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Abstract—Recent studies have shown that radiofre-
quency (RF) electrode displacement or deformation-based
strain imaging can be used as an alternate imaging modal-
ity to monitor and to evaluate ablative therapies for liver
tumors. This paper describes a biomechanical model used
to study RF electrode deformation-based strain imaging, in
conjunction with a simulated medical ultrasound linear ar-
ray transducer. The computer simulations reported here are
important steps toward understanding this biomechanical
system in vivo, thus providing a basis for improving system
design, including the motion tracking algorithm and image
guidance for performing RF electrode displacement-strain
imaging in vivo.

I. INTRODUCTION

ADIOFREQUENCY (RF) ablation is a promising tech-
Rnique to treat and destroy tumors in the liver, kidney,
and prostate [1]-[6]. This minimally invasive therapy has
gained increasing attention in the last decade as an alter-
native to standard surgical techniques. Continuous mon-
itoring of the tissue damage during and after RF abla-
tion therapy is important to the success of treatment [3],
[7]. Unfortunately, conventional ultrasound B-mode im-
ages are ineffective at depicting immediate results of treat-
ment as the echogenic properties of tissue do not change
significantly during and following ablation to be visualized
reliably by the ultrasound imaging system [8]. However,
protein denaturation that damages tissue at the molecu-
lar level also results in an increase of the tissue modu-
lus [9]. Therefore, ultrasonic elasticity imaging techniques
[10]-[12] are useful in monitoring the formation of thermal
coagulations. Recent studies have established the feasibil-
ity of monitoring these coagulation regions with acous-
tic radiation-force impulse (ARFI) imaging [13] and strain
imaging using the controlled displacement of the RF elec-
trode as the mechanical stimulus [14].

The success of ultrasound-based strain imaging relies
on the ability to accurately track in vivo tissue motion fol-
lowing tissue deformation. Inducing simple tissue motion
(e.g., nearly uniaxial compressions with minimal motion
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perpendicular to the ultrasound imaging plane [15]) during
deformation would be ideal to achieve the goal. However,
controlling the nature of tissue displacements during an
externally applied deformation becomes particularly dif-
ficult for internal abdominal organs, such as the liver. To
overcome this difficulty, Varghese et al. [14] proposed an al-
ternative method for deforming tissue during RF ablation,
whereby deformations are introduced by the controlled dis-
placement of the RF electrode.

Although the electrode-displacement technique appears
to be feasible, as shown in a porcine animal model [14], to
date a detailed evaluation of the method has not been
performed. The purpose of this paper is to describe a
finite-element analysis (FEA)-based biomechanical model
that simulates the mechanical response of soft tissues (e.g.,
liver) to deformations introduced by an RF ablation elec-
trode for strain imaging. Use of the model, in turn, should
lead toward improvements and further refinement of this
method.

ANSYS, a commercial FEA package (ANSYS Inc.,
Canonsburg, PA), was used to simulate the deformation of
soft tissue under perturbations applied by displacements
of the RF ablation electrode. Section IT describes how the
FEA-based biomechanical model was constructed under
relevant hypotheses, including boundary conditions and
the representation of thermal lesions (i.e., elasticity distri-
bution) (Table I). We then investigate the difference be-
tween a three-dimensional (3-D) FEA model and a simpli-
fied 2-D model by comparing FEA model-generated strain
images derived from known modulus distributions in com-
puter simulations. The comparisons are based on the con-
tour of the thermally introduced lesion because the bound-
aries of the lesion appear to provide the most useful infor-
mation to assess the success or failure of the treatment
procedure.

II. MATERIALS AND METHODS

Varghese et al. [14] described the RF electrode displace-
ment method, whereby controllable and reproducible lo-
cal deformations of tissues near a thermal lesion are in-
troduced for obtaining axial (parallel to the ultrasound
beam direction) strain images. In this paper, FEA mod-
els are constructed and used to simulate the biomechani-
cal interaction between the RF electrode and surrounding
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TABLE 1

ANSYS® FINITE ELEMENTS FOR OUR COMPUTER MODELS AND INTERESTED READERS MAY CONSULT ANSYS ELEMENT REFERENCE

FOR DETAILS.

FEA Element Type

Description

Modeling

Solid 186

PLANE183

CONTACT174

TARGET170

Twenty-node element having three degrees of freedom
(3-D) at each node; Solid 186 has quadratic displace-
ment behavior.

Eight-node element having two degrees of freedom (2-D)
at each node; PLANEI183 has quadratic displacement
behavior; both plane stress and plane strain states were
used for computer simulations.

Eight-node surface element having three degrees of free-
dom at each node; CONTACT174 has quadratic dis-
placement behavior and must be paired with its associ-
ated “target” surface.

Eight-node surface element having three degrees of free-
dom at each node; TARGET170 has quadratic displace-
ment behavior and must be paired with its associated

Soft tissue (treated and untreated) in 3-D models.

Soft tissue (treated and untreated) in 2-D models.

The contact elements overlay the solid elements de-
scribing the boundary of relatively rigid RF electrode
and are potentially in contact with the interface surface.

The contact elements overlay the solid elements
describing the boundary of deformable soft tissues
and are potentially in contact with the interface surface.

“contact” surface.

RF Ablation

Needle ultrasound

Transducer

Fig. 1. An illustration of strain-imaging geometry of a typical cool-
tip, RF electrode for liver tumor ablation. The surface of the tip is
conductive. The electrode can create 20-mm coagulations or thermal
lesions. An imaging plane in which RF echo fields are acquired by an
ultrasound transducer is 3 mm—5 mm away from the needle electrode.

liver tissue. The FEA simulations are combined with an
ultrasound simulation program to produce pre- and post-
deformation RF echo fields. From these signals, local strain
images are constructed using a 2-D block matching algo-
rithm [16].

Fig. 1 schematically illustrates a typical configuration
for data acquisition in which the displacement induced by
an RF electrode deforms the tissue. A commonly used,
single prong, 1.6-mm diameter electrode (i.e., Valleylab®
Cool-tip™ electrode, Tyco Healthcare Group, Mansfield,
MA) insulated both thermally and electrically, except
around the 20-mm conducting zone, is simulated in this
study.

A. Theory of Finite-Element Simulation

The solution to a conventional continuum mechanics
problem using FEA leads to the following linear algebraic
system [17]:

KU =F, (1)

where K is an assembled global stiffness matrix, U is an
assembled global displacement vector, and F' is an assem-
bled force vector.

In the framework of contact mechanics, the physical
contact can be modeled as interactions among different
continua. In general, an admissible solution can be ob-
tained by solving the following constrained optimization
problem numerically [17]:

min{ KU — F} with gy <0, (2)

where physical constraints such as avoiding a collision are
described by a set of mathematical functions gy < 0.

As illustrated in Fig. 1, the mechanical behavior of an
RF ablation electrode-induced displacement is dictated by
the contact forces transmitted across the contact layer be-
tween the electrode and surrounding tissue. We assume
this interaction is governed by Coulomb friction [18]. More
specifically, if the shear stress along the contact interface
exceeds a predetermined value (i.e., cohesion), the fric-
tional load is proportional through a friction coefficient
to the normal pressure applied on the contact surface.
Otherwise, there is no relative slippage between the elec-
trode and its surrounding tissue. An integrated environ-
ment called “contact wizard” in the ANSYS software was
used to handle the interaction between the RF electrode
and its surrounding tissue. During a contact analysis, AN-
SYS checks each element to avoid any potential physical
collision. The process is often referred to as the pinball al-
gorithm [19] in which a circular (2-D) or spherical (3-D)
region around each potential contact interface is used to
make this determination.
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In this study, the contribution of the frictional load (ex-
cluding the cohesion) is small because the gravity force of
any tissue mass is parallel to the friction direction (i.e., the
normal pressure acting on the contact interface is small),
consistent with our FEA results. Simulations of the de-
formation field were computed with the friction coefficient
varying from 0.05-0.5 to test the sensitivity of this param-
eter. A friction coefficient of 0.15 is commonly used for an
interface between two pieces of lubricated stainless steel
[18] and, intuitively, the friction that would exist between
the RF electrode and normal in vivo tissue will not dif-
fer significantly from this value. Our FEA results demon-
strate that the strain imaging results were not sensitive to
changes in this parameter.

We further hypothesize that protein denaturation and
carbonization occurring around the RF ablation electrode
tip cause the adhesion of the stainless steel electrode to the
ablated tissue [20]. It is logical to assume that no bond-
ing exists (i.e., cohesion = 0) between the electrode and
untreated tissue. Different strengths of the bond between
the electrode and surrounding tissue can be achieved by
varying the cohesion value in ANSYS.

Because geometric (large deformation and large strain)
and contact (surface gaps) nonlinearities were included in
these simulations, the ANSYS program uses the Newton-
Raphson equilibrium iterations [21] to achieve conver-
gence!. Convergence to a specific tolerance of 0.1% was
used in this study. An interface program was used to read
the displacement fields and to convert them into a format
that can be read by an acoustic simulation program de-
scribed below to generate pre- and postdeformation RF
echo signals.

B. Three-Dimensional FEA Model

Fig. 1 shows a typical 3-D simulation geometry (100 x
100 x 60, length x width x height in millimeters) in which
a single spherical inclusion (Young’s modulus of 30 kPa) is
used to model an RF ablation-induced lesion embedded in
untreated normal liver tissue (Young’s modulus of 5 kPa).
These Young’s modulus values are consistent with experi-
mental results [9]. Normal liver tissue and ablated thermal
lesions were assumed to be linearly elastic and nearly in-
compressible (Poisson’s ratio of 0.495). We model the fol-
lowing boundary conditions, assuming that the RF abla-
tion electrode is pulled toward the ultrasound transducer
by a fixed displacement increment (e.g., 0.5 mm) under
stepper motor control. Because the electrode introduces a
small local perturbation, it is reasonable to assume that
the motion at the bottom of the tissue is restrained due to
anatomical constraints (e.g., connective vessels) and the
inertia of the organ being imaged, consistent with our ex-
perimental observations. Expressed in an analytical form,
this can be written as u, = 0 on the tissue surface de-
fined by Z = 0. We also assume that the center point of

LANSYS Theory Reference Manual, 2004 (ANSYS Inc., Canons-
burg, PA).
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Fig. 2. The 2-D simplified mechanical model for generating RF
ablation-induced displacements. Points D and B correspond to (0, 0)
and (40, 60), respectively.

the tissue surface at Z = 0 is constrained along the X
and Y directions to prevent rigid body motion. When tis-
sue is pulled toward the ultrasound transducer (Fig. 1),
the transducer limits the tissue motion in the Z direction.
Thus, u, = 0 on the contact surface S; of the transducer.
The friction coefficient used was 0.15, and perfect bonding
between the electrode and the treated tissue was assumed.

C. Two-Dimensional Simplified FEA Model

A simplified 2-D model applicable to both plane stress
and plane strain boundary conditions is illustrated in
Fig. 2 (image plane of 100 x 60, width x height in mil-
limeters). In a clinical setting, an ultrasound transducer
may be displaced (e.g., 3 mm—5 mm) from the plane of
the RF ablation electrode (Fig. 1). Therefore, it is reason-
able to treat the deformation source in an image plane as
an embedded and finite-sized (width = 1 mm) rigid body
along the central line of the lesion, as illustrated in Fig. 2.

Similar boundary conditions were used for the 2-D
model as in the 3-D model described above. The bottom
boundary (Y = 0 in Fig. 2) was taken as being constrained
by anatomic confinement and the inertia of the organ; the
boundaries of the left and right sides were free. Similarly,
the tissue motion around the top boundary [ = 60 mm in
Fig. 2(a)] also was limited to simulate confinement of tissue
motion provided by the ultrasound transducer when the
ablation electrode was displaced toward the transducer.

Three different soft tissue modulus distributions, in-
cluding representations for the thermally induced lesion
and for the untreated region, were simulated for the 2-D
FEA model as follows. In the first case, a uniformly elastic
phantom (5 kPa approximating that of normal liver tissue)
was simulated. This phantom did not contain a circular
thermal lesion. In the second case, a phantom containing a
20-mm diameter inclusion was presented. The background
modulus is 5 kPa and the inclusion modulus is 30 kPa (ap-
proximately that of thermal lesions in normal liver tissue
[9]). In the third case, a three-layered, concentric ther-
mal lesion model that incorporates likely characteristics
of thermal lesions also was simulated in a phantom. Sim-
ilarly, the background normal liver tissue is 5 kPa, but



284

the thermal lesion contains three distinct zones [22]. The
region most distant from the electrode is an area of par-
tial necrosis and hemorrhage (2-mm thick in this study)
containing some viable cells. The swelling of tissue and
increase in fluid content in this zone results in softening
of tissue (compared to the untreated tissue) and, there-
fore, Young’s modulus of this zone was assigned to 2 kPa
(based on conjecture). The most inner zone (8 mm in di-
ameter) corresponds to a region of completely ablated tis-
sue in which tissues sustain the highest temperature (e.g.,
>80°C), and 100% of the cells have been destroyed. The
middle zone is completely necrosed, but it is ablated at
a relatively lower temperature (e.g., 60°C). The Young’s
modulus of treated tissue is likely proportional to the abla-
tion temperature [9], [23], [24]. Therefore, we used 30 kPa
for the inner zone and 25 kPa for the middle zone [9]. Note
that all modulus changes between the two different regions
described above are modeled as step functions.

To study the sensitivity of the bond strength between
the electrode and the treated tissue on the thermal lesion
visibility, the cohesion value was varied from 10 kPa to
1 MPa, while keeping the friction coefficient at 0.15.

D. Ultrasound Simulation Software

Ultrasonic echo data was simulated following a simple
linear system approach [25]. The pre- and postdeforma-
tion RF echo signals in a coordinate system (x,y) can be
expressed as:

rz(xvy) :h(x7y)®zz(x7y)+nz(x7y)v (3)

where r is the RF echo signal consisting of a set of A-
lines, h is the system point spread function (PSF), z is the
acoustic impedance difference of tissue modeled by a 2-D
Gaussian random field, and n is the signal-independent,
zero-mean Gaussian noise. The subscript 4 in (3) corre-
sponds to pre- (0) and postdeformation (1) data. The post-
deformation acoustic field z;(x,y) is obtained by resam-
pling zo(x,y) at the new spatial position (2/,y’), where
= x+dz, y = y+dy, and (dz,dy) is the displace-
ment field obtained with FEA simulation. The 2-D PSF
h(z,y) is modeled axially as a Gaussian-modulated sinu-
soid and laterally as a Gaussian envelope [25]. The sim-
ulated acoustic pulse has a center frequency of 7.5 MHz
with a 60% fractional bandwidth. The axial and lateral
PSF dimensions (full width at half maximum) were 0.5 mm
and 1.2 mm, respectively. Zero-mean Gaussian white noise
was added to obtain an electronic signal-to-noise (SNR) of
40 dB. These parameters are typical of modern high end
clinical scanners.

E. Data Processing

The data processing strategy (Fig. 3) is similar to con-
ventional approaches to elasticity imaging. The axial dis-
placements from the numerical phantom were estimated
using a speckle tracking algorithm [16].
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Build a finite
element model
with radiofrequency
ablation electrode

Obtain FEA-simulated
deformation fields
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Fig. 3. A block diagram of the procedures for the computer simula-
tions. The computer model consists of both simulations for acoustic
beams and representations for mechanical interactions between the
RF ablation electrode and its surrounding soft tissues.

This algorithm is a block-matching-based algorithm in
which each search kernel consists of a short axial length
of echo data from several beam lines (described below).
It uses a strategy of a predictive search to achieve real-
time performance, similar to a previously published al-
gorithm [26]. In Zhu and Hall’s algorithm [26], an esti-
mated displacement vector in one spatial location can be
used to guide speckle tracking in the immediate neigh-
borhood because of the continuity of tissue motion. Lim-
iting the search region improves computational efficiency
while eliminating phase ambiguity errors in the displace-
ment estimation. Rather than the row-by-row guidance for
displacement estimation in Zhu and Hall’s algorithm [26],
here we use a column-based guidance (column direction is
parallel to the acoustic beam direction). A column of high
quality displacement vectors is estimated near the center of
the region of interest (ROI). Because the column direction
is consistent with the applied deformation direction, and
axial displacements along a column are larger in magnitude
than across a row, local errors in the displacement estima-
tion are more easily detected and corrected in the column
direction, resulting in better noise immunity. Then, based
on the assumption of motion continuity, displacement es-
timation among adjacent A-lines can be performed in a
significantly reduced region guided by the first column of
displacement vectors and its successors [25].

In this study, a small 2-D kernel (0.96 mm x 0.40 mm)
is used to obtain the displacement estimates. Axial strain
is estimated from the slope of a linear regression of the
estimated displacement vectors at the center of a small
segment (2.0 mm window).

III. RESULTS

Figs. 4(a)—(c) show the axial strain fields generated us-
ing the FEA simulation of a single thermal lesion (i.e., the
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model illustrated in Section II-B versus the second modu-
lus distribution in Section II-C) under true 3-D mechanical
conditions, 2-D plane stress and plane strain states, respec-
tively. Observe from Figs. 4(a)—(c), that the 2-D simplifi-
cation captures the general characteristics (in particular,
the lesion contour) of the axial strain induced by the RF
ablation electrode. However, there are quantitative differ-
ences in the displacement distribution predicted by the 2-D
and 3-D models [Figs. 4(e) and (f)]. These differences were
computed by comparing axial displacements [see Fig. 4(d)]
in an image plane 5 mm away from the electrode in the 3-D
FEA simulation to those obtained using 2-D simulations
under similar conditions, respectively. For the purpose of
visualizing the boundary of a thermally induced lesion,
the 2-D FEA model significantly reduces the modeling and
computational burden (a few seconds versus many hours)
and is, therefore, an appropriate approximation, if it is suf-
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Fig. 6. (a) A plot of estimated elastic contrast with respect to different bonding strengths between the electrode and the treated tissue and
corresponding strain images for the second modulus distribution in Section II-C. Bond strength of (b) 10 kPa, (c) 75 kPa, and (d) 200 kPa.
The electrode was pulled 0.5 mm toward the transducer, and the elastic contrast was estimated by (the mean strain of region 1)/(the mean

strain of region 2).

ficiently accurate. Note that, in all 2-D simulations shown
in Fig. 4, perfect bonding between the electrode and the
treated tissue was assumed.

The absolute displacement estimates using the 2-D sim-
plification results in errors. The maximum error for the 2-D
simplification with the plane stress condition [Fig. 4(e)] is
approximately 12%; the 2-D simplification with the plane
strain condition [Fig. 4(f)] results in a maximum error of
about 30%. Based on the smaller errors, 2-D simplifica-
tion with the plane stress condition was adopted for the
following investigations.

Figs. 5(a)—(c) show the 2-D plane stress FEA simulated
(left plots) and estimated (right plots) strain images ob-
tained by the procedure described in Section II-E. Results
are shown for three different simulated tissue-mimicking
phantoms [no lesion Fig. 5(a), uniform lesion Fig. 5(b), and
concentric layered lesion Fig. 5(c)]. Strain images obtained
from both FEA simulation and speckle tracking correlate
well with the known modulus distributions in the phan-
tom, except for results with the uniform phantom. Even
though no elasticity contrast exists in the uniform phan-
tom, the presence of the stainless steel needle electrode in
the imaging plane causes rigid body motion (relative to tis-

sue deformation). In other words, the low strain region ob-
tained for the uniform phantom is mainly an artifact that
represents the rigid-body motion of the tissue attached to
the RF ablation electrode. For the other two thermal lesion
models (uniform lesion model and layered lesion model),
the circular strain patterns in Figs. 5(b) and (c) are re-
markably similar in appearance to electrode-deformation
images produced in tissue. Nevertheless, a relatively bright
ring that corresponds to the soft zone in the layered lesion
model is highly visible in Fig. 5(c). All strain images in
Fig. 5 were obtained under perfect bonding conditions be-
tween the electrode and treated tissue.

Fig. 6(a) shows the elastic contrasts in the simulated
phantom identical to that presented in Fig. 5(b) with re-
spect to different bonding strengths between the electrode
and treated tissue. The elastic contrast was estimated by
computing the ratio between the mean strains of region 1
and region 2 [see Fig. 6(d)]. The estimated elastic contrast
is primarily used as an index of lesion visibility and may
be biased due to the strain concentration artifact. When
the bonding between the electrode and the treated tissue
is weak (cohesion = 10 kPa), no elastic contrast other than
the decorrelation artifacts induced by the rigid body mo-
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tion of the electrode is observed in Fig. 6(b). After a mod-
erate bonding (cohesion = 75 kPa) is established, the ther-
mally induced lesion is clearly identified in the strain image
[see Fig. 6(c)]. If the bond is strong (cohesion = 200 kPa),
a high contrast lesion is clearly visualized [see Fig. 6(d)].

IV. DiscussiON

The motion of the electrode introduces a local pertur-
bation (displacement) of tissues surrounding the electrode.
This displacement pattern is significantly different from
those used in traditional elastographic imaging in which
the deformation stimulus is applied externally using a com-
pression plate or the ultrasound transducer surface. For
instance, axial displacements induced by the RF ablation
electrode and transferred to the surrounding tissue weaken
with increasing distance from the needle [see Fig. 4(d)].
Two 2-D FEA simulated shear strain images under the
RF electrode perturbation (pulling 0.5 mm upward; frame-
average axial strain is roughly 1%) and the conventional
compression technique (1% of uniaxial compression by an
ultrasound transducer) are shown in Fig. 7(a)—(b), respec-
tively, for comparison. The deformation in tissue induced
by the electrode is primarily transferred through the shear
stress along the interface between the electrode and the
treated tissue. Therefore, large shear strains can be seen
around the electrode in Fig. 7(a); the shear strains in the
conventional compression are small under a relatively uni-
form compression [see Fig. 7(b)]. In addition, little contrast
exists in axial strain images obtained under the electrode
deformation [see Fig. 5(b)] at points corresponding to the
lateral margins of thermal lesions in which local shear de-
formations prevail [see Fig. 7(a)].

Our primary hypothesis in the use of the RF electrode
to provide controlled perturbation of tissue is that ablated
tissue is firmly attached (cohesion > 75 kPa) to the elec-
trode, but untreated tissue is not. If the ablated tissue is
not firmly bound (cohesion = 10-50 kPa) to the electrode,
the electrode easily can be pulled out or pushed in provid-
ing very little local deformation of the surrounding tissue
and very little strain image contrast [see Figs. 6(a)—(c)]. It
is worth noting that the firm bond between the electrode
and the ablated tissue is consistent with our experimental
experience, though carefully designed experimental valida-
tion is needed. From our observations in both in vitro and
in vivo experiments [14], the adhesion can sustain small
perturbations (e.g., at least 1-mm displacements by push-
ing or pulling on the electrode), consistent with our hy-
pothesis.

However, if the untreated tissue is firmly attached to
the electrode [Fig. 5(a)], the rigid body motion induced
by the electrode is clearly visible and does not correlate
well with its modulus distribution, consistent with a the-
oretical analysis by Barbone and Bamber [27]. This situ-
ation likely occurs at the very early stage of RF ablation
therapy in which the thermal lesion is small and the bond
between the electrode and its surrounding tissue has been
weakly established. However, the rigid body artifact only
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Fig. 7. FEA simulated shear strain images induced by (a) a RF elec-
trode (pulling the electrode 0.5 mm upward), and (b) an 1%

compression by the ultrasound transducer surface for an simulated
phantom (i.e., the second modulus distribution in Section II-C). 6

will introduce a false target (approximately 3-5 mm wide
but 20 mm long [see Fig. 5(a)]) and, therefore, has mini-
mal impact on the visibility of large (> 1 cm) targets [see
Figs. 5(b)—(c)]. This topic deserves further consideration
in a carefully controlled experimental study.

In this study, the motion induced by pulling or pushing
the RF electrode is assumed to be parallel to the trans-
ducer axis and represents an ideal situation. An angle be-
tween the needle and transducer could induce undesirable
lateral and elevational tissue motions, affecting the mo-
tion tracking accuracy [28], [29]. We also have limited this
study to pushing or pulling of the RF electrode because
other motion such as twisting the RF electrode is unlikely
unless introduced deliberately.

V. CONCLUSIONS

FEA modeling was used to illustrate the characteris-
tics of axial strain images of thermal lesions obtained by
controlled motion of the RF ablation electrode. Strain im-
ages of computer simulated phantoms are similar to those
generated in in vivo experiments [14]. When the RF elec-
trode is tightly bonded with the treated tissue and not
bound to the untreated tissue, the size of lesions shown in
strain images match well with the known modulus distri-
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bution. Several challenges remain, but RF ablation elec-
trode strain imaging appears to be feasible for monitoring
ablation therapy in abdominal tissues.
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