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ABSTRACT

ARTICLE HISTORY

Purpose: To investigate the effect of radiofrequency ablation (RFA) electrode trajectory on complete tumor ablation using computational simulation.
Material and methods: The RFA of a spherical tumor of 2.0 cm diameter along with 0.5 cm clinical safety margin was simulated using Finite Element Analysis software. A total of 86 points
inside one-eighth of the tumor volume along the axial, sagittal and coronal planes were selected
as the target sites for electrode-tip placement. The angle of the electrode insertion in both craniocaudal and orbital planes ranged from 90 to þ90 with 30 increment. The RFA electrode
was simulated to pass through the target site at different angles in combination of both craniocaudal and orbital planes before being advanced to the edge of the tumor.
Results: Complete tumor ablation was observed whenever the electrode-tip penetrated through
the epicenter of the tumor regardless of the angles of electrode insertion in both craniocaudal
and orbital planes. Complete tumor ablation can also be achieved by placing the electrode-tip
at several optimal sites and angles.
Conclusions: Identification of the tumor epicenter on the central slice of the axial images is
essential to enhance the success rate of complete tumor ablation during RFA procedures.
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Introduction
Liver cancer is the sixth most common cancer worldwide with 782,000 new cases diagnosed in 2012 (1). It
is the second leading cause of cancer death, which
was responsible for nearly 746,000 deaths globally in
2012 (2). Hepatocellular carcinoma (HCC) is the
major histological subtype of primary liver malignancies and accounted for 70–85% of the total liver cancer burden (3). The occurrence of HCC is highly
associated with several underlying risk factors such as
cirrhosis, type B and C chronic viral hepatitis, alcohol
intake as well as aflatoxin exposure (4). Various treatment strategies including surgical resection, systemic
therapy, intra-arterial therapy, percutaneous therapy
and liver transplantation are available to treat HCC
(5).
Over the past two decades, radiofrequency ablation
(RFA) has been widely used for small primary and
metastatic tumors (6). The overall and disease-free
survival rates of RFA are found comparable to those
observed with surgical resection (7). In addition, RFA
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has been proven to be more effective than percutaneous ethanol injection for local tumor control and has
led to lesser side effects compared to other ablative
procedures (8–10). An effective RFA treatment can be
accomplished through a complete tumor ablation
together with a clinical safety margin of at least
0.5 cm (11,12). The success rate of complete tumor
ablation is highly dependent on tumor targeting precision, which is governed by two major factors, i.e.,
electrode-tip placement and angulation for electrode
insertion. Various previous studies have demonstrated
the failure of RFA in ablating the tumor completely
due to the inability in determining the optimal electrode insertion site and angulation (13,14).
In order to increase the success rate of complete
tumor ablation, various attempts have been made to
improve tumor targeting precision and RFA electrode
trajectory planning (13–20). For instance, preoperative
and intraoperative treatment planning software has
been developed to provide a 3D view of the patient’s
segmented anatomy and simulation of the RFA electrode in 3D virtual space (13). In addition, different
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protocols and models have been designed to determine the number of RFA required and electrode
placement for larger hepatic tumors using single or
multiple RFA electrodes (14,16). Several interventional
navigation systems which contain pre-operative and
intra-operative modules have also been developed and
widely used in the treatment of non-resectable liver
tumors (15,17–19). The pre-operative module allows
the identification of the target volume, tumor segmentation and determination of the surgical plan including center of the tumor, electrode puncture site on
the skin and RFA electrode trajectory. Meanwhile, the
intra-operative module comprised the tracking system
to visualize the position of the electrode into the
coordinate of pre-loaded medical images and registration to show the correlation of spatial orientation of
the patient in the operating room and the patient’s
pre-operative images.
Although many efforts have been directed to
improve tumor targeting and RFA electrode trajectory, nonetheless, the effects and importance of electrode angulation in the orbital and craniocaudal
planes as well as variation in the electrode-tip placement relative to x-, y- and z-axes in the Cartesian
coordinate system on the success rate of complete
tumor ablation are yet to be evaluated. Hence, this
study was carried out to investigate the effects of electrode placement along the x-, y- and z-axes and the
electrode insertion angle on complete tumor ablation
using a computational simulation model.

Material and methods

Figure 1. Computational simulation model of (A) RFA electrode and ellipsoidal-shaped ablation and (B) spherical-shaped
tumor and its safety margin.

combination of orbital and craniocaudal planes were
determined for electrode insertion. Finally, the coordinates of the electrode-tip and center of the ablation in
the three-dimensional (3D) Cartesian coordinate system were determined using Matlab (MathWorks Inc.,
Natick, MA) software. The computational model of
tumor ablation using RFA was then simulated using
Finite Element Analysis software Comsol Multiphysics
4.2aþ (COMSOL Inc., Palo Alto, CA) to calculate the
missed ablated volume of the tumor.

Computational simulation model
A computational simulation model (Figure 1(A,B))
was developed to investigate the effect of RFA electrode trajectory inside a tumor on the success rate of
complete tumor ablation. The simulation model was
developed based on the following assumptions:
 The tumor is a perfect sphere with 1.0 cm radius.
 The clinical safety margin for tumor ablation is
0.5 cm.
 The ablation zone created by a single RFA electrode from the Cool-Tip RFA system (Covidien,
Mansfield, MA) is an ellipse with a minor-axis of
3.1 cm and a major-axis of 3.7 cm (21–24).
In order to study the effect of the RFA electrode
trajectory on complete tumor ablation, three preliminary steps were performed. First, specified locations
within the tumor were selected as electrode passage
points. Then, certain degrees of angle in the

Determination of electrode passage location
The spherically shaped tumor was divided into eight
equal parts and one-eighth of the volume was used to
sketch the electrode trajectory inside the tumor. The
axial, coronal and sagittal planes were employed to
segment the selected volume into smaller parts. The
parallel axial planes were arranged along the z-axis
with 0.2 cm distance from each other. In the same
way, the parallel coronal and parallel sagittal planes
were arranged along the y-axis and the x-axis,
respectively (Figure 2(A)). These different planes
intersected each other at 86 points in the 3D space.
The location of each intersection point in the
Cartesian coordinate system represents the coordinate
of the point (with a distance of 0.2 cm to its neighbor
points) where the RFA electrode was supposed to
penetrate through it before being pushed toward the
distal edge of the tumor.
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Figure 2. (A) One-eighth of the tumor volume was segmented into different electrode insertion points of 0.2 cm interval along
the axial, sagittal and coronal planes, resulting in a total of 86 electrode-tip passage points within one-eighth of the tumor. (B)
The RFA electrode was inserted into the tumor at various angles (90 to þ90 with a 30 increment) in the craniocaudal and
orbital planes. (C) The RFA electrode was inserted into the intended point. (D) The RFA electrode was pushed toward the posterior
end of the tumor to create a 0.5 cm safety margin.

Determination of electrode insertion angulation
The electrode-tip should be inserted at the intended
points at different angles in the craniocaudal and
orbital planes. The spherical coordinate was used for
the better display of azimuthal (/) and polar (h)
angles in which they were varied in the craniocaudal
plane (i.e., in the xy plane from the x-axis) and
orbital plane (i.e., from the positive z-axis), respectively. The angles in the craniocaudal plane were varied at 90 , 60 , 30 , 0 , 90 , 60 and 30 , while
the angle of the electrode insertion was varied in the
orbital plane at 90 , 60 , 30 , 0 , 30 , 60 and
90 for each mentioned craniocaudal plane angle
(Figure 2(B)). Theoretically, the electrode should be
inserted at a particular angle into the specified point
of the tumor and pushed toward the posterior end

of the tumor to create a clinical margin of 0.5 cm
(Figure 2(C,D)).

Determination of the position of electrode-tip and
center of ablation
The exact position of the electrode-tip and the center
of ablation in the 3D space were calculated using
Matlab software. In order to localize the position of
the electrode-tip, the intersection point between the
tumor together with its safety margin (a sphere) and
the electrode (a line) was calculated. The coordinate
of the point on a line (location of the electrode passage) and its unit vector (angle of the electrode insertion) were used to calculate the line equation. The
equation of the line that passed through the point
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ðx0 ; y0 ; z0 Þ and parallel to non-zero vector ðp; q; gÞ is
given as:
ðx; y; zÞ ¼ ðx0 ; y0 ; z0 Þ þ ðp; q; gÞt

(1)

The coordinate of ðx0 ; y0 ; z0 Þ was calculated in the
prior section for 86 different points within the tumor
in the Cartesian coordinate system. The Cartesian
coordinate (p, q, g) was determined from the spherical
coordinate of r, h and / using Equations (2)–(4):
p ¼ r cos / sin h

(2)

q ¼ r sin / sin h
g ¼ r cos h

(3)
(4)

where r as a unit vector with a magnitude of 1, / and
h are azimuthal and planar angles of the electrode
insertion, respectively.

The equation for the sphere is as follow:
ðx  aÞ2 þ ðy  bÞ2 þ ðz  cÞ2 ¼ R2

(5)

where (x, y, z) is the coordinate of a point on the
sphere; (a, b, c) ¼ (0, 0, 0) is the coordinate of the
center of the tumor and R (1.5 cm) is the radius of
the sphere (i.e., 1.0 cm tumor radius plus 0.5 cm clinical margin). Finally, the parametric equation of a line
was substituted into the sphere equation to calculate
the exact location of the electrode tip on the safety
margin of the tumor (Figure 3(A)).
In order to find out the position of the ablation in
3D space, the coordinate of the center point (i.e.,
intersection point between minor-axis and major-axis
of the ablation) was calculated (Figure 3(B)). Since the
direction of the electrode and ablation were the same

Figure 3. (A) The position of the electrode-tip in the Cartesian coordinate system and direction of the electrode in the spherical
coordinate. (B) The position of center of the ablation in the Cartesian coordinate system. (C) Diagrams showing the ablated volume
of the tumor, the missed ablated volume of the tumor and the ablated volume of the healthy tissue.
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and the center of the ablation was located with a specific distance from the electrode-tip position, the unit
vector of the electrode and location of the electrodetip were used to calculate the position of the ablation
center point (Equation (6)):
ðxa ; ya ; za Þ ¼ðxn ; yn ; zn Þ

sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
R2
þ ðp; q; gÞ 
ðp2 þ q2 þ g2 Þ

(6)

where (xa, ya, za) is the center point coordinate of the
ablation and (xn, yn, zn) is the coordinate of the electrode-tip.
Measurement of missed ablated volume of the
tumor
The COMSOL Multiphysics software (COMSOL,
Burlington, MA) was used to calculate the ablated volume of the tumor, which was defined as the common
volume between tumor and ellipsoidal-shaped ablation, for different angles at each target point. The
ablated volume of the tumor was marked manually
and measured using different measurement options
available from the software. The volume of the tumor
was calculated using Equation (7):
4
(7)
vsphere ¼ pR3
3
The missed ablated volume (cm3) was calculated by
subtracting the ablated volume from the volume of
the tumor using the following equation (Figure 3(C)):
vmissed ¼ vtumor  vablated

(8)

Measurement of ablated volume of the healthy
tissue
In order to calculate the volume of the damaged
tissue at the surrounding of the tumor, the volume of
ellipsoidal-shaped ablation was subtracted from the
common volume between the tumor and ablation
(ablated volume) (Figure 3(C)) where the volume of
the ellipsoidal-shaped ablation was calculated using
Equation (9):
4
abc
(9)
3
where b and c are minor radiuses and a is major
radius of ellipse.
The volume of the damaged tissue at the surrounding
of the tumor was then calculated using Equation (10):
voblation ¼

vdamaged ¼ vablation  vablated

(10)
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Results
Electrode placement was simulated for a total of 86
points distributed from the center of the tumor
towards its edge along the x-, y- and z-axes (Figure
2(A)). The angle for electrode insertion at each target point was varied from 90 to þ90 with a 30
increment in the combination of both craniocaudal
and orbital planes (Figure 2(B)). The ablated volume,
missed ablated volume and ablated volume of
healthy tissue for all 4214 simulations were calculated using geometric calculation as described above
and are listed in Supplementary Table 1. The electrode insertion points and angles, which resulted in
zero missed ablated volume and smallest possible
healthy tissue damage, were considered as the optimal target sites and angles for electrode insertion.
The location of the optimal target sites and their
associated angles are marked in red color in
Supplementary Table 1.
Effect of electrode-tip placement on complete
tumor ablation
In order to investigate the effect of electrode-tip
passageway within the tumor on the success rate of
complete tumor ablation, the electrode insertion
angulation was fixed at a constant angle (i.e., 90 ,
60 , 30 , 0 , 30 , 60 and 90 ) while changing
the electrode-tip placement location. Figure 4 shows
the 3D graph designed to display the missed ablated
volumes of the tumor when the electrode passed
through different passage points located in the
tumor at a particular insertion angle (e.g., / ¼ 0
and h ¼ 90 , 60 , 30 , 0 , 30 , 60 and 90 ).
Each graph contains 86 cubes where their positions
corresponded to the locations of the electrode passage points and the widths indicated the missed
ablated volume of the tumor. The degree of missed
ablated volume can also be seen from the color
spectrum (from white to dark red) where the darker
color indicated the greater missed ablated volume.
Generally, the lighter color cubes (lower missed
ablated volume) were concentrated around the center of the tumor (Figure 4) with an exception for
the graph obtained at h ¼ 60 where the lighter
cubes were widely distributed along the x-, y- and
z-axes (Figure 4(C)). In addition, the variation in
electrode passage point along x- and z-axes for the
graphs obtained at h ¼ ±90 and h ¼ 0 did not
affect the success rate of complete tumor ablation
(Figure 4(A,B)).
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Figure 4. Distribution of the missed ablated volume of the tumor along x-, y- and z-axes in the 3D graph at electrode insertion
angle of (A) U ¼ 0 and h ¼ 90 ; (B) U ¼ 0 and h ¼ 90 ; (C) U ¼ 0 and h ¼ 60 ; (D) U ¼ 0 and h ¼ 60 ; (E) U ¼ 0 and
h ¼ 30 ; (F) U ¼ 0 and h ¼ 30 ; (G) U ¼ 0 and h ¼ 0 . The width of the cube represented the missed ablated volume of the
tumor in cm3, whereas the color spectrum reflected the missed ablated volume with the dark red showing the most missed
ablated volume. The color spectrum started from 0 to 5.7 cm3 with 0.1 cm3 interval.
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Table 1. The numbers of the ideal point (n) and the location
in the Cartesian coordinate system for electrode insertion at
different orbital plane angles, while the craniocaudal plane
angle was set at 0 .
Coordinate of ideal point
Orbital plane
angle

Number
ofideal point

90

5

60

4

30

5

0

5

30
60
90

1
1
5

Table 2. The number of the ideal point (n) for electrode
insertion at different angles in the craniocaudal and orbital
planes.
Craniocaudal plane angles
Orbital plane angle


x

y

z

0
0.2
0.4
0.6
0.8
0
0.4
0.6
0.8
0
0.2
0.4
0.4
0.4
0
0
0
0
0
0
0
0
0.2
0.4
0.6
0.8

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0.2
0.4
0.4
0
0.4
0.4
0.6
0.8
0
0.2
0.4
0.6
0.8
0
0
0
0
0
0
0

Effect of electrode insertion angle on complete
tumor ablation
The number of the ideal point (n) at each particular
angle where the missed ablated volume of the tumor is
zero was used to determine the best angle for electrode
insertion. Table 1 shows the location of the ideal
points and their n value at electrode-tip insertion
angles of (/, h) ¼ (0 , 90 ), (0 , 60 ), (0 , 30 ), (0 ,
0 ), (0 , 30 ), (0 , 60 ) and (0 , 90 ). The highest
n value (n ¼ 5) was observed for the orbital plane
angles of þ90 , þ30 , 0 and 90 followed by þ60
(n ¼ 4) when the craniocaudal plane angle was set at
0 . The orbital plane angles of 30 and 60 obtained
the lowest n value of 1 (Table 1). The numbers of the
ideal points for the electrode insertion at different
angles in both the craniocaudal and orbital planes are
given in Table 2. The locations of these points in the
Cartesian coordinate system are listed in
Supplementary Table 2. As can be seen from the table,
the n value of 5 was obtained for different craniocaudal plane angles at 90 , 60 , 30 , 0 , 30 , 60 and
90 when the orbital plane angle was set at 0 . The
combination of different craniocaudal and orbital
plane angles (/, h) at (90 , 90 ), (0 , 90 ), (90 , 90 ),
(0 , 30 ), (90 , 90 ), (90 , 90 ), (0 , 90 ) and
(90 , 90 ) also obtained n value of 5 (Table 2).
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90
60
30
0
30
60
90

90
5
4
4
5
1
1
5



60
4
2
2
5
1
1
4



30

0

30

60

90

4
2
2
5
1
1
4

5
4
5
5
1
1
5

1
1
1
5
1
1
1

1
1
1
5
1
1
1

5
1
1
5
4
4
5

Discussion
Generally, electrode insertion points which are nearer
to the center of the tumor along the x-, y- or z-axes
have a higher probability to achieve complete tumor
ablation with a lower degree of healthy tissue damage.
The highest incident of complete tumor ablation was
found concentrated at the center of the tumor. In
other words, the incident of tumor missed ablation
increased when the location of the electrode-tip placement is further away from the center of the tumor.
Based on the n value obtained at different angles, the
best orbital plane angles for RFA electrode insertion
to achieve complete tumor ablation are þ90 , þ30 ,
0 and 90 . The second rank orbital plane angle for
electrode insertion is at þ60 while the insertion
angles of 30 and 60 have the lowest probability
to achieve complete tumor ablation. On the contrary,
when the orbital plane angle is set at 0 , complete
tumor ablation was observed for all the craniocaudal
angles studied. Furthermore, the combination of the
angles þ90 , þ30 , 0 and 90 in both orbital and
craniocaudal planes also resulted in complete tumor
ablation. In view of the above, the insertion angles of
þ90 , þ30 , 0 and 90 in both orbital and craniocaudal planes are the optimal angles to achieve complete tumor ablation.
Tumor targeting precision is important to ensure a
complete tumor ablation using RFA (20). Accurate
electrode placement is not only critical to warrant a
technical success of RFA, but also vital to prevent
local tumor recurrence by ablating the clinical safety
margin of 0.5 cm surrounding the tumor (7,25).
Often, imprecise tumor targeting or electrode placement could compromise the safety of the patient who
undergoes an RFA procedure. Several major complications such as pleural and gastrointestinal perforations,
laceration of vessels with bleeding, thermal collateral
damage with bile duct stenosis, biloma, gastrointestinal inflammation and subsequent perforation are
known to occur due to imprecise tumor targeting
(26–28). Some of these complications such as
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perforation of the gastrointestinal wall have been proven to be fatal (26,27).
Conventionally, the center of the tumor was preoperatively defined by the radiologists as the electrode-tip placement to achieve complete tumor
ablation (25). However, the electrode trajectory (insertion angle and electrode-tip placement) would be subjected to change if the critical organs or bones
obstructed the electrode passageway. Our results indicated that complete tumor ablation can be achieved
by passing the electrode through the center of the
tumor, regardless of the angle of electrode insertion.
Hence, if the electrode-tip was placed at the epicenter
of the tumor, the electrode insertion angle in combination of craniocaudal and orbital planes can be altered
in order to change the electrode trajectory before
advancing it to the edge of the tumor margin.
Furthermore, the electrode trajectory can also be
altered by changing the location of the electrode-tip
placement to achieve complete tumor ablation. The
numbers and coordinates of optimal target sites where
a complete tumor ablation can be achieved at different electrode insertion angles are shown in Table 2
and Supplementary Table 2, respectively. The electrode insertion angle of 0 in both craniocaudal and
orbital planes provided the maximum number of optimal target sites for complete ablation.
Despite dependence on the electrode trajectory,
complete tumor ablation also depends on the ablation
time where longer ablation time is needed to achieve
a larger ablation size. For instance, the ablation size
created by a single Cool-Tip RF electrode for the duration of 6 min is 2.3 cm in diameter but is increased
to 3.1 cm when the ablation time increases to 12 min.
In clinical practice, the ablation time is determined
based on the size of the tumor (with defined clinical
margins) and in accordance with the protocol recommended by the respective manufacturer.
Several limitations were identified in our study.
First, the 3D model used in this study was developed
on the basis of a theoretic spherical-shaped tumor
(2.0 cm diameter) with 0.5 cm clinical margin and a
single ellipsoidal-shaped ablation (minor-diameter
3.1 cm and major-diameter 3.7 cm). In reality, the
ablation zone created by the Cool-Tip RFA depends
on tissue vascularization, tissue properties, temperature and impedance of the tissue. However, our study
assumed that the ablation created by the single CoolTip electrode is a single ellipsoidal-shaped ablation. In
order to obtain a more comprehensive analysis, a general 3D model with different tumor sizes and ablation
zones for single and multiple ablations should be

developed. Second, the number of electrode-tip placements in this study was limited to 86 target sites
selected within one-eighth of the tumor volume.
Lastly, a limited range of angulation (i.e., from 90
to þ90 with 30 increment in both craniocaudal and
orbital planes) was simulated for electrode insertion.
A more accurate study on the effects of electrode-tip
placement and angle of electrode insertion on the
probability of complete tumor ablation can be
achieved by increasing the number of target sites and
extending the range of insertion angles. Although this
preliminary study included the above limitations,
nevertheless, it provided some insight on the improvement of tumor targeting accuracy in order to achieve
a higher success rate of complete tumor ablation by
RFA.

Conclusions
Tumor targeting and electrode angulation are two
important factors affecting the success rate of complete tumor ablation. The probability of complete
tumor ablation is greatly enhanced by identifying the
optimal target site and angle for electrode insertion.
Our results indicated that complete tumor ablation
can be constantly achieved by passing the electrode
through the epicenter of the tumor before advancing
it to the edge of the tumor margin regardless of the
angle of electrode insertion. Moreover, complete
tumor ablation can also be achieved if the electrode is
inserted at a specified angle within the optimal target
site.
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