Percutaneous Tumor Ablation

Strategies and Techniques

Kelvin Hong
Christos S. Georgiades

DVD-ROM included




Percutaneous Tumor Ablation
Strategies and Techniques

Kelvin Hong, MD

Assistant Professor of Radiology and Surgery
Division of Interventional Radiology
Director, Interventional Fellowship

The Johns Hopkins Hospital

Baltimore, Maryland

Christos S. Georgiades, MD, PhD

Associate Professor of Radiology and Surgery

Clinical Director, Vascular and Interventional Radiology
The Johns Hopkins Hospital

Baltimore, Maryland

S, ; [ 5t b
r f) ,‘\' ‘ 2
NS

&, 1

Thieme
New York « Stuttgart



Thieme Medical Publishers, Inc.
333 Seventh Ave.
New York, NY 10001

Executive Editor: Timothy Y. Hiscock

Managing Editor: |. Owen Zurhellen IV

Editorial Assistant: Chad Hollingsworth

Editorial Director, Clinical Reference: Michael Wachinger
Production Editor: Grace R. Caputo, Dovetail Content Solutions
International Production Director: Andreas Schabert

Vice President, International Marketing and Sales: Cornelia Schulze
Chief Financial Officer: James W. Mitos

President: Brian D. Scanlan

Compositor: Thomson Digital

Printer: Leo Paper Group

Library of Congress Cataloging-in-Publication Data

Percutaneous tumor ablation : strategies and techniques / edited by Kelvin
Hong, Christos S. Georgiades.
p.;cm.
Includes bibliographical references and index.
ISBN 978-1-60406-306-6
1. Cancer—Radiotherapy. 2. Cancer—Thermotherapy. 3. Cancer—Cryosurgery.
I. Hong, Kelvin. Il. Georgiades, Christos S.
[DNLM: 1. Neoplasms—surgery. 2. Ablation Techniques—methods.
3. Catheter Ablation—methods. 4. Surgical Procedures, Minimally Invasive. QZ
268 P429 2010
RC271.R3P467 2010
616.99'40642—dc22
2010012965

Copyright ©2011 by Thieme Medical Publishers, Inc. This book, including all parts thereof, is legally protected by copyright. Any use, exploi-
tation, or commercialization outside the narrow limits set by copyright legislation without the publisher’s consent is illegal and liable to
prosecution. This applies in particular to photostat reproduction, copying, mimeographing or duplication of any kind, translating, preparation
of microfilms, and electronic data processing and storage.

Important note: Medical knowledge is ever-changing. As new research and clinical experience broaden our knowledge, changes in treat-
ment and drug therapy may be required. The authors and editors of the material herein have consulted sources believed to be reliable in their
efforts to provide information that is complete and in accord with the standards accepted at the time of publication. However, in view of the
possibility of human error by the authors, editors, or publisher of the work herein or changes in medical knowledge, neither the authors,
editors, nor publisher, nor any other party who has been involved in the preparation of this work, warrants that the information contained
herein is in every respect accurate or complete, and they are not responsible for any errors or omissions or for the results obtained from use of
such information. Readers are encouraged to confirm the information contained herein with other sources. For example, readers are advised
to check the product information sheet included in the package of each drug they plan to administer to be certain that the information con-
tained in this publication is accurate and that changes have not been made in the recommended dose or in the contraindications for adminis-
tration. This recommendation is of particular importance in connection with new or infrequently used drugs.

Some of the product names, patents, and registered designs referred to in this book are in fact registered trademarks or proprietary names
even though specific reference to this fact is not always made in the text. Therefore, the appearance of a name without designation as propri-
etary is not to be construed as a representation by the publisher that it is in the public domain.

Printed in China

54321

ISBN 978-1-60406-306-6



Percutaneous Tumor Ablation
Strategies and Techniques

@Thieme



To my parents, David and Linda Hong, and my family, Jessica and Preston
K.H.
To Marianna

CS.G.



DVD-ROM Contents

Video 1 Lung Tumor Radiofrequency Ablation
Video 2 Bone Tumor Radiofrequency Ablation
Video 3 Kidney Tumor Cryoablation

Video 4 Liver Tumor Radiofrequency Ablation



Foreword

We are honored to write this foreword for the book Percu-
taneous Tumor Ablation: Strategies and Techniques, edited by
Drs. Hong and Georgiades. It is especially gratifying for us to
do so because we have known both Dr. Hong and Dr. Geor-
giades for much of their careers. We hope our mentoring
and guidance during the past few years had something to
do with their success, culminating in this very important
text. The book covers all the key aspects of tumor ablation
that practitioners need to develop a successful practice. It
includes in-depth organ-based reviews of clinical results,
detailed mechanistic information for each ablation device,
and tips on practice development. All chapters have been
written by true internationally recognized experts in the
field.

Perhaps more importantly, by filling a gap in the oncol-
ogy literature, this textbook may help pave the way for more
widespread incorporation of interventional oncologists into

the multidisciplinary cancer care team. It is clear that dur-
ing the past decade the field of oncology has evolved from a
single discipline to a multidisciplinary one, in which radia-
tion, surgical, medical, and now interventional oncologists
all sit at the same table to provide optimal therapies for can-
cer patients.

Percutaneous Tumor Ablation will make a valuable and
practical reference for interventional oncologists (beginners
and experts alike), whether in an academic or private prac-
tice. By addressing not only the technical aspects of tumor
ablation but also the clinical issues related to the care of the
patient, this text will also serve all cancer care physicians
who recognize the increasingly valuable role of percutane-
ous ablation and its potential benefits for their patients. Drs.
Georgiades and Hong should be commended for making
such a significant and relevant contribution to the oncology
knowledge pool.

Jonathan S. Lewin, MD

Martin Donner Professor and Chairman
Russell H. Morgan Department of Radiology
and Radiological Science

The Johns Hopkins University
Radiologist-in-Chief

The Johns Hopkins Hospital

Baltimore, Maryland

Jean-Francois Geschwind, MD

Professor of Radiology, Surgery and Oncology

Chief, Vascular and Interventional Radiology Section
The Johns Hopkins University

Baltimore, Maryland



Preface

Afew years ago, as we embarked on building an image-guided
ablation service at our institution, we were hindered by the
lack of a comprehensive technical and clinical textbook on
the subject. We were surprised that no such book had been
published. A great deal of time and effort went into exploring
the available technology and uncovering the relative advan-
tages and disadvantages of each system, many times through
trial and error. This inevitably slowed the clinical growth of
the service, at least initially. One of the objectives of Percu-
taneous Tumor Ablation: Strategies and Techniques is to guide
physicians who are starting an ablation service through the
technology maze. The early chapters showcase the available
ablation systems and probes, illustrate the ablation proto-
cols, and explain pertinent physics.

Equally importantly, we want this textbook to be a clinical
reference source for physicians at every stage in their career,
early and advanced. Because of the unique clinical and tech-
nical challenges associated with each of them, we divide the
clinical service into organ-based areas: lung, liver, kidney,
musculoskeletal, and others. Cognizant of the differences in
clinical experience among physicians offering ablation ser-
vices, we incorporate a large number of visual aids and many
illustrative cases. The types of cases range from technically
simple ones in medically uncomplicated patients to techni-
cally challenging ones in high-risk patients.

Additional chapters address other challenges faced by phy-
sicians offering image-guided ablation services. For example,
the preoperative and postoperative care of patients is of para-
mount importance for good outcomes, as is proper patient
selection. We also include a chapter on practice building to

help ensure a smooth initial transition for beginners, and
another chapter addresses the issue of evidence-based prac-
tice and available data, highlighting the most salient peer-
reviewed publications.

For image-guided physicians, a picture paints a thousand
words. To supplement and enhance the print-based chap-
ters, a multimedia DVD is included that contains four video
clips of patients undergoing thermal ablation procedures to
illustrate some of the many practical tumor ablation strat-
egies and techniques discussed herein. The narrated videos
cover the four most common organ sites treated with radio-
frequency ablation and cryoablation in clinical practice cur-
rently: liver, kidney, lung, and bone tumors.

Because Percutaneous Tumor Ablation addresses both tech-
nological and clinical issues, we expect that it will be a useful
aid for physicians offering an image-guided ablation service
at any stage in their career.

¢ Acknowledgments

We sincerely thank our contributing authors for their expert
input and contributions to their respective chapters. We
also express our gratitude to Nefeli Massia, the Greek-born,
Baltimore-based artist for the cover art. Nefeli is a renowned
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and psychology.
Kelvin Hong, MD
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Radiofrequency Ablation:
Mechanism of Action and Devices

Kelvin Hong and Christos S. Georgiades

The application of radiofrequency (RF) energy and its ther-
mal effects on tissue were described as early as 1891 by
d'Arsonval, when RF waves that passed through tissue were
observed to cause an increase in local tissue temperature. RF
energy became incorporated into practical medicine via the
invention of the Bovie knife used for both cauterization and
cutting tissue by varying the RF current. A pulsed current
caused cauterization of tissue, whereas a more continuous
current caused cutting of tissue. The first-generation Bovie
knife was a crude monopolar RF electrode with surface ad-
hesive skin pads closing off the circuit. Use of RF application
in thermal ablation was first reported by Rossi and by McGa-
han et al independently in 1992 for liver tumor ablation.

Since the early RF description, over 100,000 estimated
liver RF ablation (RFA) procedures have been performed
worldwide. The interest in percutaneous tumor ablation
has considerably evolved with introduction of several other
thermal modalities, including microwave, cryoablation, high-
intensity ultrasound, irreversible electroporation, and inter-
stitial laser.! The evidence thus far suggests, however, that
RFA should remain the prototypical ablation device, particu-
larly for lesions <3 cm, and should still be the cornerstone of
any ablation practice.?? It is the most frequently used abla-
tive technique, and it has the longest track record.* Famil-
iarity with the RFA mechanism of action, clinical rationale,
and techniques remains critical for the success of an ablation
practice.”

300 GHz

o Visivle Ultravioj, S
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3 Hz
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¢ Physics and Principles

Radiofrequency refers to the part of the electromagnetic (EM)
spectrum bounded by the frequencies of 3 Hz and 300 GHz
(Fig. 1.1). EM radiation includes (in addition to radio waves)
infrared radiation, the visible spectrum, ultraviolet radiation,
x-rays, and y-rays, in increasing frequency.

Even though all EM radiation subtypes have the same ba-
sic physical properties, their interactions with matter can
be very different depending on their frequency and the type
of matter. RF waves, as applied in medicine, cause thermal
ablation of a defined volume of tissue. The RFA probe acts
as the cathode of an electrical circuit that is closed by the
application of dispersing pads on the patient’s thighs (Fig.
1.2). Because of the small cross-sectional area of the probe
tip, there is a very high energy flux around it. On the other
hand, the large cross-sectional area of the grounding pads
disperses the energy, minimizing the energy flux. As a result,
tissue damage is limited to the part of the circuit that sur-
rounds the probe tip.?

RF ablation results in coagulative necrosis of tissue at high
temperatures. The dipole molecules (mostly water) adjacent
to the tip of the RF electrode attempt to remain aligned in
the direction of current and are forced to vibrate as a rapidly
alternating current is applied. Molecules farther away from
the probe are set into motion by other vibrating molecules
near them. The frictional energy losses between adjacent

Fig. 1.1 The electromagnetic (EM) spectrum is
modeled as a continuous frequency spectrum of vi-
brating massless energy quanta. The EM radiation is
composed of both an electric and a magnetic field
oriented at 90 degrees to each other. The EM radia-
tion whose frequency is between 3 Hz and 300 GHz
is defined as radiowaves.
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Probe

Fig. 1.2 The radiofrequency ablation circuit. The
probe acts as the cathode and the pads as the anode.
The patient is actually part of the circuit, and tissue
conductivity is important in achieving adequate ab-
lation zone.

Generator

molecules result in local energy deposition and temperature
increase. As one moves away from the source (probe), energy
deposition and thus temperature both drop (Fig. 1.3). The RF
electrode itself is not the source of heat and is not hot to the
touch. It generates an alternating EM field that sets adjacent
molecules into motion and intense agitation. The molecules
immediately adjacent to the probe are the source of the heat,
which is transmitted farther by tissue conductivity.

Temperature

Distance from source

EM Dipole vibration
radiation

Fig. 1.3 The radiofrequency probe itself is not the source of heat. It
generates an alternating electromagnetic field that sets adjacent mol-
ecules into motion. The molecules immediately adjacent to the probe
are the source of the heat, which is transmitted farther by tissue con-
ductivity.

Grounding

One of the limitations of RFA is that it is heavily dependent
on good electrical and thermal tissue conductivity for effec-
tive ablation.’ If one pushes the generator’s power too high
too quickly, the tissue around the probe becomes desiccated
(charred). The desiccated tissue acts as an insulating “sleeve”
around the probe, which limits the transmission of further
electrical or thermal energy (Fig. 1.4) and limits any fur-
ther extension of desired tissue destruction. It is instructive
to note that time is just as crucial in achieving a large abla-
tion zone as the maximum temperature reached. Figure 1.5
demonstrates the approximate time needed for tissue death
at various temperatures. Mammalian tissue is very sensitive
to temperature changes. At 55°C, for example, tissue death
results within 2 seconds. At 100°C, death is instantaneous
as evaporation occurs. Microbubbles are produced and rep-
resent gases, primarily nitrogen, that are released from the
cells. This, however, is not desired in RFA because of the in-
sulating effect of charred tissue. Thus, a slow, methodical
energy deposition is more effective than a quick tempera-
ture rise for purposes of enlarging intentional tissue ablation
(Fig. 1.6).° The objective is to heat tissues to 50° to 100°C
for 4 to 6 minutes without causing charring or vaporization.
If temperatures greater than 105°C are rapidly reached, this
causes boiling, vaporization, and carbonization, all of which
decrease energy transmission and consequently limit larger
ablation sizes.

Extrapolated from surgical data, the goal of the RFA tech-
nique is to intentionally ablate a zone of healthy tissue
around the target tumor, analogous to a “surgical margin”
(Fig. 1.7). This margin should be 0.5 to 1.0 cm of ablated nor-
mal tissue, based on the difficulty in truly identifying exact
tumor margins and the concerns for microscopic tumor ex-
tension beyond those confines. That means for a 2-cm tumor,
one would need to produce an ablation of approximately 3
to 4 cm.>®

There is considerable heterogeneity of heat deposition
through any RFA tissue volume. The extent of coagulation
necrosis is dependent on the energy deposited, which is the
local tissue interaction minus the heat lost from cooling ef-
fects such as the “heat sink” of adjacent blood vessels.> The
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‘X JeoJO,

Hyperthermia

n Necrosis
X 2o N

Slower temperature rise

Faster temperature rise

Desiccation (“charring”)

Fig. 1.4 A“thought” experiment using an umbrella-type radiofrequency  rise in the tissue immediately around the probe. This tissue is charred
probe seen in cross section. The top row shows an eventual larger zone  before the maximum ablation zone is achieved. Once charring occurs,
of ablation compared with the bottom row. This is so because the faster  further energy deposition is impossible, as resistance is too high.
increase in energy input (bottom row) results in a faster temperature

Time to cell death ~ =l  15mins 20secs 2secs  <1sec

45°C \
50°C
5

5°C Fig. 1.5 The time needed for tissue death
\ 4 at various temperatures. Mammalian tissue
100°C is very sensitive to temperature changes. At
55°C, for example, tissue death results within
2 seconds. At 100°C, death is instantaneous
as evaporation occurs. This is not desired in
radiofrequency ablation, however, because of
the insulating effect of charred tissue. Thus a
slow, methodical energy deposition is more
effective than a quick temperature rise.

Fig. 1.6 Progression of a radiofrequency ablation by color representation of surrounding slow thermal changes without charring.
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Fig. 1.7 A zone of 1-cm surgical margin beyond the visible tumor
confines.

heat-sink effect is a phenomenon that limits the effective-
ness of all thermal ablation methods. When the target lesion
abuts a blood vessel 3 mm or larger, the flowing blood pre-
vents large temperature variations in the part of the tumor
near the lesion, thereby keeping the tissue “cooler” (Fig. 1.8).
This potentially leaves behind residual unablated tumor near
the vessel wall, increasing the chance of local tumor progres-
sion. Factors that influence local tumor progression after RFA
include tumor-related factors (size, site, orientation, organ,
tumor histology, tumor biology) and technical factors (elec-
trodes, generator power, heat sink, time).

Data in RFA of liver primary tumors have demonstrated
that 3 cm or less is the optimal size, and there is a persis-
tent effort to improve and enlarge ablation size, through im-
proved RFA techniques. Goldberg and Dupuy® simplified an
approach to the basis of RFA: Induced coagulation necrosis =
(energy deposited x local tissue interactions) — heat loss.
Investigators have suggested different approaches to solve
these physical constraints by modulating tissue character-

istics, increasing RF energy deposition, or modifying blood
flow.

¢ Generators

Early RF generators for percutaneous application produced
modest outputs of 50 W. Today, generators manufactured by
the three major RFA companies in the United States are all ca-
pable of outputs of 150 to 200 W, delivering high-frequency
(460-500 kHz) alternating current via RF electrodes (usu-
ally 14- to 17-gauge) of varying configurations. However, the
three systems have distinctly different electrode designs and
philosophies, varying energy deposition algorithms, and ab-
lation end points. No definitive data have shown one system
to be superior to another. Despite the company-suggested
algorithms, there is great variability among users. Personal
preference and familiarity still play distinct roles in the best
and most consistent achievable patient outcomes.

& Electrode Modifications

Given the limited ablation zone with solitary electrodes such
as the Bovie knife, a clear need was identified to increase the
zone of necrosis by elongating the active areas in any given
system. Modifications included developing expandable elec-
trodes or using several straight electrodes in a cluster. These
designs resulted in cylindrical ablation zones that did not
uniformly conform to and cover the typical spherical nature
of most small malignancies. As a further modification, the
ability to place up to three single electrodes individually has
been used as well to increase ablation size. With this tech-
nique, it is crucial to keep the active tips parallel and approx-
imately 1 cm apart. With increasing inter-electrode distance,
the area of coagulation can have a dog bone or dumbbell
shape, with the potential for leaving remaining viable tumor
between the electrodes. This illustration is particularly im-
portant when building compound ablation areas (overlap-
ping ablations) for large tumors (>5 cm) (Fig. 1.9).

Fig. 1.8 The heat-sink effect is a phenome-
non that limits the effectiveness of all thermal
ablation methods. When the target lesion
abuts a blood vessel that is 3 mm or larger,
the flowing blood prevents large temperature
variations in the part of the tumor near the le-
sion, thereby keeping the tissue “cooler.”
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Fig. 1.9 If the electrodes are placed to far apart (>1 cm), the result-
ing overlapping area of affected tissue would change shape. As the
distance between electrodes increases, the area of coagulation would
have a “dog bone” or “dumbbell” shape. As the electrodes are placed
further apart, this shape would evolve into distinct and separate areas
immediately around each electrode, leaving viable tumor/tissue in be-
tween. This factor is particularly important when building compound
ablation areas (overlapping ablations) for large tumors >5 cm.

Multitined Expandable Arrays

Improving on the original single monopolar needle, LeVeen
described a novel approach of having multiple curved unin-
sulated prongs deployed from the needle tip central cannula,
creating the shape of an umbrella. Each prong caused a sepa-
rate area of coagulation necrosis that slowly increased in size
by administering increasing amounts of RF energy in a step-
wise fashion and eventually coalescing with the neighboring
prong, creating a reproducible volume of necrosis (Fig. 1.10).
Currently, this type of system is represented commercially
by the LeVeen device (Boston Scientific, Natick, MA) (Fig.
1.11A). Other manufacturers pursued a stepwise deploy-
ment in a forward-orienting electrode, for example the Star-
burst XLi probe (AngioDynamics Inc., Queensbury, NY) (Fig.
1.11B).

Thermal lesion
expands along
the tines back
toward the
center of the
array

Thermal lesion
begins at wire
array tips

Thermal lesion
expands outward
and between tines

Internally Cooled Electrodes

Goldberg described in 1996 an innovative approach whereby
chilled saline is pumped through the chamber shaft of the
needle, with the resultant reduction in charring and imped-
ance, and increased tumor volume ablation.® Cool-Tip elec-
trode (Covidien, Boulder, CO) is the commercial prototype
for this concept, which was then modified further by clus-
tering three electrodes together (Fig. 1.12) for a synergistic
coalescence of each thermal ablation.

Perfusion Electrodes

Perfusion electrodes were developed whereby saline or hyper-
tonic saline is injected or infused into target ablation tissue,
capitalizing on the concept that high local sodium chloride
ion concentration can expand the volume of tumor ablation
by altering tissue electrical conductivity. Commercial exam-
ples of perfusion electrodes are the XLi-Enhanced and Talon
electrodes (AngioDynamics Inc., Queensbury, NY), which are
multitined devices with saline pump perfusion enhancement,
creating ablation diameter volumes of up to 7 cm.

Bipolar Radiofrequency Ablation Electrodes

A recent advance has been the development of bipolar sys-
tems, whereby two or more bipolar electrodes are placed
into the tumor, and the applied RF current runs from one
electrode to another without the need for grounding pads.
This essentially ensures that all electrodes within the tumor
are active, with minimal energy loss, allowing greater ab-
lation volumes more efficiently and faster. Bipolar systems

Complete
thermal lesion

Fig. 1.10 Concept diagram of coalescing areas of coagulation necrosis from a multitined electrode.



6 Percutaneous Tumor Ablation: Strategies and Techniques

Fig. 1.11 (A,B) Multitined radiofrequency
electrodes.

LeVeen (Boston Scientific)

Insulated main cannula

AL
o

Multiple active
curved tined .

&«

A
Starburst XL (AngioDynamics, RITA)
B Forward-facing deployment, stepped deployment

3 cm exposure single and cluster internally cooled electrode

Fig. 1.12 Internally cooled electrodes. (Courtesy of Covidien.)
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Fig. 1.13 Bipolar InCircle electrode. Two electrodes are placed parallel
around the tumor, with each probe being an active energy pole. The

also do not require grounding pads and negate the risks of
skin pad burns. The InCircle bipolar device (RFA Medical,
Freemont, CA) is a U.S. Food and Drug Administration (FDA)-
approved system that is compatible with most available gen-
erators from other manufacturers. The InCircle electrode is
unusual in that two probes are placed on each side of the tu-

Infusion pump

Fig. 1.14 Covidien Cool-Tip RFA system. (Courtesy of Covidien.)

arrow denotes a guiding spacer to optimize the distance between the
poles of the circuit.

mor without penetrating the integrity of the lesion, and the
electrode surrounds the lesion (Fig. 1.13). This electrode may
be helpful in circumstances where mobile or hard tumors
may not have to be penetrated. This bipolar system attains
large burns quickly in early reports, and may show prom-
ise for larger ablation volume compared with monopolar

RF switching
controller

RF generator

Cables to
grounding pads

Cool-tip electrode
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