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Abstract—Acquisition of ultrasound data negatively affects image registration accuracy during image-guided
therapy because of tissue compression by the probe. We present a novel compression correction method that
models sub-surface tissue displacement resulting from application of a tracked probe to the tissue surface. Patient
landmarks are first used to register the probe pose to pre-operative imaging. The ultrasound probe geometry is
used to provide boundary conditions to a biomechanical model of the tissue. The deformation field solution of
the model is inverted to non-rigidly transform the ultrasound images to an estimation of the tissue geometry before
compression. Experimental results with gel phantoms indicated that the proposed method reduced the tumor
margin modified Hausdorff distance (MHD) from 5.0 ± 1.6 to 1.9 ± 0.6 mm, and reduced tumor centroid alignment
error from 7.6 ± 2.6 to 2.0 ± 0.9mm. Themethodwas applied to a clinical case and reduced the tumormarginMHD
error from 5.4 ± 0.1 to 2.6 ± 0.1 mm and the centroid alignment error from 7.2 ± 0.2 to 3.5 ± 0.4 mm. (E-mail:
thomas.s.pheiffer@vanderbilt.edu) � 2014 World Federation for Ultrasound in Medicine & Biology.
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INTRODUCTION

Ultrasound is commonly used as an intra-operative imag-
ing modality to monitor surgical targets such as tumors.
The need tomaintain acoustic coupling between the probe
and tissue often results in significant compression of the
target by the user. This is especially a concern when using
ultrasound strain imaging, in which a certain level of pre-
compression of the tissuemay be necessary. However, this
tissue deformation affects the geometry of the scanned ob-
jects and the resulting images. Soft tissue can undergo sur-
face compression on the order of 1 cm during routine
freehand imaging (Artignan et al. 2004; Xiao et al.
2002). This leads to incorrect estimates of the size and
location of landmarks within the ultrasound images.

Compressional effects from the probe are especially
apparent in image-guided procedures, which align intra-
operative data with pre-operative tomographic images.

In these procedures, it is important that data collected
during the surgery are accurately registered to high-
resolution computed tomography (CT) or magnetic
resonance (MR) image volumes for optimal guidance.
Typically this is done by digitizing physical landmarks
on the patient with a tracked instrument, selecting the cor-
responding landmarks in the tomograms and computing a
rigid transformation that best aligns the two coordinate
spaces. Although there are a variety of methods to track
and calibrate an ultrasound probe such that each image
slice is recorded with a known pose in physical space
(Blackall et al. 2000; Boctor et al. 2006; Hsu et al.
2008a, 2008b; Mercier et al. 2005; Muratore and
Galloway 2001), the usefulness of tracked ultrasound
relies on an accurate registration. Registration accuracy
is compromised by non-rigid tissue deformation such as
that which occurs with manipulation of the ultrasound
probe. The goal of this work was to improve the useful-
ness of tracked ultrasound in image-guided procedures
by improving this registration.

There are several approaches in the literature that
have sought to address the problem of tissue deformation

Address correspondence to: Thomas S. Pheiffer, 5824 Stevenson
Center, Nashville, TN 37232, USA. E-mail: thomas.s.pheiffer@
vanderbilt.edu

788

Ultrasound in Med. & Biol., Vol. 40, No. 4, pp. 788–803, 2014
Copyright � 2014 World Federation for Ultrasound in Medicine & Biology

Printed in the USA. All rights reserved
0301-5629/$ - see front matter

http://dx.doi.org/10.1016/j.ultrasmedbio.2013.11.003

Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:thomas.s.pheiffer@vanderbilt.edu
mailto:thomas.s.pheiffer@vanderbilt.edu
mailto:thomas.s.pheiffer@vanderbilt.edu
http://dx.doi.org/10.1016/j.ultrasmedbio.2013.11.003
http://dx.doi.org/10.1016/j.ultrasmedbio.2013.11.003


exerted by an ultrasound probe. One method is to create a
digital representation of the surface and then use a com-
bination of Bayesian theory and prior knowledge of the
surgical scene to create a deformation that matches the
observed ultrasound data (King et al. 2000), but this
approach did not incorporate a physical model of tissue
which could be used to provide more realistic priors.
Another approach is to acquire B-mode or raw radiofre-
quency data from the ultrasound and use non-rigid im-
age-based registration and positional tracking to correct
for deformation (Treece et al. 2005; Xiao et al. 2002),
but this approach requires a series of ultrasound images
to provide sequential estimates of compression
correction. There has also been work done to model
tissue compression using data from a force transducer
attached to the ultrasound probe along with a position
sensor to drive a tissue model (Burcher et al. 2001; Sun
et al. 2010). Our proposed method is similar to this
method, but eliminates the need for a force
measurement apparatus on the probe by using measured
3-D surface displacements, rather than force, to drive
the model. Our method uses just the tracking system
which is routinely used in surgical procedures such as
image-guided neurosurgery. To our knowledge, there
has not been an attempt to model the tissue deformation
from the physical probe surface itself in the correction.
This work presents a compression correction method
that measures and compensates for this effect using a
biomechanical tissue model with validation in simula-
tions, phantoms and a preliminary clinical case.

METHODS

We present our compression correction method as
one component in the context of a patient-specific data
pipeline for image-guided therapy. Before correction,
we perform several data acquisition and processing steps.
The procedures described belowwere used in all phantom
experiments and were similar for the acquisition and
analysis of clinical data.

Phantom construction
Two compliant phantoms were each constructed by

mixing 7% by mass polyvinyl alcohol (PVA) in water,
10% by volume glycerol and heating to 80�C to ensure
saturation (Fromageau et al. 2007; Surry et al. 2004).
For each phantom, a smaller amount of PVA was
treated with barium sulfate powder for CT contrast and
poured into a separate mold to act as the tumor target.
The tumor was subjected to five freeze-thaw cycles in
which it was frozen at –40�C for 12 h and then thawed
for an additional 12 h, to produce a stiffer material. The
tumor was then suspended in the bulk phantom mixture,
and the phantom underwent one freeze-thaw cycle to pro-

duce a tissue-like phantom containing a stiff tumor. The
volumes of the tumor and bulk phantom mixtures were
3.2 and 720 cm3, respectively. The stiffness properties
for the bulk tissue and tumor were tested using small sam-
ples with an ElectroForce 3100 instrument (Bose, Eden
Prairie, MN, USA). One of the phantoms was constructed
in a small cup-like container covered in fiducial markers
and was used for the baseline accuracy test described un-
der Phantom Experiments. The second phantom was
fixed to a rigid base, which contained eight evenly distrib-
uted fiducial markers used in the image-to-physical regis-
tration, and was used to test the compression correction
method.

Patient model from pre-operative image volume
Computed tomography image volumes of the phan-

toms were acquired using a clinical CT machine. These
data simulated a typical pre-operative tomogram acquisi-
tion, and were defined in the experiment as the baseline
un-deformed state against which our corrected ultrasound
data would be compared. All volumes were 512 3
512 3 422 with 0.6-mm isotropic voxels. The phantom
structures were segmented using intensity thresholding
tools within Analyze 9.0 (Mayo Clinic, Rochester, MN,
USA). Isosurfaces were generated from the bulk phantom
and tumor segmentations via the marching cubes algo-
rithm, and were smoothed using a Laplacian filter. A
tetrahedral mesh was generated from the segmentation
surfaces using custom-built mesh generation methods
(Sullivan et al. 1997). One phantom and mesh are illus-
trated in Figure 1.

Intra-operative data collection
All ultrasound images were acquired with an Acu-

son Antares ultrasound machine (Siemens, Munich, Ger-
many), using a VFX13-5 linear array probe with a 6 cm
depth setting at 10 MHz. The ultrasound unit was also
capable of producing strain images via the eSie Touch
elasticity software. For the compression correction exper-
iment, B-mode images were collected, as were strain im-
ages, and both types of images were analyzed to evaluate
the effect of correction on target locations in ultrasound
images having different contrast mechanisms. Ultrasound
data were tracked in 3-D space by synchronizing the ul-
trasound video and tracking data using software based
on the Visualization Toolkit on a host PC (Boisvert
et al. 2008; Pace et al. 2009). The video was captured
by a Matrox Morphis Dual card (Matrox Imaging,
Dorval, QC, Canada), which recorded the analogue
video output of the ultrasound machine in real time. A
passive optical tracking rigid body (Northern Digital,
Waterloo, ON, Canada) was fixed to the ultrasound
probe, as illustrated in Figure 2. The pose of the rigid
body was measured with a Polaris Spectra (Northern
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