International Journal of Computer Assisted Radiology and Surgery (2018) 13:905-916
https://doi.org/10.1007/s11548-018-1769-8

ORIGINAL ARTICLE

@ CrossMark

RF-ablation pattern shaping employing switching channels of dual
bipolar needle electrodes: ex vivo results

Jens Ziegle'® - Chloé Audigier? - Johannes Krug' - Ghazanfar Ali' - Younsu Kim?2 - Emad M. Boctor? -
Michael Friebe'

Received: 29 January 2018 / Accepted: 13 April 2018 / Published online: 20 April 2018
© CARS 2018

Abstract

Purpose Radiofrequency (RF) ablation with mono- or bipolar electrodes is a common procedure for hepatocellular carcinoma
(HCC) with a low rate of recurrence for small size tumors. For larger lesions and/or non-round/ellipsoid shapes RF ablation
has some limitations and generally does not achieve comparable success rates to microwave ablation or high-intensity focused
ultrasound therapies.

Materials and methods To shape RF ablations for matching a tumor size and geometry, we have developed an electronic
channel switch box for two bipolar needles that generates multiple selectable ablation patterns. The setup can be used with
commercially available mono- or bipolar RF generators. The switch box provides ten selectable ablation procedures to generate
different ablation patterns without a relocation of a needle. Five patterns were exemplary generated in ex vivo tissue of porcine
liver and chicken breast and visually characterized.

Results Different ablation patterns, e.g., in a L- or U-shape, were achieved. In chicken breast a maximum ablation with a
diameter of 4.3 cm was obtained and in porcine liver 2.8 cm with electrodes of 0.9 cm length.

Conclusion The resulting ablations with the electronic switch box and two bipolar needles show the potential ability to
manage RF therapies of complex and large tumor geometries. Next steps would be to validate the actual tissue ablation
volumes in further ex vivo and preclinical studies and against simulation results.

Keywords Ablation pattern - Bipolar RF needle - Radiofrequency ablation - RFA - Thermal therapy - Tumor ablation

Introduction

Non-resectable hepatocellular carcinoma (HCC) is com-
monly treated by ablation, i.e., using radiofrequency,
microwave, high-intensity focused ultrasound, ethanol abla-
tion or cryoablation. The most common is radiofrequency
ablation (RFA), which is performed by a percutaneous inser-
tion of a needle electrode to produce coagulative necrosis
of the tumor with alternating current. For HCC smaller than
3 cm, RFA achieves treatment success rates comparable to
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conventional resection methods [1,2]. It has been shown that
the recurrence rate for tumor sizes < 2.5 cm is about 21.6 %
and increases for larger tumor sizes, e.g., about 52.8 % for
tumor of 2.6 cm — 4.0 cm and 68.8 % for > 4.1 cm [3]. In
some cases of RFA interventions, the optimal alignment of
a single needle to the tumorous tissue is obscured by bones,
other organs or vessels. Therefore, another entry point needs
to be chosen which may not be the optimal solution to ablate
the whole tumor at once. A tumor can also have a complex
geometry, and multiple needles or multiple relocations of a
single needle have to be applied to achieve a matching abla-
tion pattern. In particular, a therapy for complex metastases
structure in bone has a need of better selectable ablation pat-
terns [4].

To treat complex and/or large tumor geometries a com-
bination of three or more electrodes is needed, but this
procedure application also includes a higher degree of inva-
siveness. Multiple relocations (even more than twice) of a
single needle have to be performed under image guidance,
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which extend the time of the intervention and, eventually,
destroy more healthy tissue. In RFA therapy, no system is
currently available that allows an individual combination of
selectable electrodes [5] to manipulate the ablation pattern.

To overcome that problem and take advantage of the rel-
atively simple clinical procedure, we propose to perform
RFA with two bipolar needles whose four electrodes can be
combined individually. This allows to adjust the direction of
ablation through the lesion even in a non-optimal position
without a relocation of a single needle.

In this paper, we introduce a developed electronic switch
box that allows to select the ablation pathways between two
bipolar needles. The switch box interconnects one output of
a RF generator to the four electrodes of two bipolar nee-
dles. Using the switch box for controlling the electrode’s
channel outputs, different ablation pathways can be gener-
ated between two electrodes at once. The selection of these
electrodes for the RF output current determines the orienta-
tion and direction of the ablation zone. Therefore, a variety
of ablation patterns with only two bipolar needles can be
generated to match complex tumor geometries. We evaluate
the performance of the switch box in an experimental setup
by generating different ablation patterns in ex vivo chicken
breast and porcine liver tissues. We compare the ablation
results that are performed by a commonly used monopolar
and regular bipolar RF generator in combination with our
switch box. We measure and qualify the obtained ablations
into three zones—necrotic, coagulated and transitional zone.

Background

Percutaneous RFA is a widely used method to treat vari-
ous types of tumors or malignant diseases by means of tissue
heating. For that, one or more RFA needles containing one or
more electrodes are placed inside or near the tumor. Monopo-
lar and bipolar ablation systems exist. In monopolar systems,
a needle with a single electrode is placed into the tumor-
ous lesion, whereas the counter electrode is placed on the
patient’s skin using a large, adhesive electrode. For bipolar
systems, both electrodes are on the needle itself. A high-
frequency alternating current (AC) oscillates between these
electrodes with a steady frequency in the range of 200 kHz
and 1200kHz [6]. The conductive surrounding tissue com-
pletes the electric circuit, and consequently, the AC flow
creates ionic agitation and frictional heating within the tis-
sue. The heat generated by the electrical current spreads into
the surrounding tissue until a thermal equilibrium is reached
[7,8], and extracellular and intracellular water is driven out
of the tissue which results into coagulation and further into
tissue destruction (necrosis) [9].

The amount of heat produced at a certain location between
the electrodes depends on various factors such as electric
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current density, impedance/resistance of the tissue, thermal
capacity, thermal conduction, blood supply and others. A
temperature increase above 60 °C in tissue usually leads to
a successful ablation [10]. The bioheat equation developed
by Pennes describes the heating of tissue considering the
heating source as well as electrical and physiological tissue
characteristics [11].

To increase the ablation volume, the electrical power
and/or procedure duration needs to be increased. However,
this causes larger current densities close to the electrodes
which can result in faster necrosis and, hence, in a rapidly
increasing impedance. Once the impedance exceeds a certain
threshold, no further ablation is possible [12,13].

The volume and shape of the ablation zone is mainly
defined by a certain needle design or by the placement of
various combined needles. Using various (bipolar) needles
inside or around the tumor allows to generate larger ablation
volumes. Shaping the ablation zones is however limited by
the hardware and the needles provided by the manufactures.
In currently available systems, the user has no control on the
electrical current that is applied between the electrodes of
different RF needles.

Materials and methods
RF switch box

A relay-based switch box was developed to provide an
interface between the output of a monopolar or bipolar RF
generator and the electrodes of two bipolar RF needles, and
the schematic of the switch box is shown in Fig. 1a. The two
output channels of a bipolar RF generator or the RF signal
channel and ground channel of a monopolar RF generator
are connected to the switch box inputs. There are four relays
for each of the two input channels. Four are used to switch
between RF signal and disconnection and four to switch
between ground and disconnection. The used relays are elec-
tromagnetic types with a maximum supportive AC voltage
of 440V and a maximum applicable power of 384 W. The
switch box has four output channels, one for each electrode
of the two bipolar needles. The relays are triggered by an
8-bit AVR (Atmega328P-PU) microcontroller which is con-
nected to an user interface (UI), see Fig. 1b. Ten predefined
procedures, see Fig. 2, and the procedure time in minutes can
be selected. Each of these procedures generates a different
ablation pattern. The first six procedures generate vertical,
horizontal and diagonal patterns. The RF power is selected
at the RF generator. Starting an ablation procedure with the
switch box enables the input channels. The actual ablation
begins by pressing the RF generator start button or pedal. The
switch box recognizes the RF signal input and activates the
output channels. The output channels are switched according
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Fig.1 Switch box routing the output of a RF generator to four different
electrodes using relays (a). The relays switch the four outputs between
RF signal, ground and disconnection using a microcontroller. Each out-

RF outputs to
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>

(b)

put channel addresses one electrode of two bipolar needles. Predefined
ablation procedures with defined pattern generation can be selected via
the user interface (b)
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Fig. 2 Predefined ablation procedures with different electrode com-
binations. Depending on the selected procedure, a different ablation
pattern is generated. L- or U-shaped patterns are generated by consec-
utive combination of the first six procedures. Two different L-shapes

to the selected procedure, i.e., two of the needle’s electrodes
are active and two are disconnected. A consecutive combi-
nation of the first six procedures is used to generate more
complex patterns like L- and U-shapes that are programmed
in procedure 7 to 10, e.g., a U-shaped pattern is generated
by an automatic consecutive selection of two vertical plus
one horizontal ablation as shown in Fig. 3a. The selected
procedure time is applied for each ablation direction. More

RF Switch-Box

1,1V,
VI

1,11,
VI

(7 and 9) and one U-shape (8 and 10) are initially implemented in the
switch box. More patterns can be added by programming the microcon-
troller

vl LI II,VI

patterns, e.g., like in Fig. 3b, c, can be added by programming
the microcontroller. After the selected procedure duration
elapses, the switch box will disconnect the input from the out-
put channels by switching off the relays—the RF generator
is then automatically deactivated. For the change of the abla-
tion direction, which is needed to achieve a L- or U-shape,
the output channels are switched by the relays and a new
electrode pair is selected. While switching the channels, the
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Fig. 3 Two bipolar needle setup with electrodes (black and white
parts) to realize a U-shaped ablation pattern (a) by the combination
of vertical (dashed line) and horizontal (solid line) selection. For a
L-shaped ablation pattern any vertical and horizontal pattern can be

RF signal has no connection to the electrodes for a very short
time. Within this short time, the RF generator recognizes this
signal breakdown as an infinitely high impedance and stops
the RF signal output immediately. To overcome this mecha-
nism, the generator’s start button or pedal is locked in its ‘on’
position. Therefore, after a new electrode pair is selected, the
generator recognizes an impedance in its working range and
continues the RF signal.

Experimental setup
Setup with bipolar RF generator

Figure 4a shows the experimental setup with the bipolar RF
generator (CelonLab POWER, Olympus Surgical Technolo-
gies Europe, Hamburg, Germany) that provides a maximum
power output of 250 W and a RF signal with < 275V, and
frequency of 470 kHz £+ 10kHz. Its power control system
uses the effective resistance of the tissue instead of tissue
impedance and is working with a load resistance between
15 2 and 900 2. The two RF generator outputs of one bipolar
needle were connected to the switch box, first and second RF
output to the first and second switch box input, respectively.
Two bipolar needles (CelonProSurge 150-T20, Olympus
Surgical Technologies Europe, Hamburg, Germany) with a
total length of 150 mm and a diameter of 1.8 mm were con-
nected to the switch box output. At its tip, the needle has
two 9-mm-long electrodes with a spacing of 2-mm insulat-
ing material. The needles were used in combination with a
water cooling system (CelonAquaflow /11, Olympus Surgical
Technologies Europe, Hamburg, Germany) with a flow rate
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combined. Selection of two different diagonal-shaped patterns (b).
Triangular-shaped pattern by the combination of diagonal-, horizontal-
and vertical-shaped pattern (c)

of 30 ml/min, and two of its three available cooling pumps
were used simultaneously. The cooling reduces the heat at
the electrode material and therefore helps to avoid fast tissue
carbonization.

Setup with monopolar RF generator

Figure 4b shows the monopolar RF generator (Radionics
RF Cool-Tip, Medtronics, Minneapolis, MN, USA). The
monopolar RF generator provides impedance-based and
manual power control with a maximum power output of
200 W for a working load between 10 €2 and 1000 €2. The RF
signal has an output voltage of < 260V, with a frequency
of 480 kHz += 10%. In both power control settings the system
stops delivering energy if the impedance is not in the range
of the defined working load. With the impedance-based con-
trol mode, the energy delivery continues automatically after
the impedance recovers into the range of the working load.
The RF signal channel and the grounding pad channel were
used as input to the RF switch box. In this case, one elec-
trode of the two bipolar needles always serves as RF signal
and the other electrode as ground. Therefore, the current flow
spreads along the electric field from generator electrode to
the electrode that is connected to the ground. In this sense, the
monopolar RF generator was used in a bipolar fashion. Two
bipolar needles (CelonProSurge 150-T20, Olympus Surgical
Technologies Europe, Hamburg, Germany) were attached to
the output channels of the switch box. A water cooling system
(Masterflex Cooling Drive, Barnant, Barrington, IL, USA),
see Fig. 4c, provided the two bipolar needles with cooling
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Fig.4 Experimental setup with CelonAquaflow /II water cooling sys-
tem, bipolar CelonL.ab POWER RF generator and RF switch box on top,
CelonProSurge 150-T20 bipolar needles, tissue sample with GE 12L-
SC 4-13 MHz Linear Probe attached to GE Venue 50 (a). Setup with

water with a flow rate of about 60 ml/min at a pump speed
setting of 8.0.

Experimental protocol
Needle placement

For both generator setups, the bipolar needles were placed
parallel with the help of two stencils that were included in
the needle package. Each stencil provided a insertion pitch
of 20, 30 and 40 mm between two needles. The stencils were
interconnected at the 40-mm pitch holes using screws, see
Fig. 5a. The 20-mm pitch was used to insert the needles into
the tissue until the whole electrode parts were covered. The
same insertion depth for both needles was verified by exist-
ing equidistant color rings on the bipolar needles indicating
a pitch of 10 mm for each of them. This setup was chosen
for the reproducibility of the experiments. An US imaging
system (Venue 50, 12L-SC 4-13 MHz Linear Probe, Gen-
eral Electric, GE Healthcare) was used for insertion guidance
inside liver tissue to avoid a placement inside vessel struc-
tures.

Radionics RF Cool-Tip monopolar RF generator with two CelonPro-
Surge 150-T20 bipolar needles and RF switch box (b) in combination
with Masterflex Cooling Drive system (c)

Ablation in ex vivo tissue

In both RF generator setups, the ex vivo chicken breast and
porcine liver were maintained at room temperature of 23 °C
during the ablation procedures. Overall, ten pieces each of
chicken breast and 20 pieces of porcine liver were used for
each of the two RF generator setups. The volume of the ex
vivo chicken breast varied between 64 and 96cm? and for
the porcine liver between 80 and 112cm?.

Ablation patterns with an U- or L-shape as well as diag-
onal and horizontal shapes between the two bipolar needles
were generated as initial tests of the switch box system with
the mono- and bipolar RF generator system. Also, a verti-
cal ablation pattern along one bipolar needle was generated.
The vertical ablations generated with the bipolar RF gener-
ator setup in chicken breast and porcine liver were used as
references of standard bipolar RF ablation.

For the generation of an U-shaped ablation, three differ-
ent ablation directions were applied. This was achieved by
the selection of procedure number 8 at the switch box, see
Fig. 2. Therefore, the corresponding electrode pairs were
consecutively switched and the ablation time was applied
for each direction. In the experiments, the resistance-based
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Fig.5 Images of the needle and US probe placement in chicken breast
(a) and ablation zone of vertical (b), horizontal (c), diagonal (d), L-
shaped (e) and U-shaped (f) patterns, generated by using bipolar RF

generator setup. Red bars indicate the measuring lines along the maxi-
mum length (x) and width (y) of the ablation zone

Table 1 Parameter settings of

the RF generators (power) and Ablation Bipolar setup Monopolar setup
the switch box (ablation Pattern Procedure Power [W] Duration [min] Power [W] Duration [min]
procedure and duration) for )
ablations in chicken breasts Vertical 1 20 4 10
Horizontal 2 20 4 10
Diagonal 3 20 4 10
L-shape 9 20 8 10 16
U-shape 8 20 12 10 24
Table 2 Parameter settings of . -
the RF generators (power) and Ablation Bipolar setup Monopolar setup
the switch box (ablation Pattern Procedure Power [W] Duration [min] Power [W] Duration [min]
procedure and duration) for ]
ablations in porcine liver Vertical 1 40 6 10
Horizontal 2 40 [§ 10
Diagonal 3 40 6 10
L-shape 9 40 12 10 16
U-shape 8 40 18 10 24

power control was used for the bipolar RF generator and the
impedance-based power control was used for the monopolar
RF generator. The experiment parameters for the switch box
(ablation procedure and time) and the RF generators (power)
are listed in Table 1 for the chicken breast and in Table 2 for
the porcine liver.
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Measurement of ablation sizes

The ablated tissue volumes were axially cut along the needle
path, where the largest ablation zone was expected to be vis-
ible, while the needles were still in place. A ruler was placed
next to the ablation area and images were taken. A conver-
sion factor was calculated for every image using the number
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Table 3 Measurements of ablation zones in chicken breast generated with the bipolar RF setup with the maximum reached power. Maximum
ablation length and maximum width in comparison with the standard bipolar reference ablation (vertical), given in percent

Pattern Max. power (W) Max. length x [mm](%) Max. width y [mm](%)
Vertical 16 33.5 (ret.) 24.9 (ref.)

Horizontal 17 33.6 (+0.3) 21.3 (— 14.5)
Diagonal 20 343 (+2.4) 19.5 (—21.7)

L-shape 16 30.5 (—8.9) 20.7 (— 16.9)

U-shape 19 43.5 (+29.9) 252 (+1.2)

of pixels appropriate to a 10-mm scale on the depicted ruler
to report the measurements in the millimeter scale. Profiles
in the images were taken using the software ImageJ (version
1.51), and a pixel intensity change along the profiles was
used to visually identify the border between coagulated and
healthy tissue. These borders were used to measure the max-
imum length and width of each ablation pattern. The length
was always set as the biggest diameter of the ablation zone
and the width as the biggest diameter perpendicular to it.
All sizes of the generated ablations were compared to the
respective size of the reference ablation.

In the images of the chicken breast ablations, the maxi-
mum length and width of a visible change to the normal tissue
were measured in pixel and converted to millimeter with the
corresponding calculated conversion factor.

In the images of the porcine liver ablations, the whole area
of changed tissue color was categorized into three zones;
(D necrotic/carbonized zone, adjacent to the electrode, (II)
coagulated zone, further away from the electrode, and (IIT)
transitional zone as the outer visible layer. In the literature,
the area inside a macroscopically visible hemorrhagic rim
adjacent to the normal hepatic tissue corresponds to irre-
versible cell damage due to histological assessments of in
vivo specimens [14]. The hemorrhagic rim is accounted as
the transitional zone, and thus, cells within this margin, i.e.,
in coagulated and necrotic/carbonized zones, are accounted
as areas of successful ablation. Therefore, the size of suc-
cessful ablation was restricted to the edge of the coagulated
zone, see Fig. 7b. Maximal width and length of the successful
ablation were measured in pixel and converted to millimeter
with the corresponding calculated conversion factor.

Results
Ablations in chicken breast: bipolar RF setup

Figure 5b shows two reference ablation patterns that were
generated by each single bipolar needle in a standard way
of a procedure. The ablation patterns resulted in ellipsoid
shapes along the vertical direction of the needles. A max-

imum coagulation length (x) of 33.5mm and maximum
width (y) of 24.9mm in the axial plane, i.e., along the
needles, were achieved. Every generated ablation pattern
between the needle electrodes (horizontal, diagonal, L- and
U-shaped) resulted in a connected coagulation, see Fig. 5c—
f. The maximum length and width of the different ablation
zones are listed in Table 3. The horizontal and L-shaped
(Fig. 5¢, e) ablation procedures resulted in coagulations with
butterfly shapes between the needle tips. All ablation pro-
cedures except for the L-shape managed to reach at least
the same length as in the reference ablation pattern. The L-
shaped ablation was 3 mm less in length and therefore 8.9%
shorter.

Ablations in chicken breast: monopolar RF setup

A single bipolar needle ablation pattern, i.e., vertical along
the two electrodes of one needle, could hardly be generated,
see Fig. 6a. Its maximum length was 7.3 mm and maximum
width was 6.2mm, that is —78.2 and —75.1 %, respec-
tively, smaller than the standard bipolar reference ablation.
Ablation procedures between the two bipolar needles were
successfully performed. The horizontal and diagonal ablation
patterns were generated, as shown in Fig. 6b, ¢, with maxi-
mum ablation length of 28.1 and 37.8 mm, respectively—see
Table 4. The maximum length of the horizontal ablation pat-
tern is about 16.3% smaller compared to the same pattern
generated with the bipolar RF generator setup. In the diag-
onal ablation process, it was about 10.2% larger. Ablation
procedures with vertical ablation directions, i.e., L- and U-
shaped patterns, could not be generated.

Ablations in porcine liver: bipolar RF setup

The ablation zones are shown in Fig. 7. The procedure with
the horizontal as well as the L-shaped pattern resulted in a
butterfly shape of the coagulated zone, as shown in Fig. 7a,
e, respectively. In the standard single bipolar ablation proce-
dure, i.e., vertical ablation (Fig. 7c), a coagulated zone with
a maximum length of 12.8 mm and width of 10.0 mm was
generated. The generated maximum lengths of the horizon-
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Fig. 6 Ablation zones in chicken breast with vertical (a), horizontal (b) and diagonal (c) shape generated by using the monopolar RF generator

setup. Red bars indicate the scale for the measurements

Table 4 Measurements of ablation zones in chicken breast generated with the monopolar RF setup with the maximum reached power. Maximum
ablation length and maximum width in comparison with the standard bipolar reference ablation, given in percent

Pattern Max. power [W] Max. length x [mm](%) Max. width y[mm](%)
Vertical 7.3(—78.2) 6.2 (—75.1)
Horizontal 28.1 (—16.1) 17.8 (—28.5)
Diagonal 10 37.8 (+12.8) 20.3 (— 18.5)

L-shape - - -

U-shape - - -

tal, L- and U-shaped patterns were all larger compared to the
vertical ablation. The diagonal pattern showed no intercon-
nected coagulation zone between the addressed electrodes,
see Fig. 7d. The measured length and width for the different
ablation patterns in porcine liver are listed in Table 5. The
largest coagulated zone was created by the U-shaped pro-
cedure with a maximum length of 43.5 mm and maximum
width of 25.2 mm that are 121.9% and 118.0% larger than in
the standard bipolar reference ablation.

Ablations in porcine liver: monopolar RF setup

The achieved maximum power per procedure and ablation
lengths and widths are listed in Table 6. Vertical ablation
patterns could not be generated with the monopolar RF gen-
erator setup, see Fig. 8a. Thus, L- and U-shaped ablation
patterns were not possible to achieve. The diagonal ablation
procedure resulted in a coagulated zone with 7.1 mm length
besides a large transitional zone between the needles, see
Fig. 8b.

Discussion
In this study, we presented an additional low-cost device
for monopolar and bipolar RF-ablation therapy systems that

enables the generation of distinct ablation patterns. Using
the presented RF switch box device in combination with
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a commercial RF generator allows the usage of two bipo-
lar RF needles with only one RF generator output. Initial
experiments with 5 different patterns in ex vivo chicken
breast and porcine liver tissues confirmed the capability of
achieving distinct ablation shapes from selectable ablation
pathways. The most replicable results with our switch box
were achieved in combination with the bipolar RF generator.

The ablation zones within the chicken breast (see Fig. 5)
actually show the capability of generating complete and
almost even distributed coagulations between two bipolar
needles using the presented switch box system with the bipo-
lar RF setup. All selected procedures generated the expected
ablation patterns which demonstrate a correct functioning
of the switch box with the bipolar RF generator. With the
monopolar RF generator setup, the RF power had to be
reduced because of the fast increase in tissue impedance of
chicken breast. If the impedance went high in a short period
of time, the system switched off the power. For that rea-
son, the power was reduced to a maximum of 10 W for the
chicken breast. Therefore, ablation duration was increased
up to 8 min. One reason could be the presence of tissue
structures, like cartilage in chicken breast, which impede the
current flow between the electrodes. Another reason could
be fast generated necrosis at the electrode with the RF sig-
nal altering the conductivity of the surrounding tissue. Since
a vertical ablation procedure was not successfully achieved
with the needle configuration used in the experiment, L- and
U-shaped ablation patterns could also not be generated. The
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Fig. 7 Ablation zones in porcine liver tissues of horizontal pattern a
with example profile used for ablation size measurements. b Along the
profiles for length (x) in blue and width (y) in red limited to the coagu-
lated zone (II). Each ablation is categorized in necrotic/carbonized (I),

chicken breasts used in the experiments were different in
size but also in tissue density and had probably different
water content as well. This could have affected the size of
the ablation zones since the RF generators also automatically
adjust the output power according to the measured tissue
resistance.

The ablations in liver tissue had to be implemented twice
for each ablation pattern. Initial settings of maximum 20 W

pbttta b L Y LAV R VRN RRRNIIRNRENN )

ARARAAREAS

®)

coagulated (II) and transitional zone. Ablation zones of vertical (c),
diagonal (d), L-shaped (e) and U-shaped (f) patterns. All patterns were
generated by using the bipolar RF generator setup in combination with
the switch box

power resulted in incomplete coagulations between the bipo-
lar needles, and no ablation length could be measured and
therefore a power of 40 W was used instead. A higher-power
settings for the RF signal helped to generate a fully coag-
ulated zone between the two electrodes. Some coagulated
zones had butterfly shapes that are stated as not clinically
usable due to its uneven distribution of coagulation [5]. This
behavior makes it difficult to predict the ablation shape, and
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Table5 Measurements of ablation zones in porcine liver generated with the bipolar RF setup with the maximum reached power. Maximum ablation
length and maximum width in comparison with the standard bipolar reference ablation (vertical), given in percent

Pattern Max. power [W] Max. length x [mm](%) Max. width y [mm](%)
Vertical 36 12.8 (ref.) 10.0 (ref.)

Horizontal 34 21.7 (+67.2) 8.9 (—11.0)

Diagonal 36 — (=) 6.0 (—40.0)

L-shape 33 27.6 (+115.6) 17.3 (+73.0)

U-shape 37 28.4 (+121.9) 21.8 (+118.0)

Table 6 Measurements of ablation zones in porcine liver generated with the monopolar RF setup with the maximum reached power. Maximum
ablation length and maximum width in comparison with the standard bipolar reference ablation, given in percent

Pattern Max. power [W] Max. length x [mm](%) Max. width y [mm](%)
Vertical 10 5.3 (—58.6) 4.2 (—58.0)
Horizontal - - -

Diagonal 7 7.1 (—44.5) -

L-shape - - -

U-shape - - -

(a)

Fig. 8 Ablation patterns generated in porcine liver with the use of a
monopolar RF generator setup in combination with the switch box. The
arrow in a points to an incomplete vertical ablation along two electrodes
on a bipolar needle. In the diagonal ablation pattern b a coagulated

therefore, its application would complicate the intervention
planning. In this case, a higher-power setting could have
increased the probability of generating a complete coagula-
tion. In comparison with the ablations in the chicken tissue,
the ablation patterns in liver were not always generated as
expected. The tissue structure in liver is complex due to
present blood vessels and bile ducts, and this can influence
the current flow between the electrodes. The tissue of the
chicken breast has less complex structures, and therefore,
the generation of a pathway for the induced current flow is
less complicated. Complete ablation patterns in liver tissue
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(b)

zone (II) is visible on the top of the right needle, and a measurement of
length was taken. The dashed line indicates the end of the tissue layer
cut. Between the two needles there was a large transitional zone (III)
generated

could also be generated by adjusting the RF power and/or RF
duration settings.

For the more complex patterns, electrodes were addressed
twice for a change in the ablation direction which caused a
repeated heat induction between these electrodes. In these
cases, it can become problematic if the tissue gets necrotic,
and therefore, the electrical conductivity between the nee-
dle and the tissue would decrease and the ablation procedure
might be stopped by the RF generator. This could alter the
quality of ablation and prolong the procedure duration. But,
there was no breakdown during the conduction of the exper-
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iments. It has to be checked also in the case where higher
power (> 40 W) for the monopolar RF generator signal is
used.

The ablation generation using a monopolar RF genera-
tor in combination with the presented RF switch box needs
to be improved. For example, it has to be checked whether
using the manual power control instead of impedance-based
control can improve the ablation generation. Further, the par-
allel placement of the needle in the presented experimental
protocol may not always be applicable in a clinical appli-
cation. Needles may be aligned further away or narrower
to each other with some anti-parallel alignment. This may
cause a difference in the ablation pattern geometry due to
a changed electrical pathways between the electrodes. This
change could also be controlled by observing the needle
positions using image guidance. Also, tests with prolonged
ablation duration or higher RF power need to be implemented
to show which settings are needed to generate a complete and
even distributed coagulation between two needles in combi-
nation with the presented switch box.

Since each ablation pattern was only realized once for ini-
tial tests, further tests are required to obtain results which
are statistically more relevant. In the presented experiments
a lower RF power setting was used to avoid fast impedance
increase by heat because no perfusion was present, which
helps to partially transfer heat out of the ablation zone. In
contrary, for experiments in the literature with perfused ex
vivo liver samples, the RF power is set starting from 60 to
80 W and is increased up to 130 to 150 W within a dura-
tion of maximum 21 min [14,15] which is comparable to the
clinical application. The experimental setup can be improved
to approach the outcomes expected in clinical intervention.
Controlling the temperature of the sample tissue up to 37 °C
to mimic body temperature would help to have a more real-
istic tissue behavior, regarding, e.g., tissue impedance, heat
capacity and electric current distribution. Additionally, an
artificial perfusion within the liver can be added to mimic
blood flow which would add the function of partial heat sink.
A study to obtain the full coagulated volume needs to be
implemented in the near future for predictive quality assess-
ment. A study with a tissue mimicking phantom for RFA
application [16,17] could help to identify the whole ablation
volume for different electrode sizes of bipolar RF needles
and different ablation patterns. Using these improvements, a
more clinically relevant outcome of ablation generation with
the switch box can be achieved.

The knowledge of the ablation direction due to our sys-
tem can be used in simulations to obtain a heat map of the
ablation zone using biophysical modeling [18] and using
time-of-flight change in ultrasound caused by the ablation
[19]. An estimated heat map can support the physician at
the crucial decision-making time and therefore improve the
treatment’s success.

Conclusion

The presented evaluation of our RF switch box gives an ini-
tial impression of the capability of controlling the ablation
direction to generate complex and user-defined ablation pat-
tern. Our system enables the opportunity to overcome needle
placement restriction by adjusting the direction of ablation,
and it can help to spare healthy tissue by matching the abla-
tion to the tumor geometry. It could also be used for bone
tumor application, e.g., in spine, which has more complex
tumor geometries. A combination of computational estima-
tion of ablation extent with the control of ablation direction
can improve the planning of RF interventions. Thus, a precise
treatment of individual tumor geometries can be achieved and
their recurrence rate would therefore be decreased.
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