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Predicting Target Displacements Using Ultrasound
Elastography and Finite Element Modeling
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Abstract—Soft tissue displacements during minimally invasive
surgical procedures may cause target motion and subsequent mis-
placement of the surgical tool. A technique is presented to pre-
dict target displacements using a combination of ultrasound elas-
tography and finite element (FE) modeling. A cubic gelatin/agar
phantom with stiff targets was manufactured to obtain pre- and
post-loading ultrasound radio frequency (RF) data from a linear
array transducer. The RF data were used to compute displace-
ment and strain images, from which the distribution of elasticity
was reconstructed using an inverse FE-based approach. The FE
model was subsequently used to predict target displacements upon
application of different boundary and loading conditions to the
phantom. The influence of geometry was investigated by applica-
tion of the technique to a breast-shaped phantom. The distribution
of elasticity in the phantoms as determined from the strain dis-
tribution agreed well with results from mechanical testing. Upon
application of different boundary and loading conditions to the
cubic phantom, the FE model-predicted target motion were con-
sistent with ultrasound measurements. The FE-based approach
could also accurately predict the displacement of the target upon
compression and indentation of the breast-shaped phantom. This
study provides experimental evidence that organ geometry and
boundary conditions surrounding the organ are important factors
influencing target motion. In future work, the technique presented
in this paper could be used for preoperative planning of minimally
invasive surgical interventions.

Index Terms—Computer-assisted surgery, elastography, finite
element analysis, minimally invasive surgery, preoperative plan-
ning, strain, ultrasound.

I. INTRODUCTION

DURING many minimally invasive surgical interventions,
such as fine needle aspiration, core biopsy, interstitial

brachytherapy or radiofrequency ablation, the clinician inserts a

Manuscript received March 14, 2011; revised June 17, 2011; accepted August
3, 2011. Date of publication August 15, 2011; date of current version October
19, 2011. This work was supported by grants from the Netherlands Organization
for Scientific Research (NWO). Asteriks indicates corresponding author.

J. op den Buijs is with MIRA — Institute of Biomedical Technology and
Technical Medicine (Control Engineering Group), University of Twente, The
Netherlands.

H. H. G. Hansen and C. L. de Korte are with the Department of Pediatrics
(Clinical Physics Laboratory), Radboud University Nijmegen Medical Centre,
The Netherlands.

R. G. P. Lopata is affiliated with the Department of Biomedical Engineering
(Cardiovascular Biomechanics Group), Eindhoven University of Technology,
The Netherlands.

*S. Misra is with MIRA — Institute of Biomedical Technology and Technical
Medicine (Control Engineering Group), University of Twente, The Netherlands
(e-mail: s.misra@utwente.nl).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TBME.2011.2164917

Fig. 1. Schematic of an ultrasound-guided minimally invasive surgical inter-
vention in breast tissue: Compression by the ultrasound transducer, as well as
interactions between surgical tool and soft-tissue cause target motion.

surgical tool into the body with the intention to reach a specific
target, e.g., a suspected malignant lesion [1], [2]. Such interven-
tions are generally performed using ultrasound or other imaging
modalities to assist the clinician in targeting the lesion [3]–[5].
Breast biopsy is an example of a procedure that requires target-
specific surgical tool insertion (Fig. 1). For precise diagnosis
and/or therapy, accurate surgical tool placement is of utmost
importance [6], especially since the detected targets are getting
smaller with increased diagnostic performance. However, organ
deformation due to patient motion, physiological processes, and
tool-tissue interactions may result in motion of the target [7],
preventing the surgical tool from reaching its intended target.
Thus, several interventional radiology procedures would ben-
efit from a patient-specific preoperative plan for drug delivery
and biopsies. Such plans would predict the target motion and
thereby improve the clinical outcome of the procedure.

Accurate computer-based simulation of tissue and target de-
formation upon medical interventions could aid surgeons in
training and preoperative planning of complex procedures. For
example, finite element (FE) modeling could be used to predict
bladder deformation for improvement of image-guided radio-
therapy [8], or to predict breast deformation upon craniocaudal
and mediolateral oblique compression [9]. In addition, com-
puter models of surgical procedures may be used for devel-
opment of novel medical devices, or serve as input for con-
trollers of robotic surgical systems [10], [11]. Simulations of
surgical tool trajectories and target motion require the devel-
opment of realistic, patient-specific biomechanical modeling of
tissues and their interactions with the surrounding organs, as
well as the instrumentation tools [12]. However, developing
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Fig. 2. (A) Overview of the cubic phantom study: A gelatin/agar phantom was fabricated to measure strains and displacements during the case Compression.
Elastic properties for a finite element (FE) model were obtained by solving an inverse problem. This FE model was then used to predict the displacements for
the other cases (Rotated, Constrained, Partial Support, Indentation). Model predictions were then compared to experimental data. (B) Picture of the experimental
setup. The phantom is placed between the two platens of a compression setup. An ultrasound transducer is mounted to the top platen. An indentor on a linear
translation stage is used to indent the phantom with a cylindrical rod.

accurate biomechanics-based models for surgical simulation is
challenging. Biological tissues are generally inhomogeneous,
anisotropic, and viscoelastic. Further, development of organ
models requires measurement of tissue properties in vivo, since
organs have significantly different dynamics, which are impos-
sible to precisely replicate during ex vivo experiments. On the
other hand, using current medical imaging modalities such as
X-ray, ultrasound, computed tomography (CT) scans, and mag-
netic resonance (MR) images, it is possible to determine organ
geometry with a high level of accuracy. Complex boundary con-
straints and connective tissues that support the organs can also
be observed, but to a lesser degree. In a previous study, it was
shown by means of numerical models of tissue displacements
that organ geometry and boundary constraints dominate target
motion [13]. Changes in boundary conditions could be caused
by patient motion, or the presence or absence of surrounding
anatomical constraints, such as boney structures or connective
tissue. Variations in loading conditions could be due to compres-
sive displacements by the ultrasound transducer, or indentation
by needles or other surgical tools. Noninvasive predictions of
target motion under altered conditions would be valuable for
preoperative planning of surgical tool trajectories in ultrasound-
guided minimally invasive surgery.

The goal of this study was to confirm that a linear finite el-
ement (FE) model based on ultrasound-measured elastic prop-
erties can predict target displacements under various loading
and boundary conditions. Finite element methods are suitable
techniques for models of soft tissue deformation [14]. A pre-
vious study used various FE models to predict breast tissue
displacement after compression [15], and several recent stud-
ies have attempted to model insertion of needles into soft tis-
sue [16]–[18]. FE models to predict motion of inhomogeneous
tissues require an estimation of the tissue stiffness. A nonin-
vasive in vivo technique for estimation of the spatial variation
of mechanical properties is ultrasound elastography. Ultrasound
elastography measures tissue deformation and strain [19]–[21],
from which the relative distribution of elasticity can be de-

duced by solving an inverse problem [22], [23]. This technique
is mainly being investigated as a diagnostic tool for the detec-
tion of targets, such as tumors, since these are generally stiffer
than the surrounding tissue [24]. FE modeling and ultrasound
elastography are both established techniques. The novel aspect
of this study is to show that elastographically estimated tissue
elastic modulus distributions can be used in combination with
FE models for accurate target displacement predictions upon
changes in loading and boundary conditions.

II. MATERIALS AND METHODS

Experiments were performed using a cubic phantom and a
breast-shaped phantom. The overview of the cubic phantom
study is shown in Fig. 2(A). A cubic gelatin/agar phantom with
two stiff targets was created (Section II-A). We used two stiff
targets, since a single target would result in a symmetric strain
field. A phantom with two targets results in a more realistic
strain field. The phantom was loaded in different conditions and
ultrasound images were acquired (Section II-B). Displacement
and strain images were obtained from the ultrasound measure-
ments using a cross-correlation algorithm (Section II-C). An
inverse problem was then solved to obtain the distribution of
elastic moduli from the strain images (Section II-D), which
were verified using mechanical tests on the phantom materials
(Section II-F). We used the distribution of elastic modulus in
an FE model to predict the displacements upon application of
different loading and boundary conditions, which are known to
be important factors in displacement predictions [13]. The target
displacement predictions were verified experimentally with the
ultrasound measurements. To investigate the influence of geom-
etry, we used a combination of ultrasound elastography and FE
analysis to predict the displacement of a stiff target embedded
in the breast phantom upon compression of the phantom by
the ultrasound transducer and upon indentation of the phantom
(Section II-G).
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Fig. 3. Schematic of the boundary and loading conditions used in the different cases. Numbers 1 and 2 denote target locations. Arrows indicate the x- and
y-directions. Case Compression was used as baseline, while other cases are representative of changes in boundary and loading conditions.

A. Preparation of Cubic Phantom for Ultrasound
Measurements

A cubic tissue phantom was made using two solutions of
gelatin (Dr. Oetker, Ede, The Netherlands), agar (Boom, Mep-
pel, The Netherlands), and silica gel (particle size < 63 µ SiC, E.
Merck, Darmstadt, Germany) in water. The agar concentration
was different for each gel to control the stiffness, whereas tissue
acoustic scattering was mimicked by the silica gel. Solutions
for the soft surrounding material and stiff targets were prepared
at the same time. The surrounding material was made from
a solution of 8.0%-by-weight gelatin, 1.0%-by-weight agar,
and 1.0%-by-weight silica gel in water, which was obtained
by adding the gelatin, agar, and silica gel to boiling water. The
mixture was boiled until the particles were dissolved. The so-
lution was then poured into a cubic acrylic mold (40× 40×
40 mm3). Two plastic cylinders with diameter of 8 mm were
placed in the cubic mold, as placeholders for the targets. The
gel for the targets was made from a solution of 8.0%-by-weight
gelatin, 3.0%-by-weight agar, and 1.0%-by-weight silica gel in
water. After solidification of the surrounding material for about
1 h at 7 ◦C, the plastic cylinders were removed, and the resulting
cylindrical holes were filled with the stiffer gel. The mixture was
then allowed to solidify at 7 ◦C and the phantom was carefully
removed from the mold. The phantom was allowed to solidify
at approximately 7 ◦C for four days before experimental testing,
to reach stable elastic moduli for the surrounding material and
targets [25].

B. Ultrasound Experiments

The gelatin/agar phantom was placed between the rigid
platens of a compression setup (Fig. 2B), of which the top
platen could be translated vertically using a manual microme-
ter. The linear array transducer of the ultrasound system was
anchored in the center of the top platen. Radio-frequency (RF)
ultrasound data were recorded with a SONOS 7500 real-time
3D system (Philips Medical Systems, Best, The Netherlands),
equipped with a linear array transducer (L11-3) with a central
frequency of 7.5 MHz.

RF data were sampled at 39 MHz and were acquired in the
unstressed state, and after applying each of the following five
cases to the cubic gelatin/agar phantom (Fig. 3):

1) Compression: Compressive axial displacements in five
steps of 1.2 mm (3% strain for a cube of height 40 mm)
were applied to the top face of the phantom. Hence, a
total displacement of 6.0 mm (15% strain) was applied.
The displacements were applied in increments because the
RF-based strain algorithm has been shown to correctly es-
timate the strains and displacements for strains up to 5%
for the window size used [26].

2) Rotated: Identical loading as for Compression; however,
the specimen was rotated 90◦ clockwise.

3) Constrained: Identical loading as for Compression. The
side faces of the specimen were partially constrained in
the lateral direction by using a 14 mm wide clamp.

4) Partial Support: Identical loading as for Compression;
however, only half of the bottom face of the specimen was
supported by the bottom platen of the compression setup.

5) Indentation: The specimen was indented in two steps of
0.5 mm to a total indentation of 1.0 mm from the right
side with an indentor of 4.0 mm diameter, mounted on a
linear stage with manual micrometer. The phantom was
gently clamped between the top and bottom platens to
ensure indentation did not result in horizontal sliding of
the phantom.

The case Compression was used as a baseline, i.e., this case
was used to estimate the relative distribution of mechanical
properties in the phantom. The other cases were used to simulate
changes in boundary and loading conditions.

C. Displacement and Strain Estimation

A previously published method was used to estimate displace-
ments and strains [21]. In brief, a coarse-to-fine displacement
estimation algorithm was used to calculate axial (y-direction)
and lateral (x-direction) displacements. Two-dimensional (2D)
windows of RF data were cross-correlated and the resulting
peak of the cross-correlation function was detected using 2D
parabolic interpolation to achieve subsample resolution. The al-
gorithm used the RF signal envelope at coarse scale during the
first iteration, and full RF data for all subsequent iterations. Four
iterations with pre-compression window lengths of 200, 100,
50, and 25 samples were performed for coarse-to-fine displace-
ment estimation. Two additional iterations (window length of 25
samples) with aligning and stretching of the post-compression
data were performed. The size of the pre-compression window
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Fig. 4. Contact boundary conditions for case Partial Support. The contact be-
tween top loading platen and phantom was varied between bonded, frictionless,
and frictional contact.

size in lateral direction was 11 samples. During each iteration,
the post-compression window was two times larger than the
pre-compression window in the axial direction, and the axial
window overlap was set to 50%. The window overlap was 89%
in the lateral direction. Sub-step displacements were tracked in
order to calculate large displacements. Since the phantoms were
made of water-based solutions of gelatin and agar, we assumed
the speed of sound of water (1540 m s−1) in the displacement
calculations. Axial strains were calculated using a least-squares
strain estimator. Calculations were performed in MATLAB (The
Mathworks Inc., Natick, USA). For visualization purposes, B-
mode images were obtained by taking the 10-base logarithm of
the absolute value of the Hilbert transform of the RF data.

D. Finite Element Model

The FE method was used in the reconstruction of elastic mod-
uli and subsequent prediction of displacements under different
loading and boundary conditions. A 2D plane-stress analysis
was performed. In the absence of body forces, the equilibrium
equation is given by

∇ · σ = 0 (1)

where σ is the stress tensor. Assuming linear elastic and
isotropic material properties within the element, the constitu-
tive equation is given by

σ =
E

1 + ν
ε +

Eν

(1 + ν)(1 − 2ν)
tr(ε)I (2)

with ε the strain tensor, tr the trace operator, I the second-order
identity tensor, E the Young’s modulus, and ν the Poisson’s ra-
tio. The Young’s modulus was allowed to vary among elements.
The Poisson’s ratio was assumed to be spatially invariant and
equal to 0.495 under the assumption of a nearly incompressible
material.

Strains were related to the displacements via the Green-
Lagrange strain tensor

ε =
1
2

[
∇u + (∇u)T + (∇u)T ∇u

]
(3)

where u are the displacements.
To reconstruct the relative mechanical properties from the

axial strains, the plane-stress variant of an iterative method [27]
was used. Since we did not measure the pressure exerted by

the ultrasound transducer, the absolute value of the Young’s
modulus was not estimated by the algorithm, and therefore it
was only possible to obtain the ratio between the Young’s moduli
of the stiff targets and the surrounding material. The algorithm
was initialized with a homogeneous distribution of the relative
Young’s modulus E = 1 at iteration k = 0 to obtain an initial
prediction of stresses and strains. The Young’s moduli were then
adapted according to

Ek+1 =
σk

y − νσk
x

εdata
y

(4)

where σx and σy are the lateral and axial stress components,
respectively. These stress components were obtained from the
forward FE problem. It should be noted that calculated stresses
and pressures in the computations did not have absolute values,
but their ratios were still meaningful. The axial strain εdata

y

was obtained from the ultrasound strain image under the case
Compression.

Due to windowing in the displacement-tracking algorithm,
artifacts may arise at the image boundaries. Additionally, pix-
els at the image boundaries may move out of the field of view
during mechanical compression of the phantom. Therefore, we
chose to focus on a smaller region of interest than the full im-
age. The strains were only measured inside a 28 × 28 mm2

region of interest, and the relative Young’s modulus was kept
constant at E = 1 for the elements outside the region of inter-
est. The stresses were obtained by solving a plane-stress FE
model with 160 × 160 linear quadrilateral elements with ele-
ment edge length of 0.25 mm. Mesh resolution studies were
performed to confirm that the computed displacements were
independent from element size at this resolution. Convergence
of the Young’s modulus distribution was reached after ten it-
erations. The estimated distribution of relative elastic moduli
from the case Compression was subsequently used to predict
the target displacements of the cases with the varying boundary
and loading conditions, i.e, cases Rotated, Constrained, Partial
Support, and Indentation (Section II-B).

The FE calculations were performed with Tool Command
Language (Tcl) scripts invoked from the commercial software
ANSYS Mechanical (ANSYS Inc., Canonsburgh, USA). Com-
putations were executed on an eight-core 64-bit Intel Xeon
workstation with 12 GByte internal memory running Microsoft
Windows 7 Professional.

E. Contact Boundary Conditions

Initially, the boundary conditions were modeled as displace-
ment loads applied directly to the boundary nodes of the FE
mesh. For the case Partial Support; however, there is a strong
effect of friction between the phantom and the top compression
platen. Therefore, we incorporated the contact of the phantom
with loading platens into the FE model. We took three types of
contact into consideration: bonded contact, frictionless contact,
and frictional contact. Bonded contact meant that the surfaces of
the contacting objects were assumed to be sticking and, hence,
could not slide relative to each other. Frictionless contact al-
lowed for free sliding at the contact interface. During frictional



DEN BUIJS et al.: PREDICTING TARGET DISPLACEMENTS USING ULTRASOUND ELASTOGRAPHY AND FINITE ELEMENT MODELING 3147

Fig. 5. Breast phantom: The mold was designed using computer-aided de-
sign software and printed using a 3-D printer. The figure shows the gel after
solidification and removal from the mold.

contact, the contact depended on the equivalent shear stress car-
ried by the contacting interfaces. If the shear stress at the contact
surface was less than a certain limiting value, the contacting sur-
faces were assumed to be sticking. If the shear stress exceeded
the limiting value, the surfaces were assumed to be sliding. The
limiting shear stress τlim was computed as

τlim = µP (5)

where µ is the coefficient of friction and P is the contact normal
pressure. It should be noted that we did not measure absolute
values for the stresses and pressures; however, the ratios of the
stresses and pressures are still valid. In (5), the limiting shear
stress is compared with contact pressure. This ratio has no units,
and therefore the actual absolute values of the stresses are not
required.

For the case Partial Support, contact with the bottom loading
platen was modeled as bonded contact, whereas contact between
the top loading platen and the phantom was varied between
bonded, frictionless, and frictional (Fig. 4). Furthermore, for
the breast phantom studies (Section II-G), contact of the breast
phantom surface with the ultrasound transducer or the indentor
was also modeled as frictional contact. In these cases, the con-
tact interface area changes upon compression due to the curved
surface of the breast phantom. For all cases with frictional con-
tact, the value for the frictional coefficient in (5) was assumed
µ = 0.1. This value was chosen to be lower than a previously
reported frictional coefficient for a soft tissue phantom [28],
because in our case the phantom surface was lubricated with
gel.

F. Dynamic Mechanical Testing

Dynamic mechanical tests on the phantom gels were per-
formed to verify the results of the relative Young’s modulus
reconstruction based on the ultrasound strain images. Layers of
3.5 mm were poured using the same batches of the agar/gelatin
solutions as used during phantom preparation. After solidifica-
tion for four days at approximately 7 ◦C, three circular spec-
imens (diameter of 25 mm) were punched from the layers for
both the 1% and 3% agar gels. The specimens were carefully
placed between the loading platens of a rheometer (Anton Paar,
Gentbrugge, Belgium). A normal force of 5 N was applied to
the specimens to ensure they were clamped between the two

platens. A sinusoidal radial shear strain with amplitude of 1%
was applied to the specimens. The frequency of the sinusoidal
shear strain was 0.1 Hz. The rheometer measured the resulting
torque and phase lag to determine the storage and loss mod-
uli G′ and G′′, respectively. The shear modulus G was assumed
G = G′. Also, for homogeneous isotropic materials the Young’s
modulus E = 2G(1 + ν).

G. Application to Breast-Shaped Phantom

To investigate whether the combination of elastography and
FE analysis could be applied to a more clinically relevant sce-
nario of organ-shaped geometries, we manufactured a phantom
in the shape of a breast with a stiff target to mimic a tumor. The
phantom was also prepared using gelatin/agar solutions with
concentrations of gelatin, agar, and silica gel for the surrounding
material and the stiff target that were identical to that for the cu-
bic phantom (Section II-A). A breast-shaped mold (14 × 10 ×
6 cm3) was designed using SolidWorks 3-D computer-aided
design (CAD) software (Dassault Systèmes SolidWorks Corp.,
Concord, USA), converted to a stereolithography (STL) file for-
mat, and printed using an Objet Eden250 3-D printer (Objet
Geometries Inc., Billerica, USA). After filling half the mold
with the solution for the surrounding material, it was allowed to
solidify for about 1 h at 7 ◦C. To mimic a tumor, a semi-spherical
hole with diameter of approximately 10 mm was carefully cut
into the gel. This hole was filled with the stiffer gel and allowed
to solidify, such that the stiffer material formed a protuber-
ance at the surface. The thought behind this was to include a
stiff target in the phantom which was somewhat spherical in
shape, although a perfect sphere could not be achieved. The
inclusion was placed in the middle to minimize out-of-plane
motion. Thereafter, the mold was completely filled with gel for
the surrounding material. After solidification, the phantom was
carefully removed from the mold (Fig. 5).

Three experiments were carried out with the breast phantom.
The first experiment aimed to reconstruct the distribution of
elastic properties in a plane intersecting the stiff target embed-
ded in the phantom. For this purpose, the ultrasound transducer
was manually pressed against the phantom, such that it made
contact with the transducer surface and slight pre-compression
strain was applied. During a period of approximately 3 s, the
transducer was then used to compress the phantom more and
return to its initial position. RF data were recorded at 25 Hz
during this period. The images were analyzed with the 2D strain
algorithm [21] to compute incremental displacements between
frames. The total deformation and strain were calculated from
these sub-step displacements. A 2D plane-stress FE model and
(4) were then used to iteratively compute the relative Young’s
modulus distribution. FE axial displacements at the boundary
nodes were set equal to the axial displacements obtained by the
ultrasound displacement algorithm (Section II-C).

The aim of the second breast phantom experiment was to
predict the motion of the target during a similar compression
experiment, as described above. For this case, a 3D FE model
was constructed from the CAD drawing used to create the breast
phantom mold. The target in the breast phantom was spherical
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Fig. 6. Ultrasound measurements, displacement and strain estimation, and
reconstruction of relative Young’s modulus distribution from ultrasound strain
images for the case Compression. (A) B-mode ultrasound image of the phantom
at rest. (B) B-mode ultrasound image after axial compression of the phan-
tom by 6.0 mm. (C) Axial displacements estimated from RF data. (D) Axial
strains in the phantom. (E) Reconstructed relative Young’s modulus distribution.
(F) Finite element-(FE) predicted axial displacements. (G) Error between mea-
sured and predicted axial displacements.

in shape and was, therefore, modeled as a 10.0 mm diameter
sphere. It should be pointed out that a perfect sphere could not
be achieved during the phantom fabrication, and this may have
introduced errors in the FE model. The ratio of the Young’s mod-
ulus of target and surrounding material was set equal to the ratio
as measured during the first breast compression experiment. It
should be noted that this was also done for the elements out-
side the plane used for the elastography experiment described
above. The ultrasound transducer was also incorporated into the
model, to account for the contact between the transducer and
the curved surface of the breast phantom. In the model, the ul-
trasound transducer was initially not in contact with the breast

surface. By simulating a displacement of 3.0 mm in the normal
direction of the transducer surface, complete contact with the
breast surface was established. The modeled ultrasound trans-
ducer was then further displaced in the normal direction by the
same amount of transducer displacement as measured in the ul-
trasound experiment. Contact between the ultrasound transducer
and the breast surface was modeled as frictional contact with
µ = 0.1, as described by (5) in Section II-E. The displacement
of the target as a result of the compression by the ultrasound
transducer was computed from the FE simulation, and compared
to the target displacement as measured by ultrasound. During
the experiment, the ultrasound transducer was placed on the
symmetry axis of the breast, such that the out-of-plane motion
was negligible in the plane visualized by the ultrasound trans-
ducer. This allowed comparison of the 3D FE model with the
ultrasound-measured displacements.

In the third experiment, an 8.0 mm diameter indentor was
used to manually indent the breast surface by approximately 4.0
mm, while the ultrasound transducer was firmly held against
the breast surface for imaging purposes. Both the ultrasound
transducer and the indentor were included in the 3D FE model,
and the contact between the indentor and the breast surface was
modeled as frictional contact with µ = 0.1. The total displace-
ment field as predicted by FE simulation from the indentation
was compared to ultrasound measurements of the total displace-
ment field, and the error was calculated at the center of the stiff
target.

III. RESULTS

We begin by presenting the results for the experiments and
FE simulations on the cubic phantom (Section III-A). This is
followed by the results for the experiments performed on the
breast-shaped phantom (Section III-B).

A. Cubic Phantom

Ultrasound RF data were collected using the cubic phantom
with two stiff targets in the case Compression. These data were
then used to compute displacement and strain images, from
which the distribution of elastic moduli in the phantom was
reconstructed (Section III-A1). These elastic moduli were then
compared with dynamic mechanical tests on small samples of
the phantom material (Section III-A2). Thereafter, the estimated
mechanical properties were used in the FE model to predict the
displacements under the different loading and boundary condi-
tions (Section III-A3).

1) Reconstruction of Elastic Modulus Distribution From
Strain Image: B-mode images before and after loading of the
specimen in the case Compression did not reveal the targets in
the phantom, due to the equal amount of ultrasound scattering
particles in both gels (Fig. 6A and B). The locations of the target
can be perceived from the axial displacement image, obtained
by application of the cross-correlation of the pre- and post-
compression RF data outlined in Section II-C (Fig. 6C). The ax-
ial strain image was obtained by applying a least-squares strain
estimator [26], [29] (Fig. 6D). The strain distribution clearly
reveals the location of the targets, with the strains in the targets
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TABLE I
RATIO OF THE ELASTIC MODULUS (E) FOR THE 1% AND 3% AGAR GELS, AS

MEASURED BY DYNAMIC MECHANICAL ANALYSIS (DMA) AND BY
ULTRASOUND ELASTOGRAPHY

lower than in the surrounding material. The inverse problem de-
tailed in Section II-D was then solved and after ten iterations, the
relative Young’s modulus distribution was converged (Fig. 6E).
Relative Young’s moduli of the targets were determined by man-
ually defining contours around the targets. Target 1 showed a
relative Young’s modulus of 2.2 ± 0.1, whereas this value was
2.3 ± 0.2 for target 2 (Table I). This distribution of elastic mod-
uli was subsequently used to predict the axial displacements by
the FE method (Fig. 6F), and the axial displacement errors were
obtained by subtracting the FE-predicted displacements from
the displacements measured by ultrasound (Fig. 6G). The axial
displacement errors in the region of interest ranged from −0.21
to 0.15 mm.

2) Comparison With Dynamic Mechanical Tests: Dynamic
mechanical analysis (DMA) of the prepared gels were carried
out at room temperature to determine the storage and loss mod-
uli at a frequency of 0.1 Hz (Table I). The elastic modulus was
then calculated as described in Section II-F. The variance in
the Young’s modulus of the surrounding material was higher
than that of the target material. Most likely, this was due to the
fact that the samples of lower stiffness contain more water and
are, therefore, more likely to dry out during the DMA mea-
surements. According to the DMA tests, the 3% agar gels were
2.6 times stiffer than the 1% agar gels. This is higher than the
estimation of the relative Young’s modulus by ultrasound elas-
tography. This difference could be explained by the lower rela-
tive elastic modulus values determined at the boundaries of the
targets in the elastography method. If the elasticity contrast was
increased to 2.6 (the value we found with DMA), the total dis-
placement of target 1 decreased by 0.4% from 1.91 mm to 1.90
mm and the total displacement of target 2 remained unchanged at
4.35 mm. If a homogeneous elasticity distribution was used,
the total displacement of target 1 increased by 6.4% to 2.03
mm and the total displacement of target 2 decreased by 1% to
4.31 mm. Thus, including the relative elastography distribution
in the simulations helped to reduce the prediction error.

3) Finite Element Model Validation: Using the FE model
with reconstructed elastic moduli from the case Compression,
target displacements were predicted for the cases Rotated, Con-
strained, Partial Support, and Indentation, which represent
changes in boundary and loading conditions. The predicted
target displacements were compared to the corresponding ul-
trasound measurements after manually aligning the ultrasound-
based displacement images to the FE model, using the targets
as markers (Fig. 7). In a qualitative sense, it can be noted that
FE-predicted displacement fields followed similar trends as the
ultrasound-measured displacements. This became particularly
clear in the cases Partial Support and Indentation, where the

TABLE II
COMPARISON OF AXIAL, LATERAL, AND TOTAL DISPLACEMENTS FOR THE

DIFFERENT CASES: FINITE ELEMENT (FE) AND ULTRASOUND (US)

displacement field showed a distinct pattern as compared to
the other boundary and loading conditions. The FE-predicted
lateral and axial displacement values at the center of the two
targets were obtained for all loading and boundary conditions,
and compared to the ultrasound displacement measurements
(Table II).

Quantitatively, the total displacement predictions by the FE
model resulted in small absolute errors with the validation mea-
surements for the cases Compression, Rotated, Constrained,
and Indentation. The maximum errors were 0.08 mm for target
1 and 0.11 mm for target 2, for the Constrained case. To calcu-
late these errors, we subtracted the FE-predicted displacement
image from the displacement image measured with ultrasound.
Therefore, these errors can be attributed in part to registration
errors between ultrasound image and FE predictions. Noise in
the image data could have contributed as well, considering the
resolution of the RF data, which is 0.135 mm in the lateral di-
rection and 0.02 mm in the axial direction. For the case Partial
Support, the difference between total displacement as measured
by ultrasound and as predicted by the FE model was large, 0.52
mm for target 1 and 1.77 mm for target 2.

This difference may be attributed to oversimplified modeling
of the boundary conditions at the interface of the phantom and
the top loading platen. Even though we applied lubrication in
the experiment to allow for sliding, the normal forces due to
contact at this interface may have induced frictional sliding
between phantom and loading platen. This could have caused the
lower measured displacements compared to the FE predictions.
Furthermore, for the cases Compression and Constrained, errors
in the axial and lateral directions seemed to counterbalance each
other, such that the magnitude of the total displacement was
well estimated by the FE model, but the direction was not. This
resulted in maximum errors in the direction of displacement of
11◦ for the case Compression and 22◦ for the case Constrained.
Finally, it was expected that gravity may have played a role for
the case Partial Support. Therefore, we performed simulation
where we included gravity, assuming a density of 1.0 g cm−3 for
all phantom materials. This resulted in total displacements of
the targets that differed less than 1.0% from the displacements
for the simulations where gravity was not included.
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Fig. 7. FE-based predictions of displacements compared to ultrasound measurements during application of different loading and boundary conditions. Axial
displacements are compared for the following cases. (A) Rotated. (B) Constrained. (C) Partial Support. Lateral displacements are compared for the following
case. (D) Indentation.

4) Sensitivity Study — Contact Boundary Conditions: For
the case Partial Support, large discrepancies between FE-
predicted and measured target displacements were found (Sec-
tion III-A3). We hypothesized that this was due to frictional
sliding at the contact interface of the top loading platen and
the phantom. Therefore, we studied the sensitivity of the tar-
get displacements to boundary conditions for this case. As de-
scribed in Section II-E, the contact between top loading platen
and phantom was varied between bonded, frictionless, and fric-
tional contact. These cases were compared to the ultrasound

measurements (Table III). The previous case of applying the
boundary conditions directly to the nodes (i.e., no contact) was
also incorporated in Table III. This analysis showed that the
error in total displacement was reduced to 0.02 mm (1%) for
target 1 and 0.34 mm (6%) for target 2 when frictional contact
was applied.

B. Breast Phantom

As described in Section II-G, three separate experiments were
conducted with the breast phantom. In the first experiment, the
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TABLE III
COMPARISON OF AXIAL, LATERAL, AND TOTAL DISPLACEMENTS FOR THE

CONTACT CONDITIONS IN THE CASE Partial Support

Fig. 8. Reconstruction of relative Young’s modulus distribution using the
breast phantom. (A) Pre-compression B-mode image of the stiff target inside
the breast phantom. The target is visible as the slightly darker spot in the image.
(B) Post-compression B-mode image. (C) Axial displacements. (D) Axial strains
in the breast phantom. (E) Reconstructed relative Young’s modulus.

breast phantom was compressed by the ultrasound transducer,
and a series of images were recorded during the compression.
The first and final B-mode ultrasound images poorly show the
location of the stiff target embedded in the breast phantom
(Figs. 8A and B). The axial displacements estimated in the
breast phantom (Fig. 8C) clearly show the impact of a com-
plex geometry. Due to the curved surface, the displacements
near the surface of the phantom show a semi-circular pattern.
In the region of the stiff target, distortions are visible in the
axial displacement pattern. The stiff target becomes even more
accentuated in the strain image (Fig. 8D), where it can be seen
that the strain in the stiffer target is of the order of 2%, about
four times lower than the maximum strain at the surface of about
8%. Finally, the stiff target is clearly visible in the reconstructed
relative Young’s modulus distribution (Fig. 8E). The relative
Young’s modulus of the target was estimated as 2.5 ± 0.5 by
the FE reconstruction algorithm.

The second experiment with the breast phantom was similar
to the one described above. The goal of this case was to predict
the target displacement due to compression of the breast surface
by the ultrasound transducer. A 3D FE model was constructed

Fig. 9. Prediction of target displacement using the finite element (FE) model.
(A) Side view of the FE mesh for the breast phantom and the ultrasound
transducer. (B) Section view of the total displacement after compressing the
breast phantom with the ultrasound transducer. Displacements are in mm. (C)
Ultrasound-measured axial displacements for the ultrasound transducer (blue
line) and the target (red line) compared to FE-predicted target displacement
(dashed black line).

based on the 3D breast phantom geometry and the mechanical
properties from the inversion of the strain distribution. The rel-
ative Young’s modulus of the inclusion in the FE simulations
was set to 2.5 as obtained by the reconstruction of the rela-
tive Young’s modulus distribution. The ultrasound transducer
was also taken into consideration in the model (Fig. 9A). The
breast was compressed by the ultrasound transducer along the
symmetry axis of the breast, such that out-of-plane motion in
the field of view of the ultrasound transducer was negligible.
The measured displacement of the ultrasound transducer was
used as an input in the FE model, and the model was solved
to obtain the displacements in the breast phantom (Fig. 9B).
The measured transducer displacement is shown together
with the FE-predicted and measured target displacement in
Fig. 9C. Peak target displacement was 0.38 mm as measured by
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Fig. 10. Prediction of total displacement field using the finite element (FE)
model upon indentation of the breast surface. (A) FE mesh for the breast phan-
tom, the ultrasound transducer, and the indentor at the end of the simulation.
(B) Total displacement field after indentation as measured by ultrasound. The
position of the ultrasound transducer is indicated. (C) Total displacement field
after indentation as predicted by the FE model. The field of view of the ul-
trasound transducer is indicated. (D) Error of the total displacement between
ultrasound measurement and FE prediction.

ultrasound and 0.35 mm as predicted by the FE model, resulting
in a small error of 0.03 mm (8%).

In the third experiment with the breast phantom, the breast
surface was indented by approximately 4.0 mm, while the ultra-
sound transducer was held against the breast surface. In addition
to the ultrasound transducer, the indentor was also taken into
consideration in the model (Fig. 10A). The total displacement
field as predicted by FE analysis (Fig. 10C) compared well with
the total displacement as measured by ultrasound (Fig. 10B). For
ease of comparison, the field of view of the ultrasound trans-
ducer is indicated in Fig. 10. Quantitative comparison between
FE-predicted and measured displacement fields (Fig. 10D) re-
sulted in total displacement errors ranging from −0.21 mm to
0.40 mm (5-10%). This error may in part have resulted from the
manual indentation of the breast surface, as this did not allow to
accurately incorporate the position, direction, and indentation
depth of the indentor into the model.

IV. DISCUSSION AND CONCLUSION

The results presented in this paper demonstrate the feasibility
of combining non-invasive strain imaging and FE modeling for
predicting displacements of targets during loading and boundary
conditions other than the conditions used for strain imaging. Our
results indicate that correct modeling of geometry, and loading
and boundary conditions, is of utmost importance to achieve
accurate target displacement predictions by the FE model.

Ultrasound strain imaging was used to populate the elements
of the FE model with relative mechanical properties. The inver-
sion method used to reconstruct relative tissue elasticity from
measured axial strains was also based on the FE method [27],
and therefore the same FE mesh could be used for inversion and
prediction. The mesh did not make any a priori assumptions

about the geometry of the phantom. Although much research is
focused on improvement of the estimation of mechanical proper-
ties from ultrasound RF data for diagnostic purposes [30], [31],
we showed that the estimated mechanical properties could also
be used to predict tissue motion under loading and boundary
conditions different than the one used for tissue elasticity re-
construction.

Another novelty of this study was the use of a breast-shaped
phantom to conduct strain measurements and reconstruct the rel-
ative Young’s modulus distribution. Due to the curved surfaces
of the phantom, the ultrasound transducer needed to be slightly
pressed against the phantom surface to make full contact. Further
compression with the ultrasound transducer rendered a strain
image in which the target could not be well defined. After re-
constructing the relative Young’s modulus distribution, the tar-
get became visible as a region of higher stiffness. Future work is
needed to investigate if solving the inverse problem could aid in
increasing the detection of lesions by ultrasound elastography.
Furthermore, we used the breast phantom to show that if knowl-
edge about geometry and mechanical properties is available,
FE modeling can be used to track target displacements, and to
predict displacement fields during compression and indentation
of the breast surface. In this study, 3D geometry was obtained
from CAD information, but in future clinical studies, geometry
should be obtained in 3D with CT scans or MR imaging.

Organ geometry, soft tissue constitutive laws, and bound-
ary conditions imposed by the connective tissue are some of
the factors that govern the accuracy during minimally invasive
surgery. Preoperative prediction of displacement fields may aid
in improving targeting accuracy during minimally invasive pro-
cedures, such as needle insertion. Needle insertion procedures
are predominantly displacement driven, meaning that the input
displacement applied by the clinician results in deformation of
the organ. It was recently shown that for such interventions,
tissue motion is dominated by the organ’s geometry and its
boundary constraints [13]. This study corroborates the theo-
retical predictions of that study, because we found that with
a priori knowledge of the phantom’s geomtery, its loading and
boundary constraints, and an estimate of the relative mechanical
properties, target motion can be accurately predicted.

A. Directions for Future Work

The ultrasound displacement measurements were performed
using a linear array transducer. Therefore, information about
the out-of-plane displacements was not available. As a conse-
quence, the FE modeling for the cubic phantom was performed
assuming a 2D plane-stress state. While this may be a fair as-
sumption for ultrasound phantoms with simple geometries, re-
alistic tissues are heterogeneous and out-of-plane motion may
not be negligible. However, 3D ultrasound imaging is avail-
able [32], and progress has been made towards the estimation of
3D displacement and strain fields from ultrasound data [33]. Our
method can be adapted for application to 3D strain images, since
(4) is also available for elastic modulus estimation in 3D [27].

We used strain data rather than displacement data for
the reconstruction of the elastic modulus distribution in the
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phantoms. Since strain is the spatial derivative of displace-
ment, noise is amplified in the strain images compared to the
displacement images. The use of a least-squares strain estima-
tor [26], [29], rather than spatial differentiation, partially solved
this problem. Back calculation of the elastic properties from dis-
placement data is also possible and involves iterative optimiza-
tion [34], [35]. Although believed to be more accurate, computa-
tion time is significantly increased for this method. Additionally,
the compressions applied in the experiments were large, ranging
from nearly 8% in the breast phantom experiment to 15% in the
tests with the cubic phantom. Nonlinear material effects could
have emerged at this range of strain in the gelatin-agar phantoms.
As we applied a linear material model in the FE simulations,
this could have introduced errors in the displacement predic-
tions. Another source of errors could have been the registration
of FE-predicted displacements to the ultrasound-measured dis-
placement fields. In the current study, we have manually aligned
the ultrasound-based displacement images to the FE model, us-
ing the inclusions as markers. In future, application of semi-
automatic image registration methods in conjunction with our
FE prediction technique should be investigated. Finally, sen-
sitivity analyses with contact boundary conditions showed that
incorporation of nonlinear boundary conditions could reduce the
error between FE prediction and ultrasound measurement. The
frictional coefficient lies in the range 0.0 to 1.0 and, since we
lubricated the surface of the phantom, we expected that a value
closer to 0.0 was more appropriate. Using frictional contact with
µ = 0.1 appeared to improve the FE predictions, indicating that
friction plays a role. As this friction coefficient was chosen
somewhat arbitrarily, this parameter should be validated with
additional experiments in future studies.

The next step is to extend the methodology for prediction of
target motion when surgical tools, such as needles for breast
biopsies, are inserted into soft tissue. This requires experiments
to measure the needle-tissue interaction forces, and synchro-
nize the data with ultrasound images of the needle and target.
This information will be used to generate FE models to de-
scribe the needle and target dynamics. In addition, dynamic
target displacements may be strain-rate dependent, and there-
fore may require a viscoelastic material model. Recent work has
shown the feasibility of estimating viscoelastic properties using
dynamic ultrasound elastography [36]. Tissue rupture during
needle insertion will also have to be simulated using techniques
such as cohesive zone models, element deletion, or the extended
FE method [37].

B. Conclusion

This paper demonstrates the feasibility of combining ultra-
sound elastography and FE modeling for predicting target mo-
tion under different loading and boundary conditions. The ef-
ficacy of this method was demonstrated using experiments on
phantoms with both simple and realistic, organ-shaped geome-
tries. The results showed the importance of modeling the or-
gan geometry and boundary conditions for predicting target
displacements, while a relative distribution of isotropic linear

Young’s modulus seems sufficient for accurate predictions. We
envision using this technique for developing preoperative plan-
ning models for minimally invasive surgical interventions.
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