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Use of Imaging Modalities for the Guidance
of Minimally Invasive Tumor Therapies (MITT)

Christian Stroszczynski, Gunnar Gaffke

Recent Results in Cancer Research, Vol. 167
© Springer-Verlag Berlin Heidelberg 2006

1.1 Staging

The decision on whether a regional therapy
might induce a benefit for the patient should be
based on staging that is as precise as possible.
While surgical exploration, palpation, and in-
traoperative ultrasound have been the gold stan-
dard for the detection of distant metastases, the
number of patients with small distant metastases
in liver, lung, and bone identified by computed
tomography, magnetic resonance imaging, and
positron emission tomography that cannot be
visualized intraoperatively is increasing, reflect-
ing the progress of imaging methods over the last
few years (Antoch et al. 2003; Bhattacharjya et al.
2004a). When minimally invasive tumor thera-
pies (MITT) are used, the intervention has to be
planned based on imaging alone or combined
with a focal exploration such as laparoscopy or
video-assisted thoracoscopy. Staging based on
imaging alone might induce inappropriate ther-
apy in cases of false-negative or false positive-
findings, indicating that highly accurate imaging
methods are of crucial importance for the plan-
ning of image-guided therapies.

On the other hand, the accuracy of imaging
methods is still limited for the differentiation of
lymphonodal involvement as well as for diffuse
tumor infiltrations, i.e., peritoneal carcinomatosis
(Antoch et al. 2004). Usually, minimally invasive
tumor therapies are used in patients with local-
ized relapse of cancer, involving precise staging
where further tumor activity may be excluded
by imaging methods. Positron emission tomog-
raphy using fluorodeoxyglucose (FDG-PET)
without or combined with computed tomogra-

phy has been established as the most sensitive
imaging modality for the detection of additional
tumor manifestations for various types of cancer
(Barker et al. 2005; Bipat et al. 2005). Because
of the relatively high primary costs and a vari-
able regional availability, only a few patients
had PET or PET-CT when they were evaluated
for regional tumor therapies. Whole-body MRI
has been established during the last 5 years with
promising preliminary results for the staging of
cancer patients (Blomqvist and Torkzad 2004).
Several technical developments have led to the
acquisition time for large fields of view being
reduced significantly. Whole-body MR imaging
protocols can be performed in less than 40 min,
making this method attractive for use in daily
clinical practice. Whole-body MRI can be com-
bined with organ-specific contrast media such as
superparamagnetic iron oxides and hepatobiliary
contrast agents with the intention to establish en-
tity-specific protocols in the near future (Semelka
and Thermberger 2001). However, there is still
a need for systematic and comparative studies
for whole-body MRI in oncology. More than
90% of minimally invasive tumor therapies are
performed on liver tumors (Gazelle et al. 2000;
Bown 1983). Several liver-specific MR contrast
media are now established in clinical practice.
Reticuloendothelial system-specific agents im-
prove lesion detection by decreasing the signal
intensity of background liver on T2-weighted
MR images, which increases the conspicuity of
focal hepatic lesions with negligible reticuloen-
dothelial cells (e.g., metastases). Hepatocyte-
selective agents increase the signal intensity of
background liver on T1-weighted images, which
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increases the conspicuity of focal lesions that do
not contain hepatocytes (e.g., metastases). Sev-
eral studies have demonstrated a better lesion-
based sensitivity of MRI for liver metastases us-
ing liver-specific contrast media when compared
with CT (Fig. 1.1). However, computed tomogra-
phy is still the method of choice for the staging
of most of the patients in clinical routine because
of its versatility (Semelka and Thermberger 2001;
Bhattacharjya et al. 2004b). Oncologic CT imag-
ing protocols should include the examination of
the liver in several phases, especially when local
therapy of liver tumors should be evaluated.

1.2 Image Guidance

For image-guidance of minimal invasive tumor
therapies, ultrasound, computed tomography,
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and magnetic resonance imaging can be used.
Most surgeons and some radiologists, particu-
larly in the United States and Italy, prefer ultra-
sound (US), while CT is the method of choice for
radiologists in several European countries (Ga-
zelle et al. 2000; Tranberg et al. 1994; Vogl et al.
1995; Gafike et al. 2005).

Ultrasound can be used for image-guided
therapies of the liver but cannot be used for in-
terventions of the lung or the bone because of its
technical limitations. For image-guided therapies
of the liver, ultrasound is widely used because
of its good availability, low cost, multiplanarity,
and the easiness of handling. Percutaneous use
of US for image-guided therapy of the liver is
sometimes hampered by reduced image quality
due to obesity or inhomogeneous echogenicity
of the organ. In addition, the use of US is less fa-
vorable for complex image-guided interventions,

SPIO-MRI

Fig.1.1 CT and SPIO-MRI of a patient with liver metastases evaluated for minimally invasive tumor therapies. While
CT shows poor visualization of liver metastases, MRI using SPIO as liver-specific contrast media demonstrates clearly

four hyperintense liver lesions (GB: gallbladder)
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i.e., multiapplicator techniques and step-by-step
ablations of larger tumors, because of relevant
artifacts induced by air that may brought in dur-
ing intervention or nitrogen bubbles that occur
during thermoablative procedures (Fig. 1.2).
Many radiologists who have access to all
imaging modalities prefer CT for image-guided
therapy (Vogl et al. 1995; Mahnken et al. 2005;
Gaffke et al. 2006). In contrast to ultrasound,
both hands can be used for interventional pro-
cedures and CT is suitable for intervention in all
regions of the body. In addition, complications
that may be provoked during intervention such
as intra-abdominal bleeding or pneumothoraces
can be visualized before clinical signs occur. CT
fluoroscopy enabling quasi real-time imaging
has been established since the end of the 1990s
in many hospitals as being of significant impact
for difficult or complex interventions (Fig. 1.3).
While diagnostic CT is usually performed with
contrast media using arterial, portovenous and
venous phases for the detection and differen-
tiation of liver tumors, CT-guided interventions

LITT (15 min)

-]
t

are performed on plain images. Lesion-based
sensitivity of plain CT for liver tumors is poor.
In daily clinical practice, the exact position of
the applicators must be controlled by contrast-
enhanced images during interventions in most
cases. In most cases, a sufficient contrast between
target lesion and liver tissue can be obtained
in a few seconds and repetitive contrast media
application is limited by nephrotoxicity. A per-
manent increase of liver-to-lesion contrast in
hepatocellular carcinoma and other hypervascu-
larized tumors can be obtained by intra-arterial
application of iodized oil (iodized oil CT, IOCT).
However, IOCT has not been established in
clinical practice and has its limitation in patients
with hypovascular tumors, i.e., liver metastases
of most of gastrointestinal tumors and breast
tumors (Bhattacharjya et al. 2004a). Because of
this limitation, some groups have established
a hybrid procedure using CT for the position-
ing of the applicators in the environment of the
tumor and the closed MRI-scanner for multipla-
nar control of the position, eventually combined

24 h post LITT

Fig. 1.2 Ultrasound during laser therapy of a liver metastasis and corresponding MRI, both on sagittal orientation. The
hyperechogenic area visualized on US is provoked by nitrogen bubbles that occur during tissue heating. US tends to
overestimate ablation zone, as demonstrated on postinterventional MRI
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with a repositioning in the magnet (Vogl et al.
1995; Gafike et al. 2006).

Image-guided therapy in closed high-field
MRI units is possible (Puls et al. 2003), but
time-consuming and often narrowed by the lim-
ited space in the MR scanner with a small gan-
try (Fig. 1.4). Open MRI scanners or MRI with
larger gantries enable more comfortable posi-
tioning of the applicators (Aschoft et al. 2000).
When compared with CT, open MRI seems to be
a promising tool for MITT in the nearer future
because of the availability of multiplanar near
real-time images (MR fluoroscopy) and an op-
timal, permanent contrast between lesions and
normal tissue.

13 Thermometry

Until recently, thermoablative therapies were
often performed without visual control of the
induced temperature. Many factors influence

Christian Stroszczynski, Gunnar Gaffke

the size of induced necrosis by thermal abla-
tion techniques (i.e., tissue perfusion, heat con-
duction) and prevent precise prediction of the
size of induced necrosis (Dickinson et al. 1986;
Wilodarcyk et al. 1998). Some authors used ultra-
sound to visualize thermal effects during tissue
heating. For cryotherapy, excellent visualization
of the induced ice ball is possible by ultrasound.
In contrast, thermomapping of heated tissue is
not possible with ultrasound (Morrison et al.
2000). There is a certain correlation between
the appearance of hyperechogenic areas that are
provoked by nitrogen bubbles in tissue heated to
over 60°C, but these areas do not precisely cor-
relate with the areas where a complete ablation is
obtained and may simulate a successful ablation
despite incomplete heating (Stroszczynski et al.
2002).

Therefore, several authors use thermosensitive
MR sequences for immediate MR temperature
monitoring. MR thermometry can be performed
precisely using specialized MR sequences in all

Fig.1.3 CT fluoroscopy during radiofrequency ablation of a liver tumor
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kinds of tissue, i.e., liver, breast, pancreas, and
brain (Fig. 1.5) (Matsumoto et al. 1994; Kahn
et al. 1998; Olsrud et al. 1998; Stroszczynski et
al. 2001). When compared with brain tissue or
liver tissue, the temperature monitoring of ther-
mal interventions of the lung is more pretentious
because of the susceptibility of surrounding gut
and multiple sources of different artifacts. For
thermometry, MR-compatible devices are neces-
sary. While laser therapy and cryoablation can be
performed during the heating or cooling process,
radiofrequency ablation cannot be visualized on-
line because of relevant artifacts induced by the
radiofrequency generator. However, sufficient
differentiation between devitalized tissue and

residual tumor is possible using hyperacute MRI
immediately after heating by radiofrequency. In
cases of incomplete ablation, the immediate re-
positioning of the RF device is possible and ad-
ditional applications may follow (Merkle et al.
1999; Gafike et al. 2005).

Although proton resonance frequency or dif-

fusion weighted images are more accurate for
thermometry in vitro, the T1 method using a
FLASH sequence is preferred by several groups
because of a high level of robustness (Wlodar-
cyk et al. 1998). Several investigators used tem-
perature-sensitive sequences to reduce the risk of
damage of critical structures for thermoablation
of liver neoplasms or brain tumors (Gewiese et
al. 1994; Kahn et al. 1998).

1.4 Therapy Control

Currently, thermoablative techniques such as la-
ser therapy or radiofrequency ablation are being
introduced into clinical practice for the treatment
of liver tumors. Based on the analysis of data ac-
quired from liver surgery, a significant impact
on survival may be expected in patients with
complete tumor ablation only (Scheele and Al-
tendorf-Hofmann 1999). In contrast to surgery,
where histopathology enables quality control of

Fig.1.4 MR-guided radiofrequency
ablation of a liver metastasis using a
closed high-field scanner. Coronal
orientation provides an optimal
overview of critical structures such
as the costodiaphragmatic angle



resection of liver tumors, precise postinterven-
tional imaging is necessary after thermoablative
techniques to visualize residual tumor.

To differentiate therapy-induced necrosis from
residual tumor, ultrasound, computed tomogra-
phy, magnetic resonance imaging, and positron
emission tomography can be used (Germer et
al. 1998; Veit et al. 2006). Therapy-induced ne-
crosis is characterized by low concentrations of
water-bounded protons, the absence of blood
perfusion, and hypometabolism. In residual tu-
mor tissue, neoangiogenic vessels with capillary
leakage induce peripheral edema and cause en-
hancement of conventional contrast media (Choi
et al. 2000). In addition, the tumors show highly
proliferative activity and glucose uptake that can
be measured by different PET tracers (Veit et al.
2006).

Some groups use MRI for the differentiation
between residual tumor and therapy-induced
necrosis because of the excellent contrast and
spatial resolution in soft tissue (Morrison et al.
1998). Coagulation of tumor or liver tissue leads
to tissue drying and results in hypointense le-
sions on T2-weighted images, while residual

Christian Stroszczynski, Gunnar Gaffke

Fig.1.5 Color-coded temperature
mapping during laser therapy of a
liver lesion

tumor is usually hyperintense caused by tumor
edema (Semelka et al. 2000; Stroszczynski et al.
2001). When conventional extracellular con-
trast media such as Gd-DTPA are used, T1-W
images may differentiate between vascularized
residual tumor and nonperfused necrosis (Vogl
et al. 1995). Liver-specific contrast media such as
superparamagnetic iron oxides that enhance in
the reticular endothelial system or Gd-EOB or
Gd-BOPTA that enhance in healthy hepatocytes
may increase contrast between normal liver tis-
sue and thermal-induced necrosis or residual tu-
mor. However, the use of so-called liver specific
contrast media does not increase the contrast
between residual tumor and thermoablative scar,
because liver-specific contrast media only accu-
mulates in healthy liver tissue.

Using healthy animal models, correlations of
MRI findings after thermoablation of normal
liver tissue on T2-W, plain, and early (0.2- to 10-
min) enhanced T1-W images with histopathol-
ogy were investigated by Germer and Cowork-
ers. Characteristics for complete devitalized liver
tissue are hypointensity on T2-W images and the
lack of enhancement on early-enhanced (0.2- to



1 Use of Imaging Modalities for the Guidance of Minimally Invasive Tumor Therapies 9

Fig.1.6 a MRI of a patient with solitary liver metastasis of an adenocarcinoma. T2-W images demonstrated a highly
hyperintense tumor because of a high concentration of water-bounded protons in the tumor. b Five days after radio-
frequency ablation, the signal intensity of the tumor and the surrounding tissue is reduced because of coagulation and
complete necrosis of the treated area. A small hyperintense rim caused by inflammation around the necrotic area is

visible

10-min) T1-W images (Fig. 1.6). In contrast to
animal studies, inconclusive or discordant find-
ings on postinterventional MRI are common in
clinical practice because of several additional
parameters influencing signal intensity of treated
areas (i.e., residual tumor, bleeding, injection of
fibrin gluen and local anesthesia).

Germer et al. systematically correlated MR
pattern after i.v. administration of conventional
doses of Gd-DTPA (0.1 mmol/kg) of early-en-
hanced images after LITT of normal livers in 55
rabbits with histomorphologic findings. They
observed three zones on MRI and histopathol-
ogy: the coagulation zone (zone with completely
damaged liver tissue), the small transition zone
located between the central zone and the un-
damaged liver tissue, and the reference zone sur-
rounding the lesion with undamaged liver tissue.
Early-enhanced MRI correlated well with that
obtained macroscopically (r=0.96). Both the
central zone and transition zone did not enhance
Gd-DTPA 24h after LITT on early-enhanced
images. However, the transition zone reflecting
a zone where residual tumor cells may be found
measured approximately 2 mm and may be ne-
glected in clinical practice. In contrast to find-
ings of Aschoff and co-workers, lesions of pa-
tients with complete ablation were significantly
larger on T2-W images on this study, indicating
the limited value of this sequence for early pos-
tinterventional control.

Late-enhanced MRI 10 min to 6 h after ad-
ministration of extracellular contrast media

(Gd-DTPA) is considered as to be specific for
necrotic tissue, ie., for myocardial infarction
(Ni et al. 2001) and could be used for imaging of
necrotic areas. Mechanisms of delayed enhance-
ment in devitalized tissue have remained unclear
until now. Similar to the hypothesis concerning
the uptake of metalloporphyrins, active protein
binding of the macrocyclic extracellular Gd
complexes in the transition zone with or without
consecutive alteration of T1-relaxivity could be
a possible cause for delayed enhancement. These
findings might be of importance for early pos-
tinterventional therapy planning.

Recently, positron emission tomography
(PET) without or combined with computed to-
mography (PET/CT) using [F-18] fluorodeoxy-
glucose (FDG) has been investigated for the eval-
uation of liver metastases after radiofrequency
ablation and other interstitial tumor therapies.
FDG PET and PET/CT can provide added diag-
nostic information compared with conventional
imaging in patients after radiofrequency ablation
of liver metastases and can be useful in guid-
ing repeat ablation procedures (Veit et al. 2006).
PET/CT therefore possibly proved superior to
CT alone when assessing the liver for residual
tumor after RFA. However, false-negative results
may occur using PET/CT hidden by normal
FDG-uptake in surrounding normal liver tissue.
The most sensitive approach detecting residual
disease in liver treated by minimally invasive
tumor therapies seems to be a combined use of
MRI and FDG-PET. While PET-MRI scanners
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have not been available until now, retrospective ~References
fusion of MRI and PET data can be easily done
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Fig.7 a Contrast-enhanced MRI of a patient with colorectal cancer and hemihepatectomy. Two new liver metastases
were treated by radiofrequency ablation (RFA) 6 months ago. MRI was performed because of rising CEA level during
follow-up. Contrast enhanced T1-W images demonstrate two hypointense scars after RFA. b On T2-W images, a hy-
perintense area close to the ventral scar is visualized, suggesting local recurrence. In addition, a hyperintense focal lung
lesion is visible. ¢ FDG-PET on axial orientation shows two hypermetabolic areas, both suggesting tumor activity. It
remains unclear if the second focus is located in the lung or in the liver (Courtesy of Dr. Dresel, Chairman of the Dept.
of Nuclear Medicine Robert-Rdssle Klinik Charité Campus Buch). d Fusion of FDG-PET and MRI underlines local
recurrence in the ventral liver lesion and the appearance of the new lung metastases. In contrast, no activity is visualized
in the second liver lesion
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2.1 Introduction

Minimally invasive surgery has become a viable
alternative to conventional surgery. The technical
advantages of minimally invasive surgery can be
translated into clinical benefits for the patients,
i.e., less postoperative pain and impairment of
lung function, better cosmetic results, shorter
hospitalization, and earlier convalescence. Lapa-
roscopic operations have replaced a significant
proportion of open surgical procedures and are
now routinely used. While the role of laparo-
scopic surgery has been generally accepted for
the management of benign disorders, there is an
ongoing debate regarding the adequacy of this
technique in surgical oncology. There is evidence
that minimally invasive surgery can reduce peri-
operative morbidity in cancer patients. However,
definite validation of these procedures for tu-
mor surgery is not yet available due to the lack
of prospective randomized trials providing reli-
able long-term data on disease-free survival and
overall survival. It seems likely that minimally
invasive procedures will play an important role
for the treatment of preneoplastic lesions and tu-
mors of limited size.

There are some technical limitations to lapa-
roscopic surgery. The degrees of freedom for the
instruments are limited because of the minimal
access via the trocars. The absence of direct organ
palpation and the lack of the third dimension are
still limits of laparoscopy. The surgeon’s orienta-
tion and the location of anatomical and patho-
logical structures is therefore more difficult than

in open surgery. Modern image-guided surgery
(IGS) systems have the potential to compensate
these limitations. Preoperative computer-based
intervention planning and intraoperative naviga-
tion systems are today routinely used for certain
indications in neurosurgery, ENT and orthope-
dic surgery. Nevertheless major research efforts
are still necessary to examine the clinical impact
of image-guided surgery on current indications,
to adapt the systems to other indications and to
solve some open problems like intraoperative de-
formations.

In liver surgery, computer-assisted 3D mod-
eling and planning based on preoperative CT or
MRI data allows much more accurate planning
of surgery and may help to select the optimal
procedure [1]. Surgeons can obtain a better steric
vision of the individual anatomy, the location of
the tumor in relation to the vascular structures
and the individual vascular territories defining
the resection planes. The use of such planning
systems in oncological surgery and liver trans-
plantation is in routine use at some clinics and
the number of users is increasing.

But at the end of this preparatory process,
surgeons have to carry out the surgical plan on
the patient in the OR. Intraoperative navigation
systems support the surgeon to transfer preoper-
ative plans precisely and safely. In neurosurgery,
ENT surgery, orthopedic and trauma surgery
navigation systems are well established for cer-
tain indications and several commercial systems
are available. The main problem in liver surgery
or in general in visceral surgery is the deforma-
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tion of the liver or the organ of interest between
preoperative imaging and the patient in the OR.
Three-dimensional ultrasound is a promising
intraoperative imaging modality to detect and
solve this deformation problem.

In the following sections, the state of the art in
computer-assisted liver surgery planning and the
principles and technologies of conventional nav-
igation systems in neurosurgery and orthopedic
surgery is reviewed. Then the limitations of these
navigation systems for soft tissue surgery are ex-
plained and current developments for open liver
surgery are reported. Last, their transferability to
laparoscopic procedures is discussed.

2.2 Computer-Assisted
Liver Surgery
Planning

2.2.1 Clinical Background

For surgery of malignant liver tumors, resection
margins are important for long-term outcome
[2]. Even though the width of surgical margins
remains controversial [3-5], patients with a mi-
croscopically positive margin (R1) have a worse
prognosis than RO-resected patients. It is the
art of surgery to find a compromise between
required radicality and optimal preservation of
liver parenchyma.

Resections based on the extent of the tumor
only (including a safety margin) are called atypi-
cal. Only in case of small tumors lying close be-
neath the liver surface should atypical resections
be performed. In all other cases, the spatial rela-
tion of the tumor to the vascular system of the
liver has to be taken into account (anatomical
resection).

In contrast to many other organs, the liver
possesses not only arteries and veins, but also a
third blood vessel system, the portal veins. They
drain venous blood from the entire gastrointesti-
nal tract, thus supplying 80% of the liver’s blood.
For an anatomical resection, first vessel branches
lying inside the safety margin as well as their de-
pendent branches have to be identified. Next, the
liver tissue supplied by these branches (called a
vascular territory) has to be determined. Con-
sequently, an entire section of the liver must be
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removed rather than the tumor on its own. Ad-
ditionally, the drainage via the hepatic veins has
to be ensured to avoid congestion.

Although today’s imaging methods such as
the multi-detector CT provide excellent visual-
ization of the intrahepatic vascular system, nei-
ther the number and distribution nor the extent
of liver territories can be determined distinctly.
Hence, in oncological tumor resections, where
the achievement of a certain safety margin may
require the dissection of major intrahepatic vas-
cular structures, areas at risk for devasculariza-
tion can be identified only vaguely. Thus, predic-
tion of the remaining and fully vascularized liver
parenchyma is imprecise. Often only a coarse
classification into eight segments after Couinaud
is performed. But the vessel anatomy of individ-
ual patients varies greatly [6].

With the help of modern software tools the
individual vascular territories can be computed
based on a mathematical analysis of CT or MR
data and the remaining vascularized liver paren-
chyma, depending on different resection planes,
can be predicted. An important preliminary for
these computations is a precise 3D modeling of
the vascular system and parenchyma of the liver,
as well as the tumor.

2.2.2 Three-Dimensional

Modeling

The segmentation (extraction, labeling) of liver
structures is the most challenging part of 3D
modeling. Segmentation is the process in which
each voxel (volume element) of the CT or MRI
data is assigned (labeled) to a specific tissue: liver
parenchyma, portal vein, tumor, etc. Based on
this segmentation, it is standard to automatically
generate tissue surfaces consisting of triangle
meshes by the efficient marching cube algorithm
[7]. For tube-like structures such as vessels, more
sophisticated and specific surface-generation ap-
proaches such as truncated cones [8] and con-
volution surfaces [9] also exist, which provide
smoother surfaces. Convolution surfaces even
generate smooth surfaces at the branching of the
vessels, as can be seen in Fig. 2.1.

Although Soler et al. [10] claimed a fully au-
tomatic segmentation procedure for the liver,
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they reported a 2-mm average deviation of liver
parenchyma between manually and automatic
segmentation evaluated on only five patients.
Other institutions use manual or semi-auto-
matic/interactive segmentation tools to segment
the liver parenchyma [11]. At our institution, we
currently also use semi-automatic tools (volume
growing, intelligent scissors [12], shape-based
interpolation [13]) to shorten the user interac-
tion time. However, an automatic procedure is
also under development, which will be described
in the following.

The main problem for most general automatic
or semi-automatic segmentation procedures is
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that at some locations the intensity contrast at
the boundary of the liver is not sufficient or not
given at all. The segmented liver tissue usually
“leaks” into the surrounding tissue at those lo-
cations. One possibility to avoid such problems
is to incorporate statistical knowledge about
the anatomical shape of the liver into the seg-
mentation process. The statistical model repre-
sents the average shape and the most important
shape variations of a sample set of liver surfaces
extracted from individual patients (Fig.2.2).
During the segmentation process, the statistical
shape model is adapted to the individual liver
shape by optimization of the model’s parameters

Fig. 2.1 Portal vein surface generated by marching cubes algorithm (left) and convolution surface method (middle). The
convolution surface representation provides much smoother surfaces, even at branchings (right)

Fig.2.2 Liver surfaces of 43 individual patients (fop row) are assembled to a parameterized statistical shape model (bot-
tom row) for automatic liver segmentation. The mean liver shape (middle) and the range of the parameter representing
the first main shape variation are shown (left and right)
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(Fig. 2.3). Hence those models are also called ac-
tive shape models (ASMs) [14]. The optimiza-
tion criterion is based on intensity values along
lines perpendicular to the surface of the liver.
We built a shape model of the liver from 43 pa-
tients [15] and investigated the performance
of the approach for 33 contrast-enhanced CT
scans [16, 17]. An average accuracy of 2.3 (+0.3)
mm of surface distance was achieved. Although
not fully satisfactory until now, the approach is
promising, because an improvement in the accu-
racy with an increasing number of sample shapes
in the model can be observed. Thus further im-
provements might be achieved by extending the
model.

In most cases, the segmentation of vessels is
easier than parenchyma segmentation because
the contrast is higher as a result of contrast agent
injection. However, another problem exists when
building precise models containing portal veins
as well as hepatic veins. In contrast-enhanced
bi- or tri-phase imaging, two or three acquisi-
tions are carried out at different points in time
depending on the arrival time of the contrast
agent in arteries and portal and hepatic veins.
First, the contrast agent reaches the arteries (ar-
terial phase), then the portal veins (portal ve-
nous phase), and last the hepatic veins (hepatic
venous phase). In the portal venous (PV) phase,
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Fig. 2.3 The average liver shape is
rigidly fitted to the individual pa-
tient (left) and then the parameters
of the shape model are optimized to
recover the individual shape (right)

the hepatic veins are not enhanced. However,
in the hepatic venous (HV) phase, portal veins
are typically also visible, but with lower contrast
than in the portal venous phase. To derive high-
quality vessel models, portal veins should be seg-
mented from a PV phase and hepatic veins from
a HV phase (Fig. 2.4). PV as well as HV images
are acquired during respiration hold, which is
normally at end-inspiration. Unfortunately, if the
patient breathes between the acquisitions - the
position and shape of the liver cannot be repro-
duced exactly. Consequently, if segmentations of
portal and hepatic veins from different phases
are used in a single model, the phases must be
registered. Registration is the process of deter-
mining a geometrical transformation that maps
each point in one data set (model) to its anatomi-
cally corresponding point in the other data set
(reference).

We investigated to what extent the liver’s po-
sition and shape changes between the portal ve-
nous and the hepatic venous phases, and whether
these changes can be eliminated by rigid, and
if necessary, by non-rigid mutual information
based on automatic registration. Mutual infor-
mation is a commonly used distance measure
for intensity images. The investigations cover
CT as well as MRI data. The study showed that
in most cases, patients are not able to reproduce
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Fig. 2.4 Portal (pink) and hepatic (blue) veins are displayed in the portal venous (PV) (left) and hepatic venous (HV)
phase (middle). A combination of portal veins from the PV and hepatic veins from the HV phase is visualized in the

right image

Fig. 2.5a-c Portal venous phase (underlying image) and hepatic venous phase (overlaid intersections) do not match be-
cause of different respiratory states (a). Rigid (b) and in particular nonrigid (c) registration compensates the mismatch

the respiratory state of PV phase in the HV phase
exactly (7.2+4.2 mm movement on average) and
at least rigid registration is necessary [18]. How-
ever, only in some cases is non-rigid registration
needed to compensate significant deformations
in the range of 2-3 mm (Fig. 2.5).

2.2.3 Features of Planning

Systems

Several systems have been developed for liver
surgery planning in the last few years based on
3D models generated from CT or MRI data [10,
19, 20]. There is even a commercial service that
offers processing of CT/MRI data for liver sur-
gery planning (MeVis Distant Services AG, Bre-

men, Germany). These systems are applied for
planning living donor liver transplantations (LD-
LTs) [21, 22] and oncological liver resections for
individual patient anatomies [23-25]. In LDLTs,
the liver must be split into in a well-preserved
graft and a remnant liver lobe without damaging
the donor. The aim in oncological liver surgery is
to remove the tumor completely while conserv-
ing as much healthy tissue as possible.

The visualization of a virtual 3D model of the
liver is a valuable tool for the surgeon to better
imagine the individual vessel anatomy and in
oncological liver surgery the spatial relation of a
tumor to these vessels. The distance of the tumor
to the surrounding vessels can also be quanti-
fied. Anatomical variants such as trifurcation of
the portal vein or aberrant or accessory hepatic
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arteries are a common finding and can be appro-
priately visualized by the surgeon.

For LDLTs as well as for oncological resec-
tions, it is important to know exactly the individ-
ual vascular territories, as explained in Sect. 2.1.
A vascular territory represents a part of the liver
that is supplied or drained by a certain vascular
branch. The idea of computer-based vascular ter-
ritory determination is that the closer a paren-
chyma voxel is to a vascular branch, the more
likely is it for this voxel to be supplied by the
branch [19]. Although only a coarse approxima-
tion of the underlying physiology, good estima-
tions are obtained. Besides the portovenous sup-
ply, the venous outflow of a vascular territory is
also computed [22, 25, 26] (see Fig. 2.6). With
modern multidetector scanners, even hepatic ar-
teries and bile ducts can be incorporated [22].

Based on the vascular territories an automatic
risk analysis of blood supply and drainage can be
performed according to the location of a tumor
or an interactively defined resection plane. By
interactively changing the resection plane, the
impact of different surgical strategies on the ar-
terial devascularization and venous congestion
volumes can be predicted. Lang et al. [26] state
that computer-assisted risk analysis can influ-
ence the operation plan of liver resections com-
pared to standard 2D CT. The consistency of the
computed virtual vascular territories and real
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territories has only been evaluated on corrosion
casts so far [19]. An evaluation for the liver in
vivo is an important task for further research.

23 Principles,
Technologies,
and Conventional
Implementations

of Navigation Systems

Three-dimensional liver resection planning
supports the surgeon in many cases and is rou-
tinely used in some institutions, although there
is no clear indication which patients truly need
such planning and to what extent. The most im-
portant problem is how to transfer this plan to
the patient in the OR. Until now, the results of
preoperative planning (3D anatomical model,
definition of resection volumes, etc.) had to be
mentally transferred by the surgeon to the pa-
tient in the operating room (OR). There is no
navigation system to help the surgeon precisely
localize the tumor, major vessels, and vascular
territories during liver surgery. Several com-
mercial 3D navigation systems for image-guided
surgery are available for bony structures, e.g., in
neurosurgery or orthopedics, but there are only
few systems - mostly research systems - that
deal with navigation in soft tissue, as is the case

Fig.2.6 An example of preop-
erative liver resection planning.
The left hepatic vein (yellow) has
to be cut through because of the
close location to the tumor. The
part of the liver tissue (vascular
territory) that is drained by the
left hepatic vein is marked yellow.
This part is at risk for congestions
if not resected
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in liver surgery. The reason for this is that bony
structures do not change their shape between
preoperative acquisition of image data such as
MRI or CT scans and positioning the patient for
surgery. Thus, it is possible to register preopera-
tive images rigidly to the physical patient space.
In liver surgery, the liver usually deforms signifi-
cantly between preoperative imaging and posi-
tioning the patient in the OR.

Before approaches for liver navigation systems
are explained, a short review on principles and
technologies of conventional navigation systems
used in neurosurgery and orthopedic surgery is
given.

2.3.1 Principles

of Conventional
Navigation Systems

The concept of a navigation system, for example
in neurosurgery, is to use images of the brain to
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guide the surgeon to a target within the brain.
The spatial relation of a surgical instrument
to the location of anatomical and pathological
structures is visualized on a monitor. It is pos-
sible to look inside the patient. An image-guided
navigation system consists of a pre- or intraop-
erative imaging modality, a tracking or position
sensing system to track the location of an instru-
ment, and a computer as well as a software for
control and visualization.

Two important aspects of a navigation system
are the intraoperative registration of the image
data and the calibration of instruments and pos-
sibly intraoperative imaging devices. Registration
and calibration are also main factors influencing
the accuracy of a navigation system. Because im-
ages (CT or MRI) are often acquired preopera-
tively, the image space and the real world coor-
dinate system of the patient in the OR have to
be spatially related. In most cases, a rigid trans-
formation (TR) based on bony structures or ar-
tificial markers is determined. An example using

Preop. CT data

4

Patient in the OR

Fig. 2.7 Principle of conventional navigation system based on preoperative CT data and image-to-patient registration

via landmarks identified by a tracked pointer



20

markers is illustrated in Fig. 2.7. A more detailed
description of different registration concepts is
given in Sect. 3.3.

In a calibration process, rigid transformations
(TC) are computed to map local coordinate sys-
tems of instruments or intraoperative imaging
devices to coordinate systems of the tracking
system sensors. Before calibration is explained in
more detail, the mode of operation of different
tracking technologies is described.

2.3.2 Tracking Systems

The heart of a navigation system is a tracking
system. Those systems are also called position-
sensing systems or localizer systems. A track-
ing system consists of one or several sensors at-
tached to a surgical instrument or an ultrasound
probe that are tracked by a device calculating the
position and orientation of the sensors. There
are four different technologies to track medical
instruments: mechanical, acoustical, electromag-
netic, and optical.

2.3.2.1 Mechanical

A mechanical localizer is an articulated arm
whose tip position can be determined by the an-
gles of the joints. An example of this technology
is the FARO surgical arm (FARO Medical Tech-
nologies, Orlando, FL, USA). Mechanical arms
are very accurate, but can only track one object at
a time and are cumbersome. Therefore they are
rarely used in surgery nowadays.

2.3.2.2 Acoustical

The general idea of acoustical tracking systems
is that US waves are emitted by speakers and re-
ceived by microphones. By measuring either the
propagation time or phase differences, positions
can be determined. Because the accuracy of these
systems is affected by variations in pressure, tem-
perature, and humidity, they are also used only
in a few medical applications. In addition, a free
line of sight between speakers and microphones
is mandatory.
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2.3.2.3 Electromagnetic

A magnetic field is generated by a transmitter
(field generator). The induced electrical cur-
rent in a coil (sensor) is measured. Because the
distribution of the magnetic field is known, the
position and orientation of the sensor can be
computed. The magnetic field is either generated
by alternating current (AC) or directed current
(DC). AC as well as DC devices are sensitive to
some types of metals in their surroundings and
to magnetic fields generated, for example, by
power generators or monitors. Both technolo-
gies are affected by ferromagnetic materials (e.g.,
iron, steel), because they change the homogene-
ity of the generated magnetic field. AC technol-
ogy is more affected by good conductors such
as copper and aluminum because of distortions
caused by eddy currents. Examples of AC elec-
tromagnetic tracking devices are the Polhemus
models (Polhemus Inc., Colchester, VT, USA),
for DC devices the models of Ascension (Ascen-
sion Technologies, Burlington, VT, USA) and
NDI (Northern Digital Inc., Waterloo, ON, Can-
ada). The advantage of electromagnetic tracking
systems for clinical use is that no free line of sight
between sensors and field generator has to be en-
sured. Thus it is possible to track very small sen-
sor coils inserted in needles or catheters in the in-
terior of the body. To date, only a few navigation
systems use electromagnetic tracking devices
(e.g., Medtronic StealthStation AXIEM, Minne-
apolis, MN, USA, GE InstaTrack, and ENTrack,
Milwaukee, WI, USA) because of the inaccura-
cies induced by metals in the operating field. But
the new generation of electromagnetic tracking
systems (NDI Aurora, Medtronic StealthStation
AXIEM) has significantly improved [27]. The ac-
curacy of electromagnetic tracking systems is a
around 1 mm.

2.3.2.4 Optical

The principle of optical tracking is to locate the
position of optical markers with multiple cam-
eras. Because the optical markers are detected
from at least two cameras with a known spatial
relation to each other, the 3D position of the
markers can be computed by triangulation. At
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least three of these markers are mounted on a
rigid frame (tracker), so that the orientation of
the tracker can be determined. Additional mark-
ers increase visibility and measurement accu-
racy. Different geometrical configurations of the
markers on the trackers allow the trackers to be
distinguished. The markers can be infrared light-
emitting diodes (active markers, passive infra-
red-sensitive camera), infrared light-reflecting
spheres (passive markers, active infrared-emit-
ting and infrared-sensitive camera), or high-con-
trast targets (passive cameras, passive markers).
Today, most surgical navigation systems use
optical tracking devices, because of their high
accuracy and reliability. The accuracy of the typi-
cally used Polaris two camera system (NDI) is
0.35 mm RMS (root mean square) measured at
500 different positions of the measurement vol-
ume. The only significant disadvantage of optical
systems compared to electromagnetic devices in
some applications is the free line of sight issue.

2.3.2.5 Calibration of Tracker

To understand the functionality of a naviga-
tion system, it is important to understand that
a tracking system determines the position and
orientation of the sensors mounted on the sur-
gical instruments or ultrasound transducer, but
not directly the location of the instrument’s tip
or the image coordinate system of the ultra-
sound transducer. Because the sensor is fixed
on the instrument, a rigid transformation (TC)
from the sensor to the instrument tip can be
determined (see Fig. 2.7). This process is called
calibration. Instruments can be calibrated before
surgery, if the sensors are already mounted on
the instrument, or can be reproducible attached
to the instrument. Another possibility is to cali-
brate the instruments in the operating room by
means of calibration blocks. Calibration of surgi-
cal instruments is quiet easy, but calibration of
an ultrasound device is more complicated and
time-consuming, such that it is usually done pre-
operatively.

21
2.3.3 Intraoperative Patient-
to-Image Registration

The general idea of patient-to-image registration
methods is to identify points or surfaces usually
on bony structures that can be identified pre-
cisely in the preoperative image data as well as
intraoperatively in the physical patient. In con-
ventional systems, only rigid transformations are
determined to relate preoperative image space
and the real-world coordinate system of the pa-
tient.

2.3.3.1 Stereotactic Frame

Image-guided surgery has its roots in the field of
stereotaxy and stereotactic surgery [28]. The ste-
reotactic frame is mounted at the patient’s head
to provide a rigid reference that establishes a co-
ordinate system relative to the patient, to supply
recognizable landmarks in the images, and pro-
vide a stable mounting and guide for instruments
used to perform the neurosurgical procedures.
The stereotactic frame forms the gold standard
of reference systems for image-guided surgery.
A similar, but noninvasive approach is to use a
headset that can be reproducibly mounted on the
patient and is also worn during imaging and sur-
gery [29].

2.3.3.2 Landmarks

Another noninvasive method is to use landmarks.
The general idea of artificial (fiducial) or anatom-
ical landmarks is to define points in the image
data that can be identified with a tracked pointer
in the OR. The landmark registration process is
also called point matching. One possibility is to
define anatomical landmarks such as the nasion
and the tragus of the ears in neurosurgery. This
approach is not fully satisfactory, because there
is some variation in the identified locations of
the landmark points on the patient, as well as a
problem of identifying exactly the same locations
within the patient’s image data. The accuracy and
precision can be improved somewhat by using
surface markers glued to the patient’s skin. Their
location can be more precisely determined by the
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pointer, and they can be automatically identified
in the image data. But due to skin movements
with respect to the underlying bony structures,
inaccuracies can occur. Maurer et al. [30] have
demonstrated that the only way to achieve pa-
tient-to-image registration with the same accu-
racy as can be obtained with a stereotactic frame
is using bone-mounted fiducial markers. But like
the stereotactic frame, the implantation of the
bone markers is also invasive.

2.3.3.3 Surface Registration

All of the above-mentioned registration methods
are either invasive or special markers or headsets
have to be attached to the patient already during
imaging. This often requires more imaging in ad-
dition to previous diagnostic imaging. Anatomi-
cal landmarks are noninvasive and markerless,
but accuracy is not satisfactory. Surface registra-
tion methods have the potential to increase accu-
racy while being noninvasive and easy to use.

In contrast to landmark registration, arbitrary
points on a surface such as the face are intraop-
eratively acquired. These surface points are then
matched with the corresponding surface in the
preoperative image data by means of the iterative
closest point (ICP) algorithm [31]. Different pos-
sibilities exist for the intraoperative acquisition
of the surface points. The easiest method is to
use a tracked pointer. More convenient and con-
tactless are laser scanning methods. With hand-
held systems such as the z-touch from BrainLAB
(Heimstatten, Germany) [32], approximately 100
surface points are acquired by manual move-
ment. The z-touch projects an infrared point
onto the patient’s face. This infrared spot is iden-
tified with the infrared tracking camera of the
navigation system. In a few seconds, a laser range
scanner measures the entire surface at once with
up to some 100000 points. Because of the high
number of scanned surface points, very accurate
registration results can be achieved [33]. Never-
theless, one has to be aware that skin movements
significantly degrade the accuracy.

All conventional image-guided surgery sys-
tems operate on the assumption that the tissue
being operated on can be treated as a rigid body
that does not change its form between the time
the preoperative images are acquired and the
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surgery is performed. But even in neurosurgery
this assumption does not hold, as the so-called
brain-shift problem illustrates. This problem will
be discussed in more detail in Sect. 4 and pos-
sible solutions will be shown.

2.3.4 Intraoperative

Visualization

If the patient has been registered in the OR and
all instruments are calibrated the spatial relation
and movement of surgical instruments to a tar-
get region (for example, a tumor) and adjacent
organs at risk are visualized in real time on a
monitor. Because only a 2D projection of ana-
tomical structures can be shown on the moni-
tor, different visualization techniques have been
developed to guide the surgeon in 3D space. A
standard technique is to show several 2D slices
(section planes) of the preoperative CT or MRI
acquisition (multiplanar image display). These
slices are often perpendicular to each other and
are chosen and updated according to the location
of a surgical instrument. Sometimes slices also
are used that are perpendicular to the instru-
ment axis, showing a view in the direction of the
instrument. Particularly in neurosurgery, multi-
modal image display can increase the informa-
tion level by showing registered preoperative CT
and MRI data together.

Often additionally or in orthopedics, 3D sur-
face models (surface shading) are also shown to
give a better overview. This surface modeling first
requires an easy delineation of the relevant struc-
tures, which is often automatically only possible
for bony structures. An alternative is to visualize
anatomical structures by direct volume render-
ing. No explicit segmentation or surface extrac-
tion is necessary. Volume rendering employs a
ray-tracing technique where image values along
the rays are integrated according to a transfer
function. With suitable transfer functions, some
anatomical structures can be excellently visual-
ized in real-time.

In principle, stereoscopic 3D displays may
improve depth perception, but to date they have
not prevailed in clinical routine.

A promising approach for intraoperative visu-
alization is augmented reality [34]. In augmented
reality, real views and virtual models are merged
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to one common augmented visualization. One
example for augmented reality visualization that
is in clinical use in neuronavigation is the con-
tour-guided approach provided by the MKM
microscope (Zeiss, Oberkochen, Germany) [35].
In the microscopic field through the eyepieces,
the surgeon sees virtual contours of the patient’s
brain tumor superimposed on the actual tumor.
The projected contours correspond to the cur-
rent focus plane of the microscope.

In addition to this established approach, other
augmented reality methods are an active field
of research. Augmented reality is divided into
head-mounted displays (HMDs) and monitor-
or screen-based methods on the one hand and
into video see-through and optical see-through
devices on the other hand. In an early study,
State et al. [36] presented a stereoscopic video
see-through HMD for ultrasound-guided biop-
sies. The advantage of an HMD is that the vir-
tual models are exactly projected into the view
direction of the surgeon, because the position
of the HMD is tracked. For medical purposes,
optical see-throughs might be more appropri-
ate, but generally the ergonomics of HMD tech-
nologies needs to be improved to be accepted by
surgeons. The acceptance of monitor- or screen-
based techniques is possibly greater. Grimson
et al. [37] demonstrated a monitor-based video
see-through approach on a neurosurgical ex-
ample. One example for a screen-based optical
see-through technique was introduced by Fich-
tinger et al. [38] for the purpose of percutaneous
CT-guided needle interventions. This optical-see
through technique is implemented by mount-
ing a half mirror and a flat panel LCD display
on the gantry of the CT scanner. The surgeon
looks trough the half mirror and sees an overlay
of the LCD monitor. An alternative technique is
a transparent LCD display [39]. One interesting
approach that does not fit into the previous clas-
sification is projector-based augmented reality,
where virtual models are directly projected onto
the patient anatomy [40].
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2.4 Soft Tissue
Navigation Based
on Preoperative
Image Data

The main challenge in the development of naviga-
tion systems for soft tissue surgery is to solve the
problem of tissue deformations. All conventional
image-guided surgery systems operate on the as-
sumption that the tissue being operated on can
be treated as a rigid body that does not change its
form between the time the preoperative images
are acquired and the surgery is performed. Even
in neurosurgery, the accuracy of navigation sys-
tems is decreased by deformations of the brain
after opening the dura: the so called brain-shift.
In principle, two different approaches are pos-
sible to solve the deformation issue: the use of
an intraoperative imaging modality to obtain an
up-to-date image in the OR or to measure points
or surfaces of anatomical structures directly in
the OR and perform a nonrigid registration algo-
rithm to compensate for the deformations. Until
now, only first attempts have been made regard-
ing approaches without intraoperative imaging.

2.4.1 Landmark-Based

Approaches

Some groups are trying to transfer the conven-
tional navigation approach based on landmarks
and rigid registration to soft tissue surgery, in
particular to laparoscopic surgery. For some
regions in the abdomen, this might be possible
with limited accuracy. Mérvik et al. [41] investi-
gated the landmark-based registration accuracy
for laparoscopic adrenalectomies on six patients.
Skin markers were glued to the patient prior to
MRI/CT scanning and images were acquired
with the patient in the same position as projected
for the OR. The registration was performed by
placing a pointer intraoperatively into the mark-
ers before insufflation. Than a rigid laparoscopic
navigation pointer (LNP) helped the surgeon to
identify locations of organs, tumors, and ves-
sels. An average patient registration accuracy
of 6.9 mm FRE (fiducial registration error) was
achieved, because the insufflation did not cause
anatomic shifts in the retroperitoneum. The use
of the LNP for anatomical structures in the ante-
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rior part of the abdomen was excluded due to sig-
nificantly higher anatomic shift. It was proposed
to use intraoperative 3D ultrasound to compen-
sate for this shift, as was suggested in a feasibil-
ity study conducted by Kaspersen et al. [42] for
navigated stent-graft implantation of abdominal
aortic aneurysms. The study was based on trans-
cutaneous ultrasound, and a mismatch of 13 mm
(4.6-23.1 mm) on average in 33 patients was
reported between ultrasound and registered CT
imaging at the aorta. The mismatch was quanti-
fied by manual registration of ultrasound and CT
images. It has to be taken into account that the
aorta is fairly rigidly attached to the spine, and
therefore does not move much with respiration,
which occurs, for example, for the liver.

Landmark-based registration was also used
for navigated percutaneous CT-guided liver
punctures [43]. One aim was to enable out-of-
plane needle guidance for radio frequency (RF)
ablations or biopsies [44]. Nicolau et al. [45] de-
veloped a video-based augmented reality system
for liver punctures that automatically identifies
skin markers in video images and performs a
3D/2D registration in real time. They achieved
an average accuracy of 9.5 mm on three patients
[46] compared to 8.3 mm in swine experiments
reported by Banovac et al. [43]. In both stud-
ies, the CT was acquired immediately before
the puncture. However, [43] the swine had to be
transported from the CT scanner to the angiog-
raphy suite, possibly introducing change in the
animal’s position. While Nicolau et al. conducted
their experiments under free patient breathing,
Banovac et al. tried to minimize the error intro-
duced by respiratory motion by obtaining the
preprocedural CT scan in full expiration, and
performing their registration in the angiography
suite in full expiration as well.

2.4.2 Surface-Based

Approaches

Two approaches for surface registration of pre-
operative CT scans of the liver to physical pa-
tient space have been reported in the literature.
Herline et al. [47] digitized the liver surface by
moving an optically tracked probe over the vis-
ible portions of a liver phantom and rigidly
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registering it to the liver surface extracted from
CT scans by the iterative closest point (ICP) al-
gorithm. A contactless variant of this approach
has been implemented by Cash et al. [48] using
a commercial laser range scanner instead of a
tracked probe. They performed phantom studies
and have applied their system to one clinical case
so far. A mean residual error of 1.72+1.43 mm
for the clinical case and target registration er-
rors (TREs) ranging from 0.6 mm to 7.74 mm
for different tumors embedded in a deformable
phantom were reported. Nevertheless, it is not
clear how accurately tumors lying deep inside
the liver are registered in clinical cases. An im-
proved version has been published by Sinha et
al. [49] incorporating texture information. Sun
et al. [50] recently introduced an alternative el-
egant contactless approach to measure the corti-
cal surface by means of a stereoscopic operating
microscope. The 3D surface is estimated from a
stereo pair of images from the microscope. They
report measured motion of the cortical surface
during ten clinical cases. They suggest using the
captured cortical displacement data to aid com-
putational biomechanical brain models to esti-
mate deformations of the whole brain volume, in
particular in the depth of the brain.

2.4.3 Model-Updated Image-

Guided Surgery

The assumption that the brain and in particu-
lar the liver is rigid has been shown not to hold
true in many cases, and significant soft tissue
deformation is often present. Several groups
have developed biomechanical models of soft
tissue mainly for the brain [51], but also for the
liver [52]. The development of precise physi-
cally based models is challenging because of how
difficult it is to quantify in vivo tissue behavior
and the need for sophisticated and time-effi-
cient mathematical methods such as the finite
element method (FEM). It is important to note
that different qualitative models are used. Of-
ten the tissue behavior is simplified by assum-
ing linear elastic materials [53], which does hold
only for small deformations. For higher strains,
the stress—strain relationship for soft tissues is
nonlinear [54, 55]. The tissue parameters differ
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between different patients. Quantitative MRI or
ultrasound elastography might enable measure-
ment of these individual parameters.

The idea of model-updated image-guided
surgery is to measure intraoperatively sparse
data that drive and constrain patient-specific
biomechanical models. The aim is to adapt those
preoperative models to the intraoperative situs.
These intraoperative data can be captured sur-
face displacements [56-58], as described in the
previous section, or as will be discussed in the
next sections, subsurface displacements captured
by, for example, intraoperative ultrasound [59].

25 Navigation for Open
Liver Surgery Based
on Intraoperative

Imaging

The application of intraoperative imaging mo-
dalities offers the possibility to obtain up-to-date
information of the location and shape of an or-
gan of interest in the OR. In neurosurgery, in-
traoperative 1.5-T high-field MR scanners have
been integrated into the OR [60, 61] and have
been combined with navigation systems. Whole
integrated operating rooms are offered commer-
cially (BrainSuite from BrainLab). CT scanners
are rarely used intraoperatively, but are often
used for image-guided interventions. Instead,
mobile fluoroscopic devices (C-arms) have been
an integral part of the standard equipment used
in orthopedic and trauma surgery for quite some
time. C-arm-based navigation systems can, for
example, improve the accuracy of pedicle screw
insertion [62]. A promising advancement is nav-
igation systems based on 3D C-arm fluoroscopy,
also called 3D rotational X-ray imaging (3DRX)
(62, 63].

Ultrasound is an intraoperative imaging mo-
dality that is inexpensive compared to intraoper-
ative MRI, and radiation-free, unlike fluoroscopy.
In addition, ultrasound can easily be integrated
into the OR. Navigated 2D ultrasound (Sonon-
avigation) is a valuable tool for detecting brain-
shift [64, 65]. In some neuronavigation systems,
real-time 2D ultrasound has been integrated just
recently, e.g., IGsonic from Brainlab or SonoNav
from Medtronic.
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In open and in particular laparoscopic liver
surgery, intraoperative 2D ultrasound (IOUS)
is routinely used. However, navigated 2D ul-
trasound has only been reported once for liver
punctures [66].

Sononavigation based on 3D ultrasound is a
consequent advancement and improvement. Un-
til now only a few manufacturers have offered 3D
ultrasound devices and only a single commercial
navigation system based on 3D ultrasound exists
(SonoWand from MISON, Trondheim, Norway).
But before 3D ultrasound navigation is explained
in more detail, existing 3D ultrasound technolo-
gies are introduced.

2.5.1 Three-Dimensional
Ultrasound

Technologies
Four different 3D ultrasound technologies exist.

1. 3D ultrasound probes consisting of 2D arrays

2. 3D probes mechanically or electronically
steered

3. 2D tracked probe or freehand

4. Sensorless techniques

Sensorless tracking is done by analyzing the
speckle in the US images using decorrelation
[67] or linear regression [68]. Encouraging re-
sults have presented, but practical performance
of in vivo imaging has to be further evaluated.
In freehand 3D ultrasound, a position sensor of
a localizer system is clamped to a conventional
2D US transducer and the transducer is manu-
ally swept over the volume of interest while the
position and orientation of the imaging planes
are recorded by the localizer system. After scan-
ning, the 2D image planes are composed into a
3D image volume. In contrast to freehand 3D
ultrasound, mechanically steered 3D probes do
not rely on tracking sensors. Instead, a 2D trans-
ducer is swept by a motor contained in a specific
3D ultrasound probe. One example of such a
system using a motor is the VOLUSON system
developed by Kretztechnik and now distributed
by General Electric (Milwaukee, WI, USA). A
promising and just recently commercially avail-
able alternative is volumetric 3D probes contain-
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ing a 2D array of transducer elements, such that
3D volumes can be directly measured.

Generally, all 3D ultrasound technologies
are suitable as a basis for intraoperative naviga-
tion systems. We prefer mechanically steered 3D
probes, because they are very easy to manage in
the OR. The 3D transducer is held directly onto
the liver in open surgery for only a few seconds,
depending on the image resolution and scan
angles.

2.5.2 Navigation Systems

Based on 3D Ultrasound

The general principle of a 3D ultrasound-based
navigation system is similar to that of a conven-
tional neuronavigation system regarding instru-
ment tracking and visualization. The difference is
the use of intraoperative instead of preoperative
image data and the kind of registration to relate
image space and physical patient space. No ex-
plicit registration is necessary. A position sensor
is attached to the ultrasound probe and the loca-
tion of the probe during acquisition is measured
(Tsy). If in addition the position and orientation
of the ultrasound image coordinate system is
known in relation to the location of the position
sensor on the probe (Tc,), the spatial relationship
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between image space and physical patient space
is also determined (see Fig. 2.8). The process of
computing the transformation (Tc,) that con-
verts the ultrasound image space into the coor-
dinate system of the position sensor attached to
the probe is called calibration. As calibration is a
time-consuming process that must be performed
very precisely, it is usually performed once and a
suitable mounting ensures a reproducible attach-
ment of the position sensor. A comprehensive
overview of calibration techniques is given by
Mercier et al. [69].

To our knowledge, only one 3D ultrasound
navigation system is commercially available:
SonoWand [70] from MISON. This system was
developed for neurosurgery and experiences on
brain tumor resections of 91 patients were re-
ported [71]. SonoWand is based on freehand 3D
US and the optical tracking system Polaris (NDI,
Radolfzell, Germany). Lindseth et al. [72] have
extensively investigated the laboratory accuracy
of the system and found a mean deviation of
1.40£0.45 mm. Improper probe calibration was
the main contributor to this error. Display tech-
niques may be conventional orthogonal slices
oriented to the patient (axial, sagittal, coronal),
from the surgeon’s view, or only defined by the
position and orientation of the surgical tool. In
any plane slicing, only one slice defined by the

Fig.2.8 Principle of a navigation
system based on intraoperative
3D ultrasound using a tracked 3D
probe
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position and orientation of the surgical tool is
displayed from each 3D volume. Another 3D
update (ultrasound acquisition) was acquired
whenever tissue changes made it unsafe to pro-
ceed; typically, updates were obtained three to six
times during a surgical procedure.

At our clinic, we have developed a 3D ultra-
sound navigation system dedicated to oncologi-
cal liver resections. Until now, the system has
been in clinical use for open surgery, but can be
extended for laparoscopic surgery as well. The
general principle is similar to the SonoWand
system, but the main difference is the motor-
driven 3D ultrasound technology used (Volu-
son 730 Kretztechnik/GE) and the possibility of
computer-assisted liver resection planning based
on preoperative CT/MRI data. The 3D probe
has been calibrated in a laboratory setting with
a commercial 3D ultrasound phantom (CIRS,
model 055) containing two egg-shaped struc-
tures.

The clinical procedure is as follows. Preop-
eratively, a computer-assisted plan of the liver
resection is performed, as described in Sect. 2.
The configuration of the navigation system in
the OR is outlined in Fig. 2.9. The surgical proce-
dure starts with mobilization and exposure of the
liver. The 3D ultrasound probe is put into a sterile
drape and a sterile position sensor is attached to
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the ultrasound probe. Before the actual resection,
a 3D ultrasound scan consisting of simultaneous
B-mode and power Doppler (PD) acquisition is
performed in a few seconds. The location of the
attached passive position sensor is measured dur-
ing the acquisition by a Polaris tracking system.
The data are digitally transferred in high quality
and original resolution to the navigation system
via a DICOM interface and not via the video out-
put. Then a tracked electrocautery device can be
navigated in relation to the 3D ultrasound data.
Two section planes of the ultrasound data are
visualized (see Fig.2.10). One plane is in line
with the ultrasound probe and one perpendicular
representing a view in the direction of the probe.
The probe is in general oriented on the liver sur-
face such that the first plane is an approximately
sagittal slice and the other an approximately cor-
onal slice. Tumor borders as well as vessels can
be identified on these planes. The power Doppler
data are overlaid on the B-mode data. Structures
are projected onto the liver surface and mapped
with the tracked electrocautery device used as a
pointer and marker. This requires the position
of the coronal plane to be frozen at the level of
greatest interest. To map the tumor borders, this
plane is set into the largest diameter of the tumor
(Fig. 2.10a). To map vessels, the plane can also be
moved and tilt into the longitudinal axis of the

Computer
Scientist

Ethernet/ DICOM

Fig.2.9 Configuration of the
3D ultrasound-based naviga-
tion system in the OR
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vessel (Fig. 2.10b). Tumor borders and relevant
vessels in the tumor area are branded with blue
and red ink onto the liver surface.

A first feasibility study on 30 patients showed
that the system supports the surgeon in exactly
carrying out the preoperative surgical plan intra-
operatively. The system can be easily integrated
into the OR and worked robustly. The additional
operation time for navigation was acceptable.
A detailed description of the study will be pub-
lished elsewhere. The clinical accuracy of the sys-
tem depends on deformations possibly induced
by the transducer pressure, respiration, and heart
movement. These factors must be quantified in
future work.

One limitation of the current procedure is
that during the actual resection, no navigation
is performed. Repetitive ultrasound acquisitions
are conceivable, but if a Pringle maneuver is con-
ducted vessels are difficult to identify. A second
limitation is that the preoperative plan is men-
tally transferred to the ultrasound data. There-
fore work in progress on automatic transfer of
preoperative models on the patient in the OR is
presented.

Thomas Lange et al.
2.5.3 Augmentation
of Intraoperative
Ultrasound
with Preoperative
Models

Three-dimensional ultrasound is well suited for
liver surgery navigation, because vessels have
good contrast, particularly in power Doppler
ultrasound. However, tumors are sometimes dif-
ficulty to delineate. Transmission of portal vein,
hepatic vein, tumor, and liver surface models
from preoperative CT/MR scans onto ultrasound
images can significantly improve differentiation
of these structures. The relation of ultrasound
planes to preoperative data or models would in-
crease the orientation ability of the surgeon. In
addition, the transmission of a preoperative re-
section plan to the patient in the OR would be
possible.

For the transmission of the preoperative data
onto the US images, a registration algorithm is
needed. This algorithm has to be fast and robust
and must be able to compensate significant de-
formations. There are only a few studies pub-
lished regarding automatic rigid or nonrigid
registration methods that have been applied or
adapted to 3D ultrasound data. Some image-
based methods [73-75] have been reported to
rigidly register 3D ultrasound and MRI data.

Fig. 2.10a,b Intraoperative visualization by two section planes of the ultrasound data. Power Doppler information is
overlaid on the B-mode data. Additionally the preoperative planning model is shown. In a the coronal slice (right) is
orthogonal to the sagittal slice. In b the orientation of the coronal slice is adapted to the direction of a hepatic vein close
to the tumor
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Nonrigid image-based algorithms for registra-
tion of two ultrasound volumes are described in
[75, 76]. These approaches are usually too time-
consuming for intraoperative use. A reduction of
the image content to significant features might
accelerate the procedure. Liver vessels are fea-
tures that can be easily identified in CT/MRI and
ultrasound data, in particular in power Doppler
ultrasound. Two feature-based rigid approaches
are reported in [77] and [78].
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For nonrigid intraoperative US registration,
we developed and investigated a fast feature-
based approach using extracted vessel center
lines of the liver. With the use of nonrigid trans-
formations instead of rigid transformations, the
accuracy at the vessels was improved by a 5.6,
3.4, and 5.7 mm root mean square difference on
three patients. This difference is illustrated in
Fig. 2.11. A remaining maximal nonrigid regis-
tration error of 6-9 mm at the vessels, 12-15 mm

Fig. 2.11a,b Registration of preoperative CT and intraoperative 3D ultrasound data. Portal veins extracted from CT
data (transparent) and ultrasound data (opaque) are shown after rigid (a) and nonrigid (b) registration

Fig.2.12a,b Intersection lines of portal veins (red), hepatic veins (blue), tumor (white), and liver surface extracted from
preoperative CT data are overlaid on intraoperative ultrasound data



30

at the tumors, and 16-20 mm at the anterior liver
surface was observed (see Fig. 2.12). Until now,
the registration was only based on portal veins.
For a more detailed description of the algorithm
and the achieved results see [79, 80].

The needed extraction of the vessels from the
intraoperative US data is the main disadvantage
of the method, because to date this cannot be
done robustly and fast with an automatic pro-
cedure. Hybrid approaches, which fit preopera-
tively extracted features directly to the intensities
of intraoperative image data, might solve this
problem. The lack of a time constraint in the
preoperative phase allows for precise feature ex-
traction, yielding fast intraoperative registration.
Aylward et al. [81] use vessel models and a spe-
cial distance metric for rigid hybrid registration.
We are currently working on nonrigid hybrid ap-
proaches.

2.6 Adaptation
to Laparoscopic

Liver Surgery

To date no clinically applicable navigation sys-
tem exists for laparoscopic liver surgery. The
challenge of organ deformation is similar to
open liver surgery, but additional constraints are
present because of the minimally invasive access.
Transferring conventional navigation approaches
to laparoscopic or interventional abdominal
procedures is currently being attempted. The
main problem in this case is the patient-to-im-
age registration. Obviously, no stereotactic frame
or head-set-like construction is suitable for ab-
dominal surgery. Also, external artificial or ana-
tomical landmarks are inappropriate due to the
strong deformability of the liver tissue and the
insufflation of the abdomen in laparoscopy. In
the retroperitoneum, these effects seems to be
minor, as shown by Marvik et al. [41], but even
in such applications the accuracy is restricted.
Clearly geometric information from inside
the body is needed. In navigated bronchoscopy;,
endobronchial landmarks such as the main ca-
rina are successfully used for registration [82,
83]. These landmarks are identified with an elec-
tromagnetically tracked bronchoscope. The ac-
curacy is approximately 5-10 mm. However, in-
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ternal anatomical landmarks on the liver surface
are difficult to define. In addition, they are prob-
ably not sufficient for identifying deformations.

Surface scanning provides significantly more
geometric information than single points, but
for laparoscopy customized small surface scan-
ners are needed. Hayashibe et al. [84] propose
a laser-scan laparoscope. A laparoscopic laser
device projects laser line beams on the liver sur-
face. These lines are captured by the laparoscopic
camera. As the relative positions of the laser
device and camera are measured by a tracking
system, the 3D position of the laser line can be
determined by triangulation.

Such surface scans may support the naviga-
tion but probably do not suffice, because the ge-
ometry of the anterior part of the liver is not as
characteristic as, for example, the brain surface
with its sulci. Another question arising is whether
scanning at the liver surface is adequate to de-
termine deformations in the depth of the liver.
The only way to obtain reliable information from
the depth is by intraoperative imaging. Intraop-
erative ultrasound is already used in laparoscopy
and seems to be the most easily integrated into
navigated laparoscopic procedures.

The first systems for navigated 2D ultrasound
are under investigation in neurosurgery [64, 65]
and also for transcutaneous and open liver punc-
tures [66]. The general feasibility for open liver
surgery [85] and an adaptation to laparoscopic
liver surgery [86] is described, but no accuracy
is quantified. Ellsmere et al. [87] propose tracked
2D laparoscopic ultrasound combined with
landmark-based registration of CT images. They
show that the additional CT images improve the
orientation skills of the surgeons on animal tails.

Navigated 3D ultrasound for liver applica-
tions has only been reported for an experimen-
tal setup of transcutaneous liver ablation [88]. In
this study, the advantage of navigated 3D ultra-
sound over navigated 2D ultrasound is shown.
No navigation system based on laparoscopic 3D
ultrasound has been developed and investigated
so far. The SonoWand as well as our system are
principally adaptable to laparoscopic procedures.
The crucial point is the availability of laparo-
scopic 3D ultrasound.

Today no commercial 3D ultrasound device
specially dedicated for laparoscopic procedures
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is available. All four above-mentioned percuta-
neous 3D ultrasound technologies are princi-
pally transferable to laparoscopic applications.
But until now only one laparoscopic freehand 3D
ultrasound device has been developed [89]. The
ultrasound probes currently available for lapa-
roscopy are mostly flexible at the tip. Hence it is
not possible to mount a position sensor onto the
shaft of the probe outside the body, meaning that
optical tracking system cannot be applied, but
electromagnetic systems principally can [89]. An
alternative is customized small motor-driven or
2D array 3D probes. We conducted preliminary
experiments with the 3D endorectal probe of the
Voluson 730 machine. The transducer is gener-
ally feasible for laparoscopic liver resections. The
calibration was carried out on a custom-made
US phantom containing three sphere structures.

In addition to the need for laparoscopic 3D
ultrasound, appropriate tracking systems are
also important for navigated laparoscopy. Posi-
tion sensors of optical tracking systems can only
be measured outside the body, because of the
free-line-of-sight condition. For laparoscopy,
this means only rigid instruments and rigid 3D
ultrasound transducers can be tracked optically.
In conventional navigation, electromagnetic
tracking systems have played only a minor role
until now, because of their smaller measurement
volume, lower accuracy, and in particular the in-
terference by metallic objects and magnetic fields
in their environment. But recent advances in the
interference and the development of very small
sensors are promising for use in laparoscopic and
endoscopic applications [27]. Successful applica-
tion in bronchoscopy has been referenced above.
But for specific instruments in laparoscopy and
in a real OR environment, further investigations
are needed.

All conventional and in particular the visual-
ization techniques described for 3D ultrasound
navigation can be adapted to laparoscopic navi-
gation. An augmented reality approach would
be natural, because a video image of the laparo-
scopic camera is always available. In a video see-
through technique, structures lying beneath the
surface of the liver can be visualized.

As in open liver procedures, the problems of
transferring preoperative models and plans as
well as intraoperatively induced deformations,
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be they respiration, heart movement, surgery-in-
duced swelling, or cutting, exist in laparoscopy
as well. Promising methods have been developed
for neurosurgery to compensate brain shift. Un-
like the neurosurgical environment where the
cranium confines the brain at the initial stage of
the surgery, a significant amount of tissue defor-
mation during liver surgery occurs. Because the
mobilization of the liver in laparoscopy is not as
extensive as in open surgery, the deformations
can perhaps be better controlled. Compared to
neurosurgery, an accuracy of 5 mm might be suf-
ficient.

Cash et al. [58] attempted to transfer model-
updated image-guided surgery methods for brain
shift compensation to liver deformations. Their
approach consists of a linear elastic model of the
liver tissue and liver surface scans as boundary
conditions. They report correct localization of
subsurface targets within 4 mm in phantom ex-
periments. The main difficulty is to determine
the boundary conditions reliably and accurately
for the biomechanical model of the liver. The bio-
mechanical model only describes the behavior of
the tissue to external forces or restrictions. The
actual shape of the liver model is determined by
these external conditions such as fixation by liga-
ments and restriction by other organs or tissues
that can freely move. It might also be necessary
to measure movements of points inside the liver
to better quantify liver deformations. Miniatur-
ized electromagnetic position sensors fitting into
catheters or needles are a possibility to measure
these point movements.

Navigation systems for laparoscopic liver re-
sections based on 3D ultrasound alone will be
available in the near future. They will signifi-
cantly improve the limitations of laparoscopic
procedures such as absence of direct organ pal-
pation by image information from beneath the
liver surface and will allow precise resection of
tumors. Their clinical value will have to be evalu-
ated. In the medium term, the major challenge,
as for all soft tissue navigation approaches, will
be to solve the organ deformation issue. On the
one hand, fast, robust, and reliable nonrigid reg-
istration algorithms are needed, which enable
the transfer of preoperative models and resec-
tion plans to intraoperative ultrasound data. On
the other hand, deformations during the actual
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resection must be compensated. The combina-
tion of intraoperative point, surface, or image
measurements with precise biomechanical and
possible physiological soft tissue modeling is a
promising research direction.
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3.1 Introduction

Percutaneous image-guided tumor ablation us-
ing the thermal procedure has increased in im-
portance over the last 10 years into a promising,
minimally invasive therapy strategy for the treat-
ment of primary and secondary liver malignan-
cies [1, 2]. This procedure was primarily used
in neurosurgery as early as the 1960s in order
to destroy locally small areas of the brain [3]. In
the 1990s, radiofrequency (RF) ablation of ma-
lignant liver tumors was first studied within fea-
sibility studies [4, 5]. Clinical studies with long-
term results have been reported beginning with
the end of the 1990s [6-9].

In the search for an alternative therapy for
nonsurgical patients, a whole range of minimally
invasive therapy procedures have been developed
in the last few years: RF ablation, interstitial laser
thermal therapy (LITT), microwaves (MWs),
high-intensity focused ultrasound (HIFU), and
cryotherapy. The use of laser therapy in the case
of colorectal metastases has shown promising
results [10]. The largest experience with MW
therapy has been seen in Japan. However, one
disadvantage of MW therapy is the geometry of
the thermally induced lesion obtained by this
procedure: small and ellipsoidal, which often
does not correspond to the geometry of liver tu-
mors [11]. HIFU therapy is still in its experimen-
tal stages and, at present, only small inadequate
coagulations are possible. However, its main ad-
vantage will be its noninvasiveness, since high-
energy ultrasound waves are applied via an US
transmitter without puncture [12]. Finally, cryo-

ablation, which has been used for several years
in surgery, has the disadvantage for a percuta-
neous approach of working with large-diameter
applicators, which renders cryotherapy mainly
an intraoperative modality. However, it is more
complicated and cost-intensive compared to RF
ablation [14]. Comparing all the thermal abla-
tion methods currently available, RF ablation is
by far the most frequently used worldwide. An
explanation for this can be seen in its effective-
ness in destroying the tumor tissue as well as the
low complication rate. Another reason is also its
reduced technical demand in comparison to that
of cryoablation or laser technology [15-17].

3.2 Principles
of Radiofrequency
and Thermal

Bioeffects

The first description of a use of local heating for
coagulation of tissue can be found in early Egyp-
tian and Greek literature. In 1891, D’Arsonval de-
scribed the warm induction in biological tissues
through RF waves [18]. The principle was based
on closed electricity circuit between a RF gen-
erator and a patient. The RF waves were emitted
from an active noninsulated electrode and then
diverted to one or more neutral electrodes. In the
1970s, Organ et al. discovered that by using low
electric energy, an intracell ionic movement was
induced resulting from the alternating current,
with the consequences of inducing a frictional
heating of the tissue surrounding the applicator
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tip [19]. At the beginning of the 1990s, two re-
search groups modified the RF systems to be able
to induce large coagulation in liver tissue [5, 20].
The radius of the coagulation was, however, lim-
ited to 1 cm. The further development of the RF
technique had, nevertheless, shown that together
with an increase in applied energy, a prolonged
ablation time, and an enlargement of the active
electrode tip, the volume of the coagulation ne-
crosis can be increased by up to 400% in the case
of liver tissue [21, 22].

For image-guided tumor treatment using RF
ablation, a RF applicator is positioned in the tu-
mor by using imaging for guidance [23]. The RF
applicator consists of a metal shaft, which is elec-
trically insulated, and a noninsulated so-called
active electrode tip. The RF generator delivers a
sinus-form high-frequency alternating current
(375-480 kHz) which, via the active electrode, is
emitted into the surrounding tissue. A RF field of
tension between the electrode tip and the neutral
electrode - placed on patient’s skin - is therefore
built up so that the current can run freely back-
ward and forward. In comparison to the large
area of the neutral electrode, the active part of
the RF electrode only shows a small area in the
field. Through this, the tension and the current
thickness in the immediate region surrounding
the electrode tip are high, leading to warmth
through friction via the intracellular ionic move-
ments. Coagulation necrosis takes place in the
surrounding tissue with a temperature higher
than 60°C [24]. The numerous parameters that
play a part in the volume of coagulation were pre-
viously reported by Pennes using a complicated
formula [25]. This equation - also known as bio-
heat transfer equation - can be represented using
the following simplified approach:

Extent of coagulation necrosis = applied
energy X local tissue interactions — heat loss

An increase in temperature from 40°C to 42-
45°Crenders the cells more susceptible to damage
[26, 27]. When cells are exposed to temperatures
of over 45°C, irreversible damage takes place af-
ter 1 h [28]. A further increase in temperature to
50-52°C reduces this time to 2 min, in which a
cytotoxic effect leads to irreversible cell death.

Philippe Pereira et al.

With temperatures between 60 °C and 100°C, an
immediate irreversible protein denaturation with
release of mitochondrial key enzymes occurs, as
well as a destruction of the DNA structure [21,
24, 29]. These high temperatures result in coagu-
lation necrosis. The histopathological criteria for
a coagulation necrosis may not, however, have
been met immediately after ablation, since ther-
mally induced coagulation is an active process
taking several days up to 2-3 weeks. Therefore,
the strength of statement of a tissue biopsy after
ablation in order to confirm a successful tumor
ablation is limited if performed immediately af-
ter thermoablation. Temperatures over 105°C
cause a build up of gas and carbonization in the
exposed tissue. Therefore, temperatures between
65°C and 100 °C are considered optimal.

The friction-induced heat alters tissue resis-
tance through the production of coagulative ne-
crosis. If temperatures of 90°C or more are too
quickly achieved, then carbonization and vapor-
ization processes occur, resulting in a noticeable
increase in the electrical resistance in the tissue.
The electrical conductivity and, therefore, also
the heat conduction are, however, independent
from the resistance of the tissue. Therefore, the
size of the coagulation is automatically limited.
The increase in resistance in the tissue must be
avoided in the case of RF ablation because the
thermally produced lesion will remain small.
It was written in the 1990s that by using single
electrodes for RF therapy, a maximum coagula-
tion diameter of 1.6 cm is possible. Subsequently,
the clinical use of this method did initially have
its limitations for liver tumor therapy [22]. The
technical developments of the RF devices have
shown, however, that a therapeutically relevant
coagulation diameter can nowadays be achieved
in a reproducible manner [30]. In accordance to
the bio-heat equation, this strategy is based on
the one hand on the increase in energy deposi-
tion in the tissue, and on the other hand, on the
method of the energy transmission. Also, to be
accounted for is an improvement in the heat con-
duction into the tissue and, finally, the reduction
in the tumor tolerance to heat. An additional
option is the prevention of too much heat loss
through variation of the blood circulation.
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3.3 Radiofrequency
Systems
3.3.1 Radiofrequency

Generators

Several RF generators are approved bt the FDA
or CE for clinical use. These commercially avail-
able systems are divided into monopolar, bipolar,
and multipolar RF devices (Table 3.1).

The monopolar RF generators use a power
output of either 60W (HiTT Elekrotom 106,
Berchtold-Integra ME, Plainsboro, NJ, USA),
or 200 W (RF 3000, Boston Scientific, Moun-
tain View, CA, USA, and Cool Tip, Valley Lab,
Boulder, CO, USA), and at least 250 W (Model
1500x, RITA Medical Systems, Mountain View,
CA, USA). The control of an ablation course,
and with it the amount of energy deposition, is
based on resistance (Berchtold, Boston Scientific,
Valley Lab.) or temperature (RITA). It must be
noted that a standard protocol for each of the RF
systems exists for ablation in the liver. However,
clinical experience has shown that the standard
protocol must be adapted to each individual tu-

mor. Therefore, the responsibility for a successful
tumor ablation lies in the hands of the interven-
tional physician, who ultimately has to set the
parameters for ablation length, ablation probe,
and power output and the number of applicator
repositionings that may be necessary to treat a
tumor with a safety margin.

3.3.2 Monopolar

Ablation Devices

Initially, RF ablation in neurosurgery and car-
diology was mainly performed with monopolar
needle-like electrodes. Using these applicators,
Goldberg et al. achieved a coagulation diameter
of up to 1.6 cm [22]. The correlation between the
size of coagulation and the electrode length, tem-
perature, and ablation length parameters were
tested in experimental ex-vivo liver and muscle
tissues [22, 31]. For longer ablation times, an in-
crease in a coagulation diameter of 3.0-4.0 cm
was observed. The length of the active electrode
had a linear effect on the length diameter of the
coagulation but not always on the width diam-

Table 3.1 Technical data of commercially available radiofrequency generators

RF-System HiTT 106 Cool Tip
Berchtold- ValleyLab
Integra

Strength 60 W 200 W

Frequency 375 kHz 480 kHz

Monitoring of Tissue resistance  Tissue resistance

ablation
Energy Monopolar Monopolar
application
Applicator: 1.7 mm 1.6 mm /
diameter 3x1.6 mm
Applicator: Straight Straight
Configuration 1.5cm Single/cluster
and active part 3 cm/2.5cm
Applicator: Perfused Internally cooled
(single/cluster)
Type and MR Yes Yes (single and
compatibility cluster)

RF 3000 Model 1500x Celon

Boston RITA Power-Olympus
Scientific

200 W 250 W 250 W

480 kHz 460 kHz 470 kHz

Tissue resistance  Tissue resistance

and temperature

Tissue resistance

Monopolar Monopolar Bipolar or
multipolar

2.5 mm 2.2 mm 1.8 mm

Umbrella Christmas-tree  Straight

4 cm 5cm/7 cm 4 cm

Expandable Expandable Internally cooled

Yes (3.5 cm) Yes (X1) Yes (bipolar and
multipolar)
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eter [32]. Therefore, the optimal length of the
active electrode was considered to be 3 cm. The
increase in the electrode diameter from 24G to
12G increased the coagulation diameter from
0.7cm to 1.8 cm.

3.3.3 Cooled and Perfused
Monopolar Needle-Like
Applicators

3.3.3.1 Internally Cooled Single

Applicator (Valley Lab)

The ablation probe is internally cooled via two lu-
mina that are perfused with water during energy
application (Fig. 3.1a). The cooling of the appli-
cator delays a premature carbonization along the
needle shaft by removing the heat and therefore
allows for the deposit of more energy compared
with conventional noncooled electrodes [31, 35,
36]. Goldberg et al. used an 18G electrode with
maximal cooling in the region of the active elec-
trode of 15+2°C. Under these conditions, an
energy flow from 350, 550, 750, and 1100 mA
with different active applicator lengths could be
applied for a total duration of 60 min. Carbon-
ization was not recorded. The short axis of co-
agulation obtained was 2.5, 3.0, 4.5, and 4.4 cm
for active electrode lengths of 1, 2, 3, and 4 cm,
respectively. In vivo studies using internally
cooled electrodes were conducted on muscle and
liver tissue. The short coagulation diameter rose
with the increase in deposited energy from 1.8
to 5.4 cm. Following clinical application, Solbiati
et al. reported that coagulation transverse diam-
eters of 2.8 £ 0.4 cm with single electrodes were
achievable [4].

3.3.3.2 Internally Cooled Cluster

Applicator (Valley Lab)

Increased coagulation diameter can also be ob-
tained by using clustered applicators: three in-
dividually, internally cooled single electrodes
grouped with a distance of 0.5 cm (Fig. 3.1b). In
an experimental study, cluster applicators were
used with different ablation times ranging from
5 to 60 min in both ex vivo and in vivo experi-
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ments [30]. The transverse diameter of coagula-
tion during ex vivo liver ablation of 15, 30, and
45 min were 4.7, 6.2, and 7.0 cm, respectively. For
comparison, a coagulation diameter of 2.7 cm
(p<0.01) was achieved in 45 min using a single
electrode. In in vivo liver and muscle tissue ex-
periments, with an ablation time of 12 min, a co-
agulation transverse diameter of 3.1 and 7.3 cm,
respectively, was obtained. This means a volume
increase from 83% to 608% for these in vivo
muscle tissues using the cluster applicator in
comparison with a single electrode.

3.3.3.3 Perfused Single Applicator
(Berchtold-Integra HiTT)

This principle of perfused electrodes is based on
a continuous saline perfusion during the RF ab-
lation through two to four micropores located at
the tip of the active electrode (Fig. 3.1c). Since re-
sistance is recorded during ablation, an increase
in this resistance produces a saline bolus release
via the micropores in order to keep the resistance
in low values. Approximately 75 ml/h saline so-
lution is perfused into the tissue by 30 W, and
120 ml/h by 60 W. Ex vivo examinations have
shown that a coagulation diameter of 6.0 cm is
feasible. However, the shape of the thermally
induced lesion was irregular and not reproduc-
ible [37]. Initial in vivo experiments show that
a successful tumor ablation is possible in skilled
hands when the tumor and the applicator posi-
tion are strictly taken into account [38].

3.3.4 Monopolar Expandable

Applicators

The coagulation volume of the monopolar elec-
trode could, of course, be increased by altering
of the length of the active electrode. However,
thermal coagulation produced with single ap-
plicators normally has a rather unfortunate cy-
lindrical form that is unlike the usual ball shape
of a tumor. Therefore, a strategy was formulated
implementing several monopolar electrodes.
Goldberg et al. showed in two ex vivo experi-
ments, which, with the use of two to five mo-
nopolar applicators, larger areas of necrotic tis-
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sue can be produced compared to with a single
conventional electrode. A further result of this
was the simultaneous energy transmission with
greater efficiency cthan switching all electrodes
successively [33]. Two expandable RF applicators
are commercially available.

3.3.4.1 Expandable
LeVeen Applicator

(Boston Scientific)

This device involves an expandable umbrella
electrode that consists of a hollow needle with
a diameter from 14-16G and 10-12 expandable
prongs (Fig. 3.1d). When the prongs are fully ex-
tended, the diameter reaches 4 cm. In an animal
experiment, LeVeen et al. were able to achieve
a spherical coagulation with a transverse diam-
eter of up to 3.5 cm using an umbrella electrode
initially at 50 W, with an ablation time of 5 min.
However, when the power was increased step by
step to 80 W, the total ablation time was 12 min
[34].

3.3.4.2 Expandable Starburst Applicator
(RITA Medical Systems)

The prongs of this applicator are arranged in a
hook-like Christmas-tree form as opposed to the
umbrella like configuration of the LeVeen appli-
cator. The applicator consists of a hollow needle
with a 14G diameter and nine expandable prongs
(Fig. 3.1e). The diameter of the fully expanded
electrode reaches 5 cm (Starburst XI), although
further developments using a larger diameter
(7 cm; Starburst XLi) are now available. The en-
ergy deposition with this device is controlled by
temperature.

3.3.5 Bipolar Radiofrequency

Applicators

The single-needle bipolar technique uses a posi-
tive (active) and a negative (so-called grounding
pad for monopolar systems) electrode that are
both integrated into an applicator. This is a dif-
ferent strategy compared to monopolar RF sys-

tems, which apply an alternating electric current
between a monopolar electrode placed in the tar-
get tissue and large dispersive electrodes. In bi-
polar RF ablation, the electrical circuit is closed
between two electrodes placed in proximity and
no grounding pads are required. As opposed
to the monopolar system, the tissue is heated
around the positive as well as the negative elec-
trode. Clinical experience with the bipolar sys-
tem for tumor therapy is, however, still limited
[39]. McGahan et al. examined coagulation that
was produced using two monopolar applicators.
The short axis of the coagulation was 1.4 cm, and
the length diameter 4 cm [40]. Another device
for bipolar RF ablation includes both electrodes
on the same shaft [41]. A recent commercially
available RF device (Celon Lab Power, Olympus-
Celon AG, Teltow, Germany), providing a maxi-
mum power output of 250 W, enables application
of RF energy in bipolar and multipolar modes.
RF energy is deposited by using internally cooled
applicators. With this device, two electrodes are
located on the same shaft of the applicator for bi-
polar RF ablation (Fig. 3.1f). The electric field is
orientated parallel to the bipolar applicator shaft.
When more than one bipolar applicator is con-
nected to the RF generator, the electrical current
is automatically applied in a multipolar mode.
Hence the main electric fields are orientated par-
allel to the bipolar applicators but cross the tis-
sue between the applicators. The combination of
three bipolar applicators is supposed to lead to a
more spherical zone of coagulation compared to
two bipolar applicators.

3.3.6 Pulsed Radiofrequency
Energy Deposition

(Valley Lab)

Another strategy in the optimization of RF abla-
tion is obtainable by the pulsed energy modus.
The periodical increase and decrease of high en-
ergy (up to 2000 mA) leads to a cooling in the im-
mediate region of the active electrode tip without
a relevant loss of temperature at the periphery.
The combination of an internally cooled cluster
applicator with pulsed energy deposition has
shown that significantly larger coagulation areas
are possible with a diameter of up to 4.5 cm ex
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Fig.3.1 a Internally cooled single applicator with a 3-cm noninsulated “active”
tip. b Internally cooled cluster applicator with three single electrodes (active tip,
2.5 cm) grouped together with a distance of 0.5 cm. ¢ The perfusion applicator
with a continuous saline perfusion during the RF ablation via the micropores
at the tip of the active electrode. d Twelve-tined expandable applicator with an
umbrella configuration. e Applicator with nine expandable electrodes that are
arranged in a Christmas-tree form as opposed to the umbrella-like electrode ar-
rangement from Boston Scientific. f The needle-like bipolar applicator uses an
active and a negative electrode that are both integrated in the same RF needle
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vivo [42]. The algorithm for a pulsed RF ablation
appears as follows: an increase in the resistance
over 20 ohms of the initial value reduces the en-
ergy output (by 100 mA). After the decrease in
resistance, an automatic new increase of power
up to the initial value after maximal 15s then
follows. The use of the cluster electrode in com-
bination with pulsed RF energy transmission
shows that in vivo coagulation with short axis
diameters of 4.0 cm is achievable at 2000 mA.

3.4 Heat Conduction
and Clinical Challenges
3.4.1 Neutral Electrodes

and Skin Burns

Due to the trend in using high-power generators
(250-400 W) for thermal therapy, serious skin
burns in the region of the neutral electrodes can
be a danger. Goldberg et al. have systematically
varied the number of neutral electrodes (1, 2, or
3), the position of the neutral electrodes (hori-
zontal, vertical, or diagonal), and the distance
between the neutral electrodes and the active
electrodes (10-50 cm) in in vivo tests. Different
neutral electrodes (foil-type or net-type) were
implemented [45]. Third-degree burns were re-
ported at temperatures of more than 52°C. No
burns could be detected when the distance be-
tween the RF applicator and neutral pads was
greater than 25 cm.

3.4.2 Tissue Conductivity

The conclusions of the numerous ex vivo ex-
perimental tests cannot be directly adapted for in
vivo use [1]. The problem of heat loss through
tissue perfusion and/or permanent blood flow
in the liver tissue may be an important factor of
error in the transposition of ex vivo experience
to in vivo circumstances. This difference be-
tween ex vivo and in vivo results was previously
reported by Penne in his tissue bio-heat equa-
tion and must be taken into account for in vivo
thermal ablations [25]. A further limitation lies
in the different blood supplies of different tumor
tissues, which obviously has a significant influ-
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ence on the heat distribution in the tumor mass.
This is the reason why there are attempts to alter
the physiological perfusion of the tumor tissue,
whereby two basic strategies can be followed:
an increased heating of the exposed tissue or an
increase in the coagulated volume for a constant
energy deposition. An increase in tissue heating
can be achieved by a previous injection of saline
solution or magnetic particles in order to in-
crease tissue conductivity [43]. An improvement
in heat conduction from the active electrode into
the periphery is also possible with a continuous
saline solution flow [41, 44].

Saline Solution
Injection for Optimizing
Heat Conduction

3.4.3

The electrical conductivity in tissue governs the
energy deposition with the precondition of a con-
stant energy application. Hence, several working
groups have already examined the influence of
saline solution injection on necrosis volume dur-
ing RF ablation [37, 44]. Miao et al. achieved a
coagulation diameter of 5.5 cm after 12 min of
energy deposit with a 5% NaCl solution and a
perfusion amount of 1 ml/min. Subsequent tests
with different NaCl concentrations followed. In
animal tests, Goldberg et al. confirmed that the
previous injection of 6 ml of a 38.5% NaCl so-
lution led to a near doubling of the coagulation
short-axis diameter from 3.6 cm to 7.0 cm.

3.4.4 Tissue Blood Flow

A challenge for the RF ablation of liver malig-
nancies is the dual blood flow of the liver. Artery
and particularly portal vein blood flow leads
to a significant loss of produced heat through
transport (perfusion-mediated cooling) or direct
cooling (the heat sink effect), so-called thermal
convection. This heat loss markedly reduces in
vivo the size of the coagulative necrosis [4, 44,
46]. Hence, the change in the blood flow by way
of a reduction in the perfusion would offer an-
other means to increase the size of the thermally
induced lesion.
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3.4.5 Modification Through

Vascular Occlusion

A starting point of the modification of arterial
and portal vein blood flow lies in the occlusion
of the vessels prior to RF ablation. The first in
vivo experience with modified liver perfusion
was made as early as 1998 using internally cooled
probes [47]. The blood flow through the hepatic
arteries or the portal vein was selectively inter-
rupted using a balloon occlusion. After 12 min
of ablation, a coagulation diameter of 2.9 cm was
achieved in the case of a portal vein occlusion, in
comparison to 2.4 cm by normal flow. In the case
of artery occlusion, animal tests showed a coagu-
lation diameter ranging from 2.5 to 2.7 cm. The
influence of systematic occlusion of arteries and/
or veins has already been examined on patients:
two similarly sized colorectal liver metastases
(2.2-4.2 cm) in three patients were treated by
intraoperative RF ablation [47]. In each patient,
one tumor was initially ablated without change
to the flow, and subsequently the other tumor
was ablated occluding not only the arteries but
also the portal vein (similar to the intraoperative
Pringle maneuver). The resulting coagulation
was significantly larger when using the occlusion
(4.1+1.0 cm vs 2.5+0.5 cm).

3.4.6 Modification Through

Additive Drugs

In animal tests, Goldberg et al. attempted to in-
fluence liver perfusion during RF ablation with
internally cooled RF probes using drugs [48].
Blood flow and therefore perfusion were mark-
edly altered using an intra-arterial applied vaso-
pressin or high dose halothane. The thermally
induced necrosis produced after intravenous
vasopressin had a diameter of 1.3 cm, those after
halothane had a diameter of 3.2 cm (vs 2.2 cm in
the control group with physiological flow).

3.5 Combined Therapies

One of the most important purposes in the field
of tumor RF therapy is to obtain a complete de-
struction of the pathological tissue in a single

procedure. In the case of a liver malignancy
larger than 3.5 cm, there is a large risk that the
tumor will not be fully destroyed through ther-
mal ablation in a single procedure. Solbiati et al.
have reported a relapse rate up to 37% in a long-
term study of US-guided RF ablation of liver
metastases [17]. However, the imaging modality
used (US), and the patient selection in this study
(large tumors, synchronous or already surgically
treated patients) obviously play a significant role
in the relapse rate. Hence, therapy combining
transarterial chemoembolization (TACE) with
RF ablation can lead to improved clinical results
[49], since a sensitization of tumor cells at high
temperatures caused by prior damage has been
already reported [27]. In the case of hepatocel-
lular carcinomas (HCCs), especially larger than
3.5 cm, a combination of TACE and RF ablation
can even result in successful treatment [50]. Fur-
thermore, tests show that larger coagulation can
be achieved through previous percutaneous al-
cohol instillation or a simultaneous application
of doxorubicin with RF ablation [51].

3.6 Potential Interactions
of Radiofrequency
Ablation with

the Immune System

As seen above, tumor destruction induced by
RF ablation is achieved primarily by local cell
coagulation necrosis through tissue heating [24,
29, 51]. This necrotic process is irreversible and
still extends to the surrounding cells in the fol-
lowing days or weeks after ablation. Contact
with necrotic cells has been shown to induce the
maturation of dendritic cells (DCs) into compe-
tent antigen-presenting cells [52, 53]. The signals
delivered by necrotic cells to DCs are being in-
vestigated intensively. Two important compo-
nents that were recently identified are heat shock
proteins (HSPs), such as Hsp70 or Hsp90 [54],
which are also induced upon cellular stress, and
uric acid [55]. These components have been clas-
sified as danger signals, because they are able to
alert the immune system by activating antigen-
presenting cells (APCs) and inducing T lym-
phocyte responses to foreign antigens. Indeed,
it has been shown that HSPs and uric acid can
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stimulate an antitumoral CD8+ T cell response
in different mouse models [55, 57]. Increased
cellular and membrane expression of Hsp70 and
Hsp90 has been observed several hours after RF
ablation of human liver tumors [58, 59]. Using a
specific ELISA, the Hsp70 level in the serum of
RF-treated patients was observed before and af-
ter RF ablation: results show a transient increase
in Hsp70 in several patients 1 day after ablation.
This increase was no longer detectable 3 days or
several weeks to months afterward [60]. A sec-
ond approach to understanding the relationship
between RF ablation and immunity is to seek T
cell activation against the tumor after ablation.
This has been done in two animal models. In-
deed, a T cell infiltration in the residual tumoral
tissue and an activation of antitumor effector T
cells were observed [61, 62].

Thus, RF ablation obviously creates a local
situation that is suitable for recruiting and acti-
vating diverse immune effector cells. In addition
to the local destruction of neoplastic tissue, RF
ablation may induce an antitumoral activation of
the immune system. This effect may constitute an
additional beneficial aspect of the RF treatment.

3.7 Optimizing
the Radiofrequency

Technique

It is not easy to define a specific RF system as the
best for percutaneous use, as the many different
types of tumors require different RF protocols
(ablation probes, ablation length, and applied
energy). A recent comparative study of differ-
ent monopolar devices showed that the largest
volume of ablated tissue was obtained with the
perfusion electrode, but the coagulation was ir-
regular and unpredictable. The largest mean
volume of thermally induced necrosis produced
with an acceptable spherical shape was achieved
using the cluster electrode [63]. The expand-
able 12-tine umbrella electrode produced more
spherical coagulation but with a slightly more
reduced coagulation volume. However, clinical
success depends on the skills of the physician,
his knowledge in oncology, and both key factors:
the imaging used for monitoring as well as the
tumor’s biological features.
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Finally, the use of the imaging procedure to
monitor image-guided RF ablation needs to be
critically viewed. US limited because of the acous-
tic shadow and the hyperechoic signal produced
by RF ablation, which means that delineating the
tumor remains difficult during or immediately
after ablation. Repositioning the RF electrode,
which is required to treat lesions with a safety
margin in a single procedure, may be uncertain
since differentiation between already ablated and
residual tumor tissue is almost impracticable
with US. CT often is not sensitive enough to de-
tect the tumor because of the equilibrium phase.
This is especially true if several tumors have to
be treated at the same time. The total amount of
iodized contrast medium that can be injected is
limited, and a differentiation between ablated
tissue and surrounding liver parenchyma after
treatment may be impossible. RF ablation using
MRI appears to be very promising because of its
intrinsic excellent soft-tissue contrast, true mul-
tiplanar capabilities, and high spatial resolution.
In most published studies, closed-bore MR scan-
ners have been used for ablation of brain tumors
[64, 65]. Recently several studies have been de-
scribed with the complete procedure carried out
under MR guidance using open-architecture in-
terventional low-field scanners [66-68]. In mag-
netic resonance tomography, true multiplanar
imaging is possible because of the free choice of
gradient fields. The imaging plane could always
be angulated to optimal orientation showing
tumor and RF applicator at once. Completeness
of tumor destruction can therefore be evaluated
by T2-weighted fast spin-echo sequences im-
mediately after the ablation procedure without
using contrast medium. Residual tumor tissue
mainly exhibits hyperintense signal compared to
hypointense signal of thermocoagulated tissue.
This is one major advantage of MR over CT or
US guidance, which both need repeated admin-
istrations of contrast-medium for sufficient tis-
sue contrast, leading to accumulation of contrast
medium within the tissue and subsequent reduc-
tion in tumor/coagulation conspicuity. Since the
principle of thermal ablation offers the potential
for an indefinite number of RF applications at
the same time, US and CT therefore have a ma-
jor disadvantage compared with MR imaging.
MR imaging should allow for higher efficiency of
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complete tumor destruction with fewer ablation
sessions as compared to other imaging modali-
ties.

3.8  Conclusion

The aim of image-guided RF ablation for tumor
therapy lies in a complete destruction of the tu-
mor tissue with a surrounding margin of nontu-
morous tissue. This means the development of
larger coagulation volume, which can be achieved
through a controlled energy deposition, and suf-
ficient imaging allowing ideal targeting of the tu-
mor combined with monitoring of the ablation
course. MR imaging is able to provide all requi-
sites for image-guided ablation in a reproducible
manner. The ever-increasing technological de-
velopment of the RF devices will ensure that the
procedure will improve in the future, resulting in
widespread use of RF in routine clinical practice.
RF ablation has shown in various phase II and
phase I1I studies that a safe and effective destruc-
tion of tumor tissue is possible, and that patients
may benefit from image-guided RF therapy. A
further advantage of this minimally invasive
therapy lies in the low complication rate of RF
ablation. The most suitable tumor pattern for-
image guided RF ablation must now be defined,
as well as the therapies that can be systematically
combined with RE and finally how RF can be in-
tegrated into current oncological concepts.
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4.1 Introduction

Before deciding to perform a surgical radiofre-
quency ablation (RFA), it must be clear that a
RFA is the correct treatment modality for a liver
tumor of a particular patient. An interdisciplin-
ary meeting, which consists of surgeons, radiolo-
gists, and gastroenterologists, or medical oncolo-
gists should decide individually which patients
receive surgical resection, liver transplantation,
RFA, other treatment modalities, or whether
two or more of these options may be combined.
When the tumor or tumors are considered to be
unresectable, and the conference has chosen RFA
as the best alternative treatment option, the deci-
sion must be made as to whether the percutane-
ous, laparoscopic, or open surgical approach is
appropriate in a particular patient. Here we dis-
cuss surgical RFA and compare the advantages,
disadvantages, and technical aspects.

4.2 Surgical Treatment
or Radiofrequency

Ablation

Liver resection for colorectal metastases seems
to provide long-term survival with a 5-year sur-
vival of 25%-40% (Fong et al. 1997; Scheele et
al. 1995). Neoadjuvant chemotherapy may even
improve resectability. Thirteen to 16% of unre-
sectable tumors could be rendered resectable
(Leonard et al. 2005). The most important factor
is to achieve a RO status after resection. Liver re-
section of metastases from other primary tumors
such as breast, stomach, pancreas, melanoma, or
others must be decided individually when the

liver is the only tumor site in those patients. Re-
section seems to benefit these patients (Bentrem
etal. 2005). Primary liver cancer, which is mainly
hepatocellular carcinoma (HCC) or cholangio-
carcinoma (CCC), is a particular cancer type
because HCC arises in the underlying liver cir-
rhosis in 90%, which limits resectability. Further-
more, liver transplantation (LTX) for both HCC
and CCC is a therapeutic option. LTX for HCC
is the therapy with the best long-term survival of
71% after 5 years (Jonas et al. 2001). CCC in gen-
eral is not a good indication for LTX. However,
there is a highly selective group in which LTX
may be favorable over other therapies (Pascher
et al. 2003).

The decision to undertake a RFA can be made
when contraindications will not allow surgical
resection. In these cases, a RFA may be con-
sidered as the next treatment option of choice.
Indications for RFA are listed in Table 4.1. Like
liver resection, the primary goal after RFA is to
achieve a tumor-free situation. There is no ben-
efit when the ablation is incomplete (Siperstein
et al. 2000).

When the decision is made to perform a ra-
diofrequency ablation, the first approach to con-
sider is percutaneous, which is easy to perform
when the tumor is clearly visible in ultrasound,
CT, or MRI scan. Furthermore, the tumor should
not be on the liver surface because of the pos-
sible injury of organs such as colon, duodenum,
gall bladder, kidney, adrenal gland, diaphragm,
stomach, and heart. If a percutaneous RFA is not
possible for different reasons, the surgeon will
decide whether a laparoscopic or an open sur-
gical approach would be beneficial in the indi-
vidual situation.
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Table 4.1 Indications for radiofrequency ablation (RFA)
HCC
Irresectable (cirrhosis)
No indication for transplantation
Patient on the waiting list for LTX
Patient refuses surgery
Underlying or accompanying disease

Tumor recurrence

HCC, hepatocellular carcinoma

Table 4.2 Contraindications for percutaneous radiofre-
quency ablation

Tumors on the liver surface
Insufficient visibility of the tumor
Surgery is required (cholecystectomy)
Difficult access to the tumor

Intraoperative ultrasound is desired

4.2.1 Indications for Surgical
Radiofrequency

Ablation

In general, the indication for a surgical approach
is given when a percutaneous approach is not in-
dicated, since all difficulties that are faced dur-
ing percutaneous RFA can be avoided by surgery.
Table 4.2 shows the contraindications for a per-
cutaneous RFA, the most important of which is
the tumor on the liver surface. There are reports
on the instillation of saline in the space between
the liver surface with the tumor and the adjacent
organ to keep the adjacent organs at a certain dis-
tance to avoid injury (Kapoor and Hunter 2003).
However, in our opinion, protection cannot be
achieved without a remaining risk of injury. A
particular situation is found when tumor recur-
rences manifest on the resection surface. Strong
adhesions of adjacent organs with the liver sur-
face from previous surgery will cause a very high
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Metastases

Inoperable tumors

Small central tumors

Synchronous metastases

Patient refuses surgery

Underlying or accompanying disease

Combination of RFA and resection

Table 4.3 Organs of potential injury during radiofre-
quency ablation

Gallbladder
Duodenum

Colon

Stomach

Right kidney

Right adrenal gland
Diaphragm

Heart

risk of injury during percutaneous RFA. Injec-
tion of saline cannot remove adjacent organs
from that surface. This situation has to be con-
sidered as absolute contraindication for percuta-
neous RFA. The organs most likely affected are
stomach, duodenum, and greater omentum after
left-side liver resection and colon, duodenum,
and small intestine after right-side liver resection
(Table 4.3). The visibility of the tumor before
starting the RFA is crucial. For the percutaneous
approach, ultrasound does not always allow vi-
sualization of the tumor. In this situation, RFA
should be CT- or MR-guided, or using a surgi-
cal approach, either laparoscopically or through
open surgery, which may ensure a safe ablation.
When additional surgery is required, a surgical
approach for RFA should be done in combina-
tion with the other surgery. Most frequently,
a cholecystectomy will be needed. We always
perform a cholecystectomy when the tumor is
located in proximity to the gallbladder. Other
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Table 4.4 Indications for surgical radiofrequency ablation

Intraoperative ultrasound with the possible detection of additional tumor nodules

Safe ablation on liver surface

Reduced flow of the portal vein during pneumoperitoneum or Pringle maneuver

Combination with other surgical interventions (cholecystectomy or others)

Combination with liver resection

Safe and precise placement of the electrode into the tumor

When intraoperative ultrasound is required to detect additional tumor nodules

surgeries that can be performed during RFA
are liver resection, biopsies from peritoneum or
lymph nodes, or adhesiolysis. When the tumor
is not easily accessible because of an uncomfort-
able location, for example in segment VIII on the
liver dome, a surgical approach may also be dis-
cussed to achieve a safer placement of the RFA
electrode. For better visibility and intraoperative
tumor staging, an intraoperative ultrasound may
be desired, which should also lead to the deci-
sion to perform a surgical approach, either lapa-
roscopic or through open surgery.

Besides the contraindications for a percutane-
ous RFA, which lead to the surgical RFA, there
are also direct indications which favor the surgi-
cal approach of RFA, as shown in Table 4.4.

Intraoperative ultrasound may detect addi-
tional tumor nodules in almost 30% of all pa-
tients (Kokudo et al. 1996). Thus, intraoperative
ultrasound helps to achieve an RO situation in
30% of the patients who would remain inappar-
ent otherwise. Therefore we perform a thorough
ultrasound examination of all liver areas during
surgical RFA. During laparotomy, palpation of
the liver, especially in soft metastatic livers with
hard tumor nodules, gives additional valuable
information on the tumor burden. When tumors
are located on the liver surface, we always per-
form surgical RFA. Under optical guidance, an
ablation under safe protection of adjacent organs
is technically easy and recommended. Further-
more, reduction of the blood flow may help to
increase the ablation zone either by reducing
the flow of the portal vein during pneumoperi-
toneum, as shown before, or by using a Pringle
maneuver during open surgery. This maneuver
should be used when tumors have direct contact
with large vessels. The Pringle maneuver reduces

the heat-sink effect, which is a cooling effect of
the blood inside the vessel. The placement of the
electrode is most accurate during open surgery.
The electrode may be placed less accurately dur-
ing laparoscopic RFA when the tumor does not
allow easy access. In these situations, an open
surgical approach will abolish such difficulties by
allowing the liver to be mobilized and providing
greater variability for the needle tract.

4.2.2 Laparoscopic or Open
Surgical Radiofrequency

Ablation

The surgical team must decide whether the sur-
gical approach should be laparoscopic or open
through laparotomy. Studies indicate that both
the laparoscopic and the open surgical approach
have similar results in tumor control. However,
the proportion of round/ovoid lesions (20% vs
64%) was lower (p =0.043) and warm-up time
(20.2+14.0 vs 10.7+7.5) was longer (p = 0.049)
for the laparoscopic than for the open groups,
respectively (Scott et al. 2001). Several factors
favor the laparoscopic approach, as shown in
Table 4.5. There is experimental data and clini-

Table 4.5 Advantages of laparoscopic over open surgical
radiofrequency ablation

Minimally invasive

Reduced flow of the portal vein during
pneumoperitoneum

Exploration of the whole abdominal cavity

Short hospital stay
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cal indication that the pneumoperitoneum de-
creases the flow of the portal vein, which leads
to an increased ablation site (Smith et al. 2004). It
appears to be a safe method to ablate HCC nod-
ules (Montorsi et al. 2001). A major advantage of
the laparoscopic approach is the lower invasive-
ness of the intervention. Patient comfort is much
higher because of less pain, faster recovery, and
low morbidity after treatment of otherwise un-
treatable tumors. Intraoperative ultrasound is
mandatory for laparoscopic RFA to visualize the
tumors. The use of the ultrasound probe is ex-
pensive and technically demanding. When liver
metastases are treated, the ultrasound probe has
full contact to the liver surface because the liver
parenchyma is soft. In the case of liver cirrhosis,
the liver is hard and mostly it presents a sur-
face with large and small regeneration nodules,
which causes loss of contact of the ultrasound
probe with the liver. Not all disadvantages of the
percutaneous approach for RFA can be avoided
using the laparoscopic approach. Much better
and safer placement of the RFA electrode is pos-
sible using the open surgical approach. Once the
abdominal cavity is opened, the liver is techni-
cally easy to explore using palpation and intraop-
erative ultrasound. Not only are the areas of the
liver surface easy to explore, but also areas on the
back side of the liver when the liver is mobilized.
The consequence of the easy handling is a safer
placement of the electrode during open surgery
compared to laparoscopic approach. This is most
important for cirrhotic livers. In our department,
we performed RFA for HCC in over 90% of the
patients, in which 80% suffered from liver cir-
rhosis. Thus, we perform mostly an open surgical
RFA in patients with liver cirrhosis, unless the
tumor is easily accessible with the laparoscopic
or percutaneous approach. Many patients suffer
from recurrent disease after surgery, or had pre-
vious surgery such as colon or rectum resection.
These patients present with intra-abdominal ad-
hesions, which may be too extensive to perform
a risk-free laparoscopy. In such patients, we al-
ways perform an open surgical RFA when the
percutaneous approach is not suitable for this
particular patient. Removing adhesions during
open surgery is safe and complete. In addition
to the improved intra-abdominal exploration us-
ing the open surgical approach, a lymphadenec-
tomy in the liver hilum and coeliac trunk can be
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performed safely, which gives important staging
information. As mentioned for the laparoscopic
RFA, a reduction of the blood flow to the liver
results in a decrease in the heat sink effect and
an increase of the ablation zone. During open
surgery, an occlusion of the entire hepatoduo-
denal ligament, which includes hepatic artery
and portal vein (Pringle maneuver), reduces the
blood flow completely. An increased ablation
area is assumed by reduction of the heat sink ef-
fect (Scott et al. 2002; Wiersinga 2003). However,
an experimental study in pigs showed that there
is no increase in the ablation site even when the
tumor is located next to large vessels (Shen et al.
2003). More studies are needed to elucidate com-
pletely the benefit of the Pringle maneuver. Many
patients present with multiple tumor nodules in
both liver lobes. Individually, the surgical treat-
ment of these tumors may be a liver resection, an
RFA, or the combination of both. In cirrhotic liv-
ers, large liver resections are not possible because
too much functional liver tissue is lost. Resection
of smaller parts of the liver such as segmentec-
tomies or wedge resections may be possible, but
in the case of a tumor that requires large liver
resections such as hemihepatectomy, the indi-
cation for liver resection should be decided in
a center with great experience in liver surgery.
With multifocal tumors in cirrhotic livers, only
small resections may be possible. Either small re-
sections, RFA, or the combination of both may
be suitable. When patients present with liver
metastases in a normal liver, liver resection may
be more extended and still be combined with
RFA. Deciding on the correct treatment modal-
ity should be done individually by experienced
liver surgeons. Extended liver resection is mostly
possible because of normal liver function. Addi-
tional nodules may be either resected by wedge
resection or treated with RFA. The advantages of
the open surgical approach over the laparoscopic
approach are summarized in Table 4.6.

In addition to the advantages of one technique
over the other, the disadvantages faced during
each technique must be weighed. In Table 4.7 the
disadvantages of the laparoscopic over the open
surgical approach are listed.

However, the open surgical approach also has
disadvantages over the laparoscopic approach, as
shown in Table 4.8. Surgical resection may cause
tumor cell shedding by manipulation of the tu-
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Table 4.6 Advantages of open surgery over laparoscopic
radiofrequency ablation

Technically easy and access to all parts of the liver

Safest ablation because of most precise placement of the
electrode in the tumor

Thorough intraoperative ultrasound to detect
additional tumor nodules

Removal of adhesions from previous surgery

Combination with liver resection or other major
surgeries

Technically easy Pringle maneuver

mor, which is a factor in disease recurrence. A
sequential treatment with RFA and hepatic re-
section showed that the local recurrence rate
may be reduced. However, three out of seven
patients developed pulmonary metastases, which
possibly occurred through a transvenous migra-
tion of tumor cells (Hoffman et al. 2002). More
studies are needed to obtain conclusive results on
this question.

The recovery after open surgery is longer than
after laparoscopy or percutaneous RFA. While all
patients had an overnight stay in our department
after percutaneous or laparoscopic RFA, the pa-
tients after laparotomy with open surgical RFA
without liver resection, were hospitalized a mini-
mum of 5 days. There were extensions of the stay
in case of temporary liver failure in patients with
liver cirrhosis. When RFA was combined with
liver resection, the length of the hospitalization
was determined by the extent of the liver resec-
tion and the liver function. Many patients pres-
ent with underlying or accompanying disease.
After examination of the major organ functions
such as heart and lung, the patient may be judged
to be too sick for extended surgery. In these pa-
tients, we perform a RFA when the tumor is not
larger than 3 cm.

In spite of the apparently clear indication for a
particular approach, the decision must be made
individually.

4.3 Diagnostics

The diagnosis is mainly made with a CT or MRI
scan. Besides identification of tumors, this diag-

Table 4.7 Disadvantages of laparoscopic over open surgi-
cal radiofrequency ablation

Technically demanding

The placement of the electrode is less accurate
A laparoscopic ultrasound probe is required
Difficult access to certain areas of the liver

Not possible with severe adhesions from previous
surgery

No combination with liver resection or other major
surgeries

Pringle maneuver is technically more difficult

Table 4.8 Disadvantages of open surgical over laparo-
scopic radiofrequency ablation

Long recovery from large laparotomy

Underlying or accompanying diseases may limit this
approach

Most expensive procedure

Tumor cell shedding

nosis gives information on the size of the liver
and parts of the liver such as left lateral liver seg-
ments. It is important to estimate the remnant
liver portion when extended liver surgery is re-
quired. Furthermore, an estimation of the pres-
ence of liver cirrhosis is possible by direct signs
of liver cirrhosis with increased density of the
liver parenchyma or a rough liver surface. Indi-
rect signs of liver cirrhosis may be an increased
size of the spleen as a sign for hypersplenism, a
hypertrophy of the caudate lobe, identification
of collateral veins in case of portal hypertension,
or the presence of ascites. Large tumors may
cause a thrombosis of the entire portal vein or
its branches or of the liver arteries. A preopera-
tive ultrasound is mandatory. If the tumors are
visible with a preoperative ultrasound, the opera-
tion can be planned with more accuracy. If the
tumor is not visible in a preoperative ultrasound,
the tumor has to be localized during surgery us-
ing intraoperative ultrasound. Since the localiza-
tion of the tumor is known from the preoperative
CT or MRI scan, the tumor may be found easily
during intraoperative ultrasound. Regular blood
values including transaminases, bilirubin, pro-
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tein, and albumin levels, platelets, clotting fac-
tors, and tumor markers give information about
the liver function and stage of cirrhosis. When
an HCC is suspected, alpha feto protein (AFP)
gives sufficient information. In the case of a chol-
angiocarcinoma, Ca 19-9 is the marker of choice.
In the case of liver metastases, the tumor marker
depends on the primary tumor, and should be
determined according to this. For colorectal
cancer, the most frequently elevated markers are
CEA, Ca 19-9, and Ca 72-4.

4.4 Therapy

4.4.1 General Technical
Considerations

Before ablation of liver tumors, an estimation of
the percentage of liver parenchyma that will be
destroyed must be made. In cirrhotic livers, there
will be a limitation of the ablation quantity to de-
crease the risk of postinterventional liver failure.
The decision of the approach and the extent of
resection or ablation has to be made individually.
All patients who present with liver tumors should
be evaluated by experienced liver surgeons for
possible liver resection. Only when the tumor
is considered to be unresectable do the patients
move to the next treatment modality, which may
be RFA in cases of small tumors. Therefore, all
patients with liver tumors should be treated in a
center with vast experience with liver tumors. If
the total volume of the ablated liver parenchyma
is estimated to be to too large, the tumors should
be treated in several procedures with a time in-
terval to allow the normal liver parenchyma and
the patient to recover. When several tumors are
ablated during one procedure, it is recommended
to ablate first the tumors in the deeper areas of
the livers, because the rising gas bubbles during
RFA cause an echogenic area that covers the tu-
mor volume and the deeper areas of the liver.

4.4.2 Laparoscopic Technique

A normal periumbilical incision is made and a
pneumoperitoneum with CO2 is created with
an intra-abdominal pressure of 15 mm Hg. A
camera is inserted through a 10-mm trocar, and
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a laparoscopy of the whole abdominal cavity is
performed. A second trocar of 12 mm is inserted
according to the tumor location. The location
has to allow the insertion of a laparoscopic ultra-
sound probe, which is then able to examine the
complete liver. The tract has to be chosen care-
fully because the RFA electrode should ideally
be inserted close to the ultrasound probe. If the
ultrasound probe and RFA electrode are inserted
in parallel, it is technically easy to follow the elec-
trode during placement and ablation in real-time
ultrasound. Sometimes, the location of the tu-
mor does not allow parallel insertion. When the
ultrasound probe and the RFA electrode can not
be inserted in parallel, the ultrasound probe has
to be moved during placement of the RFA elec-
trode to ensure the correct placement. Figure 4.1
shows a typical setup during a laparoscopic RFA.
The camera, the laparoscopic ultrasound probe,
and the RFA electrode are inserted. In the back-
ground, the laparoscopic view of the liver surface
on one side and the laparoscopic ultrasound view
on the other side is visible on monitors. Figure 4.2
illustrates the relation of the RFA electrode and
ultrasound probe in a situation where a paral-
lel placement was not possible. Most often, the
trocar for the ultrasound probe is located in the
midline of the epigastrium, or in the right upper
part of the abdominal wall. After a complete and
thorough examination of the liver, the electrode
has to be placed under ultrasound guidance.
From the practical risk-avoiding point of view,
the needle tract should not pass through major
blood vessels or bile ducts, which can easily be
identified with ultrasound. Furthermore, the di-
rection of the needle tract should not point on
important structures or organs such as the liver
hilum, heart, etc. In case of an accidental move
of the patient or other unpredictable events, the
electrode could cause severe damage. When tu-
mors on the liver surface are ablated, the needle
tract should not puncture the tumor directly, but
should pass through healthy liver tissue before it
reaches the tumor to minimize tumor cell seed-
ing. It may be necessary to puncture the tumor
directly. In this situation, the electrodes should be
deployed before reaching the tumor. After touch-
ing the tumor, the electrodes should be deployed
further to the desired extent. Figure 4.3 shows a
projecting tumor in a segment of a cirrhotic liver
(Fig. 4.3a). A needle tract through nontumorous
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liver tissue cannot ensure a safe placement of the
electrode. After deployment of the electrode to a
certain degree, the single electrodes were pushed
into the tumor under ultrasound guidance, and
the ablation process was initiated (Fig. 4.3b). Af-
ter completion of the ablation, the tumor changes
color, with obvious necrotic areas as indication
of necrosis (Fig. 4.3¢c). Some areas of the liver are
still technically difficult to reach with the RFA
electrode such as the liver dome of segments VII
and VIII of the right liver lobe. After visualiz-
ing the tumor with the laparoscopic ultrasound,
the percutaneous insertion of the electrode may
pass through the lung or the recessus, which may
cause pneumothorax. In case of a tumor location
with close or direct proximity to the gallbladder,
a regular laparoscopic cholecystectomy is per-
formed using resorbable clips for the cystic duct
and the cystic artery. If a liver biopsy is desired,
it is done under visual guidance with a laparo-
scopic biopsy forceps, and the bleeding is con-
trolled with bipolar coagulation.

The requirements described for the needle
tract limit the variability of its placement, which
may impair the safe placement of the electrode.
Therefore, the procedure must be planned with
caution, and the open surgical approach must al-
ways be taken into consideration.

After correct placement of the electrode, the
ablation will be started according to the tumor
size and the ablation protocol of the particular
electrode. In case of apparent incomplete abla-
tion, a replacement after track ablation has to be
done to increase the efficiency of the procedure.
During ablation, adjacent organs have to be pro-
tected with retractors, which are inserted through
an additional 5-mm trocar. After removal of the
electrode, the puncture site is controlled for
eventual bleeding, which may be stopped with
bipolar coagulation. A final check of the abdomi-
nal cavity is done, and the trocars are removed
under visual guidance.

4.43 Open Surgical

Technique

When RFA is performed as single treatment, an
epigastric midline incision is sufficient to treat
tumors in the left lateral liver segments. When
the tumor is located in segment I, IV, or in the

right liver lobe, we prefer the epigastric midline
incision with extension to the right side as right
transverse laparotomy to obtain an L-shaped in-
cision. After inserting the retractors, a thorough
bimanual and ultrasound examination of the
entire liver is easily performed. Livers harboring
metastases are usually soft, while HCCs mostly
grow in hard cirrhotic livers. When liver metas-
tases are ablated, a thorough palpation combined
with intraoperative ultrasound gives a reliable
estimation of the final tumor burden. Palpation
of livers with advanced cirrhosis gives informa-
tion on tumor burden only when the tumor is
located on the liver surface. When number, size,
and location of the tumors can be confirmed
from the preoperative CT or MRI scans, or when
additional tumor nodules are discovered by in-
traoperative ultrasound, the ablation can be
planned. We mobilize the liver when it helps to
obtain better access to the tumors. In general,
mobilizing the right liver lobe greatly improves
the access to all liver tumors of the right liver
lobe. Furthermore, this maneuver can remove
tumors from direct contact to the vena cava. This
increases the efficiency by abolishing the heat-
sink effect. When tumors have direct or close
contact to the gallbladder, we perform a chole-
cystectomy. When tumors are located in segment
II close to the diaphragm, we divide the left tri-
angular ligament to keep the ablation site distant
from the diaphragm and heart. The mobilization
of the liver lobes also helps increase the vari-
ability of the needle tract, which has importance
for different reasons, as mentioned before. After
mobilizing the liver, the puncture of large vessels
or bile ducts can be avoided. If the needle tract
has to point toward structures such as the heart,
stomach, colon, duodenum, gall bladder, kidney,
adrenal gland, diaphragm, and liver hilum, a sur-
gical towel may be placed between electrode and
the structure to be protected. We perform a Prin-
gle maneuver when tumors are located in direct
contact with large vessels, especially branches of
the portal vein. This will decrease the blood flow
and the heat sink effect.

In some patients, the decision for RFA is
made only intraoperatively. The tumor appeared
to be resectable preoperatively after evaluation
of the CT or MRI scans. If the cirrhosis appears
to be more advanced than previously estimated,
a resection should not be performed. Extended
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Fig. 4.1 Intraoperative setup during laparoscopic RFA. The camera is inserted through a periumbilical incision; the
laparoscopic ultrasound probe is inserted through an epigastric trocar. The RFA electrode is inserted percutaneously
under laparoscopic and ultrasound guidance
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Fig. 4.3a-c Laparoscopic view of an ablation of a pro-
truding HCC in cirrhosis in segment V1. The right colon
flexure is removed by a retractor. The color is changed
during ablation, indicating the development of complete
tumor necrosis. a Tumor before ablation. b Tumor during
ablation. ¢ Tumor at the end of ablation
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experience is needed to estimate whether resec-
tion is possible or not. Factors that favor RFA
instead of resection are portal hypertension with
hypersplenism, ascites, small remnant liver pa-
renchyma, and the intraoperative aspect of the
liver with advanced cirrhosis, even with normal
lab values. Livers with Child B or Child C cirrho-
sis are usually excluded from surgery with only a
few exceptions. In Fig. 4.4, a situation in which a
laparotomy was performed with the intention to
resect the left liver lobe is shown. Intraoperatively,
the cirrhosis appeared to be more advanced than
preoperatively expected, and the amount of liver
parenchyma that would have been resected ap-
peared to be too large. We decided to perform a
RFA instead as shown. Using the intraoperative
ultrasound, a perfect placement of the RFA elec-
trode can be easily achieved, which is crucial for
a successful ablation. The ablation process is then
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performed according to the company’s protocol.
The patient of Fig. 4.4 had a HCC with a diam-
eter of 3 cm and received an ablation of 5 cm. A
situation in which additional tumor nodules were
found intraoperatively can also lead to an inop-
erable status. This is of significance in cirrhotic
livers, but also in metastatic disease without un-
derlying liver disease. The decision to perform a
liver resection or a RFA has to be made intraop-
eratively by an experienced liver surgeon.

The open surgical approach can also be com-
bined with liver resection. This procedure is rec-
ommended when bilobar tumors are present, but
a resection of both sides would lead to a loss of
too much liver parenchyma. The combination
leads to an extension of the indication for liver
resection (Pawlik et al. 2003; Tepel et al. 2004).
We normally perform first the liver resection,
which may be extended. When this larger part

Fig. 4.4 RFA during open surgery in a cirrhotic liver. The HCC is located in segment IV. It was decided intraoperatively
to perform RFA instead of resection
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of the surgical therapy was successful without
intraoperative complications, we perform the
RFA as the smaller part of the therapy according
to the previously described procedure during the
same operation. Examples of this combined ap-
proach are a right hemihepatectomy combined
with RFA deeply in segment IV, or a resection
of the left lateral segments (II and III) combined
with a RFA for tumors in the right liver lobe. Fig-
ure 4.5 illustrates CT scans of a combination of
right hemihepatectomy and RFA in the left liver
lobe. For liver resections, we perform a complete
transverse laparotomy with median extension to
the xiphoid process, or only an epigastric mid-
line incision with extension as a right transverse
incision (L-shaped incision). The liver is usually
mobilized either on the right or the left side, de-
pending on the location of the tumors.

4.4.4 Combination of the Laparoscopic
and the Open Surgical Technique
(Hand-Assisted Laparoscopic

Radiofrequency Ablation)

This approach is not performed routinely by
most centers, but may be used for particular
indications. The advantages of the laparoscopic
approach cannot always be realized for differ-
ent reasons. It enables us to combine most of
the advantages of the laparoscopic RFA with the
advantages of the open surgical approach. The
procedure is well tolerated by patients, as seen
in our own experience with seven patients. All
patients received a laparotomy of 8-10 cm in
the epigastrium or hypogastrium, then severe
adhesions were removed in three patients who
had had previous surgery. After insertion of the
hand-port, a periumbilical incision was made

Fig. 4.5a-c CT scans of a liver with a colorectal liver me-
tastasis in the right liver lobe. During right hemihepatec-
tomy, an additional tumor in the left lateral segments was
detected by intraoperative ultrasound, which was ablated
with RFA during the same operation. a Preoperative situ-
ation. Only the tumor in right liver lobe was diagnosed
preoperatively. b Follow-up 2 weeks after resection and
RFA. ¢ Follow-up 4 months after resection and RFA. Liver
regeneration has occurred. The ablation site is still visible
as a cyst after 4 months
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and the camera was inserted safely. After insuf-
flation of CO2 gas to reach an intra-abdominal
pressure of 15 mm Hg, a complete laparoscopy
was performed to reveal a possible peritoneal
carcinomatosis. A thorough ultrasound exam-
ination of the whole liver was then preformed
using a conventional open intraoperative ultra-
sound probe, and the tumors were localized. To
achieve the easiest access to the tumors, another
5-mm trocar was inserted on the right side of
the abdominal wall. The access to the abdominal
wall consisted of the hand-port, the camera, a 5-
mm trocar, and the RFA electrode. A monopolar
electrode was inserted to perform adhesiolysis
(Fig. 4.6a) and to mobilize the right liver lobe ac-
cording to the location of the tumors (Fig. 4.6b).
In case of tumors in segment VI (n = 4), the right
liver lobe was mobilized nearly completely. Dur-
ing that maneuver, the liver was held back with
the surgeon’s right hand. A surgical towel was
placed under the right liver lobe to protect ad-
jacent organs such as the colon, diaphragm, kid-
ney, and adrenal gland. This maneuver enables
the most accurate ultrasound and placement of
the electrode. The RFA electrode was inserted
percutaneously and placed in the tumor under
ultrasound guidance. The ablation process was
initiated according to the company’s protocol us-
ing the RITA Medical device. The recovery pe-
riod for these patients is slightly longer than after
laparoscopy with a discharge from the hospital
3 days after RFA. Machi et al. have reported simi-
lar results (Machi et al. 2002). It is an approach
for RFA which has to be chosen individually by
the surgeon and the patient.

4.5 Complications After
Radiofrequency

Ablation

The complication rate after RFA has been re-
ported to be 8.9% in an exhaustive review of the
world literature covering approximately 3,670
patients (Mulier et al. 2002). According to this
meta-analysis, the complication rate observed
after percutaneous RFA was 7.2%. The compli-
cation rate increased with the extent of the in-
tervention with 9.5%, 9.9%, and 31.8% after a
laparoscopic, simple open, and combined open
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approaches, respectively. The complications
consisted of abdominal bleeding in 1.6%, ab-
dominal infection in 1.1%, biliary tract damage
in 1.0%, liver failure in 0.8%, pulmonary com-
plications in 0.8%, dispersive pad skin burn in
0.6%, hepatic vascular damage in 0.6%, visceral
damage in 0.5%, cardiac complications in 0.4%,
myoglobinemia or myoglobinuria in 0.2%, renal
failure in 0.1%, tumor seeding in 0.2%, coagu-
lopathy in 0.2%, and hormonal complications
in 0.1%. Another single-center series reported
a total complication rate of 20.3% after RFA,
including combinations of RFA and liver resec-
tion. RFA-related complications were seen in up
to 9.8% (Jansen et al. 2005; Zagoria et al. 2002).
In this series, the complications consisted of 19
major complications related to ten procedures.
Two patients died from complications related to
liver resection (1.4%). Other complications were
observed with biliary tract damage (5.7%), liver
failure (3.3%), hepatic abscess (2.5%), peritoneal
infection (1.6%), intrahepatic hematoma (0.8%),
hepatic artery aneurysm (0.8%), and pulmonary
embolism (0.8%).

With adequate knowledge, many complica-
tions could be preventable. It is important to
estimate the preoperative risk. The approach,
whether it be percutaneous, laparoscopic, or sur-
gical, has to be chosen according the location of
the tumor. It is well known that the percutaneous
approach should be avoided when the tumor is
located on the liver surface. Liver function must
be assessed preoperatively. Patients with Child
C cirrhosis present with small livers and ascites.
Portal hypertension, low platelet counts, and de-
creased clotting factors favor bleeding and liver
failure, when the ablation zone becomes rela-
tively large for a small liver with impaired func-
tion. When infections are known, such as sepsis,
the ablation zone will be an ideal nidus for in-
fection with the development of an abscess. After

Fig. 4.6 Hand-assisted laparoscopy. The right hand is
inserted and used to retract tissue. a Adhesiolysis after
previous surgery. b Mobilization of the right liver lobe.
The hand raises the right liver lobe during mobilization
using electrocautery
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biliodigestive anastomosis, ascending cholangitis
will also favor the development of abscesses in
the ablation zone, which is therefore considered
to be a contraindication for RFA.

The complications may be distinguished in
RFA ablation-specific and approach-specific
complications. In the following section, we will
discuss the approaches to specific complications
after laparoscopic and open surgical RFA.

4.5.1 Ablation-Specific

Complications

RFA ablation-specific complications include
damage by heat and coagulation, which may oc-
cur during percutaneous, laparoscopic, or open
surgical RFA. Complications caused by heat
from the RFA electrode include perforation of
organs such as the stomach, duodenum, or co-
lon. Less frequent is damage to the diaphragm
or the bile ducts. The perforation of the stomach,
duodenum, and colon can be avoided, when the
RFA is laparoscopic or open surgery. Thermal in-
jury of bile ducts can also be less frequent when
a surgical approach for RFA is used because of
the more precise placement of the electrode. The
most frequent complication that is independent
of the approach is the formation of abscesses.
In a large study on 312 patients who underwent
350 sessions of radiofrequency ablation for treat-
ment of 582 liver tumors, seven patients suffered
from postinterventional formation of abscesses.
Abscesses were seen more frequently in patients
who had a bilioenteric anastomosis (3/3) than in
other patients (4/223) (p<0.00001) (de Baere et
al. 2003). This increased abscess formation in the
presence of bilioenteric anastomosis is caused by
ascending bile duct infection.

4.5.2 Approach-Specific

Complications

Approach-specific complications are mostly
seen during the percutaneous approach, because
organs in proximity to the liver cannot be pro-
tected as they can during surgical RFA. Another
rare complication during percutaneous RFA is
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the development of pneumothorax because of
the lack of direct visualization.

Complications during and after laparoscopic
RFA are mainly caused by the laparoscopy itself.
This includes injury of vessels or organs with
cannulas or trocars, especially in previously op-
erated patients with intra-abdominal adhesions.

Complications from the open surgical ap-
proach are, like the laparoscopic approach, not
caused by the RFA but by the laparotomy itself.
Most complications observed after this approach
are caused by liver failure or complications due
to a combined liver resection.

4.6 Summary

Radiofrequency ablation for the treatment of
liver tumors is one of the best alternative treat-
ment modalities when surgical resection is not
possible. To find the right indication for the
treatment, every patient should be treated in
a high-volume center for the treatment of liver
tumors in an interdisciplinary conference con-
sisting of liver surgeons, interventional radi-
ologists, medical oncologists, and gastroenter-
ologists. With a multimodal approach including
anatomic segmental and wedge resection of the
liver, RFA, and chemotherapy, a median survival
of 36 months was achieved in technically unre-
sectable patients with colorectal liver metastases
(Elias et al. 2005). This survival doubles the sur-
vival rate of any other treatment modality in this
group of patients. These interdisciplinary confer-
ences also serve to determine the approach for
RFA, whether it should be percutaneous, laparo-
scopic, or open surgery. The safest ablation with
the fewest adverse events from RFA is the open
surgical approach, followed by the laparoscopic
approach. The approach with the highest risk of
injury to organs in proximity to the liver is the
percutaneous approach. Therefore, many vari-
ables must be evaluated before making definite
decisions.

After choosing RFA as the best alternative
treatment option after evaluation of all variables
for a particular patient, it offers a treatment op-
tion with a potential cure. A major advantage is
the possible combination with liver resection,
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which extends the indication for surgical or abla-
tive therapy.
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5.1 Introduction

Laser-induced interstitial thermotherapy is a
method for controlled tissue destruction. Cells
compounds are destroyed in situ by hyperther-
mia. Laser-induced thermotherapy (LITT) is
able to induce a circumscript necrosis in targeted
tissue while maximally surrounding tissue. The
first patients were treated 20 years ago and pos-
sible gains in therapy of oncologic patients were
quickly recognized. LITT has gained broad clini-
cal acceptance in numerous centers during the
last 10 years. Advantages of LITT in the treat-
ment of cancer patients are the minimally in-
vasive nature of LITT with percutaneous tissue
access under image guidance; the limited invest-
ment in hardware and the limited time necessary
for a treatment; the possibility of treating patients
in analgo-sedation, thus minimizing hospitaliza-
tion; and the possibility of treating patients after
other therapeutic options have failed. The data-
base today is broadest for liver tumors; metasta-
ses, foremost of colorectal carcinoma and hepa-
tocellular carcinoma, are tumors treated in large
numbers. Lesions in other locations, however, are
treated in growing numbers, among them lung
tumors, advanced head and neck tumors, renal
cell carcinoma, and osteoid osteomas. There is
also experience in treatment of brain tumors,
prostatic cancer, and pancreatic carcinoma, the
latter being of an experimental nature. Modifica-
tion of the applicators for special indications has
broadened the therapeutic spectrum of LITT.
LITT is uniquely suited for monitoring by imag-
ing, namely MRI. CT and ultrasound may also
be used for some types of thermoimaging, with

each of these methods having specific advantages
and disadvantages.

5.2 Technical Aspects
of Laser-Induced

Thermotherapy

The principle of LITT is introduction of laser
radiation into tissue while the laser is in contact
with tissue. Interaction between laser radiation
and tissue results in transformation of laser radi-
ation into thermic energy, which induces three-
dimensional coagulation necrosis if the tempera-
ture is successfully kept at a thermotoxic level
for a sufficiently long time. The diameter of the
resulting necrosis depends on the characteristics
of the laser used and of the heated tissue.

5.2.1 Physics of Laser

Radiation

Laser is an acronym for light amplification of
stimulated emission of radiation. Radiation
emitted from a laser generator is electromag-
netic waves, which are coherent, collimated,
and monochromatic. Laser waves are generated
in a laser medium by charging processes in the
atomic dimension. The charging may be opti-
cal, chemical, or electrical. Laser light is gener-
ated when charged electrons fall from a higher
to a lower level of energy. Energy released during
this process is released as light. This process of
induced emission results in laser enhancement: a
first photon induces the decay of a second photon
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of identical phase and wavelength. When certain
laser media are being used, laser radiation suited
for medical use may result. For LITT, the neo-
dymium:yttrium-aluminium-garnet (Nd:YAG)
laser is especially suited. It has a wavelength of
1064 nm, in the near infrared part of the spec-
trum. The Nd:YAG laser easily transmits energy
and is characterized by a high optical penetration
into tissue (Roggan et al. 1995).

5.2.2 Interaction Between Laser
Radiation and Biological

Tissue

At the interface of laser radiation and biological
tissue, photons of laser radiation interact with at-
oms of tissue. Different effects result. Laser light
is distributed spatially in the volume it enters.
Laser sources with wavelengths in the near in-
frared part of the spectrum, as they are used in
LITT, penetrate deeply into tissue. Optical pen-
etration is on the order of 2-10 mm. Three pro-
cesses characterize distribution of laser light in
target tissue and the resulting effects: absorption,
scattering, and bending. Biological effects of laser
light are ultimately based on the transformation
of laser energy into thermal energy. Photons are
absorbed on an atomic and molecular level in dif-
ferent depths of the tissue thus irradiated by laser
light. Depending on the thermic capacity of the
tissue, a different temperature results. For laser
radiation with a wavelength in the near infrared
part of the spectrum, absorption is mainly deter-
mined by water and hemoglobin content. More
generally, the degree of absorption is influenced
by laser wavelength and the optical characteris-
tics of tissue. These are described by the absorp-
tion coefficient (), scattering coefficient (i),
and the anisotropy factor (g, another parameter
describing scattering). On deeper layers of tissue,
the proportion of radiation being absorbed de-
creases (the Lambert Beer law). The amount of
thermal energy deposited per volume and ulti-
mately the resulting temperature decreases. Dur-
ing LITT, optical, thermal, and mechanical tissue
characteristics change due to heating. Distribu-
tion of laser light in these tissues and the gradi-
ent of the resulting temperature change (Beuthan
etal. 1992; Roggan et al. 1995).
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Thermal Effects
and Tissue Effects

5.2.2.1

LITT results in heating the tissue volume under
treatment. The aim of LITT is complete destruc-
tion of malignant tissues. The basic concept of
LITT is that of classical hyperthermia, which pos-
tulates an increased sensitivity of malignant cells
to exposure to heat due to its hypoxic metabolism
(Bhuyan 1979). It should be noted, however, that
LITT works in a higher temperature range than
hyperthermia (60-100°C). The hyperthermic ef-
fect is thus complemented by tissue coagulation.
The increase in temperature, which is actually
observed, depends not on optical characteristics
alone but also on tissue characteristics such as
heat capacity and heat convectability).

Thermically induced tissue necroses result
from temperature increases beyond 43°C with
the time until cell death depending exponentially
on temperature. Locally increased temperature
induces a variety of processes, among them in-
duction of enzymes, denaturation of proteins
and collagen, and sclerosing of vessels. These
phenomena can result in cell death alone or in
sum. A carbonization of tissue, however, should
be avoided, as it changes optical characteristics of
tissue in such a way that laser light is for the most
part absorbed, penetration of photons is limited,
and the volume of coagulation that can be finally
achieved is restricted.

Laser Fibers
and Laser Applicators

5.2.3

Transmission of laser energy is achieved by la-
ser fibers (optical fibers). They transmit the vis-
ible light and light of the near infrared part of
the spectrum with practically no loss and over
large distances. Quartz fibers have proven to be
well suited for transmission of laser light during
LITT. Laser fibers may be destroyed when they
absorb part of the laser energy. Quartz fibers are
characterized by minimal losses due to absorp-
tion for light with a wavelength between 200 and
2000 nm. They are heat-resistant and flexible.
They enable near lossless transmission of the
high-power density of the laser ray between the
laser generator and the laser applicator (Schon-
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born 1993). The tip of the laser fibers, which has
contact with the tissue under therapy, is modi-
fied according to the LITT specification. Ap-
plicators of different designs exist, among them
ring-mode, bare fibers, and zebra applicators.
Cooled diffuser tip applicators have, however,
proved most practical for LITT. They are char-
acterized by spherical emission of energy and
produce well-defined 3D coagulation necrosis
(Steeger et al. 1992; Roggan et al. 1995). Cooled
laser applicators differ in their diameter. If the
cooling medium is moved in a closed circuit,
they have a large diameter because of the need
for an inlet and an outlet for the cooling me-
dium, which cools the diffuser tip. If the applica-
tor is open at the tip and the cooling medium al-
lowes vaporizing the diameter is smaller (Hosten
et al. 2003; Puls et al. 2003). In the latter design,
the cooling medium is pumped through the thin
space between the applicator and the laser fiber.
Cooling medium vaporizes at the distal orifice of
the applicator and ultimately condenses in tis-
sue. Because the space between the laser fiber
and the applicator is small, the flow necessary to
avoid carbonization may be kept extremely low
(0.75 ml/min). The amount of cooling medium
needed for a treatment session is thus very small,
making recycling unnecessary. The diameter of
open-tip applicators is therefore small. Com-
pared to 9F inlet/outlet applicators, the diameter
of open-tip applicators may be reduced by 40%
to 5.5F (Fig. 5.1). The system may be positioned
directly in tissue compared to the Seldinger tech-
nique commonly used for applicators with larger
diameters. For positioning, a titanium mandrin
is introduced into the Teflon applicator, which
is replaced by the laser fiber after the applicator
is in position. The miniaturized applicator com-
bines the advantages of large diameter, cooled
applicators with the smaller diameter of an un-
cooled applicator. Minimal invasiveness is thus
combined with optimized efficacy of laser trans-
mission. Tumors in organs such as the lungs,
where invasiveness must be kept to a minimum
can thus be treated.
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Fig.5.1 Miniaturized applicator with open tip. The up-
per part shows the applicator with Teflon tubing and the
inserted mandrin. After placement of the applicator, the
mandrin is exchanged for the laser fiber (lower part). The
y-shaped distributor connects the Teflon tube to the line
that transports the cooling medium

5.2.4 Imaging Temperature

Distribution

LITT has the unique advantage of allowing on-
line MR thermometry. GRE sequences show
signal loss in regions where temperature is in-
creased. There is a correlation between tem-
perature and signal reduction, though whether
this reflects temperature or a secondary phe-
nomenon is not clear. Parameter images show-
ing actual isotherms may be generated from
MR examinations. This has the advantage that
ablation times can be individually chosen, i.e.,
laser energy is introduced into a metastasis un-
til on-line thermometry demonstrates that the
90°C isotherm covers the metastasis plus a safety
margin of 1 cm. As other ablation therapies do
not allow ablation while on-line MR thermom-
etry is performed (radiofrequency ablation) or
do not generate phenomena that can be imaged
(brachytherapy), other imaging modalities were
tried. Ultrasound and CT actually demonstrate
some changes in imaging during radiofrequency
but whether this is directly temperature-related
or corresponds to gas formation is not yet clear.
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5.2.5 Application

Laser-induced thermotherapy can be optimized
in different ways:

Single-applicator technique. This technique
percutaneously places a single applicator; it is re-
moved when therapy is completed. If very large
tumors need to be treated, two approaches are
possible.

Multiple applicator technique using multiple
entries. Between two and five applicators are
placed inside one tumor. Heat application is si-
multaneous. Distances between applicators must
be optimized in such a way that applicators are
neither burned by neighboring applicators, nor
are there low-temperature areas resulting in an
insufficient tumoricidal effect. Ideally, a homoge-
neous ablation zone results, which is larger than
that achieved by five single ablations.

Multiple applicator technique using a single
entry. For this technique, a single applicator is
used for multiple ablations by pulling is back
inside the needle tract once ablation at a certain
point is achieved. Ideally, a large, oval ablation
volume results. Multiple applicators may add-
itionally be pulled back simultaneously (Vogl et
al. 2000).

5.3 Laser-Induced
Thermotherapy

of Liver Tumors

While multiple organs are within the reach of
LITT, clinical experience is greatest for metas-
tases to the liver and lungs. Brain tumors have
been treated for some time by LITT, while bone
metastases and benign bone lesions are more re-
cent targets of clinical research.

5.4 Clinical Results -
Laser-Induced
Thermotherapy

of Liver Metastases

Therapy of primary or secondary liver tumors is
a frequent problem in clinical routine. With liver
metastases accounting for 90% of all malignant
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liver lesions, they constitute the biggest challenge.
The large number of liver metastases is the result
of the liver’s role as central organ of Stoffwechsel:
it is a filter between the portal and the caval ves-
sel system and therefore prevents malignant cells
entering the general circulation. For many tumor
entities, liver metastasis is the limiting factor for
survival. This holds true especially for gastroin-
testinal tumors where the liver is the first and of-
ten the sole target of hematogenous metastases.
Of all patients with colorectal cancer, 25% have
liver metastases at the time of diagnosis; 50%
develop liver metastases with time. Efficacy of
surgical therapy is limited because only 30% of
all patients with liver metastases from colorectal
primaries can be operated; in more than 50% of
all patients with RO resection, liver metastases re-
cur (Jaeck et al. 1997). All these facts make ther-
moablative therapies such as LITT so important
clinically.

Inclusion criteria for treatment by LITT are a
number of lesions not exceeding five (analogous
to criteria for surgical resection); no lesion has
a diameter of more than 5 cm (technical limit);
absence of extrahepatic metastases; relapsing
metastasis after surgical resection; metastasis
to both lobes of the liver (LITT in combina-
tion with surgical removal); and patients whose
clinical state does not allow for surgery or who
do not consent. Several studies describe results
of LITT of liver metastases and hepatocellular
carcinoma. Vogl et al. treated 603 patients with
1801 liver metastases in 1555 sessions. They
placed the applicators under CT guidance and
monitored temperature during ablation by MRI.
Local progress after 6 months was observed in
4.4% of patients with tumors measuring more
than 4.0 cm, 1.2% for lesions larger between
3.1 and 4.0 cm, 2.4% between 21. and 3.0 cm,
and 1.9% for lesions less than 2.0 cm in diam-
eter. Mean survival after diagnosis was 4.4 years
(median, 3.5 years) for all patients with 1-, 2- to
3-, and 5-year survival rates of 90%, 77%, 56%,
and 37%, respectively. One patient died within
30 days after intervention. Major complications
were pleural effusion (17 cases), intra-abdominal
bleeding (two patients), liver abscess (n = 6) and
one case of pneumothorax, a lesion of the biliary
tract, and bronchobiliary fistula each. The study
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Fig.5.2 Effect of laser ablation on lung metastases. The left part of the image was obtained during LITT with the ap-
plicator and the laser fiber in situ. The right part was obtained 3 weeks later after infusion of contrast medium. Note that
there is an area of reduced perfusion surrounding the laser fiber corresponding to the area, which may be ablated with
one applicator in one session. For complete coverage of a lesion of the size shown, multiple applicators can be positioned
or a single applicator can be repositioned or treatment can be repeated. The latter option was chosen in this case

also demonstrated that small tumors may be
more effectively treated than larger ones; patients
treated with cooled applicators preventing car-
bonization had significantly better survival than
those treated with uncooled applicators (Vogl
et al. 2004). For 39 patients with hepatocellular
carcinoma treated by LITT, Eichler et al. found
a technical efficacy of 97.5%. Applicator place-
ment was CT-guided and therapy was performed
under MRI monitoring. No major complications
were observed (Eichler et al. 2001). A recent pa-
per by our group showed that LITT may safely
and effectively treat lesions located close to large
vessels in the liver hilum (Mensel et al. 2005).
Survival was comparable to that observed after
LITT of peripheral liver metastases.

Study design is mainly flawed in patient selec-
tion. Prospective, controlled studies could never
be performed due to patient preferences. Pub-

lished studies necessarily include patients treated
with a variety of chemotherapies both before and
after LITT.

In conclusion, LITT has a technical efficacy
greater than 90%. Mortality is less than 0.1%.
Mean survival is more than 4 years when patients
are selected according to accepted inclusion and
exclusion criteria. Frequent complications are
pleural effusion and intrahepatic or subcapsular
hematoma (Mack et al. 2004; Vogl et al. 2004).
Survival rates for LITT are comparable to those
after RO resection, but both mortality and com-
plications are significantly lower. Indications for
LITT of liver lesions are more than for opera-
tion.
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5.5 Clinical Results -
Laser-Induced
Thermotherapy
of Lung Metastases

Our group has performed lung tumour ablation
with a thin-caliber laser applicator system with
open tip since 2001. Forty-two patients with 64
lung tumors were treated (39 patients with me-
tastases and three with primary tumors). Four-
teen lesions were central and 50 were peripheral.
Mean follow-up was 7.6 months (range, 6 weeks
to 39 months). Eighty percent of treatments were
technically successful in the first session. Pneu-
mothorax was the main complication and oc-
curred in 50% of the first 20 patients and in 35%
of the rest. Two patients required a chest tube.
It took several weeks for the effect of therapy
to become apparent on follow-up CT (Fig. 5.2).
Thirty-nine percent of all lesions increased in size
immediately after treatment. Gross reduction in
size with scar formation was seen in 50% of the
lesions and cavitations in 13%. Local tumor con-
trol was achieved in 51 lesions; 9% of lesions that
were less than 1.5 cm progressed despite therapy
and progress was observed in more than 11% of
larger lesions. Progression was also more fre-
quent in lesions located in the basal parts of the
lung (47%).

5.6  Outlook

LITT with an open-tip applicator is suited for the
treatment of liver and lung tumors. In lung me-
tastases, lesions located centrally and in the up-
per parts of the lungs are more easily accessible
to treatment than lesions located peripherally
and close to the diaphragm. Lesions of medium
size show better results than either very small
(<1 cm) or very large lesions (>5 cm). The open-
tip applicator has the potential for infusion of tu-
moricide substances.

Birger Mensel, Christiane Weigel, Norbert Hosten
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6.1 Introduction

Image-guided minimally invasive treatment mo-
dalities for local tumor ablation in liver metas-
tases have emerged during recent years not only
as treatment alternatives in patients who can-
not undergo resection, but as potential curative
therapy in selected patients [1]. So far, several
interstitial treatment modalities such as radiofre-
quency ablation (RFA), laser-induced thermo-
therapy (LITT), microwave ablation (PMCT),
high-intensity focused ultrasound (HIFU),
cryoablation, and percutaneous ethanol injec-
tion (PEI) have been introduced. Compared to
other locally ablative techniques, RFA has gained
the most widespread clinical and scientific ac-
ceptance documented by a significant number of
articles during recent years.

Malignant tumors of the gastrointestinal tract
represent the major cause for metastatic disease
confined to the liver. Synchronous liver metas-
tases occur in approximately 15%-25% of all
patients, whereas 60%-80% will develop meta-
chronous liver metastases after curative resection
of the primary tumor during the course of the
disease [2]. Surgical resection provides the great-
est potential for cure in patients with secondary
liver tumors but can be offered only to a small
number of patients (5%-20%) [3]. In most cen-
ters, contraindications to resection include bilo-
bar disease, more than six metastases, and unfa-
vorable location of the tumors, endangering the
functional integrity of the liver after resection.
Survival rates range from 25% to 40% at 5 years
[3, 4], with an operative mortality of about 2%

in patients that undergo extended hepatic resec-
tion [5].

Morbidity ranges between 22% and 39%. The
presence of lymph node involvement, extrahe-
patic metastases, advanced-stage, or poor dif-
ferentiation of the primary is often associated
with reduced survival. The characteristics of liver
metastases associated with decreased survival in-
cluded large size, increased number, satellite tu-
mors, and bilobar distribution. Liver metastases
that are discovered after a short disease-free in-
terval after onset of the disease, synchronous me-
tastases, and metastases associated with elevated
CEA marker levels also predicted shorter sur-
vival [4]. Surgical resections with less than 1-cm
tumor-free margin and extensive resections may
be associated with decreased survival. In roughly
60%-75% of all resected patients (RO resection),
recurrent liver metastases will occur, with 85%
of these detected within 2.5 years after diagnosis
of the primary [6, 7]. Systemic chemotherapy is
usually given as adjuvant or neoadjuvant treat-
ment to hepatic resection and/or if resection is
not possible. Dependent on the underlying tu-
mor, median survival can reach 16-20 months
with modern chemotherapy regimens in patients
with colorectal liver metastases. Recent studies
indicate that the additional application of mono-
clonal antibodies (e.g., Bevacizumab) can signifi-
cantly prolong survival compared to the treat-
ment with vascular endothelial growth factor [8].
However, in most cases long-term survival can-
not be achieved with systemic chemotherapy and
recurrent treatments with different regimens are
necessary. Since there is no consensus on the role
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of local ablative treatments such as RFA in meta-
static disease, the vast majority of patients with
hepatic metastases are referred for RFA, usually
in the late course of their disease after systemic
chemotherapy. Nevertheless, even in this highly
palliative situation, local tumor control by RFA is
often equal or even better compared to systemic
chemotherapy [9]. Therefore, it is of ample inter-
est to implement local ablative therapies such as
RFA in the treatment algorithm for nonresect-
able liver metastases.

6.2  Patient Selection

Patients with hepatic metastases who did not
meet the selection criteria for hepatic surgery
may be candidates for local ablative treatments
based on the presence of liver-only disease [10,
11]. Since RFA is not yet a generally accepted
first- or second-line treatment, it has to be con-
sidered as a palliative intention-to-treat therapy
option. So far, no clear indications for the use
of RFA in metastatic liver disease are defined.
Therefore, the pros and cons have to be balanced
optimally by an interdisciplinary team weigh-
ing potential partial benefits in terms of survival
and/or quality of life vs potential risks and/or in-
efficacy (Table 6.1).

Given the limitations of currently available
RF systems, RF treatment of tumors exceeding
4-5cm in size should be avoided in order to
minimize the risk of residual unablated tumor.
Moderate to high rates of local tumor recur-
rence, especially of large tumors, have been re-
ported [12, 13]. A possible reason for failures in
the treatment of large tumors is the inability to
determine the optimal number of ablations and
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the exact location of electrode placement needed
to completely destroy tumors larger than the size
of a single ablation zone To treat even larger tu-
mors, multiple ablations need to be overlapped
to build a composite thermal injury of sufficient
size to kill the tumor and provide an adequate
tumor-free margin [14, 15]. Dodd et al. [16] re-
ported their results of computer analysis of the
thermal injury sizes created by overlapping abla-
tions and proposed six- and 14-ablation models.
Their results demonstrated the importance of
performing these types of calculations to develop
tumor ablation strategies.

From a practical point of view, in most cen-
ters the number of hepatic tumors to be treated
is limited to four or five. An on-going trial (che-
motherapy + local ablation vs chemotherapy
[CLOCC], sponsored by The European Organi-
sation for Research and Treatment of Cancer
[EORTC]) has more generous inclusion criteria.
Patients can have as many as nine metastases
with a maximum diameter of 4 cm [17]. Given
the unique biology of metastatic neuroendocrine
disease, surgical experience has shown that deb-
ulking of tumors can considerably improve pa-
tient survival and symptoms. However, there is
no proven evidence of this concept in other tu-
mor entities; one can even argue that aggressive
ablation of hepatic metastases with destruction
of more than 90% of the tumor burden could re-
sult in a benefit [18].

6.3 Follow-Up Imaging

Monitoring therapy effectiveness is deemed a
major issue in interventional tumor therapy.
Computed tomography (CT) and magnetic reso-

Table 6.1 Inclusion and exclusion criteria for RFA in liver metastases

Indications

No respectability

Work in progress: bilobar tumors prior to resection
<4-5 Tumors

Tumor size <4-5 cm

Resection refused by patient

Contraindications

Untreatable systemic metastases
Tumor load >70% of the entire liver
Coagulopathy

Septicemia

Portal vein thrombosis



6 Liver Metastases

nance imaging (MRI) are, although widely used,
of limited sensitivity, specificity, and accuracy
when assessing the liver for residual tumor fol-
lowing RFA [19-21]. This limitation relates to
their predominantly morphologic character,
which can only partly be compensated by ad-
ministration of contrast agents. The accuracy is
limited by both spatial and contrast resolution to
approximately 2-3 mm (depending on the imag-
ing modality) [22]. Postprocedural imaging find-
ings are only a rough guide to the success of ab-
lation therapy, since microscopic foci of residual
disease, by definition, cannot be expected to be
identified. Despite these facts, dynamic contrast-
enhanced CT and MRI are still playing a major
role in follow-up imaging after RFA.

There are two types of imaging findings that
can be identified after an ablation procedure:
those related to zones of decreased or absent
perfusion and those in which the signal inten-
sity (at MR imaging) or attenuation (at CT) are
altered [10, 23]. Because of the characteristics
of some metastatic liver lesions (e.g., colorectal
cancer) - relatively hypovascular compared to
the normal liver tissue - interpretation of fol-
low-up scans are sometimes difficult since con-
trast enhancement of viable tumor foci may not
be present or only minor. In addition, a periab-
lational enhancement may be seen in early fol-
low-up scans. Especially in tumors that initially
enhanced in contrast studies, rim enhancement
after treatment might be confused with residual
enhancing tumor tissue. Depending on the pro-
tocol used for contrast-enhanced imaging (injec-
tion rate and scanning delay), this transient find-
ing can be seen immediately after ablation and
can last for up to 6 months after ablation [24]. It
usually manifests as a penumbra, or a thin rim
peripheral to the zone of ablation, that can typi-
cally measure up to 5 mm (in the immediate pos-
tinterventional phase) but most often measures
1-2 mm. It is characterized by a relatively con-
centric, symmetric, and uniform enhancement
with smooth inner margins that needs to be dif-
ferentiated from irregular peripheral enhance-
ment suspicious of recurrent or new tumor. The
finding is most readily appreciated on the arterial
phase CT scans, with persistent enhancement
that is often seen on delayed MR images. Histo-
pathologically, it represents a benign physiologic
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response to thermal injury (initially, reactive
hyperemia; subsequently, fibrosis and giant cell
reaction) [25]. In contrast, irregular peripheral
enhancement represents residual tumor at the
treatment margin often in a scattered, nodular,
or eccentric pattern, indicating incomplete local
treatment. Given the delayed enhancement char-
acteristics of many hypovascular tumors, this
finding is often best appreciated in a compari-
son of portal venous or delayed images (3 min
or more after contrast material injection) with
baseline images. Complete coagulation necrosis
corresponds to a hypoattenuated area and fails
to enhance after contrast injection. On MRI, the
treated tumor is characterized by a low signal
intensity on T2-weighted images, whereas vi-
able tumor is shown to be hyperintense on T2-
weighted images [26]. Biopsies of ablated areas
in order to proof complete necrosis are generally
unreliable and therefore not recommended [27].
The ablation of appropriate margins (0.5-1.0 cm)
beyond the borders of the tumor is necessary to
achieve complete tumor destruction [16]. There-
fore, an ablation zone that is not larger than the
tumor before ablation should be followed up
closely. Long-term follow-up imaging may show
a gradual decrease in the volume of the ablation
zone considered to represent only residual ne-
crotic or fibrotic tissue that is present during the
absorption process [20]. It is important to note
that no or minimal involution does not imply
treatment failure. Many other imaging findings
such as inflammatory stranding in the acute pe-
riod after ablation and more chronic findings
such as fibrosis, scarring, and architectural dis-
tortion that represent both host reaction to abla-
tion and repair mechanisms will be seen.

When imaging and clinical findings at short-
term follow-up are inconclusive and the sus-
pected lesion is small, follow-up at 1- to 3-month
intervals should be considered before perform-
ing an invasive diagnostic procedure such as
percutaneous biopsy or retreatment [28]. In
most centers, follow-up scans are performed in
3-month intervals and are often combined with
serum tumor markers such as CEA [29, 30]. Any
increase in lesion size or irregularity or residual
enhancement should be carefully interpreted in
terms of residual tumor foci or recurrent me-
tastases (Fig. 6.1a,b). It is mandatory to look for
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Fig. 6.1 a Nonenhanced MRI (T1 flash 2d; breath-hold; slice thickness, 8 mm)
of a unifocal colorectal liver metastasis (diameter 3 cm) in the liver dome. b CT-
guided RFA with the RF electrode (RITA, 3-5 cm; working length, 25 cm) in
place. ¢ Nonenhanced MRI (T1 flash 2d; breath hold; slice thickness, 8 mm) fol-
low-up scan 1 month after RFA showing a hemorrhagic ablation zone (hyperin-
tense area) encompassing the hypointense tumorous lesion with no evidence of
residual tumor foci. d Nonenhanced MRI (T1 flash 2d; breath hold; slice thick-
ness, 8 mm) follow-up scan 1 year after RFA showing the hemorrhagic ablation
zone (hyperintense area) encompassing the hypointense tumorous lesion with
no evidence of residual tumor foci. Note the tumor involution
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evidence of both intra- and extrahepatic spread.
Initial results indicate that PET/CT imaging may
prove to be more accurate when evaluating the
ablative zone for residual tumor than image anal-
ysis based on morphologic data alone.

PET/CT may be expected to play a distinctive
role in follow-up of patients undergoing RFA of
liver lesions for the detection of residual unab-
lated tumor. The advantages of fused PET/CT
data sets over PET alone and CT alone are re-
lated to accurate localization of focally increased
glucose metabolism in terms of therapeutic plan-
ning in an area of residual tumor, offering guid-
ance of subsequent interventional procedures to
these areas of viable tumor cells [31, 32].

6.4  Patient Outcome

The early clinical studies of RFA were performed
in order to assess feasibility aiming at safety,
tolerability, and local therapeutic effect of the
treatment. During recent years, RFA has evolved
significantly concerning technical developments
and procedure-related improvements. Therefore,
data collected in early studies may not be com-
parable with recent series. Beside a high number
of published studies and recommendations for
the standardization and reporting criteria in RFA
studies, the analysis of clinical results of percu-
taneous radiofrequency ablation in liver metas-
tases is still hampered by several problems [33].
Many reports presented data that involve differ-
ent tumor entities, including primary and meta-
static liver tumors with different tumor sizes.
Treatment was performed with different types of
RF generators and needle designs and additional
therapies such as resection, regional or systemic
chemotherapy, and other local ablative tech-
niques have been used in combination to RFA.
Finally, the studies have different endpoints and
follow-up durations, as well as criteria for evalu-
ating results.

6.4.1 Radiofrequency

Ablation

In early clinical series, Solbiati et al. [34] and
Lencioni et al. [35] performed RFA in patients
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with limited hepatic metastatic disease, who
were excluded from surgery. In the first series, 29
patients with 44 hepatic metastases ranging from
1.3 to 5.1 cm in diameter were treated. Each
tumor was treated in one or two sessions, and
technical success, defined as the lack of residual
unablated tumor at CT or MR imaging obtained
7-14 days after completion of treatment, was
achieved in 40 of 44 lesions. However, follow-up
imaging studies confirmed complete necrosis of
the entire metastasis in only 66% of the cases,
whereas local tumor progression was observed in
the remaining 34%. Only one complication, self-
limited hemorrhage, was seen. One-year survival
was 94%. In the study by Lencioni et al. [35], 29
patients with 53 hepatic metastases ranging from
1.1 to 4.8 cm in diameter were enrolled. A total
of 127 insertions were performed (mean, 2.4
insertions/lesion) during 84 treatment sessions
(mean, 1.6 sessions/lesion) with no complica-
tions. Complete tumor response, defined as the
presence of an unenhancing ablation zone larger
than the treated tumor on posttreatment spiral
CT, was seen in 41 (77%) of 53 lesions. After a
mean follow-up period of 6.5 months (range,
3-9 months), local tumor progression was seen
in 12% of cases. One-year survival was 93%. A
systematic review on the outcomes of RFA for
unresectable hepatic metastases in 2002 revealed
a dearth of long-term follow-up data. Seidenfeld
et al. [36] found only seven articles that provided
data on disease-free or recurrence-free survival,
rates of hepatic relapse, and median or percent
survival at 1-5 years after treatment. Five stud-
ies reported 86%-94% survival at 1 year, but only
one study reported survival at 2 years or longer
[37]. In a recent study by Solbiati et al. [27], the
results from 109 patients with 172 metastatic le-
sions who underwent RFA under ultrasound
guidance were analyzed. The median follow-up
was 3 years and local tumor control was achieved
in 70% of the lesions. Local recurrence - includ-
ing residual tumor foci - occurred in 30%, who
were again treated by RFA so that the entire rate
of local tumor control reached 78%. New metas-
tases developed in 50.4% of the patients at a me-
dian time to recurrence of 12 months after RFA.
The overall 2- and 3-year survival rates were 67%
and 33%, respectively, and the median survival
was 30 months. This compares favorably with
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data reported by Gillams et al. [10], with a me-
dian survival of 34 months and a 3-year survival
of 36%. Survival of 36% at 3 years in inoperable
patients is similar to patients undergoing resec-
tion for operable metastatic disease showing a
3-year survival of 42%-44% [38, 39]. In another
larger series, 328 hepatic metastases in 76 pa-
tients were treated with RFA. At a mean follow-
up of 15 months, local recurrence was noted in
9% [40]. Very recent data of the TRAIN study -
Tumor Radiofrequency Ablation Italian Network
by Lencioni et al. [1] - demonstrated long-term
data on colorectal and breast cancer metastases
to the liver treated by RFA. In colorectal metasta-
ses, 423 patients were evaluated presenting uni-
focal liver metastases (mean size, 2.7 cm). The
overall survival after 1, 3, and 5 years was 86%,
47%, and 24%, respectively. Interestingly, they
found a very good 5-year survival rate of 56% in
a subgroup of patients having one tumor nodule
equal or less than 2.5 cm in size. Patients with tu-

Table 6.2 Survival after RFA, selected references

Author Patients Tumor

Solbiati et al. 29 CRC =22

1997 [34]

Lencioni et al. 29 CRC =24

1998 [35]

Gillams et al. 69 CRC

2000 [50]

Solbiati et al. 109 CRC

2001 [27]

Oshowo et al. 25 CRC

2003 [42]

Abdalla et al. 57 CRC

2004 [41]

Gillams et al. 167 CRC

2004 [9]

Lencioni et al. 423 CRC

AL CRC<2.5cm
CRC>2.5cm
CRC multifocal

102 Breast
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mors bigger than 2.5 cm and multifocal tumors
showed a significant decrease in the 5-year sur-
vival of 13% and 11%, respectively. Data of the
102 patients suffering from breast cancer me-
tastases confirmed that in selected breast cancer
patients where the metastases are unifocal with a
mean diameter of 2.4 cm with no further extra-
hepatic spread, RFA plays an interesting role in
the treatment strategy, with overall survival rates
after 1, 3, and 5 years of 95%, 50%, and 30%, re-
spectively [1] (Table 6.2).

6.4.2 Radiofrequency

Ablation and Resection

Abdalla et al. [41] evaluated the role of RFA with
respect to surgical resection. Survival of 418 pa-
tients with colorectal metastases isolated to the
liver who were treated with hepatic resection
(n=190), RFA plus resection (n=101), RFA

Survival

1 year 3 years 5 years
94% = =

93% = =

90% 34% 4 years: 22%
= 33% =

= 52% =

- - 4a: 22%
- = 30%
86% 47% 24%

- = 56%

- - 13%

- = 11%
95% 50% 30%
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only (n=57), or chemotherapy only (n=70)
was examined. Overall survival for patients
treated with RFA plus resection or RFA only
was greater than for those who received chemo-
therapy only (p = 0.0017). However, overall sur-
vival was highest after resection: 4-year survival
rates after resection, RFA plus resection, and
RFA only were 65%, 36%, and 22%, respectively
(p<0.0001). However, RFA only had been used
only in patients where surgery was not possible
and therefore could not be compared subse-
quently. In contrast, Oshowo et al. [42] showed
no difference in survival outcome of patients
with solitary colorectal liver metastases treated
by surgery (n =20) or by RFA (n =25). In this
study, the survival rate at 3 years was 55% for
patients treated with surgery and 52% for RFA,
suggesting that the survival after resection and
RFA is equal. Elias et al. [43] demonstrated that
RFA instead of repeated resections for the treat-
ment of liver tumor recurrence after partial
hepatectomy has the potential to increase the
percentage of curative local treatments for liver
recurrence after hepatectomy from 17% to 26%
and to decrease the proportion of repeated hepa-
tectomies from 100% to 39%. A completely dif-
ferent approach was done by Livraghi et al. [44].
They evaluated 88 patients with 134 colorectal
liver metastases who were potential candidates
for surgery concerning the potential role of per-
forming RFA during the interval between diag-
nosis and resection as part of a “test-of-time”
management approach. Among the 53 patients
in whom complete tumor ablation was achieved
after RF treatment, 98% were excluded from sur-
gical resection: 44% because they remained free
of disease and 56% because they developed ad-
ditional metastases leading to unresectability. No
patient in whom RF treatment did not achieve
complete tumor ablation became unresectable
due to the growth of the treated metastases.

6.4.3 Complications

A recent paper by Mulier et al. [45] reviewed the
world literature until the end of 2001 concern-
ing complications after radiofrequency ablation.
A total of 3,670 patients were analyzed, includ-
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ing 2,898 patients having had a percutaneous ap-
proach for RFA. Mortality was found to be 0.5%,
with sepsis, liver failure, and cardiac complica-
tions being the most important ones. De Baere
et al. [46] reported a mortality rate of 1.4%, with
portal vein thrombosis being responsible for the
highest number of fatal outcomes. The entire
complication rate of 10.6% is comparable to 7.2%
presented by Mulier et al. [45]. In detail, Mu-
lier et al. [45] reported intraperitoneal bleeding
in 0.8%, subcapsular hematoma in 0.6%, biliary
tract damage in 0.6%, pulmonary complications
in 0.6%, pad skin burns in 0.6%, visceral dam-
age in 0.5%, liver failure in 0.4%, hepatic vascular
damage in 0.4%, and cardiac complications in
0.3%. A crucial fact with a high impact on poten-
tial treatment planning is reported by de Baere et
al. [46], who showed that abscess occurred sig-
nificantly more frequently in patients bearing a
bilioenteric anastomosis, which was confirmed
by the data of Livraghi et al. [11]. Seeding was
shown to have a rate of 0.3% reported by Mulier
et al. [45] in contrast to 12.5% from Llovet et al.
[47], whereas de Baere et al. [46] also reported
seeding to be rare, with 0.5%. The reason for this
significant difference was most likely due to the
technique used, with no track ablation. In a very
recent multicenter study including 1,314 patients
with 2542 HCC nodules by Livraghi et al. [48],
neoplastic seeding was identified in 12 patients
(0.9%); the rate was comparable at the three
centres (0.9%, 0.7%, and 1.4%). Only previous
biopsy was significantly associated with tumour
seeding (p =0.004). Although the authors in-
cluded only HCC, it seems that the seeding rate
reported by Llovet et al. [47] was definitely not
representative concerning implantation metasta-
ses. Jaskolka et al. [49] found three statistically
significant risk factors for needle tract seeding in
200 patients treated 298 times with RFA for dif-
ferent hepatic tumors: treatment of a subcapsular
lesion (OR = 11.57, p = .007), multiple treatment
sessions (OR = 2.0, p =.037), and multiple elec-
trode placements (OR=1.4, p=.006). Minor
complications according to the SIR guidelines
are usually not listed in the published data, so
that the true (whenever clinically not relevant)
complication rate may be even higher. Some late
complications, such as bile duct strictures and
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electrode track seeding, may have been missed
because of the short follow-up time in many
studies.

6.5  Conclusions
Percutaneous RFA is an emerging minimally in-
vasive procedure in patients suffering from non-
resectable liver tumors, with survival rates for
inoperable patients reaching the rates of patients
undergoing resection. The effective and repro-
ducible tumor destruction comes along with an
acceptable mortality and morbidity. Although
usually unfavorable patients in a highly palliative
situation are treated with RFA, local tumor con-
trol by RFA is often equal to or even better than
systemic chemotherapy. Combination of RFA
with other treatments is an area of ongoing ac-
tive research. It is highly desirable to implement
local ablative therapies such as RFA in the treat-
ment algorithm for nonresectable liver metasta-
ses, not only as third- but second-line treatment,
probably in combination with systemic chemo-
therapy. RFA should always be embedded in a
multidisciplinary treatment strategy tailored to
the individual patient and to the features of the
disease (customized therapy). Patient selection is
very crucial for successful treatment with RFA.
It should be based upon location, tumor size,
proximity of large vessels, bleeding risk, respira-
tory motion, probe pathway, and of course the
physician’s experience. The technique is opera-
tor-dependent with a steep learning curve. Until
the role of RFA within a multimodal treatment
strategy for liver metastases has been completely
defined, RFA should be restricted to centers with
highly experienced interventionists incorporated
into an interdisciplinary oncological team.
Because follow-up imaging is crucial in de-
termining therapy success, imaging of ablation
should also be performed by physicians experi-
enced with RFA. To further assess the role of RFA
in oncological patients, multicenter trials, more
long-term follow-up data, further refinements in
technique and procedure-related features, and
studies of combined treatments including all
therapies available for metastatic disease in the
liver — all underway - must be evaluated with
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respect to the therapeutic reference standard to
date.
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7.1 Introduction

Hepatocellular carcinoma (HCC) is the fifth
most common cancer, and its incidence is in-
creasing worldwide because of the dissemination
of hepatitis B and C virus infection. Patients with
cirrhosis are at the highest risk of developing
HCC and should undergo surveillance programs
to detect the tumor at an early, asymptomatic
stage (Bruix et al. 2001). Patients with early-stage
HCC - as defined by the Barcelona-Clinic Liver
Cancer staging classification (Bruix and Llovet
2002) - should be first considered for surgical
treatment options, which may achieve 60%-70%
5-year survival in well-selected patients (Llovet
et al. 2003). Hepatic resection is best indicated
for patients with a single tumor and well-pre-
served liver function, who have neither abnormal
bilirubin nor clinically relevant portal hyperten-
sion. However, less than 5% of cirrhotic patients
with HCC fit these criteria (Llovet et al. 1999).
Liver transplantation benefits patients who have
decompensated cirrhosis and one tumor smaller
than 5 cm or up to three nodules smaller than
3 cm each, but donor shortage greatly limits
its applicability. This difficulty may be in part
overcome by living donation, which, however,
requires a highly skilled surgical team (Belghiti
and Kianmanesch 2003; Schwartz 2004).
Advances in surgical techniques during the
past two decades have led to effective treatment
for selected patients with hepatic metastases. Sur-
gical resection of colorectal cancer metastatic to
the liver results in a 5-year survival rate of 40%,
and liver metastases from other primary tumors,
such as neuroendocrine carcinoma and genito-

urinary tumors, are also treated effectively with
liver resection (Bentrem et al. 2005; Weitz et al.
2005). However, only 10%-25% of patients with
metastases isolated to the liver are eligible for re-
section, because of extent and location of the dis-
ease or concurrent medical conditions (Lencioni
et al. 2004b). Unfortunately, treatment of nonop-
erable or nonresectable patients with systemic or
intra-arterial chemotherapy is not entirely satis-
factory in terms of survival outcomes (Jonker et
al. 2000).

Image-guided techniques for local tumor
treatment have emerged as a viable therapeutic
option for patients with limited hepatic malig-
nant disease who are not surgical candidates.
Over the past two decades, several methods for
chemical ablation or thermal tumor destruction
through localized heating or freezing have been
developed and clinically tested (Table 7.1). While
chemical and hyperthermic ablation techniques

Table 7.1 Percutaneous methods for ablation of hepatic
neoplasms

Chemical ablation
Ethanol injection
Acetic acid injection
Thermal ablation
Radiofrequency ablation
Microwave ablation
Laser ablation

Cryoablation
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have been widely performed via a percutaneous
approach, most of the experience with cryo-
therapy has involved an open or laparoscopic
approach. The present chapter focuses on the
percutaneous use of chemical and hyperthermic
ablation in the treatment of HCC and hepatic
metastases.

7.2 Eligibility Criteria

A careful clinical, laboratory, and imaging as-
sessment must be performed in each individual
patient by a multidisciplinary team to evaluate
eligibility for percutaneous ablation. Laboratory
tests should include measurement of serum tu-
mor markers, such as alpha-fetoprotein for HCC
and carcinoembryonic antigen for colorectal me-
tastases, as well as a full evaluation of the patient’s
coagulation status. A prothrombin time ratio
(normal time/patient’s time) greater than 50%
and a platelet count higher than 50000 platelets/
ul are required to keep the risk of bleeding at an
acceptably low level. The tumor staging protocol
must be tailored to the type of malignancy. In
patients with HCC, it should include abdominal
ultrasound (US) and spiral computed tomogra-
phy (CT) or dynamic magnetic resonance imag-
ing (MRI), although in selected cases chest CT
and bone scintigraphy may be needed to exclude
extrahepatic tumor spread. Whole-body CT and
positron emission tomography (PET) may be
required to properly stage patients with hepatic
metastases.

Percutaneous treatment is accepted as the best
therapeutic choice for nonsurgical patients with
early-stage HCC (Bruix et al. 2001; Lencioni et al.
2004a). Patients are required to have either a sin-
gle tumor smaller than 5 cm or as many as three
nodules smaller than 3 cm each, no evidence of
vascular invasion or extrahepatic spread, per-
formance status test of 0, and liver cirrhosis in
Child-Pugh class A or B. In the setting of meta-
static disease, percutaneous ablation is generally
indicated for nonsurgical patients with colorec-
tal cancer oligometastases isolated to the liver
(Lencioni et al. 2004b; Gillams and Lees 2005).
Selected patients with limited hepatic and pul-
monary colorectal metastatic disease, however,
may qualify for percutaneous treatment (Len-
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cioni et al. 2004c; Berber et al. 2005). In patients
with hepatic metastases from other primary can-
cers, promising initial results have been reported
in the treatment of breast and endocrine tumors
(Liang et al. 2003; Abe et al. 2005). The number
of lesions should not be considered an absolute
contraindication to percutaneous ablation if suc-
cessful treatment of all metastatic deposits can be
accomplished. Nevertheless, most centers prefer-
entially treat patients with four or fewer lesions.
Tumor size is of utmost importance to predict
the outcome of percutaneous ablation. Imag-
ing studies underestimate the size of metastatic
deposits. Therefore, the target tumor should not
exceed 3-4 cm in its longest axis to ensure com-
plete ablation with most of the currently avail-
able devices.

Pretreatment imaging must carefully define
the location of each lesion with respect to sur-
rounding structures. Lesions located along the
surface of the liver can be considered for per-
cutaneous ablation, although their treatment
requires adequate expertise and may be associ-
ated with a higher risk of complications. Thermal
ablation of superficial lesions that are adjacent
to any part of the gastrointestinal tract must be
avoided because of the risk of thermal injury
of the gastric or bowel wall (Rhim et al. 2004).
The colon appears to be at greater risk than the
stomach or small bowel for thermally mediated
perforation. Gastric complications are rare, likely
owing to the relatively greater wall thickness of
the stomach or the rarity of surgical adhesions
along the gastrohepatic ligament. The mobility
of the small bowel may also provide the bowel
with greater protection compared with the rela-
tively fixed colon. A laparoscopy approach or the
use of special techniques, such as intraperitoneal
injection of dextrose to displace the bowel, can
be considered in such instances. Treatment of le-
sions adjacent to the gallbladder or to the hepatic
hilum is at risk of thermal injury of the biliary
tract. In experienced hands, thermal ablation of
tumors located in the vicinity of the gallbladder
was shown to be feasible, although associated in
most cases with self-limited iatrogenic cholecys-
titis (Chopra et al. 2003). In contrast, thermal
ablation of lesions adjacent to hepatic vessels is
possible, since flowing blood usually protects
the vascular wall from thermal injury: in these
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cases, however, the risk of incomplete treatment
of the neoplastic tissue close to the vessel may
increase because of the heat loss by convection.
The potential risk of thermal damage to critical
structures should be weighted against benefits on
a case-by-case basis.

7.3 Chemical Ablation

The seminal technique used for local ablation of
hepatic tumors is percutaneous ethanol injec-
tion (PEI). Ethanol induces coagulation necrosis
of the lesion as a result of cellular dehydration,
protein denaturation, and chemical occlusion
of small tumor vessels. PEI is a well-established
technique for the treatment of nodular-type
HCC. HCC nodules have a soft consistency
and are surrounded by a firm cirrhotic liver.
Consequently, injected ethanol diffuses within
them easily and selectively, leading to complete
necrosis of about 70% of small lesions (Shiina
et al. 1991). An alternate method for chemical
ablation is acetic acid injection. Although ace-
tic acid injection has been reported to increase
the success rate of PEI, this technique has been
used by very few investigators worldwide. PEI
— as well as other methods of chemical ablation
- is not effective in the treatment of metastatic
lesions. As opposed to HCC, ethanol diffusion
within hepatic metastases is uneven, resulting in
largely incomplete ablation with necrotic areas
and viable tissue irregularly mixed (Livraghi et
al. 1991).

7.3.1 Ethanol Injection

PEI is best administered by using US guidance
because US allows for continuous real-time
monitoring of the injection. This is crucial to re-
alize the pattern of tumor perfusion and to avoid
excessive ethanol leakage outside the lesion.
Fine noncutting needles, with either a single end
hole or multiple side holes, are commonly used
for PEIL. PEI is usually performed under local
anesthesia and does not require patient hospi-
talization. The treatment schedule includes four
to six sessions performed once or twice weekly.
The number of treatment sessions, as well as the
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amount of injected ethanol per session, may vary
greatly according to the size of the lesion, the
pattern of tumor perfusion, and the compliance
of the patient.

Although there have not been any prospective
randomized trials comparing PEI and best sup-
portive care or PEI and surgical resection, sev-
eral retrospective studies have provided indirect
evidence that PEI improves the natural history of
HCC: the long-term outcomes of patients with
small tumors who were treated with PEI were
similar to those reported in surgical series, with
5-year survival rates ranging from 41% to 53% in
Child A patients (Table 7.2). Of importance, two
cohort studies and one retrospective case-con-
trol study comparing surgical resection and PEI
failed to identify any difference in survival, even
though patients in PEI groups had poorer liver
function (Table 7.3). These data show that PEI is
a useful treatment for patients with early-stage
HCC and suggest that surgical resection may
achieve better results only after strict candidate
selection.

Although PEI is a low-risk procedure, severe
complications have been reported. In a multi-
center survey including 1,066 patients, one death
(0.1%) and 34 complications (3.2%) - including
seven cases of tumor seeding (0.7%) — were re-
ported (Di Stasi et al. 1997). The major limitation
of PEI is the high local recurrence rate, which
may reach 33% in lesions smaller than 3 cm and
43% in lesions exceeding 3 cm (Khan et al. 2000;
Koda et al. 2000). The injected ethanol does not
always accomplish complete tumor necrosis be-
cause of its inhomogeneous distribution within
the lesion — especially in presence of intratu-
moral septa — and the limited effect on extracap-
sular cancerous spread. Moreover, PEI is unable
to create a safety margin of ablation in the liver
parenchyma surrounding the nodule, and there-
fore may not destroy tiny satellite lesions which,
even in small tumors, may be located in close
proximity of the main nodule.

Injection of large volumes of ethanol in a sin-
gle session performed under general anesthesia
has been reported to enable successful PEI treat-
ment of large or infiltrating HCC (Livraghi et al.
1998). However, results of single-session PEI are
based on uncontrolled investigations and when
critically compared with data on the natural
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Table 7.2 Studies reporting long-term survival outcomes of patients with early-stage hepatocellular carcinoma who

underwent percutaneous ethanol injection

Author and year

Shiina et al. 1993 98
Lencioni et al. 1995 105
Livraghi et al. 1995

Child A, single HCC <5 cm 293

Child B, single HCC <5 cm 149
Ryu et al. 1997

Stage I, 1-3 HCC <3 cm® 110

Stage II, 1-3 HCC <3 cm?® 140
Lencioni et al. 1997

Child A, 1 HCC<5cmor 3 <3 cm 127

Child B,1 HCC<5cmor3<3cm 57

Pompili et al. 2001
Child A, 1-2 HCC <5 cm 111
Teratani et al. 2002
Age <70 years 516
Age >70 years 137

HCC, hepatocellular carcinoma

No. of patients

Survival rates (%)

1-year 3-year 5-year
85 62 52
96 68 32
98 79 47
93 63 29
98 84 54
91 65 45
98 79 53
88 50 28
94 62 41
90 65 40
83 52 27

2Clinical stage according to the Liver Cancer Study Group of Japan

history and prognosis of untreated nonsurgical
HCC, the benefits of the procedure are not evi-
dent.

7.3.2 Acetic Acid Injection

Acetic acid injection has been proposed as a vi-
able alternative to PEI for the treatment of HCC.
Two studies compared acetic acid injection and
PEL In the first paper, 60 patients with small
HCC lesions were entered into a randomized
trial. The 1- and 2-year survival rates were 100%
and 92%, respectively, in the acetic acid injec-
tion group; and 83% and 63%, respectively, in the
PEI group. A multivariate analysis of prognostic
factors showed that treatment was an indepen-
dent predictor of survival (Ohnishi et al. 1998).
In contrast, in a prospective comparative study
including 63 patients treated by acetic acid injec-

tion and 62 patients treated by PEL no signifi-
cant survival differences were observed between
the two treatment groups (Huo et al. 2003). In
summary, this alternate option for chemical ab-
lation had limited diffusion and was not tested
in large series of patients. The reported survival
outcomes are not better than those obtained by
several authors with PEL

7.4  Thermal Ablation

Application of localized heating or freezing en-
ables in situ destruction of malignant liver tu-
mors preserving normal liver parenchyma. The
thermal ablative therapies involved in clinical
practice can be classified as either hepatic hy-
perthermic treatments - including radiofre-
quency (RF) ablation, microwave ablation, and
laser ablation - or hepatic cryotherapy. Hepatic
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Table 7.3 Studies comparing surgical resection and percutaneous ethanol injection in the treatment of early-stage he-

patocellular carcinoma

Author and year No. of patients Survival rates (%) 2
1-year 3-year 5-year

Castells et al. 1993° NS
Surgical resection 33 81 44 NA
PEI 30 83 55 NA

Yamamoto et al. 20012 NS
Surgical resection 58 97 84 61
PEI 39 100 82 59

Daniele et al. 2003° NS
Surgical resection 17 82 63 NA
PEI 65 91 65 NA

PE], percutaneous ethanol injection; NA, not available; NS, not significant

2Cohort study
bRetrospective case-control study

hyperthermic treatments are mostly performed
via a percutaneous approach, while an open or
laparoscopic approach has been widely adopted
for hepatic cryotherapy. This chapter focuses on
percutaneous hyperthermic ablation in the treat-
ment of HCC and hepatic metastases.

The thermal damage caused by heating is de-
pendent on both the tissue temperature achieved
and the duration of heating. Heating of tissue at
50°-55°C for 4-6 min produces irreversible cel-
lular damage. At temperatures between 60 °C and
100°C, nearly immediate coagulation of tissue is
induced, with irreversible damage to mitochon-
drial and cytosolic enzymes of the cells. At more
than 100°-110°C, tissue vaporizes and carbonizes
(Goldberg et al. 2000). For adequate destruction
of tumor tissue, the entire target volume must be
subjected to cytotoxic temperatures. Different
physical mechanisms are involved in the hepatic
hyperthermic treatments in order to generate a
lethal temperature. RF ablation is based on the
interaction of an alternating electric current with
living tissue. At a high-frequency setting (460—
480 kHz), the current will cause agitation of ions
in the adjacent tissue, which generate frictional
heat that extends into the tissue by conduction.
Microwave ablation relies on high-frequency
electromagnetic radiation that is generated to

heat the intracellular water molecules of the sur-
rounding tissue. The resulting heat energy will
lead to irreversible cellular damage. Laser abla-
tion consists of a coherent, monochromatic and
highly collimated beam of light. Focusing such
light energy into the liver tumor results in heat
production and coagulation.

An important factor that affects the success of
thermal ablation is the ability to ablate all viable
tumor tissue and an adequate tumor-free margin.
To achieve rates of local tumor recurrence with
thermal ablation that are comparable to those ob-
tained with hepatic resection, a 360°, 1-cm-thick
tumor-free margin should be produced around
each tumor (Goldberg et al. 2000). This cuff is
necessary to assure that all microscopic inva-
sions around the periphery of a tumor have been
eradicated. Thus, the target diameter of an abla-
tion must be ideally 2 cm larger than the diam-
eter of the tumor that undergoes treatment. For
example, a 5-cm ablation device can be used to
treat a 3-cm-diameter tumor. Otherwise, mul-
tiple overlapping ablations have to be performed
(Dodd et al. 2001).

Thermal ablation is usually performed under
conscious sedation or general anesthesia with
standard cardiac, pressure, and oxygen moni-
toring. The lesion can be targeted with US, CT,
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or MR imaging. The guidance system is chosen
largely on the basis of operator preference and
local availability of dedicated equipment such as
CT fluoroscopy or open MR systems. A percuta-
neously inserted metallic coil can be placed dur-
ing the proper phase of contrast enhancement
as a target to facilitate ablation of tumors poorly
seen on CT or US (Adam et al. 2004). During the
procedure, important aspects to be monitored
include how well the tumor is being covered and
whether any adjacent normal structures are being
affected at the same time. While the transient hy-
perechoic zone that is seen at US within and sur-
rounding a tumor during and immediately after
RF ablation can be used as a rough guide to the
extent of tumor destruction, MR is currently the
only imaging modality with validated techniques
for real-time temperature monitoring. To control
an image-guided ablation procedure, the opera-
tor can utilize the image-based information ob-
tained during monitoring or automated systems
that terminate the ablation at a critical point in
the procedure. At the end of the procedure, most
systems allows the operator to ablate the needle
track, which is aimed at preventing any tumor
cell dissemination. Contrast-enhanced US per-
formed after the end of the procedure may allow
an initial evaluation of treatment effects. How-
ever, contrast-enhanced CT or MR imaging are
recognized as the standard modalities to assess
treatment outcome, although promising initial
results have been reported by using PET. CT and
MR images obtained after treatment show suc-
cessful ablation as a nonenhancing area with or
without a peripheral enhancing rim. The enhanc-
ing rim that may be observed along the periph-
ery of the ablation zone appears as a relatively
concentric, symmetric, and uniform process in
an area with smooth inner margins. This is a
transient finding that represents a benign physi-
ologic response to thermal injury (initially, reac-
tive hyperemia; subsequently, fibrosis and giant
cell reaction). Benign periablational enhance-
ment needs to be differentiated from irregular
peripheral enhancement due to residual tumor
that occurs at the treatment margin. In contrast
to benign periablational enhancement, residual
unablated tumor often grows in scattered, nodu-
lar, or eccentric patterns (Goldberg et al. 2003).
Later follow-up imaging studies should be aimed
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at detecting the recurrence of the treated lesion
(i.e., local tumor progression), the development
of new hepatic lesions, or the emergence of ex-
trahepatic disease.

7.4.1 Radiofrequency

Ablation

The goal of RF ablation is to induce thermal in-
jury to the tissue through electromagnetic en-
ergy deposition. The patient is part of a closed-
loop circuit, which includes a RF generator, an
electrode needle, and a large dispersive electrode
(ground pads). An alternating electric field is
created within the tissue of the patient. Because
of the relatively high electrical resistance of tissue
in comparison with the metal electrodes, there is
marked agitation of the ions present in the tar-
get tissue that surrounds the electrode, since the
tissue ions attempt to follow the changes in the
direction of alternating electric current. The agi-
tation results in frictional heat around the elec-
trode. The discrepancy between the small surface
area of the needle electrode and the large area
of the ground pads causes the generated heat to
be focused and concentrated around the needle
electrode.

In the initial experience with RF treatment, a
major limitation of the technique was the small
volume of ablation created by conventional mo-
nopolar electrodes. These devices were capable
of producing cylindrical ablation zones not
greater than 1.6 cm in the short axis. Therefore,
multiple electrode insertions were necessary to
treat all but the smallest lesions. Subsequently,
several strategies for increasing the ablation
zone achieved with RF treatment have been
used. Major progress was achieved with the in-
troduction of modified electrodes, including
internally cooled electrodes and multitined ex-
pandable electrodes (Goldberg et al. 2003). In-
ternally cooled electrodes consist of dual-lumen
electrodes with an exposed active tip of variable
length. Internal cooling is obtained by continu-
ous perfusion with chilled saline and is aimed
at preventing overheating of tissues nearest the
electrode to minimize carbonization and gas
formation around the tip. Multitined expand-
able electrodes have an active surface that can be
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substantially increased by prongs deployed from
the tip. In application, the tip of the needle is ad-
vanced to the target lesion and the curved elec-
trodes are deployed into the tumor according to
the desired volume of ablation.

Most early clinical research with RF ablation
was conducted in the framework of feasibility
studies, aimed at demonstrating the local ef-
fect and the safety of the procedure (Solbiati et
al. 1997; Lencioni et al. 1998; Curley et al. 1999;
Wood et al. 2000). More recently, the clinical ef-
ficacy of RF ablation has been evaluated in the
treatment of HCC and colorectal hepatic metas-
tases.

74.1.1 Treatment
of Hepatocellular

Carcinoma

RF ablation has been the most widely assessed
alternative to PEI for local ablation of HCC.
Histologic data from explanted liver specimens
in patients who underwent RF ablation showed
that tumor size and presence of large (3 mm or
more) abutting vessels significantly affect the lo-
cal treatment effect. Complete tumor necrosis
was pathologically shown in 83% of tumors less
than 3 cm and 88% of tumors in nonperivascu-
lar location (Lu et al. 2005). In two comparative
studies, the rates of complete tumor response as
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shown by posttreatment CT were higher in pa-
tients who underwent RF ablation with respect
to those submitted to PEI (Livraghi et al. 1999;
Ikeda et al. 2001).

Two randomized studies compared RF abla-
tion vs PEI for the treatment of early-stage HCC
(Table 7.4). In the first trial, Child A or B patients
with either a uninodular tumor less than 5 cm or
as many as three tumors less than 3 cm each were
randomly assigned to receive RF ablation or PEI
(Lencioni et al. 2003). The overall survival rates
at 1 and 2 years were 100% and 98%, respectively,
in the RF group and 96% and 88%, respectively,
in the PEI group. Despite the tendency favor-
ing RF ablation, the observed difference did not
reach statistical significance, likely because of the
short follow-up period. However, 1- and 2-year
recurrence-free survival rates were significantly
higher in RF-treated patients than in PEI-treated
patients, and RF treatment was confirmed as an
independent prognostic factor for local recur-
rence-free survival by multivariate analysis (Len-
cioni et al. 2003). In the second study, patients
with HCCs 4 cm or less were randomly assigned
to three groups (conventional PEI group, higher-
dose PEI group, and RF group) (Lin et al. 2004).
The overall and the cancer-free survival rates
were highest in the RF group, and multivariate
analysis determined that tumor size, tumor dif-
ferentiation, and the method of treatment (RF vs
both methods of PEI) were significant factors in

Table 7.4 Randomized studies comparing radiofrequency ablation and percutaneous ethanol injection in the treatment

of early-stage hepatocellular carcinoma

Author and year No. of patients Survival rates (%) P
1-year 2-year 3-year
Lencioni et al. 2003 NS
Radiofrequency ablation 52 100 98 NA
PEI 50 96 88 NA
Lin et al. 2004 <0.052
Radiofrequency ablation 50 90 82 74
Conventional PEI 46 85 61 50
Higher-dose PEI 50 88 63 55

PEJ, percutaneous ethanol injection; NA, not available; NS, not significant
aRadiofrequency ablation vs conventional PEI: P = 0.014, radiofrequency ablation vs higher-dose PEI: P = 0.02
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relation to local tumor progression, overall sur-
vival, and cancer-free survival.

Two studies recently reported the long-term
survival outcomes of RF ablation-treated patients
(Table 7.5). In the first paper, 206 patients with
early-stage HCC who were not candidates for
resection or transplantation were enrolled in a
prospective, intention-to-treat clinical trial (Len-
cioni et al. 2005a). RF ablation was considered
as the first-line nonsurgical treatment and was
actually performed in 187 (91%) of 206 patients.
Nineteen (9%) of 206 patients had to be excluded
from RF treatment because of the unfavorable
location of the tumor. In patients who under-
went RF ablation, survival depended on the se-
verity of the underlying cirrhosis and the tumor
multiplicity. Patients in Child class A had 3- and
5-year survival rates of 76% and 51%, respec-
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tively, while those in Child class B had 3- and 5-
year survival rates of 46% and 31%, respectively.
In the second study, 319 patients received RFA
as primary treatment (naive patients) and 345
patients received RFA for recurrent tumor after
previous treatment including resection, PEI, mi-
crowave ablation, and transarterial embolization
(Tateishi et al. 2005). The cumulative survival
rates at 3 and 5 years were 78% and 54%, respec-
tively, for naive patients; and 62% and 38%, re-
spectively, for nonnaive patients. Of interest, in a
comparative study of RF ablation vs surgical re-
section in patients with a Child-Pugh score of 5
and a single HCC less than 4 cm in diameter, no
differences in overall survival rates and cumula-
tive recurrence-free survival rates were observed,
despite a higher rate of local recurrence in the RF
group (Hong et al. 2005).

Table 7.5 Studies reporting long-term survival outcomes of patients with early-stage hepatocellular carcinoma who

underwent percutaneous radiofrequency ablation

Author and year

Lencioni et al. 2005°
Child A, 1 HCC <5cmor 3 <3 cm 144
Child B, 1 HCC <5 cmor 3 <3 cm 43
Tateishi et al. 2005
Naive patients® 319

Nonnaive patients® 345

HCC, hepatocellular carcinoma

No. of patients Survival rates (%)

1-year 3-year 5-year
100 76 51

89 46 31

95 78 54

92 62 38

Patients who received radiofrequency ablation as primary treatment
b Patients who received radiofrequency ablation for recurrent tumor after previous treatment
including resection, ethanol injection, microwave ablation, and transarterial embolization

Table 7.6 Studies reporting long-term survival outcomes of patients with colorectal hepatic metastases who underwent

percutaneous radiofrequency ablation

Author and year

Solbiati et al. 2001 117
Lencioni et al., 2004a 423
Gillams et al. 2004 73

NA, not available

No. of patients Survival rates (%)

1-year 3-year 5-year
93 46 NA

86 47 24

99 58 30
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Despite the many published reports, some
questions remain unanswered. Some authors
have reported that RF ablation may be a safe and
effective bridge to liver transplantation (Fontana
et al. 2002; Wong et al. 2004). However, random-
ized studies would be needed to determine ad-
vantages and disadvantages of RF ablation with
respect to transcatheter arterial chemoemboliza-
tion for HCC patients awaiting transplantation.
Recent studies have reported encouraging initial
results in the treatment of large HCC lesions
with a combination of RF ablation and balloon
catheter occlusion of the tumor arterial supply
or prior transcatheter arterial chemobolization
(Yamasaki et al. 2002; Kitamoto et al. 2003; Len-
cioni et al. 2005b). However, further clinical tri-
als are warranted to determine the survival im-
pact of this approach.

7.4.1.2 Treatment
of Hepatic Metastases

Many studies have investigated the use of RF
ablation in the treatment of limited hepatic
metastatic disease in patients who were excluded
from surgery. Two early studies reported rates of
complete response that did not exceed 60%-70%
(Solbiati et al. 1997; Lencioni et al. 1998). Subse-
quently, owing to the advances in the RF tech-
nique, reported rates of successful local tumor
control following RF treatment substantially in-
creased. In two series, RF ablation allowed eradi-
cation of 91% of 100 metastases and 97% of 74
metastases (De Baere et al. 2000; Helmberger et
al. 2001). Recently, data on long-term survival of
nonsurgical patients with hepatic colorectal me-
tastases who underwent RF ablation have been
reported (Table 7.6). In particular, in two series
including patients with five or fewer lesions, each
5 cm or less in diameter, the 5-year survival rate
ranged from 24% to 30% at 5 years (Lencioni et
al. 2004b; Gillams and Lees 2004). These figures
are substantially higher than those obtained with
any chemotherapy regimens and provide indirect
evidence that RF ablation therapy improves sur-
vival in patients with limited hepatic metastatic
disease.

Recent studies analyzed the role of RF abla-
tion with respect to surgical resection. In one
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study, 418 patients with colorectal metastases
isolated to the liver were treated with hepatic re-
section, RF ablation plus resection, RF ablation
only, or chemotherapy only. Overall survival for
patients treated with RF ablation plus resection
or RF ablation only was greater than for those
who received chemotherapy only. However,
overall survival was highest after resection: 4-
year survival rates after resection, RF ablation
plus resection, and RF ablation only were 65%,
36%, and 22%, respectively (Abdalla et al. 2004).
In another paper, the outcome of patients with
solitary colorectal liver metastasis treated by
surgery or by RF ablation did not differ: the sur-
vival rate at 3 years was 55% for patients treated
with surgery and 52% for those who underwent
RF ablation (Oshowo et al. 2003). Other authors
used RF ablation instead of repeated resection
for the treatment of liver tumor recurrence after
partial hepatectomy (Elias et al. 2002). The po-
tential role of performing RF ablation during the
interval between diagnosis and resection as part
of a “test-of-time” management approach was
investigated (Livraghi et al. 2003a). Eighty-eight
consecutive patients with colorectal liver metas-
tases who were potential candidates for surgery
were treated with RF ablation. Among the 53
patients in whom complete tumor ablation was
achieved after RF treatment, 98% were spared
surgical resection because they remained free
of disease or because they developed additional
metastases leading to unresectability. No patient
in whom RF treatment did not achieve complete
tumor ablation became unresectable due to the
growth of the treated metastases.

7.4.1.3 Complications

Recently, three separate multicenter surveys
have reported acceptable morbidity and mortal-
ity rates for a minimally invasive technique. The
mortality rate ranged from 0.1% to 0.5%, the ma-
jor complication rate ranged from 2.2% to 3.1%,
and the minor complication rate ranged from
5% to 8.9% (Rhim et al. 2005). The most com-
mon causes of death were sepsis, hepatic failure,
colon perforation, and portal vein thrombosis,
while the most common complications were in-
traperitoneal bleeding, hepatic abscess, bile duct
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injury, hepatic decompensation, and grounding
pad burns (Livraghi et al. 2003b; De Baere et al.
2003; Bleicher et al. 2003). Minor complications
and side effects were usually transient and self-
limiting. An uncommon late complication of RF
ablation can be tumor seeding along the needle
track. In patients with HCC, tumor seeding oc-
curred in eight (0.5%) of 1610 cases in a multi-
center survey (Livraghi et al. 2003b) and in one
(0.5%) of 187 cases in a single-institution series
(Lencioni et al. 2005a). Lesions with subcapsu-
lar location and an invasive tumoral pattern, as
shown by a poor differentiation degree, seem to
be at higher risk for such a complication (Llovet
et al. 2001). While these data indicate that RF ab-
lation is a relatively safe procedure, a careful as-
sessment of the risks and benefits associated with
the treatment must be made in each individual
patient by a multidisciplinary team.

7.4.2  Microwave Ablation

“Microwave ablation” is the term used for all
electromagnetic methods of inducing tumor
destruction by using devices with frequencies
greater than or equal to 900 kHz. The passage
of microwaves into cells or other materials con-
taining water results in the rotation of individual
molecules. This rapid molecular rotation gener-
ates and uniformly distributes heat, which is in-
stantaneous and continuous until the radiation is
stopped. Microwave irradiation creates an abla-
tion area around the needle in a column or round
shape, depending on the type of needle used and
the generating power (Lu et al. 2001).

Most clinical studies of microwave ablation
investigated the usefulness of the technique in
the treatment of HCC. The local effect of treat-
ment was assessed in explanted livers by exam-
ining the histological changes of the tumor after
microwave ablation. In one study, 89% of 18
small tumors were ablated completely (Yama-
shiki et al. 2003). Coagulative necrosis with
faded nuclei and eosinophilic cytoplasm were
the predominant findings in the ablated areas.
There were also areas in which the tumors main-
tained their native morphological features as if
the area were fixed, but their cellular activity was
destroyed, as demonstrated by succinic dehydro-
genase stain. One study compared microwave
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ablation and PEI in a retrospective evaluation
of 90 patients with small HCC (Seki et al. 1999).
The overall 5-year survival rates for patients with
well-differentiated HCC treated with microwave
ablation and PEI were not significantly different.
However, among the patients with moderately or
poorly differentiated HCC, overall survival with
microwave ablation was significantly better than
with PEL In a large series including 234 patients,
the 3- and 5-year survival rates were 73% and
57%, respectively (Dong et al. 2003). At a multi-
variate analysis, tumor size, number of nodules,
and Child-Pugh classification had a significant
effect on survival (Liang et al. 2005). Only one
randomized trial compared the effectiveness
of microwave ablation with that of RF abla-
tion (Shibata et al. 2002). Seventy-two patients
with 94 HCC nodules were randomly assigned
to RF ablation and microwave ablation groups.
Unfortunately, in this study the data were ana-
lyzed with respect to lesions and not to patients.
Although no statistically significant differences
were observed with respect to the efficacy of the
two procedures, a tendency favoring RF ablation
was recognized with respect to local recurrences
and complications rates.

Limited data have been reported thus far
concerning the use of microwave ablation in the
treatment of hepatic metastases. In one study, 30
patients with multiple metastatic colorectal tu-
mors in the liver who were potentially amenable
to hepatic resection were randomly assigned to
treatment with microwave coagulation (14 pa-
tients) or hepatectomy (16 patients). One- and
3-year survival rates and mean survival times
were 71%, 14%, and 27 months, respectively, in
the microwave group, whereas they were 69%,
23%, and 25 months, respectively, in the hepa-
tectomy group (Shibata et al. 2000). The differ-
ence between these two groups was statistically
not significant. Other authors have reported ini-
tial promising results in the treatment of hepatic
metastases from other primary sites (Liang et al.
2003; Abe et al. 2005).

7.4.3 Laser Ablation

The term “laser ablation” should be used for ab-
lation with light energy applied via fibers directly
inserted into the tissue. A great variety of laser
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sources and wavelengths are available. In addi-
tion, different types of laser fibers, modified tips,
and single or multiple laser applicators can be
used. From a single, bare 400-um laser fiber, a
spherical volume of coagulative necrosis up to
2 cm in diameter can be produced. Use of higher
power results in charring and vaporization
around the fiber tip. Two methods have been de-
veloped for producing larger volumes of necro-
sis. The first consists of firing multiple bare fibers
arrayed at 2-cm spacing throughout a target le-
sion, while the second uses cooled-tip diffuser
fibers that can deposit up to 30 W over a large
surface area, thus diminishing local overheating
(Vogl et al. 1995).

To date, few data are available concerning the
clinical efficacy of laser ablation. No random-
ized trials to compare laser ablation with any
other treatment have been published thus far. In
one study including 74 patients with early-stage
HCC, overall survival rates were 68% at 3 years
and 15% at 5 years, respectively (Pacella et al.
2001). Two single-institution series of patients
with liver metastases from colorectal cancer
who underwent laser ablation reported 5-year
survival rates ranging from 4% to 37%, likely re-
flecting differences in equipment and inclusion
criteria (Christophi et al. 2004; Vogl et al. 2004).
Laser ablation appears to be relatively safe, with
a major complication rate less than 2% (Vogl et
al. 2002). The major drawback of current laser
technology appears to be the small volume of ab-
lation that can be created with a single-probe in-
sertion. Insertion of multiple fibers is technically
cumbersome and may not be feasible in lesions
that are not conveniently located. New devices
could overcome this limitation.

7.5 Conclusions

Several percutaneous techniques have been devel-
oped to treat nonsurgical patients with liver ma-
lignancies. These minimally invasive procedures
can achieve effective and reproducible tumor de-
struction with acceptable morbidity. Percutane-
ous ablation is accepted as the best therapeutic
choice for patients with early-stage HCC when
resection or transplantation are precluded. PEI is
the seminal technique for local ablation of HCC,
and may achieve a 5-year survival rate of 50%
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in selected Child A patients. RF ablation consti-
tutes the most assessed alternative technique. On
the basis of the identified evidence, RF ablation
seems to reach higher cumulative survival and
recurrence-free survival rates compared with
PEL RF ablation has also become a viable treat-
ment method for patients with limited hepatic
metastatic disease from colorectal cancer who
are not eligible for surgical resection. Further tri-
als are needed to establish the clinical efficacy of
the other percutaneous treatments. An appropri-
ate use of percutaneous ablation techniques can
only be done when the therapeutic strategy is de-
cided by a multidisciplinary team and is tailored
to the individual patient and to the features of
the disease.
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8.1 Introduction
Lung cancer is the leading cause of cancer deaths
in both men and women, causing more deaths
than breast, prostate, and colorectal cancer com-
bined. Eighty percent are non-small-cell lung
cancer (NSCLC) and less than 20% of these pa-
tients can have a curative resection [1]. Pulmo-
nary metastases are identified in up to 40% of
patients dying of malignant tumors and can rep-
resent the only site of distant disease [2].
Resection of non-small-cell primary lung
cancer and metastases from several extrapul-
monary primary tumors (e.g., colorectal cancer,
endocrine tumors, renal cell carcinoma, leio-
myosarcoma, ENT tumors) has been shown to
be much more effective in terms of survival than
medical treatment alone [3].

Open thoracic surgery is a major invasive
procedure performed under general anesthesia
and associated with considerable morbidity and
need for inpatient care [4].

8.2 Local

Tumor Destruction

Methods for the local ablation modalities include
the application of heat (radiofrequency ablation
[RFA], laser-induced thermotherapy [LITT], mi-
crowave coagulation, and high-intensity focused
ultrasound [HIFU]), cold (cryotherapy), ionizing
irradiation (external, internal), photodynamic
therapy, and electrochemotherapy. Some meth-
ods such as RFA and LITT within the hyperther-
mia modalities have been used more extensively

than the other methods listed. Radiofrequency
ablation is an evolving minimally invasive pro-
cedure for local control of unresectable primary
and secondary pulmonary tumors [5-7]. The ap-
proach is percutaneous, under CT guidance.

8.3 Indications for Lung
Radiofrequency

Ablation

The indications for local destruction of lung tu-
mor are similar to those established for resec-
tion, although with some modifications. It is
usually felt that the number of lesions per hemi-
thorax should not be more than six and that the
largest lesion diameter should be less than 5 cm.
Most authors think that the treatment should
be offered only to patients with no evident ex-
trapulmonary disease. Ideally tumors should be
smaller than 3.5 cm in diameter and completely
surrounded by nontumorous lung. Tumors abut-
ting the pleura can be treated efficiently, but this
is associated with increased pain during and af-
ter treatment.

The surgical trauma may contribute to re-
currence, growth of metastases, and metastatic
spread. These unwanted consequences of surgery
depend on factors such as immunosuppression
[8], shedding of tumor cells into the wounded
area, and the circulation [9] and the production
and release of growth factors for wound healing,
which influence tumor cell adhesion and growth
[10]. The potential advantages of local tumor de-
struction methods might include selective dam-
age which leads to less immunosuppression and
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release of less growth factor, minimal treatment
morbidity and mortality, less breathing impair-
ment in patients with borderline lung function
by sparing healthy lung tissue, repeatability, fairly
low costs, excellent imaging during the procedure
and for follow-up, and finally the gain in quality
of life with less pain, much shorter hospitaliza-
tion times, with the interventions performed on
an outpatient basis or with overnight stays.
Following hyperthermic treatment, there
are a number of events inducing favorable im-
munological effects, such as heat shock protein
expression (HSP) within tumors [11], increased
expression of cancer antigens [12], and increased
lymphocyte adhesion to endothelial cells [13].

8.4 Technique
of Radiofrequency
Ablation of Lung

Tumors

Five RF devices are currently available (Fig. 8.1a-
e). The systems from RITA Medical Systems
(Mountain View, CA, USA) (a) and Radiothera-
peutics (Boston Scientific) (b) use deployable
tines that expand into the tumor after an outer
trocar is positioned at the tumor edge or in the
tumor.

The Radionics device has different sizes of ac-
tive (uninsulated) tips to create different ablation
sizes. The system requires a pump that perfuses
chilled saline through the hollow ports inside
the needle in a closed system. The BERCHTOLD
system infuses normal saline to increase the ab-
lation area. The Celon-device (Celon AG, Tetlow,
Germany) (e) is so far the only bipolar needle
available.

Each monopolar device consists of an electri-
cal generator, needle electrode, and grounding
pad(s). The systems vary in the amount of gen-
erator power (50-250 W), generator cost (US
$12000-$30000), use of electrode chilling, size
and configuration of electrodes, electrode cost
(US $500-$1800), use of infusion, infusion me-
dia, parameters monitored, algorithm used, and
the amount of operator input. All electrodes are
currently nonreusable.

K. Steinke
8.5 Imaging and Real-
Time Monitoring

In contrast to solid organs, lung parenchyma is
not visible on ultrasound. Computed tomogra-
phy (CT) and positron emission tomography
(PET) for preoperative imaging, CT and mag-
netic resonance imaging (MRI) for intraoperative
monitoring, and CT, PET, and MRI for follow-
up are the imaging techniques in use. Although
CT is not ideal for real-time monitoring because
definitive thermal tissue changes are not visible
within 24 h, a reproducible ovoid pulmonary
opacification (ground-glass attenuation) can
bee seen around the adequately ablated lesion,
which is equivalent to the heat-damaged area
and is sharply demarcated from the surrounding
healthy tissue. Accordingly, technical success can
be defined as the emergence of the surrounding
ground-glass attenuation on a CT scan immedi-
ately after RF ablation [14].

MRI appears to be the ideal tool for tempera-
ture mapping. A particular advantage of MRI for
guiding thermal procedures is that it not only
allows temperature mapping but can be used
as well for target definition, and it may provide
an early evaluation of therapeutic efficacy [15].
However, availability is low and costs are high.

Fluorine 18 fluorodeoxyglucose (FDG), an
analog of glucose, accumulates in most tumors
in a greater amount than it does in normal tissue.
FDG PET is being used in diagnosis and follow-
up of several malignancies, lung cancer above all
[16]. CT scanners are now being combined with
PET scanners. The combined PET/CT devices
offer several potential advantages over the PET
scanner alone: better quality PET images because
of the more accurate correction for attenuation
provided by CT, automatic registration of CT
(anatomic) and PET (metabolic) information,
and shorter imaging times.

8.6  Procedure

Patients are selected in a joint tumor board. Pa-
tients amenable for RFA treatment are judged
not suitable for surgery because of the site and
distribution of their lung tumors or because of
their limited cardiorespiratory function. Occa-
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Fig. 8.1a-e Current devices for RFA of lung tumors
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Fig. 8.2 CT suite with ongoing lung RFA

sional refusal of the patient to undergo major
surgery despite qualification for it, opting for the
less invasive alternative, does occur.

Bilateral metastases are treated, but for safety
reasons only one lung at a time should be ab-
lated.

In lesions greater than 3 cm in largest diam-
eter overlapping ablations are required. Our ex-
clusion criteria were and are an uncorrectable
coagulopathy and more than six metastases per
hemithorax.

The patients informed consent is manda-
tory. The data reported in this chapter refers to
radiofrequency ablations with the monopolar
deployable RITA StarBurst XL electrode, which
creates ablations up to 5cm in diameter. This
device has nine active electrodes (five with ther-
mocouples), and an active trocar tip. Electrodes
are well distributed, for a “space-filling” globe
design, with one electrode straight along the axis
of the probe, four curved electrodes around the
“equator” and the remaining four curved elec-

trodes along the “northern hemisphere” [5].
The thermocouples are located in the tip of the
straight electrode plus in four of the electrodes
around the equator. These thermocouples are
used to provide temperature feedback for moni-
toring, ablation control and tissue temperature
after ablation.

Data from the generator (power, impedance,
temperature, time, etc.) can be collected and
graphically displayed on a computer.

Patients are provided with an intravenous ac-
cess. The patient is positioned on the CT table ac-
cording to the location of the lesion(s) (Fig.8.2).
Mindful that the ablation procedure takes at least
15 min per lesion at target temperature, the pa-
tient should be positioned as comfortably as pos-
sible, preferably supine or prone. Patient blood
pressure, pulse rate, and blood oxygen satura-
tion via a pulse oximeter are monitored and re-
corded.

To lessen the risk of skin burns, the ground-
ing pads should be positioned far away from the
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thorax. When procedures where a large amount
of RF energy is delivered to the patient, repeated
checking of the grounding pad temperature is
advisable to avoid skin burns.

The intervention is performed under sterile
conditions with the patient draped and prepped
as usual.

The tissue down to the pleura is anesthetized
with local anesthetic. Sedation/analgesia gener-
ally consists of conscious sedation - usually the
combination of sedatives and analgetics the de-
partment is familiar with — that can be given and
increased on demand.

Publications on liver RFA and the data from
a world survey on lung RFA advocate analgose-
dation as the sedation of choice in the routine
setting. We use conscious sedation, managed by
a qualified nurse with radiologist supervision
with no adverse event to date. Very occasional
agitation despite (or due to) profound sedation
is sometimes observed, usually not requiring any
special intervention. Not having to depend on
anesthetic service allows greater flexibility in RF
procedures/CT room management and is cost-
effective. We presume that general anesthesia
could be necessary in procedures that are long or
painful, with either broad pleural contact of the
tumor or where the patient is likely to be agitated
or to move. Prophylactic intravenous antibiotics
should be administered.

Because of the CT gantry limiting space, it is
possible to use only 10-cm and 15-cm probes,
with the 25-cm probes mostly used for laparo-
scopic treatments. The electrode is positioned
under CT guidance; CT fluoroscopy is preferred.
Guidance without fluoroscopy is more compli-
cated and thus less precise due to the breath-
ing-related motion. With CT fluoroscopy, the
radiation exposure for the patient is decreased
because the electrodes are placed in the tumor
more quickly with real-time visual control [17].
Clinicians performing the procedure can mini-
mize their radiation exposure by using a tool
such as an artery clamp to grasp and move the
device during scanning.

Similar to diagnostic biopsies, the radiolo-
gist should chose the access site least likely to
damage vessels or nerves, minimizing pleural
crossing and allowing for a minimum depth of
the electrode inside the thoracic cage to reduce

m

displacement due to breathing, motion, or gen-
erator cable weight.

Once the needle tip is in the right place, the
tines are deployed to a 2-cm array and the probe
is connected to the generator. One should be
alert of the risk of “push back,” in that instead
of forwarding the electrodes from the device’s
trocar and into the tumor, the trocar is pushed
backward, exposing the electrodes proximal to
the tumor and not penetrating the tumor, as in-
tended.

The protocol we use recommends a power
setting at 50 W, adjustable to 200 W, and a tem-
perature setting at 90°C. The aim is a gradual
heating leading to coagulation necrosis. We at-
tempt to avoid charring with subsequent loss of
heat dissipation by starting with a lower power
setting. A thermal lesion of coagulation necro-
sis encompasses the tumor and a 5-10 mm sur-
rounding safety margin of normal healthy tissue
(Fig. 8.3a-e).

The ideal size of the lesion should be less than
3 cm in biggest diameter and thus treatable with
a single ablation. The ideal shape of the lesion is
spherical. In lesions larger than 3 cm, overlap-
ping ablations are required.

Intermittent radiological confirmation of the
position of the probe should be performed, es-
pecially after changing deployment size or if the
patient has moved significantly. When the av-
erage temperature has been maintained for the
required duration, the generator automatically
switches off. The electrodes are retracted into the
trocar. To reduce the risk of tumor seeding and
lessen the risk of hemorrhage while retracting
the probe, track ablation is performed by turning
down the output, while drawing the needle out
slowly to thoroughly coagulate the tissue around
the track.

8.7 Patient Follow-Up

Depending on the depth of analgosedation, the
patient should be monitored up to 4 h after the
procedure and continuously monitored for pulse,
blood pressure, and blood oxygen saturation. An
erect chest X-ray 4 h after the procedure and an-
other one before discharge should be routinely
performed and assessed for pneumothorax and
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Fig. 8.3 a Axial CT prone position,
lung window. Two metastases in
the right lower lobe (RLL). b Start
of RFA of medial metastasis; ¢ end
of RFA medial metastasis, ovoid
opacification surrounding the ac-
tive needle region, consistent with
ablation area; d cavitation of abla-
tion area; e end of RFA session with
demarcation of both ablation areas
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pleural effusion. A hemorrhage not visible dur-
ing the procedure is very unlikely to occur there-
after.

Chest CT follow-ups at 1 month, then at 3-
month intervals after ablation within the 1st year
followed by 6-month intervals thereafter is one
of the common follow-up schemes.

The size of the ablated lesions and their con-
trast uptake is assessed. In technically successful
ablations, our experience has shown an initial
increase in size compared to the pretreatment le-
sion, as the ablation area not only encompasses
the lesion, but also a surrounding safety margin.
This is followed by a gradual involution of the
ablation area [18]. Residual scars are the rule and
they are usually permanent (Fig. 8.4).

The 1-month follow-up CT scan measurement
is obtained as a post-RF reference measurement
with any further increase in size or in attenuation
suspicious of recurrence.

PET is also a very good and sensitive proce-
dure for follow-up [19] of ablated primary lung
cancer and many tumors of metastatic origin
[20], providing a better discrimination between
residual granulation tissue and recurrent tumor.

8.8 Complications

The combination of a hard tumor in soft lung
sometimes can make tumor penetration difficult.
If a hard tumor bounces away from the electrode,
it is advisable to attempt to deploy the tines by
2-3 mm and then spike the lesion with the lead-
ing tip of the straight electrode (Fig. 8.5) before a
further approach at transfixing the tumor from
another access site.

Repositioning and multiple attempts to trans-
fix the tumor are likely to lead to hemorrhage
and moderately large pneumothoraces (Fig. 8.6).
Should a pneumothorax occur with subsequent
retraction of the targeted lesion, a chest drain

Fig.8.4 a Post-RFA of 1.2-cm metastasis in the right
upper lobe (RUL) with ovoid opacification around the
probe; b 1 week after RFA with opacification measuring
3.0 x 3.5 cm; ¢ 3 months after RFA, opacification measur-
ing 1.5 x 1.5 cm, but less dense than before; d 6 months
after RFA, opacification measuring 1.4 x 1.3 cm, opacifi-
cation size unchanged but looking shrunken; e 12 months
after RFA, residual scar
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can be inserted into the sedated patient. Upon
re-expansion of the lung, the ablation can still be
successfully continued.

A major problem is desiccated tissue that ad-
heres to the electrode and forms an electrically
insulating coating, resulting in charring, which
can prevent the easy withdrawal of the electrodes
into the trocar (Fig. 8.7).

Charring can prevent the intended dissipation
of the heat away from the electrodes, resulting in
a sudden rise in the measured system impedance
(above 500 ohms) and a corresponding decrease
in the delivered power. This can result in the gen-
erator automatically switching off [21]. Pausing
the RF for 30-60 s to allow conductive body flu-
ids to rehydrate the tissue or retracting and re-
deploying the electrodes to “clean” the adherent
charred tissue from the electrodes may allow an
electrical connection to be reestablished. Force-
ful withdrawal of the device could cause tissue
injury along the probe track [22].

After the procedure, most patients experience
some pain, usually pleuritic in type, which is
typically treated with nonopioid analgesics. Al-
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though less than 5% of patients require stronger
pain medication, it is advisable to be liberal with
analgesia, allowing deep respiration and prevent-
ing possible superinfection of the treated, subop-
timally aerated lung portion. Fever, with slightly
raised temperatures (<39 °C) is often observed in
patients for up to 1 week after ablation. Patients
may also develop pneumonia/abscess formation,
but there usually will be symptoms in addition to
the raised temperature, such as chills and severe
coughing.

K. Steinke

Fig. 8.5 Slightly deployed tines
with thin central electrode along
probe axis

Fig. 8.6 Large basal pneumo-
thorax at RFA, increased during
ablation procedure

Sympathetic pleural effusion to an amount
that does not require tapping is often seen on the
upright postablation chest X-ray with oblitera-
tion of the ipsilateral posterior and lateral costo-
phrenic angle. Symptomatic effusions requiring
tapping occur in less than 5% of the procedures,
usually after multiple ablations, and are often
hemorrhagic.

Pneumothorax occurs fairly commonly, ap-
proximately one-third of the patients with met-
astatic lung disease of extrapulmonary origin
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and half of the patients with primary lung can-
cer (not abutting the pleural surface) develop a
pneumothorax during the ablation procedure.
Pneumothorax occurs more often with multiple
procedures. According to our data in patients
who developed a pneumothorax, an average of
2.6 lesions were treated compared with 1.4 le-
sions treated in those without pneumothorax
[18]. Roughly one-third of the pneumothoraces
require chest tubes.

Cavitation within the ablated area is a fre-
quent observation within the 1st week after abla-
tion, seen in one-fifth of the tumors treated, fre-
quently seen when the size of the lesion at 1 week
after treatment exceeds the size of the pretreat-
ment lesion by 200% or more [18]. Cavitations
usually resolve spontaneously over the first few
weeks, occasional access to adjacent bronchi
with coughing up of desiccated tissue and su-
perinfection with abscess formation does occur
(Fig. 8.8a—c).

17

Fig. 8.7 Charred lung tissue stick-
ing to the electrodes

Hemorrhage is a known complication in lung
RFA, and results from the positioning of the de-
vice, as seen in lung biopsies, rather than from
the ablative procedure. Intraparenchymal hem-
orrhage is usually mild, self-limiting, and of little
clinical significance, but it is a complication to be
aware of. The more centrally the lesion is located
and the larger the adjacent vessels are, the higher
the likelihood of a substantial hemorrhage. De-
spite a hemorrhage — provided the patient shows
no signs of distress — it is advisable to continue
the ablative procedure if the tumor has not been
masked by the hemorrhage, as the ablative heat
often cauterizes the leaking vessel.

Severe second- and third-degree burns
(Fig. 8.9) at the grounding pad site have been re-
ported, both after open liver RFA and after percu-
taneous liver RFA [23]. All dispersive pads were
believed to having been placed correctly; at the
end of the ablation procedures, none of the pads
had been noticed as having been improperly at-
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1 Distance: 4.39 cs :

2 Distance: 3.49 cm

3 Min/Max: -20 /5

7 MEANEL 26%

4 Mean/SD: 50.

Fig. 8.8 a Paramediastinal NSCLC
in the left upper lobe (LUL); b RFA;
c large abscess within ablation area
1 month after ablation
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tached to the skin. In our opinion and according
to our experience, the complication of pad burns
seems to be underestimated, in particular the
rate of mild skin irritations seems to get lost to
the follow-up, as patients are usually discharged
the same day or the day after the (percutaneous)
procedure, and they probably do not consider it
worth mentioning.

The orientation of the dispersive pads was
shown by Goldberg et al. to be an important fac-
tor in the maximum temperature that is reached
in the skin at the pad site [24]. The leading edge
is the site of maximum power concentration and
therefore the side of the pad with the largest edge
should face the active electrode. Skin preparation
with shaving of the area the pads are to be placed
on and properly cleaning the skin are essential
to avoid poor contact. The position of the single
pad, as in diathermy, is not very important ex-
cept to say that it should not be placed over bony
prominence or scars. The placement of multiple
pads requires greater attention in that the level
and the distance of the pads relative to each other
and to the active electrode should be similar to
avoid the current returning through the closest
pad and therefore resulting in overly high cur-
rent density and burns.

8.9 Clinical Outcome

Surgical resection of lung metastases is an es-
tablished therapy for a large number of primary
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Fig. 8.9 Third-degree skin burns
at the grounding pad site on both
thighs seen 1 week after a pro-
longed RFA session

tumors, but there is some controversy about
prognostic factors for long-term survival. The
long-term results and prognostic analysis based
on 5206 cases of the International Registry of
Lung Metastases showed that complete resec-
tion is the principal prognostic index with an
actuarial survival after complete metastasec-
tomy of 36% at 5 years, 26% at 10 years and 22%
at 15 years [25]. Lung cancer is the commonest
cause of cancer death in both sexes worldwide,
with most often advanced and incurable disease
at time of diagnosis. Based on current projected
smoking patterns, it is anticipated that lung can-
cer will remain the leading cause of cancer death
in the world for the coming decades.

In primary lung cancer less than one-fifth
of the patients are amenable for curative resec-
tion. A considerable proportion of these patients
suffers from cardiopulmonary co-morbidities,
which constitute a significant risk both for the
surgery itself and for the recovery period due to
critical residual lung volume to maintain proper
function. Since 1999/2000, well over 1000 pa-
tients worldwide have been radiofrequency ab-
lated for their lung tumors. There is no published
data available on prognostic factors for lung RFA,
partly because this treatment modality is very
new and there are not sufficiently long follow-
up periods to date, partly because of the inho-
mogeneous inclusion criteria, different ablation
devices, different ablation protocols, and the lack
of standardization of terminology and reporting
criteria [26].
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The type of resection does not seem to sig-
nificantly affect survival according to a study on
85 patients who underwent pulmonary metasta-
sectomy by either conventional resections with
diathermy dissection or stapler suture lines, lo-
bectomy or laser ablation with an Nd:YAG laser
[27].

Even sequential metastasectomies seem to
have a favorable outcome. Multiple attempts to
reestablish intrathoracic control of metastatic
disease seems to be justified in carefully selected
patients, but the magnitude of benefit is reported
to decline with each subsequent attempt [28].

Lung RFA has been so far mainly applied to
unresectable tumors and mostly in a palliative
approach. Outcomes therefore cannot be com-
pared to surgery, as there is a significant bias
in patient inclusion criteria and thus in life ex-
pectancy. Prospective randomized trials are not
available. Histological proof of completeness of
tissue heat destruction through percutaneous
lung RFA has been given [29] and confirmed by
several short-term follow-up studies [30-32].

Current data suggest that RFA is most suit-
able for tumors less than 4 cm in largest diameter
and is better for peripheral rather than centrally
based nodules. Additionally, studies of RFA fol-
lowed by resection have demonstrated a learn-
ing-curve effect with improved tumor kill in the
later cases performed in these series [33].

It cannot yet be claimed that percutaneous
RFA will have equivalent results to resection.
The aim of this treatment modality is, however,
to achieve complete local tumor ablation without
the additional factors and complications inher-
ent with a surgical procedure: general anesthe-
sia, chest tube drainage, longer hospital stay, and
substantial loss of healthy pulmonary tissue.

Radiofrequency ablation is a good option for
those patients who are believed to be at increased
risk for resection or who refuse resection, when
operation would otherwise be the appropriate
therapy.

The evaluation of standardized quality-of-
life questionnaires for lung RFA showed that the
procedure is associated with a minor decrease in
quality of life at 1 month, which had returned to
baseline at 3 months [34].

K. Steinke
8.10 Outlook

If long-term results should parallel those of liver
RFA treatment, lung RFA might also be a new
alternative to lung surgery or radiation. The well-
established data on survival after pulmonary sur-
gery makes us confident enough to state that if
we are able to completely ablate lung tumors by
RFA we can achieve comparable survival rates to
surgical tumor removal. Lower morbidity and
mortality, as well as a better quality of life accom-
pany this treatment, with the possibility of treat-
ing patients on an overnight or even outpatient
base.

Bipolar electrodes currently under develop-
ment will enable faster and safer ablations. Addit-
ionally, RFA can be used for local control of pe-
ripheral tumors in patients with more advanced
cancers in combination with other therapies,
such as radiation or chemotherapy.
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9.1 Introduction

During 2004, the American Cancer Society re-
ported 35710 new cases and estimated 12480
deaths from renal cancer [1]. While historically
renal cell carcinoma (RCC) was detected by
flank pain and hematuria, the development of
imaging techniques such as ultrasound (US) and
computed tomography (CT) led to an increased
detection rate of small renal tumors [2]. Further
advances in cross-sectional imaging with in-
troduction of multislice spiral CT (MSCT) and
high-field magnetic resonance (MR) imaging in
clinical routine and the more widespread avail-
ability of cross-sectional imaging have resulted in
even earlier tumor detection. About two-thirds
of all RCCs are now discovered incidentally [3].
However, the differentiation of small renal tu-
mors remains difficult [4]. The natural history of
renal tumors is variable but histological tumor
type and tumor stage are important prognos-
tic factors, with a survival advantage attributed
to smaller tumors [5, 6]. Moreover, tumors less
than 4 cm in diameter rarely metastasize.

The traditional treatment of RCC was open
radical nephrectomy [7]. More frequent detec-
tion of small tumors pushed the development of
less invasive operation techniques such as neph-
ron-sparing partial nephrectomy via an open or
laparoscopic approach. These techniques were
successfully introduced into clinical routine [8].
The 10-year tumor-free survival rates were greater
than 85% following nephron-sparing surgery [9,
10]. Initially limited to patients with bilateral dis-
ease or solitary kidney, nephron-sparing surgery
is now also used for patients with healthy con-
tralateral kidney [11]. These convincing results

equal nephrectomy and pushed the development
of new therapeutic concepts and the introduction
of even less invasive, energy-based treatment op-
tions. Several of these thermal ablation tech-
niques are now subject to clinical investigation,
including radiofrequency (RF) ablation, cryo-
therapy, laser-induced thermotherapy (LITT),
microwave ablation, and high-intensity focused
ultrasound. Especially image-guided percutane-
ous radiofrequency ablation (RFA) has gained
increasing attention as a minimally invasive
treatment option for focal destruction of solid
tumors. This technique provides several advan-
tages over surgical resection, including reduced
morbidity and the ability to treat poor surgical
candidates. Moreover, in some patients it can be
used as an outpatient therapy.

So far, the greatest attention has been given to
RFA for the treatment of colorectal metastases
to the liver and hepatocellular carcinoma. More
recently, however, the clinical potential of RFA
has greatly expanded. In particular, the kidney
showed significant growth as a target for RFA.
Impelling factors include the improved detection
of RCC and the more extensive availability of RF
systems. These factors led many investigators to
assess the feasibility and efficacy of RFA for renal
tumors. First used in 1997 [12], renal RFA has
become an established treatment modality.

9.2 Experimental

Investigations

Several animal studies have been directed toward
determining the immediate or short-term his-
topathologic changes following RFA of normal
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porcine kidneys or of VX2 tumors implanted
in rabbit kidneys. The animal’s kidney demon-
strated the zone of RFA as a sharply delineated
area [13,14]. On early microscopy, increased
cytoplasmic eosinophilia, loss of cell border in-
tegrity, blurring of nuclear chromatin, and inter-
stitial hemorrhage are visible. By day 3, typical
coagulative necrosis develops. Inflammatory and
fibroblastic changes occur between ablated kid-
ney and the adjacent healthy renal parenchyma.
Nuclear degeneration is complete by day 14 and
necrosis is complete without features of renal pa-
renchyma by day 30. From the center to the pe-
riphery, five different zones are described from
histology: complete necrosis, inflammatory in-
filtrate, hemorrhage, fibrosis, and regeneration
[15]. In rabbits, the renal medulla has been more
sensitive to RFA than the renal cortex [16]. This
is thought to result from the increased ion con-
centration in the medulla with augmentation of
frictional energy and heating.

As induction of necrosis with RFA requires
a temperature above 60°C, well-perfused tissue
such as the renal parenchyma may limit the size
of the necrosis due to a heat sink. This poten-
tial disadvantage of RFA is caused by the cool-
ing effect from the blood flow. Thus the effects
of temporary renal ischemia have been evaluated
in an animal model aiming at an increase of the
lesion size. Immediate postmortem analysis after
transfemoral balloon occlusion of the renal ar-
tery as well as selective embolization using par-
ticles led to a significant increase in lesion size
in the ischemic kidney [17, 18]. Another study
with laparoscopic renal hilar occlusion showed
larger lesion sizes in the ischemic kidneys than
the nonischemic kidneys 2 and 4 weeks after ab-
lation, but the lesion sizes were not significantly
different at 4 weeks [19]. Nevertheless, these re-
sults illustrate the ability to modify the size of ne-
crosis by modulation of the renal perfusion.

9.3 Indication and Technique

So far there is no substantial long-term follow-
up data available on renal RFA. Therefore, a com-
parison with the surgical reference standard of
nephrectomy is not yet possible. Until then, re-
nal RFA remains limited to selected patients. To
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provide all viable treatment options to a patient
and to select the right patients for RFA, close col-
laboration between urologists, oncologist, and
interventional radiologist is essential.

For patients with contraindications for sur-
gery, especially co-morbid conditions or those
patients who refuse open surgery, RFA is a prom-
ising treatment option. Further widely accepted
indications include patients with a solitary kid-
ney, multiple RCCs (Fig. 9.1), von Hippel Lindau
disease, or limited renal function. Some centers
limit treatment with curative intent to patients
with greater than 1 year life expectancy [20]. A
rare palliative indication is treatment of refrac-
tory hematuria [21]. Still, there are no uniform
indications for renal RFA. In selected patients
RFA may be considered an innovative therapy
and even successful ablation of a Wilms tumor
refractory to chemotherapy in a multimorbid
child with a solitary kidney has been reported
[22].

Many investigators limited the RFA to pa-
tients without metastatic disease. Some reports,
however, indicate that isolated foci of metastatic
disease can also be treated successfully with ra-
diofrequency ablation [23, 24]. Further indica-
tions for RFA in RCC also include the palliative
treatment of painful osseous metastases [25].

Several approaches have been reported to ap-
ply RF to the kidney. These include open surgi-
cal exposure, laparoscopic exposure, and an
entirely percutaneous approach. Animal experi-
ments showed no difference in the results using
different approaches to the kidney [15]. In all
techniques, hyperthermal effect on tumor tissue
results in coagulation necrosis, which scars over
time. In order to completely destroy the tumor,
heat must exceed the tumor margin into healthy
renal parenchyma. Although modern RF sys-
tems generate necrosis of 1.6-5cm [26], most
tumors need overlapping ablations, as the tumor
geometry and the shape of the ablation zone of-
ten do not coincide perfectly. In addition, large
tumors need overlapping ablations to achieve a
necrosis large enough to cover the entire tumor
and to avoid remnants of viable tumor tissue in a
treated lesion [27].

While a large area of necrosis is desirable to
completely include the treated lesion, thermal
damaging of the calices and renal pelvis has to be
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Fig.9.1a-d A 74-year-old male patient with renal cell carcinoma and cardiovascular co-morbidity. Multiplanar refor-
mat (MPR) from a preinterventional multislice spiral CT depicts an excentric 2.2-cm tumor at the upper pole of the right
kidney (a). The patient was considered to be at high risk for surgery. The umbrella-shaped RF probe was introduced per-
cutaneously via a dorsal approach (b). CT shows the tumor encompassed by the expanded prongs of the RF probe (c).
One day after RFA, MPR from a contrast-enhanced MSCT shows a hypodense tumor without contrast enhancement,
corresponding to complete tumor necrosis (d). A sufficient safety margin without contrast enhancement is visible

avoided in any case. Therefore, the ideal tumor
for RF ablation is located peripherally with exo-
phytic growth (Fig. 9.2), while centrally located
tumors are considered a relative contraindication

for thermal tumor ablation. However, in selected
cases even centrally located RCCs may be treated
successfully with RFA (Fig. 9.1). Moreover, in
central tumors incomplete coagulation necrosis
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Fig.9.2a-g A 50-year old male patient with
double-sided papillary renal cell carcinoma.
CT depicts a large tumor in the right kidney
that was treated later by nephrectomy and
a smaller central tumor on the left side (a).
The tumor on the left was treated by RFA
with the probe inserted via a mediodorsal ap-
proach (b). Multiplanar reformats from CT
images obtained during the procedure show
RF probe centrally positioned in the tumor
(¢, d). Postinterventional spiral CT including
MPRs shows the wedge-shaped necrosis (e,
f). CT urography excludes injury of the renal
pelvis (g)
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is more likely to occur because of a heat sink ef-
fect caused by large vessels [28]. To avoid dam-
age to neighboring structures such as the colon,
pararenal injection of air, CO2, water, or saline
might be useful [29]. If needed, infusion of cold
saline into the collecting system of the kidney
may also be considered to avoid thermal damage
of the renal pelvis [30]. The presence of a tumor
thrombus is considered a contraindication to re-
nal RFA.

In combination with tumor location and dif-
ferent probe designs, the heat sink effect has to
be considered while planning the ablation pro-
cedure. As known from animal experiments,
modulation of the local blood flow improves the
efficiency of a RFA [17, 19]. Tumor embolization
with coils or particles prior to RFA reduces the
blood flow in the parenchyma adjacent to the
embolized tissue and therefore results in better
and more homogeneous heat distribution. Fur-
thermore, embolization adds a therapeutic effect
on its own. As a consequence, devascularizaion
of hypervascularized renal tumors exceeding a
diameter of 3 cm by embolization seems to be
advantageous, as less energy is required and the
remaining parenchyma will be protected [31-
33]. To achieve optimal efficacy of a combined
procedure, both interventions should be per-
formed within 24 hs.

Unlike open or laparoscopic surgery, thermal
therapy allows no direct visual control of the
critical structures during the intervention. Con-
sequently, an optimal monitoring system (US,
CT, or MRI) is mandatory. While placement of
the probes is possible under US, CT, and MRI
guidance, none of these modalities permits on-
line monitoring of the ablation results. Only MR
temperature mapping can allow for a real-time
assessment of the heat distribution and thus for
real-time monitoring of the intervention’s suc-
cess. However, the technology needed for online
temperature mapping during RFA is not com-
mercially available yet, although the basic prin-
ciple for temperature mapping in radiofrequency
ablation has been described previously. The use
of US during and immediately following the in-
tervention is limited by the formation of micro-
bubbles [34]. As coagulated and necrotic tissue is
not perfused, administration of contrast material
before probe retraction helps estimate the abla-
tion result during CT- or MRI-guided RFA. For
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MRI, this technique allows for differentiation
between treated and untreated renal parenchyma
within a range of 2 mm [35].

RFA of renal masses can be performed with
i.v. analgosedation as an outpatient procedure or,
at most, requires overnight inpatient observation.
In some centers, RFA is performed under gen-
eral anesthesia, which ensures optimal patient
compliance and comfort. It is common practice
to perform biopsy prior to ablation, as biopsy re-
sults may affect subsequent patient management.
The need and frequency of imaging follow-up
may differ based on whether a mass is a histo-
logically proven RCC or a benign tumor such
as oncocytoma or angiomyolipoma [36]. In the
literature, the timing suggested for biopsy varies.
We recommend performing biopsy directly prior
to RFA in order to perform tract ablation after
the procedure and thereby avoid tumor seeding
along the puncture tract, which is a known risk
in biopsy of RCC.

After the intervention, it is important to fol-
low stringent imaging surveillance to detect local
or systemic recurrence. In general, contrast-en-
hanced CT or MRI are recommended for fol-
low-up. Typical imaging findings in successfully
treated renal tumors include a lack of contrast
enhancement, shrinkage, and occasional retrac-
tion from normal parenchyma by fat infiltra-
tion [37]. While the optimal timing of imaging
following RFA remains to be determined, it is
agreed that an early evaluation is needed to as-
sess for residual tumor, as this can be treated
successfully by repeated percutaneous RFA. If no
viable tumor is demonstrated, subsequent scans
are generally performed at 3 months, 6 months,
and every year.

9.4 Results

and Complications

The first case of percutaneous RFA prior to radi-
cal open nephrectomy of an exophytic RCC was
reported by Zlotta et al. in 1997 [12]. Histopath-
ologic evaluation of the operation specimen re-
vealed stromal edema and pyknosis. The zones of
ablation were correctly predicted from the needle
deployment. No viable tumor cells were demon-
strated in the percutaneously treated tumor. In
1999, the first case of RFA as sole treatment for a
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renal tumor with 3 months of follow-up was re-
ported [38]. Since then, the increasing number
of reports on renal RFA outlines the potential of
RFA for minimally invasive treatment of RCC.
In addition, percutaneous radiofrequency abla-
tion proved to be less costly than open or laparo-
scopic partial nephrectomy [39].

A large series with 34 patients with 42 RCCs
undergoing 54 percutaneous RFA treatments
was reported by Gervais et al. in 2003 [28]. The
tumor size ranged from 1.1 to 8.9 cm, with a
mean diameter of 3.2 cm. With a mean follow-
up period of 13.2 months, this study proved RFA
to be effective. Most important, this study firstly
identified relevant factors for success of the abla-
tion procedure. While parenchymal and central
tumors recur more frequently if the diameter
exceeds 3 cm, exophytic tumors can be treated
effectively, even if they are bigger than 3 cm in
diameter. Clinical results of renal RFA are sum-
marized in Table 9.1.

Complications are rare and include hema-
toma, urinoma, infarction, ureteral obstruction,
and cutaneous fistulas [40]. Most of these com-
plications can be treated conservatively. Gervais
et al. reported a complication rate of 7% with
minor complications such as bladder outlet ob-
struction due to hematuria in prostatic hyper-
plasia, ureteral obstruction that required ureteral
stent placement and perirenal hematoma [28].
Unlike hepatic or pulmonary RFA, in renal RF
ablation a single 5-mm cutaneous metastasis
along the puncture tract was reported; it was re-
sected with no complications [41]. This type of
complication, however, can be avoided by co-
agulation of the puncture tract during RF probe
withdrawal. When compared to other thermal
ablation techniques, the ability to avoid tract
bleeding and tumor seeding by coagulating the
puncture channel is an important advantage of
RFA. Consequently, the risk of bleeding compli-
cations is low. Furthermore, animal experiments
indicate an influence of tumor location on com-
plication rate, with central tumors being prone
to major complications, including renal artery
injury [42].

Some investigators raised concern regarding
the efficiency of renal RF ablation with respect to
complete tumor necrosis. On histology, Michaels
et al. found viable tumor in all but one specimen
of the tumors included in this study [43]. Ren-
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don et al. found viable residual tumor in four
of five tumors undergoing partial or radical ne-
phrectomy immediately after RFA and in three
of five tumors undergoing nephrectomy 1 week
after RFA [44]. Walther et al. reported one tu-
mor with residual viable cells in 11 RCCs treated
with RFA prior to surgical resection, whereas the
remaining ten tumors were completely necrotic
[45]. These observations have to be taken seri-
ously, but there are methodological problems
with some of the studies. Michaels’s study group
omitted overlapping ablations and did not cor-
relate the results with imaging findings. Rendon
et al. based their conclusions on viability solely
on hematoxylin and eosin staining instead of the
required reference standard of NADHase stains.
As a consequence, these studies are contradicted
by the results of other investigators. Jacomides et
al. performed tumor resection secondary to RFA
in 5 of 17 laparoscopically treated RCCs and did
not find residual tumor on histology [46]. These
observations, however, underscore the impor-
tance of scrupulous technique in performing
RFA in patients suffering from RCC.

9.5 Alternative Thermal

Ablation Techniques

Cryoablation is the oldest among all the mini-
mally invasive ablation methods. This technique
was first described for percutaneous ablation of
renal tissue in 1995 [47]. The mechanism of tis-
sue destruction is complex and contains imme-
diate and delayed effects [48, 49]. Using liquid
argon or liquid nitrogen temperatures of —187°C
or —195°C are achieved at the tip of the cryo-
probe. This results in the creation of an ice ball
at the tip of the probe with the ice ball’s volume
depending on the diameter of the cryoprobe. As
a consequence, tumors exceeding 2 cm in size
require large (>3 mm) or multiple cryoprobes.
With increasing size and number of the cryo-
probes used in an intervention, the risk for bleed-
ing increases. As the cold does not coagulate
blood vessels, hemostyptic techniques have to be
applied. Therefore, at present percutaneous cryo-
therapy is limited to small tumors. Lesions with
a diameter above 2 cm need a surgical approach
with the majority of all renal cryoablations being
performed via a laparoscopic or an open surgery
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Table 9.1 Survey on clinical RFA in renal cell carcinoma
Author/year Method Patients/ Mean size Local tumor Follow-up
tumors (cm) control (months)
Zlotta et al. 1997 [12] Perc. US, OP 2/3 2-5 3/3 N.A.
Walther et al. 2000 [45] Open 4/11 2.2 10/11 N.A.
Michaels et al. 2002 [43] Open US, OP 15/20 2,4 1/20 N.A.
Ogan et al. 2002 [63] Perc. CT 12/13 24 12/13 4.9
Matlaga et al. 2002 [64] Open US, OP 10/10 32 8/10 N.A.
Pavlovich et al. 2002 [65] Perc. US, CT 21/24 24 24/24 2
de Baere et al. 2002 [66] Perc. US/CT 5/5 3-4 5/5 9
Rendon et al. 2002 [44] Lap./perc., OP 10/11 2.4 4/11 N.A.
Roy-Choudhury et al. 2002 [67] Perc. US/CT 12/15 3.0 11/15 13.6
Jacomides et al. 2003 [46] Lap. all, 5 OP 13/17 2 17/17 9.8
Su et al. 2003 [68] Perc. CT 29/35 2.2 35/35 9
Mayo-Smith et al. 2003 [41] Perc. US/CT 32/32 2.6 31/32 9
Farrell et al. 2003 [69] Perc., OP US/CT  20/35 1.7 35/35 9
Lewin et al. 2004 [70] Perc. MRI 10/10 2.6 10/10 23
Zagoria et al. 2004 [71] Perc. CT 22/24 35 20/22 7
Veltri et al. 2004 [72] Perc. US 13/18 2.5 16/18 14
Mahnken et al. 2005 [33] Perc CT 14/15 3.0 15/15 13.9
Chiou YY et al. 2005 [73] Perc. 12/12 3.7 9/12 -
Matsumoto et al. 20052 [74] Perc. CT, lap. 91/109 2.4 109/109 -
Gervais et al. 2005 [20] Perc. CT/US 85/100 32 89/100 28
Total/mean 432/519 2.7 89.8% 11.7

Perc., percutaneous; lap., laparoscopic; OP, surgical; US, ultrasound; CT, computed tomography; MRI, magnetic reso-

nance imaging; N.A., not applicable
aIncludes 15 benign tumors

approach [50, 51]. However, percutaneous renal
cryotherapy has successfully been performed
by several investigators. Shingleton et al. used
an interventional MRI system for percutaneous
MRI-guided probe placement and monitoring of
the intervention [52]. Percutaneous cryotherapy
is also feasible with real-time monitoring using
an open MR scanner [53]. The main advantage
of this technique is the direct visualization of the
ice ball and therefore online assessment of treat-
ment success.

LITT has also been shown to be a viable treat-
ment option in RCC. This technique involves the
placement of laser fibers in the tumor, followed
by thermal ablation of the target tissue by apply-
ing laser energy. Diode (830-980 nm) and Nd:

YAG (1040 nm) lasers have been used for ther-
mal ablation of renal parenchyma [54]. However,
for lesions exceeding 2 cm in diameter, a cooling
catheter is necessary, which increases the diam-
eter of the device up to 9F. LITT is principally
MRI-compatible and permits MRI thermom-
etry during ablation. Thus, this technique is
well suited for MRI-guided interventions. How-
ever, the technical expertise required of LITT is
greater than that of RFA or cryotherapy. Conse-
quently, there is only a small number of clinical
reports available, which are limited to patients
with unresectable tumors [55, 56].

Microwave ablation is characterized by rapid
induction of small necrosis volumes. So far this
ablation technique has been used intraopera-
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tively only. Although technically very interesting,
there are no microwave probes available that are
suited for percutaneous induction of thermal le-
sions with a diameter of more than 2 cm. A major
advantage of this technique is its ability to avoid
bleeding from the renal parenchyma incision.
Nevertheless, there are only little clinical data
published on this treatment option [57, 58].
High-intensity focused ultrasound is the
least invasive of all the available thermal ablative
therapies. This technique has successfully been
used to create renal coagulation necrosis [59].
Only recently, preliminary experience in has
been reported from patient studies [60-62]. Still,
this technique is considered experimental, with
several problems concerning visualization of the
target lesion as well as control of the lesion size.

9.6 Summary

The treatment of RCC is rapidly changing. The
introduction of minimally invasive thermal abla-
tion techniques offers a safe and accurate alter-
native to open surgery in the treatment of renal
tumors. Because of its technical benefits, percu-
taneous radiofrequency ablation took the lead
among these minimally invasive techniques. Sup-
ported by convincing results from experimental
studies, patient data prove this procedure to be
safe and efficient. As a minimally invasive and
nephron-sparing technique, it is well suited for
patients with a single kidney, multiple tumors, or
contraindications for open surgery.
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10.1 Introduction

In the past decade, percutaneous image-guided
therapy of various soft tissue tumors has received
significant attention. In particular microtherapy
of hepatic lesions by thermoablation has ex-
tended throughout the world and is actually
the best investigated field of percutaneous im-
age-guided microtherapy. Most thermal ablative
techniques use heat to destroy the cellular struc-
tures causing scarring. Heating energy could be
generated by laser energy, radiofrequency, mi-
crowave, or high-focused ultrasound.

The nature of thermal damage by heating
depends on the tissue temperature reached and
the duration. Cells become more sensitive to
systemic chemotherapy or radiation when their
temperature in increased to 42°C (e.g., hyper-
thermia); heating cells to 45 °C for several hours
produces irreversible cellular damage. Further
heating the cells to 50-55°C shortens the neces-
sary time to irreversible cell damage to 4-6 min.
Nearly immediate coagulation of tissue and cells
could be achieved with temperatures between 60
and 100°C. At more than 100-110°C, vaporiza-
tion and carbonization of tissue leads to imped-
ance increment [1]. The diameter of coagula-
tion necrosis achieved from thermal ablation is
equivalent to the energy deposited into the tissue
multiplied by local tissue interactions (organ and
tumor blood flow, electric and thermal conduc-
tivity) minus heat loss (conductive and convec-
tive): this approximation is called the bioheat
transfer equation [2, 3].

Laser-induced interstitial thermotherapy
(LITT) and radiofrequency ablation (RFA) are

the most frequently used techniques in thermal
ablation. In LITT, tissue necrosis is induced by
the heating effect of a coherent, monochromatic
light. The most commonly used laser is a neo-
dymium yttrium aluminum garnet (Nd:YAG)
laser system with 1,064-nm wavelength. The
infrared low-power (3-15 W) laser light is deliv-
ered through a thin (400 um in diameter) quartz
fiberoptic with a disperse tip [4]. Simple laser fi-
bers produce a 1 cm destruction in diameter, so
cooled applicators have been developed, which
prevent carbonization at the laser optic tip and
allow greater tissue penetration and tissue abla-
tions up to 5 cm in diameter [5, 6].

Radiofrequency ablation (RFA) is an elec-
trosurgical technique [7]. Alternating current
between the ground pads and an intratumoral
applicator causes movement of irons in the tis-
sue, which results in frictional heating of the
tissue surrounding the applicator tip [8, 9]. As
in laser thermoablation, carbonization of tissue
surrounding the applicator tip reduces ablation
size to 1 cm in diameter in simple systems. To
overcome this limitation, slow or pulsed heat-
ing generators and multipolar applicator systems
have been developed. Another approach is to
modify the applicator design, e.g., multiprobe
array electrodes, internally cooled electrodes, or
continuous saline infusion [10-13]. With these
improvements, ablations up to 5-7 cm in diam-
eter can be achieved.

Microwave hyperthermia is an alternative
thermoablative method [14, 15]. The high fre-
quency of the electromagnetic radiation (30 MHz
to 30 GHz) around the applicator leads to heat-
ing the intracellular water and consecutive co-
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agulation necrosis. In contrast to RFA and LITT,
the tissue penetration of the heat is reduced, and
no larger series of microwave ablation in skeletal
lesions have been published.

High-intensity focused ultrasound (HIFU) is
the only true percutaneous technique for ther-
mal ablation, because no applicator need be in-
troduced into the tissue [16, 17]. The intensity of
ultrasound waves in HIFU is up to 1000 times
greater than in diagnostic ultrasound and the
waves cause vibration and frictional forces in the
tissue, resulting in tissue heating and coagulative
necrosis. Although HIFU treatments of osteosar-
coma and soft tissue sarcoma are published, in
general skeletal lesions are not suitable for ultra-
sound ablation, because, as in diagnostic ultra-
sound, the cortical bone absorbs or reflects the
ultrasound beams [18].

Skeletal lesions suitable for microinvasive
therapy are mainly definitive treatment of oste-
oid osteomas, benign lesions with typical pain
that worsens at night, and palliative therapy of
symptomatic bone metastasis without palliation
to standard therapy.

10.2 Osteoid Osteoma

Osteoid osteoma (Oo) is a painful benign osteo-
blastic bone tumor, composed of osteoblasts and
an osteoid forming a small (usually < 15 mm) ra-
diolucent nidus. This tumor was first described
by Jaffe in 1935 [19]. The nidus is surrounded by
an osteoblastic wall with increased neural and
arterial supply. Additionally Oos produce pros-
taglandins with local inflammatory effects and
vasodilatation. Both are assumed to be respon-
sible for the typical pain of osteoid osteomas,
which worsens at night and shows a quick relief
after blockade of the arachidonic pathway by an-
tiphlogistics [20]. Increased blood supply boosts
bone growth in the area around the nidus and
often causes synovitis.

Oos are responsible for approximately 10% of
all primary bone tumors and mainly develop in
children and young adults, with a male predomi-
nance. The corticalis of long bones (tibia, femur,
humerus, radius, or ulna) and the vertebral spine
are the typical tumor locations. Because Oos
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have a typical pain that resolves after oral non-
steroidal anti-inflammatory drugs (NSAIDs), a
typical location and patient age, and a typical X-
ray appearance, most authors resign to a prein-
terventional histology in a typical constellation.
Furthermore, biopsies in Oos are often nondiag-
nostic, even after surgery [21, 22].

Oos may undergo spontaneous regression
after several years of conservative management,
but they may cause other symptoms, such as
growth disturbance, bone deformity, and pain-
ful scoliosis [23]. Chronic use of NSAIDs could
cause additional side effects, especially gastroin-
testinal. Conventional treatment of Oos consists
of en-bloc resection of the nidus. Unfortunately,
the nidal area is often difficult to localize in the
operating room, even with fluoroscopy, so a
large resection, which is disproportional to the
lesion size, is necessary [24]. In addition, wider
surgical resection often requires internal fixation
and/or bone grafting. Postoperative pain per-
sists in 7%-20% of cases, Oo recurs in 7%-12%,
and complications such as fractures, infections,
and pain from the implants occur in 9%-28% of
cases [25-27].

Several minimally invasive techniques with
computed tomography (CT) guidance (guided
resection, guided nidal drilling, guided ethanol
injection, and guided thermal ablation) for Oo
have been developed. Image-guided thermal ab-
lation has emerged as the most common form of
percutaneous Oo treatment.

Rosenthal first described the thermal abla-
tion of an Oo by radiofrequency in 1992 [28].
Table 10.1 gives an overview of the largest pub-
lished series of thermal ablation in Oos, which
shows a predominance of RFA induced thermal
ablation. Spinal lesions near the medulla for
thermal ablation are controversial. Some authors
regard this location as a contraindication for
thermal ablation, whereas others have published
encouraging studies concerning this site [29-33].
In spinal osteoid osteomas, the indication for ab-
lation should be carefully reviewed, dependent
on the site and access route, other therapeutical
alternatives, and on the personal skill of the in-
terventional radiologist.

Usually the procedure of thermal ablation is
performed with computed tomography (CT)
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Table 10.1 Overview of MEDLINE published studies concerning thermoablation of osteoid osteoma sorted by number

of patients
Author N Technique Primary Residual or Follow-up
success recurrent pain (months)
Rosenthal et al. 2003 [71] 117a RFA 91% (107/117) 5% (6/117) NS
Rimondi et al. 2005 [72] 97 RFA 84.5% (82/97) 15.5% (15/97) NS
Vanderschueren et al.2002 [73] 97 RFA 76% (74/97) 24% (23/97) 41 (5-81)
Lindner et al. 2001 [74] 58 RFA 95% (55/58) 5% (3/58) NS
Woertler et al. 2001 [75] 47 RFA 94% (44/47) 6% (3/47) 22
Cioni et al. 2004 [76] 38 RFA 79% (30/38) 21% (8/38) 12-66 (35.5)
Gangi et al. 1998 [77] 28 LITT 93% (26/28) 7% (2/28) 12
Witt et al. 2000 [78] 23 LITT 96% (22/23) 4% (1/23) 15
Ghanem et al. 2003 [79] 23 RFA 100% (23/23) 0% (0/23) 43
Gebauer et al. 2005 [80] 17 (RFA 8, LITT 12) RFA/LITT 82.4% (14/17) 17.6% (3/17) 28 (4-51)
Gallazzi et al. 2001 [81] 15 RFA 93% (14/15) 7% (1/15) NS
Barei et al. 2000 [82] 11 RFA 91% (10/11) 9% (1/11) NS
Venbrux et al. 2003 [83] 9 RFA 56% (5/9) 44% (4/9) 10.3 (1-26)
Sequeiros et al. 2003 [84] 5 LITT 80% (4/5) 20% (1/5) NS
Total (RFA/LITT) 588 (520/68) 86.7% 12.1%

(87%/91.1%)  (12.5%/9%)

RFA, radiofrequency ablation; LITT, laser induced thermal therapy; NS, not stated
2Rosenthal et al. presented 271 ablation procedures in 263 patients. Only in 126 patients was follow-up
data available; 117 of these had a prior, not otherwise (surgery, RFA) treated osteoid osteoma

guidance with the patient on general anesthesia.
CT guidance is necessary to exactly localize the
area of the nidus and to avoid damage to other
surrounding tissues and structures. Most authors
use a dedicated bone biopsy needle to drill into
the nidus and use this channel for thermal ap-
plicator placement. Our experience favors power
drilling of the nidus with a 2-3.5 mm drill, which
is less time-consuming and exhausting, facilitates
applicator placement, and is necessary if larger
diameter applicators are used, as in water-cooled
LITT ablation (Fig. 10.1).

Compared to other solid tumors (liver, lung,
or kidney), Oos are relatively small and benign
tumors, so no safety margin and only a small
ablative zone around the applicator is necessary.
An objective temperature of 90-100°C with 3-
5 min of ablation at an objective temperature is

sufficient in RFA or LITT. The access route to the
Oo passing sensitive tissues or structures could
be protected by a drill sheath or by isolation with
an angiography sheath.

The procedure can be done on an outpatient
or short hospitalization basis. Usually the patient
is discharged the same day following recovery
from anesthesia. Normal daily activities can be
resumed immediately, after ablation of lesions in
weight-bearing bones, strenuous sports should
be avoided for 8-12 weeks. Usually no cast,
splint, crutches, or physical therapy is necessary.

After careful preoperative planning, technical
success, which means the ability to enter and to
ablate the nidus, is nearly certain. The primary
success, complete relief of symptoms without
the use of antiphlogistics 1 month after ablation,
can usually be achieved in 80%-96% of cases
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(Table 10.1). Primary incomplete ablation with
persistent pain after ablation was recorded in
4%-20%.

Recurrent pain, which has to be interpreted
as an osteoid osteoma recurrence, occurs in
0%-20% of cases and can usually be successfully
treated by a second ablation. Rosenthal et. al.
compared surgical resection with radiofrequency
ablation in 125 patients with osteoid osteoma
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Fig.10.1 Radiofrequency ablation

of a fibular osteoid osteoma. Typical
radiological osteoid osteoma with
central radiolucent nidus, surrounded
by a hyperostotic rim. Under CT
guidance, power drilling from latero-
ventral and radiofrequency ablation.
Follow-up MRI (Fat-saturated T1-
weighted image after contrast injec-
tion) 5 days after ablation without
nidal enhancement, indicating a com-
plete nidal ablation. Enhancement of
preexistent periosteum, indicating hy-
pervascularization and inflammation
due to active osteoid osteoma. Small
soft tissue burning near the bone, but
no nerve impairment

[25]. Eighty-seven patients underwent surgical
resection and 38 were treated by radiofrequency
ablation. In an average time of 12 months (range,
5-17 months) after intervention, 9% of the sur-
gical patients had recurrent pain and 12% of
the radiofrequency patients. This difference was
not statistically significant. The hospital stay for
operative patients and those treated with RFA
was 4.7 and 0.2 days, respectively. Of the sur-
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gery group, 30% had persistent symptoms, 23%
in the RFA group. Two patients in the surgical
group had major complications requiring five
additional operations, whereas no major compli-
cations occurred in the RFA group.

Lindner et al. compared costs of treatment in
different strategies in osteoid osteoma by add-
ing procedural costs and costs stemming from
the hospital stay and the treatment of complica-
tions. Social costs due to inactivity and disability
were not considered in this study. Ninety-one
patients were included in this study. Surgical
costs were estimated at $13,826 for en-bloc re-
section, $10,857 for marginal nidus resection,
and $10,992 for intralesional curettage. CT-
guided therapies such as CT-guided nidus drill-
ing was estimated at $8,589 and CT-guided RFA
at $6,583. In this study, radiofrequency ablation
was the most cost-effective treatment method
and the method with the shortest rehabilitation
period and in-patient treatment.

Another CT-guided method for treating oste-
oid osteoma is CT-guided nidus drilling and de-
struction. This technique needs no LITT or RFA
equipment and no LITT or RFA applicator, a dis-
posable item, but, because larger drills are nec-
essary in CT-guided drilling, postinterventional
morbidity is higher than with thermal ablation
[34-36]. Other authors combined CT-guided
drilling with ethanol injection into the nidus
[37-39]. Ethanol, especially in high concentra-
tions, has a cytotoxic effect on cell membranes
and cells [40]. This effect is used in interventional
therapy for percutaneous ethanol injection (PEI)
in hepatocellular carcinoma, in plexus blockade
therapy in uncontrollable epigastric pain or for
sympathicolysis. Ethanol destroys tissue cells
and nerves and reduces transmission of pain. But
the distribution of the injected ethanol cannot be
precisely predicted. In the treatment of osteoid
osteoma, the results of ethanol injection after
nidal drilling were similar to simple CT-guided
drilling.

Thermal ablation of osteoid osteoma by an
experienced hand is a safe microtherapy, with
complete ablation in 80%-94% of cases. In 4%-
20%, a second ablation could be necessary. There
is currently no consensus concerning thermal
ablation of spinal lesions. Current data shows
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no difference between radiofrequency and la-
ser-induced therapy in osteoid osteoma. Using
whether RFA or LITT in osteoid osteoma should
depend on personal and institutional experience
and resources.

10.3 Symptomatic

Bone Metastasis

In the US, nearly 1.3 million cases of cancer were
diagnosed in 2001, 50% of which had the poten-
tial to spread to the musculoskeletal system [41,
42]. The preference of some malignancies to me-
tastasize into the skeleton is still not understood.
Liotta et al. suggested that 30% of the anatomic
distribution of the metastasis can be estimated
by blood flow, whereas the majority of metastatic
sites is determined by the specific local microen-
vironment for specific metastasis (Paget’s “seed
and soil” hypothesis, 1889) [43-45]. Tumor cells
metastasize into the best vascularized parts of the
skeleton, particularly the red bone marrow of the
axial skeleton and the proximal ends of the long
bones, the rips, and the vertebral column. Hema-
tologic malignancies (e.g., myeloma, Hodgkin’s
disease) and solid tumors (e.g., breast, prostate)
share the same bone-spreading pattern. Skeletal
metastasis can cause substantial morbidity, in-
cluding pain, pathologic fractures, neurological
deficits, anemia and hypercalcemia secondary to
osteoclastic activity and immobilization. Skeletal
metastases are classified into predominantly os-
teoblastic, osteolytic, or mixed-type metastasis.

At present, treatment of bone pain from me-
tastasis remains palliative [46-48]. Standard
therapy includes systemic analgesics, antitu-
moral agents, hormones, bisphosphonates, che-
motherapy, steroids, local surgery, anesthesia,
and external beam radiation [49].

In osteoblastic and mixed-type metastasis,
systemic radioisotope therapy with strontium-
89, samarium-153, rhenium-186, or rhenium-
188 seems to be an alternative [49-51]. All ra-
dioisotopes are -emitters with a penetration of
a few millimeters, which accumulate in the sur-
rounding hyperactive bone tissue and not in the
cancer cells. Due to accumulation in hyperactive
bone, this technique is limited to osteoblastic
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and mixed-type metastasis (e.g., prostate and
breast cancer).

10.3.1 Thermoablation

Thermoablation should be reserved for patients
with osteolytic or mixed-type painful bone me-
tastasis who are not suitable candidates for or
have failed other standard forms of therapy. Fur-
thermore, patients who have recurrent pain at a
previous irradiated site and may not be eligible
for secondary radiotherapy or surgery. Patients
with recurrent pain after thermoablation could
be treated a second time by thermoablation if an
acceptable pain-free or pain-reduced interval can
been achieved. The patient’s pain must be from a
solitary site of metastatic bone disease.

Current cross-sectional imaging (magnetic
resonance imaging [MRI] or computed tomog-
raphy [CT]) is essential for therapy planning.
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The severity of pain (visual analogue pain scale
[VAS], Brief Pain Inventory [BPI], Memorial
Pain Assessment Card), life quality (Interna-
tional Quality-of-Life Assessment [IQOLA],
Quality-of-Life Questionnaire [QLQ-C30]), and
analgesics, especially morphine use (morphine
equivalent dose) should be carefully determined
before therapy to investigate outcome after ther-
apy [52-55] (Fig. 10.2).

Analog to thermal ablation of osteoid os-
teoma spinal lesions or lesions near neural ele-
ments should be excluded from thermotherapy
or, in experienced hands, treated with extreme
care. Additionally, metastasis with contact to
hollow viscera should not be treated with ther-
moablation.

Lesions in weight-bearing bones can be
treated only if there is a low risk for a pathologic
fracture. Mirels’s scoring system for metastatic
bone disease is an easy-to-use system for estimat-
ing the risk of a pathologic fracture (Table 10.2)

Table 10.2 Mirels’s scoring system for metastatic bone disease. If lesion scores >8, prophylactic fixation is recom-

mended [56]
Variable 1
Site Upper limb
Pain Mild
Lesion Blastic
Size® <1/3

2 3

Lower limb Peritrochanteric
Moderate Functional
Mixed Lytic

1/3-2/3 >2/3

@ As seen on plain X-ray, maximum destruction of cortex in any view

Fig.10.2 Thermal ablation of an iliac skeletal metastasis by radiofrequency ablation (RFA)
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[56]. In lesions scoring 8 or more, a prophylactic
orthopedic fixation of the metastasis is recom-
mended. For the intervention, a severe coagula-
tion disorder should be excluded and a platelet
count of 50 000/pl or higher and an international
normalized ratio (INR) of 2 or greater were re-
quired prior to intervention (Fig. 10.3).

In hypervascular skeletal metastasis, often in
renal cancer, a preinterventional transcatheter
embolization with microparticles facilitates ther-
moablation, because high blood flow will cause
convective cooling during the procedure and
thus a longer time will be necessary for ablation
or smaller and incomplete necrosis will result.

Potential complications of thermal ablation
include hemorrhage, infection, nerve damage,
fracture, and skin burning. Depending on the le-
sion location, transient bowel or bladder incon-
tinence and paraplegia in spinal lesions could re-
sult. In radiofrequency ablation, additional skin
burning at the site of the ground pads can occur.

Skeletal metastasis could be treated by ther-
moablation under conscious sedation or general
anesthesia, depending on investigator’s and/or
patient’s demand. For conscious sedation, we pre-
fer analgosedation with midazolam and fentanyl
under continuous ECG and oxygen-saturation
monitoring. Additional local anesthetics (e.g., li-
docaine) were administered at the skin entrance
and at the periosteum prior to intervention.

LITT and RFA are the most frequently used
techniques in thermal ablation of skeletal lesions.
In water-cooled LITT, a 9F applicator tip needs
to be placed in the center of the lesion, which
could be facilitated by power-drilling, especially

Lyl

in osteoblastic skeletal lesions. Usually the laser
beam is transmitted by a fiber with a 2-cm dif-
fuser tip and 5 W of energy per active centimeter
length for 6-8 min. In LITT, the temperature of
the lesion and the surrounding tissues could be
monitored with dedicated temperature-sensitive
sequences in MRI.

In radiofrequency ablation, depending on the
device used, the diameter of the applicator is usu-
ally smaller and placement especially in osteolytic
metastasis is easier compared to LITT. If there is
an indication for ablation in osteoblastic metas-
tasis power-drilling is mandatory in RFA and
LITT. The target temperature is usually 100°C,
which should be maintained for 5-15 min. In
smaller lesions (<3 cm), a single ablation is typi-
cally adequate. Larger lesions require a second
ablation to ensure tumor cell destruction, best
combined with an applicator replacement. The
emphasis on thermal treatment in larger lesions
should be the tumor-bone interface, because
pain often originates from this area due to nerval
infiltration and osteoclastic activity.

Dupuy et al. first reported thermal ablation
for symptomatic skeletal metastasis in ten pa-
tients with persistent pain despite prior external-
beam radiation or chemotherapy [57]. In nine of
ten patients, the Memorial Pain Assessment Card
showed attenuation of pain. Besides case reports,
five larger series with thermoablation in skeletal
metastasis have been published. All showed pain
relief in previously treated patients and therefore
thermal ablation seems to be a practical alterna-
tive for this group of patients.

After skeletal bone thermoablation, immedi-

Fig.10.3 Thermal ablation of a femoral metastasis from a follicular thyroid carcinoma by LITT. CT-guided power drill-
ing and guidewire placement. Introduction of the laser fiber and thermal destruction
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Table 10.3 Studies published concerning thermoablation in symptomatic skeletal metastasis with failed response to

standard therapy

Author Patients Therapy Previous  Lesion Assessment Change
therapy diameter

Dupuy 1998 10 RFA Rx, Ch 1-8 cm MPAC Attenuation in 9/10
etal. [57] patients
Callstrom 12 RFA Rx, Ch 1-11cm  BPI BPI: 8,0 > 2.4
et al. 2002 [85] (4 weeks)
Goetz et al. 43 RFA Rx, Ag 1-18 cm BPI BPI: 7,9-> 1.4
2004 [86] (12 weeks)
Friedl et al. 10 RFA Rx, Ch, Ag NS VAS, IQOLA-S36, VAS:6,0-> 1.0
2004 [60] QLQ-C30 (6 weeks)
Gronemeyer 10 RFA + vertebroplasty Rx, Ch,Ag 1.5-9cm VAS, HFAQ, VAS: 6,0 > 2.6

et al. 2002 [87] (n=4)

Frankel score (mean, 5.8 months)

Rx, radiation therapy; Ch, chemotherapy, Ag, analgesic therapy; BPI, Brief Pain Inventory; MPAC, Memorial Pain
Assessment Card; VAS, Visual Analog Scale; HFAQ, Hannover Functional Ability Questionnaire

ate pain reduction is typical, whereas in standard
radiation therapy the maximal analgesic effect
requires up to 20 weeks [58, 59].

Physiological mechanisms of pain reduction
resulting from thermal ablation in skeletal me-
tastasis are inhibition of signal transduction due
to physical destruction of sensory nerves in the
periosteum or corticalis, reduction of tumor vol-
ume with decompression and reduced stimulus
for pain fibers, changes in the local microen-
vironment (e.g., reduction of osteoclastic and
nerve-stimulating cytokines such as interleukins
and TNF-alpha), and destruction of osteoclasts
[60].

Thermoablation can be combined with other
microtherapies, even in the same session. Com-
bination with percutaneous cement injection
(analog to cementoplasty or vertebroplasty) is
common [61-64]. In this technique, liquid bone
cement, e.g., polymethyl-methacrylate, is injected
through a dedicated cannula into the trabecular
structure of the bone. Painful microfractures of
the osteolytic bone should be prevented due to
stabilization of the bone; whether pathologic
fractures can be prevented with this technique
remains unclear. Furthermore, it is postulated
that exothermal hardening of the bone cement
has a cytotoxic effect on regional tumor cells.

Another therapeutic approach is the combi-
nation of thermal ablation and local cytotoxic
drug injection. As cytotoxic drugs, high-con-

centrated ethanol, chemotherapeuticals such as
Novantrone or liposomal doxorubicin, and cyto-
kine antagonists (TNF-alpha-antagonists) have
been investigated or still are under investigation
[65-69].

Another therapeutic approach is CT-guided
brachytherapy of symptomatic skeletal metas-
tasis, but no larger series concerning this tech-
nique have been published so far [70].

In conclusion, thermal ablative therapy is an
advancing alternative in osteoid osteomas. Ther-
mal therapy is a minimally invasive therapy that
reduces invasiveness compared to conventional
surgery and shortens hospital stays and rehabili-
tation for the patient.

In case of failure of standard therapy in
symptomatic bone metastasis, thermal ablation
seems to be an alternative in palliative intention
(Table 10.3).

The safety and results of this technique in the
spine, especially in the posterior aspect of the
vertebral body, are unclear. Treatment in this
area should be restricted to experienced users.
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