleylab (WW),
Celon (EU)

Available (amplitude, phase,
time interleaving)

Not affected (preliminary studies)

Short ablation time, no ground pads

Limited (Asia)
Azwell (Asia)

Available

Somewhat affected

Ice ball visible under I0US, no pain, no
ground pads

Commercially available (WW)

Endocare (WW), Galil Medical (WW)

I0US: Intraoperative ultrasound; N/A: Not applicable; RF: Radiofrequency; WW: Worldwide.

vessels when RFA is used during laparoscopy or open surgery,
blood inflow occlusion to the liver may be applied (63]. During
minimally invasive application of RFA, pharmacologic agents
can be employed to reduce blood flow temporarily, which
decrease the heat sink effect [64].

Microwave ablation

MWA is another thermal ablation technology in which tissue is
heated using microwaves. This approach exploits the pheno-
menon of volumetric tissue heating by microwaves, and prelimi-
nary investigations show that this phenomenon may be respon-
sible for improved performance near blood vessels compared
with RFA (FIGURE 4). Using an antenna, microwaves can be radi-
ated through tissue creating a microwave energy field within a
finite volume of that tissue. Within the microwave energy field,
water molecules in the tissue rotate with the varying electric
fields, causing frictional heating. This heating leads to tempera-
tures capable of causing coagulation necrosis in the tissue. Cur-
rent technologies for interstitial MWA of the liver utilize powers
of 20-100 W, applied for 1-12 min at frequencies of either
915 MHz or 2.45 GHz.

Probes for microwave ablation

As with other thermal ablative procedures, the goal of MWA is
to completely destroy tumors, as well as a small rim (~1 cm) of
healthy tissue. Since most tumors are (near-)spherical in shape,
MWA probes are designed to create large spherical ablation
zones [65]. A variety of probes have been proposed for use in

MWA, with the majority being based on a coaxial structure due
to the deep-seated location of many tumors (resulting in a need
for interstitial applicators) and the angular symmetry of the
tumor [66].

Initial antennas based upon a coaxial waveguide structure
include designs, such as the monopole, dipole and slot antennas
(FIGURE5A-C), often encased in a polytetrafluoroethylene
(PTFE) catheter to minimize adhesion of the probe to desi-
ccated (charred) ablated tissue. An extensive review of these
antenna designs, along with others, can be found in [e6).

A number of challenges, characteristics and trade-offs have
been identified in the design of MWA probes. Challenges
include the reduction of backward heating, minimization of
probe diameter and impedance matching of the antenna to
the surrounding liver. Trade-offs in design involve probe
diameter versus maximum application of power and ablation
power versus ablation time.

Early coaxial antennas developed for MWA yielded ablation
zones resembling a ‘tear drop’, as opposed to the desired spherical
shape [66]. The tear drop is oriented along the axis of the antenna
along the feedline, indicating undesirable heating along the
feedline. There are three potential causes of detrimental heating
along the coaxial feedline. First, any impedance mismatch
between the antenna and the surrounding medium will create
reflections that set up standing waves within the coaxial feedline.
Under such conditions, the local currents on the inside of the
outer conductor can become large enough to cause local heating.
If the wall of the outer conductor is thin, the heat may transfer to
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Medical. (F) ProSurge electrode from Celon Medical.

Celon Medical.

Figure 2. Radiofrequency electrodes from the three most widely used manufacturers. (A) Cool-tip™
single (top) and cluster electrode (bottom) from Valleylab. (B) LeVeen electrode in 2-, 3- and 3.5-cm size
from Boston Scientific (available up to 5 cm). (C) Starburst. (D) Starburst XL. (E) Starburst Xli from Rita

(A-E) have been reproduced with permission from [48], (F) has been reproduced with permission from

Impedance mismatches, while leading
to additional heating along the feedline

(due to power reflected from the
antenna), also affect the efficiency of the
antenna. Power reflected from the

antenna is lost and reduces the efficiency
of the treatment applicator. This mis-
match between the antenna and the sur-
rounding medium cannot be mitigated by
the use of an external matching network
as the amplitude of standing waves in the
coaxial feedline would be increased lead-
ing to additional detrimental heating of
the feedline.

A final challenge is to minimize the
probe diameter. This has the effect of
minimizing the invasiveness of the treat-
ment applicator, as well as allowing the
possibility of percutaneous application.
Typically, probes under approximately
2 mm in diameter are considered amen-
o able for percutaneous use. This minimi-
zation of the probe diameter leads to a
trade-off in the design rules. More power
applied to the applicator tends to lead to
short treatment times or larger ablation
zones. However, for a given size coaxial
line there is a maximum power-handling
capability beyond which heating of the
coaxial line becomes a limiting factor,
which, in this case, is expected to lead to
detrimental heating along the coaxial
feedline, thus damaging the tissue. There-
fore, a balance must be found between
power handling capability and probe size.

For a given desired ablation zone size
more power radiating from the antenna
leads to a shorter treatment time. Owing to
higher tissue temperatures than during
RFA, the microwave applicator requires
shorter treatment times, which make MWA
less dependent on thermal conduction
and perfusion.

More MWA  probes

recent were

the surrounding tissue. Second, an impedance mismatch
between the antenna and surrounding medium may also result in
unbalanced currents on the inner and outer conductors of the
coaxial feed. In this case, a remainder current flows along the out-
side of the outer conductor of the coaxial feedline. The ‘tail’ seen
in many of the specific absorption rate (SAR) patterns computed
from simulations of MWA antennas is attributed to this current
flow. Finally, most antenna designs are based upon copper coaxial
cables. Since copper is a good thermal conductor, heat generated
near the distal tip may be conducted along the feedline.

designed to minimize probe size, maxi-
mize ablation zone size, minimize detrimental heating of the
feedline and yield more spherical lesions, by minimizing
impedance mismatch [65.67,68]. Geometries of some of these
improved antenna designs are shown in FIGURES 5D-G.

Yang and colleagues proposed a 3.5-mm diameter floating
sleeve antenna consisting of a coaxial dipole antenna with a
conductive third copper cylinder approximately half a
wavelength long, separated from the coaxial cable by PTFE
insulation [65-68]. The sleeve constrains the fields to the
proximal end of the sleeve, probably due to phase cancellation
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Figure 3. Ablation zone size and geometry for three major manufacturers (measured in pig liver).
Dark purple: minimal dimensions; medium purple: mean dimensions; light gray: max dimensions.

Reproduced with permission from [48].

that is used to both determine whether
Boston Scientific or not the probe is functioning and pro-
vide feedback for control during the
ablation procedure.

Most modern cryoablation systems
employ liquid nitrogen (LN,) or argon as
cryogens due to their extremely low boil-
ing temperatures of -196 and -186°C,
respectively. Argon-based probes make use
of the Joule-Thomson (J-T) principle,
which states that the temperature of a gas
at a given pressure will decrease or
increase (depending on ambient tempera-

LeVeen 3.5 cm ture) when allowed to expand freely at

enthalpy. Cryoprobes take
advantage of this effect for achieving low

constant

temperatures during freezing and for rais-
ing probe temperature to induce thawing.

Active thawing may be performed with
LeVeen 4 cm gases, such as helium, whereas passive
thawing is used in LN,-based systems by
shutting off the supply of the cryogen.

Argon-based systems can respond to con-

of the fields above and below the sleeve. Brace and colleagues
designed a triaxial antenna consisting of a coaxial monopole
antenna inserted through a 17-gauge biopsy needle, positioned
a quarter of a wavelength from the antenna tip (67,69.70]. This
length may be readily adjusted so as to minimize reflected
power during MWA. Another antenna is the minimally
invasive choke antenna designed by Longo and colleagues [68].
This consists of a coaxial monopole antenna inserted through
a 14-gauge biopsy needle. A conductive copper collar is
soldered to the coaxial cable to electrically connect it to the
biopsy needle. The distance between the connection point to
the distal end of the biopsy needle is set to approximately a
quarter of a wavelength (adjustable to minimize reflected
power). Strickland and colleagues have developed a dielectric
resonator antenna with a 5.7 mm diameter for large volume
MWA (71). While the large diameter allows the use of powers
up to 150 W, the antenna is not suitable for percutaneous
applications [72].

TABLE3 summarizes performance characteristics of these
antennas. It shows that the maximal ablation zone diameter
varies with power levels and treatment durations, which are, to
some extent, limited by probe diameter. Results shown are for
in vivo animal experiments; the choke antenna was excluded
since data from animal models have not been presented in the
literature [68].

Cryoablation

Cryoablation systems consist of a cryogen, cryoprobe(s) and
tools for imaging/monitoring the treatment. The structure of
the cryoprobe depends on the type of cryogen used. In
addition, most cryoprobes have an embedded thermocouple

trol adjustments in less than 1 s compared
with LN,-based systems, which may take up to 30 s to respond
to a change (73]. Thus, argon-based systems are more amenable
to repeat freeze—thaw cycles and allow surgeons to complete
ablation of a single target in a shorter time. For smaller abla-
tion zones and those that do not require a high degree of accu-
racy, single probe cryoablation suffices. For more precise cover-
age of the target region and uniform freezing, multiple
cryoprobes are preferred [74].

A typical LN, cryoprobe funnels the cryogen down to a ther-
mally uninsulated tip of a metallic probe, which is in direct
contact with the target tissue. Vacuum insulation is used along
the length of the cryoprobe above the tip to prevent freezing of
healthy liver tissue. At the warm tip (due to contact with tissue
at body temperature), LN, undergoes a phase change and
expands. The cold gas cools the probe tip where an ice ball
forms. The expanding gas, which exits the cryoprobe around
the supply tube, sets up a back pressure (a phenomenon known
as ‘vapor locking’), which, together with Liedenfrost boiling,
limits the minimum temperature at the probe tip to approxi-
mately -160°C. Gas bubbles, formed due to Liedenfrost boil-
ing, act as a thermal insulator and, thus, lesion diameter is
wider at the probe tip where there are fewer bubbles (73]. The
CMS Accuprobe® is an example of a LN,-based cryoprobe.

Endocare’s CryoCARE® probe is an example of a probe that
uses the J-T principle with argon as the cryogen [101]. Argon
gas, at a pressure of 3000 psi (21 MPa), is supplied to the probe
and flows through the heat exchanger and out via the J-T noz-
zle. It then expands in the expansion chamber and is cooled to
cryogenic temperatures. After expansion, the gas is at a lower
pressure and exhausts flowing out over the heat exchanger. The
gas flowing out cools the incoming gas thereby making the
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probe more efficient. The surgeon can
control the ablation zone size by adjusting
the flow rate and pressure and lesion
shape by adjusting positioning of the
outer sheath.

The CryoHit® system developed by Galil
Medical supports up to 25 cryoprobes
allowing for simultaneous ablation of multi-
ple tumors or large lesions in a single proce-
dure. The system uses MR-compatible
17-gauge cryoprobes based on the J-T
principle, employing argon as the cryogen
and helium for thawing. A thermocouple is
embedded in each probe for temperature
monitoring of the ablation process.

Littrup and colleagues have recently
developed a system to mitigate vapor lock-
ing by raising the pressure of the cryogen

Figure 4. Gross image comparison of heat sink effect of local blood vessels at (A) radiofrequency
ablation and (B) microwave ablation. Note deflection of the coagulation zone at radiofrequency ablation
(arrow) and the absence of deflection after MW ablation (arrow).

Reproduced with permission from [96].

above a critical value ensuring that it is
supplied at a molar volume that prevents vapor lock [102). This
elevated pressure is maintained over the length of the cryoprobe
by introducing an object in thermal contact with the cryogen to
raise its temperature. By maintaining the inflowing cryogen at an
elevated temperature and pressure, the vapor lock phenomenon
is avoided.

Image guidance for ablation procedures

Imaging of radiofrequency & microwave ablation

Ultrasound imaging is the most commonly used modality for
interventional device placement and ablation zone monitoring
during RFA [7576]. Advantages of ultrasound imaging for
device placement and treatment are real-time visualization,
low cost and portability for easy access. Monitoring ablation
zone size during RFA has had limited success due to low con-
trast between normal and ablated tissue, as well as gas bubble
formation during ablation. These issues lead to inaccuracy in
determining the ablation zone boundary during ultrasound
monitoring of ablation zone size. In an attempt to overcome
these problems, some investigators have focused on monitor-
ing changes in the ultrasound properties that occur with
changes in temperature during ablation [77]. Ultrasound strain
imaging, or elastography, is also being explored as a method
for monitoring ablation zone size by taking advantage of

changes in tissue stiffness during the course of ablation [78]. In
Europe, microbubble contrast agents are available currently for
imaging of RFA that show vascular regions and allow depiction
of residual tumor after ablation [79); these contrast agents are
currently under review by the US FDA and may be available in
the USA in the near future.

In addition to ultrasound imaging, CT is frequently used to
guide placement of the probes to the target location, especially
during minimally invasive procedures. CT is also the most
commonly used modality to confirm treatment results since it
gives a much more reliable depiction of ablated/nonablated
interfaces than ultrasound imaging with a better correlation
between measured and actual ablation zone size (based on
pathology) (80]. Disadvantages of CT include longer times for
probe placement and the exposure of the patient and physician
to ionizing radiation. However, to deal with these disadvan-
tages, combining ultrasound imaging for probe placement and
CT for ablation monitoring may be used.

Recently, there has been considerable research into using
MRI to image ablation probe placement and temperature
profile imaging [81-83]. Sequeiros and colleagues have reviewed
the current status of MRI as a monitoring tool in inter-
ventional procedures [82]. Advantages of using MRI for device
placement and temperature monitoring include high resolution,

-

Table 3. Comparison of performance of various microwave ablation probes.

Antenna type Metric
Ablation zone diameter (cm) Probe diameter (nm)  Treatment duration Power levels (W)
Sleeve 5.87 35 150 s 120
Triaxial 1.7-2.9 12 2-12 min 68
Dielectric resonator 2.8-6.0 5.7 4-20 min 50-150
Dipole 2.1 1.8 10 min 40
www.future-drugs.com 531
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Figure 5. Geometry of microwave probes. (A) Monopole antenna; (B) dipole antenna; (C) slot
antenna; (D) sleeve antenna; (E) triaxial antenna; (F) dielectric resonator antenna; (G) choke antenna.

{  -40°C, which are usually associated with
necrosis. MRI can also be used in conjunc-
tion with mathematical models to estimate
temperature within the ice ball 90). Such
techniques may be useful in defining
regions of the ice ball assumed sufficient
for ablation. As stated above, major dis-
advantages of MRI include high cost,
an open-magnet configuration and the
necessity of MR-compatible probes.

Conclusions

This review discusses the current status of
ablative technologies used as alternatives
for resection, clinical experience with
these technologies, and design rules for
the development of new devices and the
improvement of existing devices.

multiplane imaging and the possibility of monitoring perfusion
effects during the course of ablation. Significant disadvantages
are high cost, limited access to the patient due to the magnet
structure, slower refresh rate than ultrasound imaging, the
need for all surgical tools and implements to be MRI com-
patible, and patient populations that cannot have MRI due to
implants or body habitus. Other possible candidates under
investigation to monitor antenna placement and ablation
zone size during ablation are optical monitoring [84], remote
sensing via microwave imaging [85-88] and electrical impedance
tomography [89].

Imaging of cryoablation

Ultrasound imaging is also the most widely used imaging
modality for cryoablation of liver tumors. The ultrasound
transducer is usually placed on the surface of the liver for
real-time visualization of the growing ice ball. The mismatch in
acoustic impedance at the frozen—unfrozen tissue interface
results in close to 99% reflection of the incident acoustic wave
and ensures the ice ball boundary appears distinctly on the
ultrasound image. However, owing to reflection of almost all of
the acoustic energy at the ice ball boundary, ultrasound imag-
ing cannot be used to image regions of tissue behind the ice
ball. Moreover, the position of the tumor relative to the ice ball
boundary is not clear [41]. Surgeons typically combine informa-
tion from thermocouples, either embedded in the cryoprobe or
inserted into the target tissue, and position of the ice ball
boundary to determine the extent of the cryolesion.

Expert commentary
RFA has become an acceptable alternative treatment modality
for unresectable liver tumors, has been shown to improve
patient survival in certain populations and is currently the most
widely used tumor ablation modality. The rapid growth of RFA
procedures in recent years has been due to several advantages
compared with alternative treatments for patients not amenable
to surgery. While RFA devices have seen considerable improve-
ment within the last decade, there are still several areas where
there is need for improvement. One major problem with RFA
is that thermal conduction from a thin rim around the probe to
the margin of the tumor takes a considerable amount of time
(~12-35 min). During this time the large vessels in the liver
carry heat away as fast as it is generated. Thus, temperature of
cancer cells next to the large vessels may never increase to lethal
temperature. In addition, treatment of large tumors is still
problematic due to the limited size of the ablation zone of cur-
rent devices, typically requiring multiple sequential overlapping
ablations. There is a need for more sophisticated, computer-
supported treatment planning to help the physician and make
outcomes less dependent on the experience of the treating
physician. One problem common to most ablation therapies is
insufficient intraprocedural imaging. This will be partially
addressed by upcoming ultrasound contrast agents but further
progress in this area will benefit treatment outcome.

MWA has seen a considerable amount of research performed
in the last few years with most of the work focused on interstitial
probe design for control of shape and maximization of ablation
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region size. The explanation for improved performance seen
near large blood vessels, as compared with radiofrequency, is
commonly ascribed to the volumetric heating effect due to the
propagation of microwaves through the tissue and/or the
higher temperatures, which can be achieved during MWA. The
contributions of each of these effects on perivascular heating
could be better understood, as well as a systematic approach to
the study of microwave heating near large blood vessels explor-
ing the limitations both in simulation and experiment. More
work on the basic physiological response of the liver during
MWA at high temperatures (>100°C) and its effect on probe
performance is required. This includes an understanding (both
qualitative and quantitative) of how the tissue structure
changes (in this case) as temperatures increase above 100°C
(i.e., loss of tissue water as seen in lower water content of tissue
near the probe), how these structural changes will affect the
tissue thermal and electromagnetic properties, and what affects
the movement of the steam that is generated during MWA at
high temperatures. While some of the work of understanding
the response of tissue to heating has been done in other areas,
this needs to be translated to the problem of interstitial micro-
wave heating of tissue. This will aid in the design of new more
effective treatment probes and help reduce undesired damage
to healthy tissue.

Advancements in cryosurgical technology and intraoperative
monitoring methods have led to the development of applicators
for treatment of large liver tumors. Although traditionally per-
formed under laparotomy, percutaneous treatment is now feasi-
ble. Reliable indicators for adequate ablation, such as size of the
ice ball relative to target zone, are not widely agreed upon.
Improved imaging technology may help alleviate this problem.
As with other ablative technologies, comparison with surgical
resection has not been performed. Although cryoablation has
been challenged and, in many cases, replaced by RFA, it
remains a viable technique for the treatment of selected patients
with liver tumors.

Current status of liver ftumor ablation devices

Five-year view

In 5 years we will focus percutaneous liver ablation on patients
with HCC either as a stand-alone therapy or as a bridge to
transplant. Unless good prospective randomized data is gener-
ated, the standard of care for colorectal metastases will be either
open or laparoscopic resection. Ablation will be reserved for
unresectable patients and patients with bilobar disease.

Even though the use of tumor ablative therapies started more
than 10 years ago, clinical trials establishing survival and other
benefits in direct comparison to other treatment modalities are
still missing, thus, making evidence-based conclusions intra-
ctable and making patient selection the object of discussion
among experts [91]. This problem is further complicated by a
‘moving target owing to improved ablation devices becoming
available at short intervals. We expect MWA will become more
popular as the devices mature. There seems to be little need to
increase the size of RFA zones. Cryosurgical ablation will con-
tinue to be used by some centers but will, we suspect, continue
to decline in popularity. Much of this technology has at least
implied conflicts of interest and these should continue to be dis-
closed in any clinical report on ablation. We hope that prospec-
tive randomized comparisons of different ablation techniques
and ablation comparisons with resection will be reported.

Current shortcomings of ablation procedures are attacked
from several different directions. Apart from research in advanced
probe designs as described above, benefits of adjuvant therapies
in reducing tumor recurrence, such as radiotherapy and the use
of chemotherapeutical agents are under evaluation [92,93,201].
Improved imaging modalities may provide better feedback dur-
ing and after the procedure. Ultrasound contrast agents, MR and
ultrasound thermometry, as well as image coregistration, between
different modalities, are examples of current research directions
in this area [77-79,81,83].

The integration of probe tracking, image registration and
thermal modeling may lead to advanced treatment planning
systems that facilitate patient-specific tumor ablation [94].

[«

ey issues

e A number of new technologies (cryoablation, radiofrequency ablation [RFA] and microwave ablation [MWA]) have been developed
for local control of liver tumors - both hepatocellular carcinoma and metastatic - for patients whose disease is not amenable to

surgical resection (the gold standard).

e The literature on patient survival is not mature at this point; thus, the most critical end point, long-term (>5 years) survival, is not
known. However, local recurrence and short-term (1-, 3- and 5-year) data do exist and allow for some comparison of the clinically

available devices.

® |deal characteristics for ablative technologies include complete destruction of malignant cells, no significant side effects or
complications, flexible application, efficacious adjacent to vascular structures, controllable to prevent damage to adjacent liver or

organs, robust, fast, inexpensive and ergonomic.

® Cyroablation, RFA and MWA are discussed with an emphasis on probe design, current state of existing technologies and clinical

results and future trends.

® Modalities currently used for probe placement and treatment monitoring are discussed, as well as indications of new technologies

that may improve the effectiveness of treatment monitoring.
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vier, Oxford, UK (2006).

Papers

Poon RT, Fan ST, Tsang FH, Wong J. Locoregional therapies
for hepatocellular carcinoma: a critical review from the

surgeon’s perspective. Ann. Surg. 235(4), 466486 (2002).

McGahan JP, Dodd GD. Radiofrequency ablation of the
liver: current status. Am. J. Roentgenol. 176(1), 3-16 (2001).

* NIH radiofrequency ablation
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* MWA

www.rf-ablation.engr.wisc.edu

Tumor ablation
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index.php
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