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A B S T R A C T   

Purpose: Radiofrequency ablation (RFA) is increasingly being used to treat unresectable liver tumors. Complete 
ablation of the tumor and a safety margin is necessary to prevent local recurrence. With current electrodes, size 
and shape of the ablation zone are highly variable leading to unsatisfactory local recurrence rates, especially for 
tumors >3 cm. In order to improve predictability, we recently developed a system with four simple electrodes 
with complete ablation in between the electrodes. This rather small but reliable ablation zone is considered as a 
building block for matrix radiofrequency ablation (MRFA). In the current study we explored the influence of the 
electric mode (monopolar or bipolar) and the activation mode (consecutive, simultaneous or switching) on the 
size and geometry of the ablation zone. 
Materials and methods: The four electrode system was applied in ex vivo bovine liver. The electric and the 
activation mode were changed one by one, using constant power of 50 W in all experiments. Size and geometry 
of the ablation zone were measured. Finite element method (FEM) modelling of the experiment was performed. 
Results: In ex vivo liver, a complete and predictable coagulation zone of a 3 � 2 � 2 cm block was obtained most 
efficiently in the bipolar simultaneous mode due to the combination of the higher heating efficacy of the bipolar 
mode and the lower impedance by the simultaneous activation of four electrodes, as supported by the FEM 
simulation. 
Conclusions: In ex vivo liver, the four electrode system used in a bipolar simultaneous mode offers the best 
perspectives as building block for MRFA. These results should be confirmed by in vivo experiments.   

1. Introduction 

Radiofrequency ablation (RFA) is increasingly being applied to 
obtain local control of unresectable primary [1] and secondary [2] liver 
tumors. 

In order to prevent local recurrence, a complete coagulation of the 

tumor including a 10 mm safety margin is necessary for small (<3 cm) 
[3] and medium size (3–5 cm) [4] hepatocellular carcinomas (HCC) as 
well as for colorectal liver metastases (CRLM) [5]. The first experiments 
with RF ablation on liver tissue were performed with plain metal elec
trodes. The ablation diameter was very limited, due to a rapid rise in 
electric impedance with current shut-off [6]. Since 1992, new RFA 
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electrodes with ingenious designs (wet, cooled, expandable, bipolar, 
cooled-wet) and combinations of these designs [7], more powerful 
generators [8] and improved treatment protocols such as pulsed RFA 
[9], stepwise deployment of expandable electrodes [10], stepwise in
crease of current [11,12] and rapid switching between multiple elec
trodes [13] have been introduced to successfully increase mean ablation 
diameter, but unfortunately attention to improve predictability of the size 
and the shape of the ablation zone has lagged behind. Ablation zones are 
often smaller or larger than expected and less symmetrical, less spherical 
and less regular than desired [12,14–50]. A standard deviation of the 
ablation diameter, especially the transverse diameter, of 0.5–1 cm is 
very common [51]. The high variability of size and shape of the ablation 
zone may contribute to incomplete ablation and local recurrence after 
RFA of liver tumors. 

Despite technical improvements in RFA technology, local recurrence 
rates after RFA of liver tumors remain unsatisfactory, especially for tu
mors >3 cm, even in the most recent clinical trials. A review of all 
studies published between January 1st, 2013 and May 1st, 2019, 
revealed that local recurrence rates after a follow-up of �2 years after 
RFA of HCC <3 cm are highly variable, ranging from between 2.9 and 
10% [52–59], between 10 and 20% [57–70], between 20 and 46.6% [3, 
56,71–84] up to between 73.3% and 76.3% [85,86]. Local recurrence 
rates after RFA of HCC 3–5 cm vary between 7.1 and 59.4% [4,52–54, 
60,64,87]. Local recurrence rates after RFA of HCC >5 cm vary between 
18.7 and 48.4% [87,88]. 

Local recurrence rates after RFA of CRLM <3 cm range from between 
2.9 and 10% [89–95] to between 15 and 18.2% [96–98] up to 40–58.3% 
[99–102]. Local recurrence rates after RFA of CRLM between 3 and 5 cm 
vary between 19.6% and 32.0% [89–91,98] up to 69.6% [99]. Local 
recurrence rates after RFA of CRLM >5 cm vary between 30.8% and 
71.4% [90,98]. 

Incomplete ablation of liver tumors not only leads to local recurrence 
but also renders a tumor more aggressive than before. Aggressive growth 
of residual tumor cells has been shown after insufficient ablation of both 
HCC [103] and CRLM [104]. 

Incomplete ablation or local recurrence after RFA of HCC [105] or 
CRLM [106] is associated with worse overall survival in most studies. 

At present, RFA is recommended for the treatment of HCC in case of 
non perivascular lesions �2 cm because of equivalent local control and 
survival rates with less morbidity compared to hepatic resection, while 
surgery remains the first treatment option for larger and for perivascular 
lesions because of higher local recurrence rates and decreased survival 
after RFA [107]. RFA is beneficial for the treatment of unresectable CRLM 
� 3 cm [108–110], while surgical resection continues to be the gold 
standard for resectable CRLM of any size because of higher local recur
rence rates and decreased survival after RFA [109]. 

So in fact, there is more than a so-called ‘3-cm problem’ [111] to be 
solved or a ‘3 cm-barrier’ [112] to be broken for hepatic RFA technol
ogy: local tumor control should be improved for both small (�3 cm) and 
large (3–5 cm and >5 cm) tumors before RFA can replace surgery for 
liver tumors. 

The high variability of size and shape of the ablation zone may also 
contribute to collateral damage and complications due to larger than 
expected ablation such as hepatic failure, biliary damage, perihepatic 
visceral burns or burns to the diaphragm [15,46,56,113–116]. 

In conclusion, there is a definite need to improve the technique of 
hepatic RFA in order to obtain a (1) predictable, (2) reliable and (3) safe 
ablation zone. Predictable means that the size and shape of the ablation 
zone can be predicted with great precision before starting the ablation 
by choosing a certain electrode (system) and by applying a certain 
ablation protocol (duration, energy input, …). Size and shape should not 
depend on the nature of the tumor nor on the features of the surrounding 
liver parenchyma and should not vary between operating physicians. 
Reliable means that all tissue within the ablation zone is completely 
ablated without gaps or indentations. Safe means that no tissue is ab
lated outside the intended zone of the tumor and a 10 mm safety margin. 

To improve predictability, reliability and safety of liver RFA, we are 
working on the development of matrix radiofrequency ablation (MRFA) 
in which the whole tumor volume and the safety margin is contained 
within a cage of x times y parallel electrodes [51]. The smallest ‘building 
block’ for MRFA is a cluster of 2 � 2 parallel simple needle electrodes 
[51,117]. Our previous work has shown that complete ablation within 
the mechanical boundaries of the electrodes with minimal ablation 
outside was obtained in a very reproducible way in ex vivo bovine liver 
using 2 � 2 parallel simple needle electrodes in a bipolar simultaneous 
mode with a length of 3 cm, a diameter of 1.8 mm, an interelectrode 
distance of 2 cm, a power of 50 W and an ablation duration of 10 min or 
until current shut-off due to impedance rise [51,117]. The rectangular 
shape of the ablation closely matches the rectangular shape of the vol
ume in between the active parts of the 2 � 2 electrodes with limited 
ablation outside (maximal ablation margin outside the electrodes of 7.1 
� 2.2 mm) [117]. Variability of ablation size, expressed either as SD 
(standard deviation) or as CV (coefficient of variation ¼ standard 
deviation/mean diameter) was limited and smaller than for many 
currently available electrodes, both in the axial and the transverse plane 
[51]. 

By adding up these rather small but very reliable rectangular abla
tion zones, large ablation zones of any size or shape could be performed. 

The aim of the current study was to further explore the performances 
of the 2 � 2 electrode system in ex vivo liver. We used the same pa
rameters as in the optimal setting found in the previous studies except 
that we varied the electric mode (unipolar or bipolar) and the activation 
mode (consecutive, simultaneous or switching) [7]. Size, geometry and 
completeness of the ablation zone were measured. In a second step, the 
experiments were simulated by finite element method (FEM) modelling 
to help us interpret the experimental results. 

2. Materials and methods 

The experimental set-up and the measurement of lesion size have 
been described in detail before [51,117]. For the experiments in the 
monopolar mode, a 15 � 7.5 cm ground pad (dispersive electrode) was 
put under the liver, with the nearest edge of the plate shifted 10 cm to 
the left of the center in between the 4 electrodes. 

2.1. Ablation protocol 

Six experiments, each consisting of six ablations, have been per
formed (Fig. 1).  

1. monopolar consecutive  
2. monopolar simultaneous  
3. monopolar switching  
4. bipolar consecutive  
5. bipolar simultaneous  
6. bipolar switching 

Monopolar indicates a current flow between the electrodes and the 
ground pad. 

Bipolar indicates a current flow between two (pairs of) electrodes 
without ground pad. 

Monopolar consecutive indicates that the ablation is started with the 
first electrode and continued during 10 min or until current shut-off due 
to impedance rise. This is repeated without interval with the second 
electrode, then with the third and finally with the fourth electrode. 

Monopolar simultaneous indicates that the four electrodes are acti
vated simultaneously during 10 min or until current shut-off due to 
impedance rise. 

Monopolar switching indicates that the first electrode is activated for 
1 s, followed without interval by the second electrode, the third and 
finally the fourth electrode. This activation cycle is continuously 
repeated during 10 min or until current shut-off due to impedance rise. 
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Bipolar consecutive indicates that the ablation is started with the first 
pair of electrodes and continued during 10 min or until current shut-off 
due to impedance rise. This is repeated without interval with the second 
pair of electrodes. 

Bipolar simultaneous indicates that the two electrode pairs are 
activated simultaneously during 10 min or until current shut-off due to 
impedance rise. 

Bipolar switching indicates that the first electrode pair is activated 
for 1 s, followed without interval by the second electrode pair. This 
activation cycle is continuously repeated during 10 min or until current 
shut-off due to impedance rise. 

Complete coagulation means that the whole volume circumscribed 
by the active parts of the four electrodes was completely coagulated as 
measured in both planes. Complete coagulation was given a score 1, 
incomplete (even 90%) coagulation a score 0, since obtaining a 100% 
reliable complete coagulation was a key objective in this study. 

The minimal axial diameter was defined as the diameter of the 
ablation zone at the central axis between the 4 electrodes [117]. 

Heating efficacy was calculated by FEM modelling and was defined 
as the amount of energy delivered in the volume in between the active 
parts of the four electrodes divided by the total amount of energy deliv
ered, expressed as a percentage. 

2.2. Statistical analysis 

Numerical data were reported as mean � standard deviation. A 
multivariate analysis of data was carried out to take into account the 
simultaneous influence of the six combinations of electric mode and 
activation mode (as analysed in this paper), interelectrode distance (as 
analysed in a first paper [117]), power, duration, electrode diameter and 
pattern (as analysed in a second paper [51]. 

Duration of coagulation, end temperature, time and coagulation 
speed (numerical data) were analysed by linear regression, and 

completeness of coagulation (dichotomous data) by logistic regression. 
Regression analysis of repeated measures using generalized estimating 
equation (GEE) was performed to study the values of temperature, 
impedance and current at every minute. Results between two groups 
were compared with unpaired t-test with Welch’s correction (Table 4). 
Results between more than two groups were compared with one way 
ANOVA following Bonferroni’s test (Table 2, Table 5, Table 6). A P value 
less than 0.05 was considered as statistically significant. Statistical 
analysis was performed using SPSS 15.0 statistical software (SPSS Inc., 
Chicago, IL, USA). 

2.3. Finite element method analysis 

In order to further understand the influence of the aforementioned 
parameters on coagulation size and geometry, we performed a finite 
element method (FEM) modelling using RAFEM-3 which has been 
described in detail in the supplemental data. 

3. Results 

3.1. Finite element method modelling 

The experimentally measured and numerically predicted transient 
temperatures matched closely (Fig. 2, Fig. 3). The 60 �C isotherms 
calculated by FEM modelling were similar in shape to the borders of the 
ablation zones observed in our experiments (Fig. 4, Fig. 5). The minimal 
axial diameter as measured after each experiment was predicted well by 
FEM modelling except for the very incomplete ablations in the monop
olar and bipolar consecutive modes (Table 1). 

3.2. Monopolar consecutive mode 

In the monopolar consecutive mode, impedance at the start was very 
high (136 � 7.7 Ohm) (Table 2). Current shut-off due to impedance rise 
occurred early: 3.82 � 1.60 min after activation of the first electrode. 
Duration of the total experiment (4 consecutive activations until current 
shut-off) was 10.85 � 2.34 min. End temperature was limited to 52.0 �
4.6 �C. Coagulation was always incomplete, ranging from four individ
ual coagulations around each electrode without any fusion to a clover
leaf shape coagulation consisting of four individual coagulations with 

Fig. 1. Experimental set-up, schematic representation of electric and activation 
modes. 
A. monopolar consecutive 
B. monopolar simultaneous 
C. monopolar switching 
D. bipolar consecutive 
E. bipolar simultaneous 
F. bipolar switching. 

Fig. 2. Monopolar RFA: influence of electric mode on temperature and com
parison of experimental and simulation values. 
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limited coagulation in between (Fig. 4A). 
FEM modelling of the electric field squared (hereafter called electric 

field throughout the manuscript for simplicity) showed that the electric 
field developed in a concentric way around each electrode, be it with 
some deviation of the electric field to the left of the electrodes, i.e. in the 
direction of the ground pad (Fig. 6A). FEM modelling of temperature 
distribution showed four coagulations around each electrode with 
incomplete fusion between them (Fig. 5A). Maximal temperatures were 
high (>100 �C) and concentrated around the electrodes. 

3.3. Monopolar simultaneous mode 

In the monopolar simultaneous mode, temperature hardly rose, with 
a temperature of 32.2 � 5.8 �C after 10 min (Table 2, Fig. 2). Coagu
lation was very weak and limited to the electrodes that were nearest to 
the ground pad (Fig. 4B). 

FEM modelling showed that the maximal intensity of the electric 
field was much lower (<3000 V/m) than in the other modes (Fig. 6B). 
The size of the electric field >1000 V/m was much smaller than in the 
monopolar consecutive mode. The electric field was close to zero in the 
volume in between the four electrodes. The field was distributed in a 
centrifugal way, away from the center towards the outer side of each 
electrode. Finally, the field was deviated to the left of the electrodes, i.e. 
in the direction of the ground pad. The simulation of the temperature 
distribution followed the same pattern: maximal temperatures were low 
(<60 �C) and heating was limited to the electrodes that were nearest to 
the ground pad (Fig. 5B). 

3.4. Monopolar switching mode 

In the monopolar switching mode, temperature went up slowly, with 
a temperature of 52.2 � 7.4 �C after 10 min (Table 2, Fig. 2). Coagu
lation was complete in the transverse plane in 4 out of 6 experiments but 
incomplete in the axial plane in 5 out of 6 experiments due to small to 
moderate sized uncoagulated areas at the proximal and the distal end of 

the axis between the four electrodes (Fig. 4C). 
FEM modelling showed that the electric field around a single acti

vated electrode was very similar in shape, size and intensity to the field 
in the monopolar consecutive mode (Fig. 6C). The electric field devel
oped in a nearly concentric way around each electrode, although with 
some deviation of the electric field to the left of the electrodes, i.e. in the 
direction of the ground pad. The simulation of the temperature distri
bution showed higher maximal temperatures (70–100 �C) (Fig. 5C). In 
contrast to the monopolar consecutive mode however, there was a nice 
fusion of coagulation zones in between the four electrodes. The coagu
lation zone based on the 60 �C isotherm was nearly symmetrical. 
Furthermore, it was complete, in contrast to 5 out of 6 ex vivo 
experiments. 

3.5. Bipolar consecutive mode 

In the bipolar consecutive mode, temperature went up quickly but 
current shut-off due to impedance rise occurred very early: 1.15 � 0.12 
min after activation of the first electrode (Table 2, Fig. 3). Duration of 
the total experiment (2 consecutive activations until current shut-off) 
was only 2.30 � 0.14 min. End temperature was 57.3 � 6.4 �C. Coag
ulation was always incomplete (Fig. 4D). 

FEM modelling of the electric field showed that the electric field 
developed symmetrically around and in between both electrodes 
(Fig. 6D). The size of the electric field >1000 V/m was about twice the 
size of the electric field >1000 V/m in the monopolar consecutive mode. 
FEM modelling of end temperature distribution showed four individual 
coagulations as determined by the 60 �C isotherm around each electrode 
(Fig. 5D). Maximal temperatures were high (>100 �C) and concentrated 
around the electrodes. Size and shape of the coagulation as determined 
by the 60 �C isotherm closely resembled the experimental findings ex 
vivo. 

3.6. Bipolar simultaneous mode 

In the bipolar simultaneous mode, temperature went up very 
smoothly (Fig. 3). Impedance first decreased during the first 3 min, then 
increased from 4 min on until a sudden impedance rise occurred 
(Table 2). With constant power output of 50 W, current first increased 
during the first 3 min, and then decreased from 4 min on until current 
shut-off. The ablation process took 5.30 � 0.70 min. End temperature 
was 77.7 � 12.4 �C. Coagulation was always complete in both the axial 
and the transverse plane (Fig. 4E). The coagulation zone was remarkably 
homogenous, without the typical carbonization which is often seen in 
RFA using other electrodes. The rectangular shape of the coagulation 
closely matched the rectangular shape of the volume in between the 
active parts of the four electrodes, extending 2.9 � 2.1 mm beyond this 
volume in the axial plane and 6.4 � 1.9 mm in the transverse plane 
(calculated on both the minimal and the maximal measurement in each 
plane). 

FEM modelling showed a high and symmetric electric field >1000 V/ 
m in the square determined by the four electrodes and a limited electric 
field outside this area (Fig. 6E). This resulted in a complete coagulation 
as determined by the 60 �C isotherm with very efficient and homogenous 
heating in between the electrodes (with temperatures above 80 �C in 
nearly the whole volume) with only limited heating outside (Fig. 5E). 
Size and shape of the coagulation as determined by the 60 �C isotherm 
closely resembled the experimental findings ex vivo. 

3.7. Bipolar switching mode 

In the bipolar switching mode, temperature went up quickly up till 
53.2 � 16.6 �C, but current was prematurely shut-off due to impedance 
rise after 4 min (Table 2, Fig. 3). 

FEM modelling of the electric field showed that the electric field 
developed symmetrically around and in between both electrodes 

Fig. 3. Bipolar RFA: influence of electric mode on temperature and comparison 
of experimental an simulation values. 

S. Mulier et al.                                                                                                                                                                                                                                   



Surgical Oncology 33 (2020) 145–157

149

(Fig. 6F). The size of the electric field >1000 V/m was about twice the 
size of the electric field >1000 V/m in the monopolar switching mode. 
FEM modelling of end temperature distribution showed a complete 
coagulation in between the four electrodes (Fig. 5F). Temperatures were 
lower than in the bipolar simultaneous mode, with a larger waist in the 
axial plane, although this didn’t compromise completeness of 

coagulation based on the 60 �C isotherm. In contrast to the FEM 
modelling, coagulation was incomplete in 4 out of 6 ex vivo experi
ments, mainly because the waist phenomenon in the axial plane was 
more pronounced ex vivo (Fig. 4F). 

Fig. 4. Ex vivo bovine liver experiments: 
influence of electric and activation mode on 
coagulation zone in transverse and axial 
plane 
A. monopolar consecutive. 
B. monopolar simultaneous. 
C. monopolar switching. 
D. bipolar consecutive. 
E. bipolar simultaneous. 
F. bipolar switching.   
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3.8. Comparison between all 6 combinations of modes 

Current intensity and impedance at the start, peak current, end 
temperature, time until current shut-off, complete coagulation score and 
heating efficacy were significantly different for each of the six combi
nations of modes (Table 2, Table 3). 

The bipolar simultaneous mode had the highest current and the 
lowest impedance at the start and the highest current peak (Table 2). It 
was the only mode that allowed heating �60 �C at the measuring point 

in the center of the plane created by the tips of the four electrodes, as 
well as complete coagulation in the axial and the transverse plane in all 
experiments (Table 2, Fig. 3). Heating efficacy was largest for the bipolar 
simultaneous mode and lowest for the monopolar simultaneous mode 
(Table 3). 

3.9. Bipolar versus monopolar mode 

In the bipolar mode, impedance at the start and time until shut-off 

Fig. 5. FEM modelling with RAFEM-3: in
fluence of electric and activation mode on 
temperature distribution (�C) in transverse 
and axial plane at the end of each experiment 
A. monopolar consecutive. 
B. monopolar simultaneous. 
C. monopolar switching. 
D. bipolar consecutive. 
E. bipolar simultaneous. 
F. bipolar switching.   

Table 1 
Comparison of minimal axial diameter of the ablation zone in ex vivo bovine liver experiments and in FEM modelling.  

electric mode (EM) monopolar monopolar monopolar bipolar bipolar bipolar 

activation mode (AM) consecutive simultaneous switching consecutive simultaneous switching 

ex vivo (mm) 6 � 9.4 0 � 0 19.7 � 11.6 8.2 � 9.4 35.5 � 1.2 26.7 � 3.1 
FEM (mm) 0 0 22 0 34 29 

The minimal axial diameter was defined as the the diameter of the ablation zone at the central axis between the 4 electrodes. 
The 60 �C isotherm was used to define the borders of the ablation zone by FEM modelling. 
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were lower while current at the start, peak current, end temperature and 
complete coagulation score were higher (Table 4). Heating efficacy was 
more than twice as high for all bipolar modes (Table 3). 

3.10. Consecutive versus simultaneous versus switching mode 

In the simultaneous mode, impedance at the start was lower while 
current at the start, peak current, time until shut-off and complete 
coagulation score were higher when compared to the consecutive and 
the switching mode (Table 5). 

3.11. Number of electrodes activated at the same time 

With increasing number of electrodes activated at the same time, 
impedance at the start was lower while current at the start, peak current 
and complete coagulation score were higher (Table 6). 

4. Discussion 

Multiple electrodes systems for RFA can be used in two electric modes: 
unipolar or bipolar and in three activation modes: consecutive, simulta
neous and switching [7]. 

We recently described an electrode system consisting of four parallel 
3 cm simple needle electrodes that allowed a reliable and predictable 
ablation zone in ex vivo liver in the bipolar simultaneous mode [51,117]. 
In the current study we explored the influence of changing the electric 
mode and the activation mode on the size and geometry of the ablation 
zone. 

4.1. Monopolar versus bipolar mode  

(1) In the monopolar simultaneous mode, the Faraday cage effect 
[118] occurs: since all four electrodes have the same polarity, the 
electric field is deformed and pushed outwards, with almost no 
current flowing and almost no coagulation in the target zone 
between the electrodes (Fig. 4B).  

(2) In all three monopolar modes heating of the target volume is less 
efficient than in the bipolar mode because a major part of the 
energy is lost in the tissue between the electrodes and the ground 
pad. While this principle seems intuitively logical, it has to our 
best knowledge not been quantified before. Using the newly 
introduced definition of heating efficacy, FEM was able to show 
that energy delivery in the target volume was more than twice as 
efficient in the bipolar than in the monopolar mode (Table 3).  

(3) In all monopolar modes, electric field, thermal distribution and 
coagulation were asymmetric and deviated towards the ground 
pad. This asymmetric coagulation observed with monopolar 
electrodes may be of concern for hepatic RFA performed by 
laparotomy or by laparoscopy. Current between the electrodes 
and the ground pad will flow through the path with the least 
electric resistance. With a surgical approach, current will pref
erentially flow centrally towards the liver hilum which is much 
more in (electric) contact with the rest of the body than the liver 

capsule which is exposed to the air or to CO2. This may, at least in 
theory, cause an unwanted asymmetric coagulation in the di
rection of the hilum. This phenomenon may be less prominent in 
percutaneous RFA, at least when no artificial pneumoperitoneum 
is created. 

In summary, three undesirable effects of monopolar RFA have been 
confirmed or identified: (1) the Faraday cage effect, (2) the lower 
heating efficacy in the target volume, (3) asymmetric coagulation to
wards the ground pad. 

In the bipolar modes, the above mentioned undesirable effects were 
not found. The electric field was stronger and more concentrated, 
leading to a higher heating efficacy in the target volume with faster 
heating and a higher complete coagulation score. Faster heating in bi
polar RFA has been shown to partially [43,119–122] or completely 
[123] reduce the heat-sink effect in proximity of large vessels as seen in 
monopolar RFA, with results approaching those for fast heating during 
microwave ablation [121]. 

4.2. Consecutive versus simultaneous versus switching mode 

In the ex vivo experiments, the simultaneous activation mode was 
superior to the consecutive and the switching mode in combination with 
the bipolar electric mode. The double number of electrodes activated at 
the same time in the simultaneous mode versus the consecutive and the 
switching mode (4 versus 2 and 2) decreased impedance at the start by 
42–46%, allowing a higher current for a longer time, resulting in a 
higher end temperature and a higher complete coagulation score 
(Table 2). We are not aware of similar comparative experiments in the 
bipolar mode. The superiority of the simultaneous (bipolar) mode over 
the switching (bipolar) mode is new and in contrast to the usual supe
riority of the switching mode over the simultaneous mode in experi
ments with monopolar electrodes [13,124–127]. 

4.3. Number of electrodes activated at the same time 

Impedance at the start significantly dropped when increasing the 
number of electrodes that were activated at the same time, especially 
when increasing from 2 to 4 (Table 6). 

The lower impedance allowed maintaining a higher current for a 
longer time before the occurrence of current shut-off and resulted in the 
highest complete coagulation score. 

We believe that the ‘secret’ of the better performance of the bipolar 
simultaneous mode compared to the 5 other modes lies in the combi
nation of the higher heating efficacy of the bipolar mode and the lower 
impedance by the simultaneous activation of four electrodes. 

4.4. Bipolar simultaneous mode 

The bipolar simultaneous mode was the most efficient combination 
to provide a complete coagulation zone of a 3 � 2 � 2 cm block. The 
good results are due to the combination of the higher heating efficacy of 
the bipolar mode and the lower impedance by the simultaneous 

Table 2 
Outcome of the ex vivo bovine liver experiments: comparison of the six combinations of electric and activation modes.  

electric mode (EM) monopolar monopolar monopolar bipolar bipolar bipolar p 

activation mode (AM) consecutive simultaneous switching consecutive simultaneous switching 

n activated electrodes 1 4 1 2 4 2 

impedance (start) (Ohm) 136 � 7.7 81 � 21.2 154.7 � 23.4 125.7 � 28.1 73 � 4.6 135.2 � 7.7 p < 0.001 
current (start) (cAmp) 62.8 � 1.8 82.2 � 11.7 58 � 4.5 71.5 � 5.4 87.7 � 3.1 66.8 � 3.1 p < 0.001 
current (peak) (cAmp) 72.7 � 1.8 87 � 14.2 66.5 � 5.8 84.2 � 2.6 118.3 � 5.3 86.2 � 4.5 p < 0.001 
end temperature (�C) 52 � 4.6 32.2 � 5.8 52.2 � 7.4 57.3 � 6.4 77.7 � 12.4 53.2 � 16.6 p < 0.001 
time until shut-off (min) 3.82 � 1.60 10 � 0.00 10 � 0.00 1.15 � 0.12 5,30 � 0.70 3.46 � 0.42 p < 0.0001 
complete coagulation score 0 0 0.17 0 1.00 0.33 p < 0.001  
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Fig. 6. FEM modelling with RAFEM-3: influence of electric and activation mode on electric field squared (V/m) in transverse and axial plane at the start of each (part 
of) experiment 
A. monopolar consecutive 
B. monopolar simultaneous 
C. monopolar switching 
D. bipolar consecutive 
E. bipolar simultaneous 
F. bipolar switching. 

Table 3 
Comparison of heating efficacy according to electric and activation mode.  

electric mode (EM) monopolar monopolar monopolar bipolar bipolar bipolar 

activation mode (AM) consecutive simultaneous switching consecutive simultaneous switching 

heating efficacy (%) 9.53 3.41 9.89 22.93 25.37 23.46 

Heating efficacy as calculated by FEM modelling is defined as the amount of energy delivered in the target volume between the active parts of the four electrodes 
divided by the total amount of energy delivered, expressed as a percentage. 
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activation of four electrodes. 
The boundaries of the coagulation zone were closely determined by 

the position of the electrodes, which enhances the predictability of the 
shape of the ablation. 

The variability of the ablation size, expressed either as SD (standard 
deviation) or as CV (coefficient of variation ¼ SD/mean diameter) was 
limited (2.1 mm ¼ 5.0% for the axial diameter; 3.6 mm ¼ 10.0% for the 
transverse diameter) and smaller than for many currently available 
electrodes [38,51], which enhances the predictability of the size of the 
ablation. 

4.5. FEM modelling 

FEM modelling of both the electric field and the temperature dis
tribution was very helpful to improve insight into the ‘pathogenesis’ of 
the ablation zones that were obtained in the ex vivo experiments by 
changing electric mode and activation mode. The simulations enabled us 
to see the underlying invisible phenomena such as electric field and 

temperature distribution. FEM also allowed to calculate the newly 
introduced concept of heating efficacy, which was defined as the amount 
of energy delivered in the target volume (in this study between the 
active parts of the four electrodes) divided by the total amount of energy 
delivered. To our best knowledge, this is the first paper to describe and 
apply software to simulate the end result of switching radiofrequency 
ablation [13]. 

Simulations of the temperature distribution by FEM modelling 
closely resembled size and shape of coagulation zones in the ex vivo 
experiments when using the 60 �C isotherm. Completeness of coagula
tion however was overestimated by FEM-modelling in 2 out of 6 modes: 
the monopolar switching and the bipolar switching mode. The reason for 
this discrepancy is not clear. We suspect that it could be due to the 
inhomogeneous structure of real liver tissue, in contrast to the artifi
cially homogenous nature of simulated liver tissue. This way, small areas 
of poor electric conductivity may be responsible for focal areas of 
overheating and dehydration, focally redirecting (and concentrating) 
electric flow, disturbing homogeneous electric heating and jeopardising 
the final coagulation result. Similarly, small areas of poor thermal 
conductivity may form a barrier for the even spread of thermal energy 
beyond. 

4.6. Matrix radiofrequency ablation (MRFA) 

The current experiments in ex vivo liver have shown that a complete 
coagulation zone of a 3 � 2 � 2 cm block was obtained most efficiently 
in the bipolar simultaneous mode. 

We hope that by adding up these predictable building blocks in 
MRFA, the entire coagulation zone will be completely coagulated with 
little coagulation outside. For MRFA, the tumor is pierced by x times y 
parallel electrodes [51]. The electrodes determine (x-1) times (y-1) 
rectangular tissue blocks, each boarded by a 2 � 2 electrodes cage. The 
length of the active parts of each electrode and the distance between two 
electrodes can be varied within certain limits, as long as the coagulation 
zone within each 2 � 2 electrodes cage is guaranteed to be complete, so 
that the sum of all these the blocks closely approaches the size and shape 
of the tumor including a safety margin around. Coagulation of the whole 
volume is obtained by activation of the 2 � 2 electrodes around the first 
block, then rapidly switching to the electrodes around the second block 
etc. until impedance has risen at all blocks preventing further current 
flow. 

Several steps still need to be taken in the development of MRFA: the 
current ex vivo studies have to be confirmed in in vivo studies; additional 
experiments are needed to study the results with electrodes that have 
active tips that are shorter and longer than 3 cm; and the observed 
reliable coagulation with 2 � 2 electrodes needs to be confirmed when 
using x times y electrodes. Lastly, the achievements of MRFA using a grid 
of multiple plain electrodes inside and outside the tumor, encompassing 
the tumor and a safety margin and activated in a bipolar mode, will have 
to be compared with the recent technique of no-touch RFA in which 
multiple bipolar electrodes are placed at the periphery of the tumor 
without piercing it [56,57,116], with other ablation methods such as 
microwave [128] and irreversible electroporation [129] (especially 
regarding efficiency near blood vessels [130]) and with stereotactic 
body radiotherapy [82]. 

Of note, if successful, MRFA will need to be performed by laparotomy 
since parallel placement of electrodes through a percutaneous or lapa
roscopic approach will be very difficult. Strict parallel placement of the 
electrodes is mandatory to avoid distortion of the electric field and 
hence the shape of the ablation zone [131–134]. Mobilisation of the 
liver may be necessary for locations that are difficult to reach [135]. In 
theory, ablation could be performed after inserting multiple single 
electrodes in a pattern that can be composed freely with individual 
electrodes inserted through holes in a guiding block or a perforated 
mesh grid, guided by intraoperative ultrasound. This may however be 
cumbersome and time consuming and parallel placement may be 

Table 4 
Outcome of the ex vivo bovine liver experiments: comparison of the two electric 
modes.  

electric mode monopolar bipolar p 

impedance (start) (Ohm) 123.9 � 36.7 111.3 � 32.4 NS 
current (start) (cAmp) 67.7 � 12.8 75.3 � 9.9 p ¼ 0.0064 
current (peak) (cAmp) 75.1 � 12.4 96.2 � 16.6 p ¼ 0.0022 
end temperature (�C) 45.4 � 11.2 62.7 � 16.1 p ¼ 0.0049 
time until shut-off (min) 7.94 � 3.12 3.31 � 1.80 p < 0.0001 
complete coagulation score 0.06 0.44 p ¼ 0.0074  

Table 5 
Outcome of the ex vivo bovine liver experiments: comparison of the three 
activation modes.  

activation mode consecutive simultaneous switching p 

impedance (start) 
(Ohm) 

130.8 �
20.4 

77.0 � 15.2 144.9 �
19.5 

p <
0.0001 

current (start) 
(cAmp) 

67.2 � 6.0 84.9 � 8.7 62.4 � 5.9 p <
0.0001 

current (peak) 
(cAmp) 

78.4 � 6.4 102.7 � 19.3 75.8 � 11.9 p ¼ 0.003 

end temperature (�C) 54.7 � 6.0 54.9 � 25.5 52.7 � 12.2 NS 
time until shut-off 

(min) 
2.48 � 1.76 7.65 � 2.50 6.73 � 3.42 p ¼

0.0003 
complete coagulation 

score 
0 0.50 0.25 p ¼ 0.021  

Table 6 
Outcome of the ex vivo bovine liver experiments: comparison according to the 
number of electrodes activated at the same time.  

n activated 
electrodes 

1 2 4 p 

combinations monopolar 
consec/ 
switching 

bipolar 
consec/ 
switching 

monopolar/ 
bipolar 
simultaneous 

impedance (start) 
(Ohm) 

145.3 � 19.2 130.4 � 20.3 77 � 15.2 p <
0.0001 

current (start) 
(cAmp) 

60.4 � 4.1 69.2 � 4.9 84.9 � 8.7 p <
0.0001 

current (peak) 
(cAmp) 

69.1 � 5.5 85.2 � 3.7 102.7 � 19.3 p ¼
0.0046 

end temperature 
(�C) 

52.1 � 5.9 55.3 � 12.2 54.9 � 25.5 p ¼ NS 

time until shut-off 
(min) 

6.91 � 3.40 2.31 � 1.24 7.65 � 2.50 p <
0.0001 

complete 
coagulation 
score 

0.08 0.17 0.50 p ¼
0.049  
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unsatisfactory [133]. In daily practice, a ‘scout’ electrode will be 
inserted into the center of the tumor under ultrasound guidance. A 
preformatted cluster adapted to the size and shape of the tumor will then 
be slid over the scout electrode. For spherical tumors, standard clusters 
will need to be available in different sizes. In case of non spherical tu
mors, a tailored cluster can be assembled before the procedure based on 
preoperative imaging. Electrodes should be firmly attached to the body 
of the cluster to avoid deviation [133] and should be stiff enough to 
avoid bending, both resulting in non-parallel placement [136]. 

4.7. The future of RFA: refining FEM modelling or improving reliability of 
RFA technology? 

The initial Pennes’ bioheat equation for FEM modelling of RFA is 
constantly being refined, taking into account more and more electro
physical phenomena such as the heat-sink effect [137], evaporation, 
water shift and pressure increase [138] and the temperature dependency 
of electrophysical features [51,139–142]. More accurate simulation has 
been proposed as a way to improve reliability and safety of clinical 
ablation in patients [143]. While FEM modelling is no doubt very helpful 
to assist research and development of radiofrequency ablation elec
trodes and protocols [138,144], it is not sure whether FEM modelling 
will ever be able to predict size and shape of ablations in patients with 
enough accuracy to completely avoid incomplete ablation and collateral 
damage. The main reason for this caveat is that most FEM models use 
estimated mean values for tissue characteristics derived from literature 
and assume that these characteristics are homogeneous throughout the 
tissue. The composition and therefore the electrical and thermal char
acteristics of any liver tumor and the surrounding liver parenchyma 
however are variable from one patient to another [42,145–147]. Further, 
tissue composition is heterogeneous on a macroscopic and a microscopic 
level [148]. Small vessels or small strands of connective tissue may have 
a non-negligible effect upon the shape of the coagulation zone causing 
irregular recesses and protrusions [133]. Coagulation of vessels may 
induce infarction of tissue beyond the area that is coagulated by heat in a 
way that is difficult to predict. Lastly, real-time exact tissue character
istics of a given tissue are unknown, although attempts are being made to 
measure them before or during the ablation [143,149]. A small change 
in value of electrical and thermal characteristics can have a large impact 
in the outcome of the calculated ablation size in a mathematical model 
[147]. Variability of ablation size obtained with any radiofrequency 
electrode (system) including ours seems inevitable and is found even in 
the most standardised ex vivo experiment [38,51]. 

In view of the above, we feel that refining FEM modelling is certainly 
helpful but that it will not be sufficient to ensure with certainty complete 
ablation and to avoid excessive ablation of non tumorous tissue in 
clinical practice. 

We are expecting more progress coming from improving RFA tech
nology itself, which ideally should be able to yield 100% coagulation 
within a predetermined target volume with minimal coagulation 
outside, independent of the electrical, thermal and microstructural 
characteristics of the tissue. We believe that bipolar simultaneous RFA, 
which has been designed to coagulate all tissue contained within a 2 � 2 
electrodes cage, deserves to be explored further whether it is able to 
reach this goal or not. 

5. Conclusion 

In summary, we developed a four electrode system with simple 
electrodes with a 3 cm active tip and determined its optimal electric and 
activation mode. In the optimal setting (bipolar simultaneous mode), the 
coagulation zone was obtained in a short time, very predictable in size 
and shape and always complete without voids. 

FEM modelling was very useful to understand the ‘pathogenesis’ of 
RF ablation zones. The good performance of the bipolar simultaneous 
mode is due to the combination of the higher heating efficiency of the 

bipolar mode and the lower impedance by the simultaneous activation 
of four electrodes. The four electrode system used in a bipolar simulta
neous mode offers the best perspectives as building block for MRFA. 
These results obtained in ex vivo liver should be confirmed by in vivo 
experiments. 
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