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ABSTRACT

Thermal ablation has been proved safe and effective as the treatment for liver tumors that are not suitable for
resection. Currently, manually performed thermal ablation is greatly dependent on the surgeon’s acupuncture
manipulation against hand tremor. Besides that, inaccurate or inappropriate placement of the applicator will
also directly decrease the final treatment effect. In order to reduce the influence of hand tremor, and provide an
accurate and appropriate guidance for a better treatment, we develop an ultrasound-directed robotic system for
thermal ablation of liver tumors. In this paper, we will give a brief preliminary report of our system. Especially,
three innovative techniques are proposed to solve the critical problems in our system: accurate ultrasound cali-
bration when met with artifacts, realtime reconstruction with visualization using Graphic Processing Unit (GPU)
acceleration and 2D-3D ultrasound image registration. To reduce the error of point extraction with artifacts, we
propose a novel point extraction method by minimizing an error function which is defined based on the geometric
property of our N-fiducial phantom. Then realtime reconstruction with visualization using GPU acceleration is
provided for fast 3D ultrasound volume acquisition with dynamic display of reconstruction progress. After that,
coarse 2D-3D ultrasound image registration is performed based on landmark points correspondences, followed by
accurate 2D-3D ultrasound image registration based on Euclidean distance transform (EDT). The effectiveness
of our proposed techniques is demonstrated in phantom experiments.

Keywords: thermal ablation, ultrasound calibration, realtime freehand ultrasound reconstruction, GPU accel-
eration, Euclidean distance transform, 2D-3D ultrasound image registration, ultrasound-directed robotic system

1. INTRODUCTION

Thermal ablations, including radiofrequency (RF), microwave, high intensity focused ultrasound (HIFU) have
been widely adopted in the treatment of live tumor for their effectiveness and less invasiveness.1–5 Generally,
the treatment effect is directly dependent on the surgeon’s skill of ablation as well as the performance of image
guidance, such as ultrasound, CT and MRI. Especially, image guidance now plays an indispensable and crucial
role throughout the whole procedures of the treatment, including planning, targeting, monitoring, controlling
and treatment assessment. Among these sequential procedures, a detailed preoperative planning and accurate
targeting are two most important steps that could assist surgeon to perform a better ablation. Preoperative
planning is to provide a thorough knowledge of the tumor size and shape, number, location within the liver
relative to blood vessels and ribs, as well as critical structures that might be at risk during ablation procedures
for surgeon to determine the general treatment plan.6 Targeting is then performed during the ablation procedure
according to previous treatment plan as well as real therapeutic condition such as the position and posture
of patient, the operation circumstance of the ablation apparatus. An ideal targeting could allow a thorough
eradication of the tumor while bringing in least damage to the surrounding normal tissues, which will directly
improve the final treatment effect.

A number of imaging techniques have been used for preoperative planning, including ultrasound, CT and MRI.
Generally, CT and MRI are more preferred for their high image quality and differentiability between soft tissues,
vessels, as well as the better capability of describing liver metastases.7, 8 Intraoperative ultrasound slice is then
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registered to preoperative CT or MRI volume to get an accurate localization within the liver. The registration
of ultrasound to CT or MRI can be either fiducial or anatomical landmarks especially vascular feature based,9

intensity based10 as well as hybrid methods.11 Generally, vascular features and surface features12 are of great
importance for this intermodal registration, which could greatly reduce registration time by providing a coarse
matched initial parameters. Penney et. al.10 proposed a method to reinterpret both ultrasound and MR images
as probabilities of corresponding structures, then sparse set of intraoperative ultrasound slices are registered to
preoperative MR volume. Langø et. al.11 proposed a method of combining anatomical landmark information
with a fast non-parametric intensity registration approach to perform the 3D ultrasound-CT registration of the
liver. However, intraoperative ultrasound registration with preoperative MRI and CT volume is still a great
challenge for the great position and posture difference caused nonlinear deformation as well as great intermodal
image difference, which could directly affect the final treatment effect.

Compared to CT and MRI, ultrasound allows performance of quicker and more accurate for its realtime
capabilities.13 Moreover, ultrasound planning is more convenient to adjust the position and posture of the patient
so as to make planning condition in accordance with real therapeutic condition, which could greatly reduce
the nonlinear deformation between preoperative and intraoperative procedures. Besides that, the intramodal
registration is also more accurate and reliable than intermodal registration. Finally, compared to CT and MRI,
ultrasound is more conveniently accessible and economical. Therefore, ultrasound planning still be of great
importance as either an effective choice of thermal ablation or a good supplement of CT or MRI planning.

In order to lighten the load of surgeon, and provide an accurate and appropriate targeting for a better
treatment effect, we develop an ultrasound-directed robotic system for thermal ablation of liver tumors. As shown
in Figure 1, our ultrasound-directed system consists of a freehand ultrasonic apparatus (WEUT-70X ultrasonic
apparatus, China-well, Inc.), a 5 degree-of-freedom (5-DOF) surgical robotic arm, a surgical workstation, and an
electromagnetic (EM) tracking system (Fastrak, Polhemus, Inc.). Currently, we have finished the major work of
ultrasound guidance and performed a simulated ultrasound guidance in phantom experiment.

The whole procedures of simulated ultrasound guidance are designed as follows: First, a fast preoperative 3D
ultrasound volume of phantom is obtained by freehand ultrasound reconstruction based on our previous work14

combined with realtime visualization using GPU acceleration. Next, an interactive semi-automatic method is
adopted to segment the simulated tumor; surgery planning is then made based on 3D ultrasound volume as well
as the segmented tumor. After that, we displace the phantom to simulate the therapeutic condition, the current
phantom position can be coarsely aligned to the preoperative 3D ultrasound volume by means of landmark
points. After that, the realtime B-scan image is then accurately registered to the preoperative 3D ultrasound
volume using our EDT based method for surgeon to choose appropriate ablation plane as well as acupuncture
position.

In the following part, we will present the details of our method, especially, three innovative techniques that
are proposed to solve the critical problems in our system: a refined N-fiducial phantom calibration method,
realtime reconstruction with visualization using GPU acceleration, and EDT based 2D-3D ultrasound image
registration. The paper is organized as follow. The next section introduces the proposed whole procedures of
simulated ultrasound direction. In section 3, the performance of our method is tested in phantom experiments.
Finally, a discussion of relevant issues and conclusion are provided.

2. METHODS

2.1 Refined N-fiducial Phantom Calibration

Ultrasound calibration is a fundamental step to build 3D volume from 2D images acquired from freehand ul-
trasound apparatus. The objective of calibration is to find the transformation matrix that converts the 2D
coordinates of pixels in the scan image into the 3D coordinates of a position sensor attached to the probe.
A brief view of freehand ultrasound calibration coordinate systems is shown in Figure 2, and the relationship
between the coordinates can be described by following equation:

T X = T TR · RTP · P X (1)
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Figure 1. Overview of ultrasound-directed
robotic system. Figure 2. Coordinate systems of freehand ultrasound calibration.

Where, P X denote the coordinate in ultrasound image plane given that the spacing factors have been obtained
from the system parameters of ultrasound apparatus, and T X denote the coordinate in transmitter. T TR denotes
the rigid transform matrix from receiver coordinate to transmitter coordinate, which can be obtained directly
from EM tracking system. RTP is the calibration matrix to be solved. Generally, precise calibration can be
obtained by scanning a phantom with known geometric properties. By imaging the phantom and identifying its
features on both ultrasound images and transmitter coordinate system, the calibration matrix can be directly
solved by a least squares minimization technique.15 N-fiducial phantom16, 17 has been widely used in ultrasound
calibration for its convenience of scanning as well as multi-points detection per scanning, therefore, we also take
this phantom for ultrasound calibration.

It is obvious that total error of ultrasound calibration consists of two main aspects: errors in phantom
landmark measurement and point extraction of ultrasound image. Error in phantom landmark measurement is
mainly determined by the systematic error of EM tracking device. Thus, the reduction of error in point extraction
seems to be the only effective way to improve the accuracy of ultrasound calibration. Motivated by this thought,
we propose a new point extraction method for N-fiducial phantom as shown in Figure 3. Our method contains
following 3 sequential steps:

1. Manually define a region-of-interest to segment regions that contain all intersections of ultrasound scan
plane with nylon strings. Next, a pixel intensity threshold is adopted to reduce the influence of artifacts and
then an unsupervised clustering method with Euclidean distance threshold is taken to extract the coarse centers
Ci of the intersections.

2. We take a least mean square error (LMSE) based line regression method to fit a line l according to Ci. For
every point p ∈ Ci, we draw its perpendicular line towards l then the intersection is computed to form a refined
centers Cr.

3. Search in the neighborhood of Cr to extract the final centers that minimize our points extraction error
function based on the geometric property of N-fiducial phantom. As shown in Figure 3, Ai and Bi are equidistant
tiny holes drilled regularly in the plexiglas base, and Cfi denotes the ideal intersection of B-Scan plane with the
nylon string. According to the parallel postulate and the similar triangles in Figure 3, the geometric property
between the ideal intersections can be described by

|Cf(j−2)Cfj | = |CfjCf(j+2)| (2a)

λ1 =
|Cf1Cf2|
|Cf1Cf3| , λ2 =

|Cf3Cf4|
|Cf3Cf5| , λ3 =

|Cf5Cf6|
|Cf5Cf7| , λ4 =

|Cf7Cf8|
|Cf7Cf9| (2b)

λi = λi+1 + Δλ (2c)

Where j is the index of intersection, Δλ is an unknown constant dependent on the included angle θ between
B-Scan plane and the vertical nylon strings. Then we define our points extraction error function based on Eq.2.
as follow:

Err(Cf ) =
N∑

i=1

ωi · |Cfi − Cri| (3)
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Figure 3. N-fiducial phantom scanned with probe. Figure 4. Needle-tip phantom

Where N is the number of intersections and ωi is the weighting coefficient of corresponding point.

Generally, larger weighting coefficient can be assigned to the point which is closer to the probe center for a
better extraction, given that the artifact of scanned point is inversely related to its distance from probe center.
However, in our method, the weighting coefficients of all points are set to 1 to test the basic performance without
additional parameter adjustments. Next we search in the neighborhood of Cr in line l to extract points Cf that
minimize the error function Err(Cf ) subject to the constraint of Eq.2. Exhaustive search method is not feasible
for its computation complexity is an exponential function of N in general. Instead of exhaustive search, we
simplify the search space to a subspace consisted by following parameters: Δxc, Δxc−1, λc, Δλ. Where, Δxc

denotes the coordinate change of central intersection with 0 as the initial value, Δxc−1 denotes the coordinate
change of c− 1 intersection with 0 as the initial value, λc denotes the central ratio among λi and its initial value
is computed based on Cr, the initial value of Δλ is computed by λc−1 and λc based on Cr. Powell method is
then adopted to extract the final centers Cf , and final calibration matrix can be solved by a closed-form solution
using singular value decomposition (SVD).

2.2 Realtime reconstruction with visualization and interactive segmentation

Reconstruction of Interest (ROI) can be selected conveniently before 3D ultrasound reconstruction based on our
previous work.14 Once the ROI is determined, realtime reconstruction with volume rendering visualization is
provided to monitor the progress of reconstruction. Therefore, we can adjust the scanning position and posture
to get a better 3D ultrasound reconstruction. Still, there are two critical problems need to solved: First, the
whole scanning progress should be finished within one breath holding circle to guarantee that the 3D ultrasound
volume is meaningful for preoperative planning. Second, the great computation burden caused by realtime volume
rendering visualization . We consider GPU acceleration as the optimal solution for its excellent performance in
computation capability, memory bandwidth as well as parallel processing architecture.

In our method, NVIDIA Compute Unified Device Architecture (CUDA)18 is used for ray casting based
volume rendering visualization as well as Pixel Nearest Neighbor (PNN)19 interpolation. In order to accelerate
reconstruction process further, we adopt 2 additional acceleration strategies. First, locating pixels with step
vectors when computing the location of current ultrasound image within the predefined ROI. This is to convert
the large amount of matrix multiplications into the additions relative to the transformed coordinates of the top
left corner of the ultrasound scan image. Therefore, the reconstruction runtime could be reduced prominently.
Second, computing Physical Addresses (PA) with Address Tables. To access an element of a multi-dimensional
array, the Logical Address (LA) of the element in the array must be mapped to the corresponding PA in the
memory. A Slice Address Table (SAT) can be built to store the initial PA of each slice, then corresponding
Line Address Table (LAT) can be used to store the initial PA of each line. This is somehow a little similar to
step vectors in previous strategy. This strategy could also reduce great multiplications burden and accelerate
reconstruction speed. An example of realtime reconstruction with visualization is shown in Figure 6. Besides
realtime reconstruction, we also provide an off-line reconstruction method, which is to reconstruct the 3D volume
after all the scanned images have been acquired.
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Figure 6. Example of realtime reconstruction with vi-
sualization.

After 3D ultrasound reconstruction is finished, we take an interactive semi-automatic method including
livewire and polygon to segment the simulated tumor and compute the central location, size and shape informa-
tion of the simulated tumor. Preoperative planning is then could be made based on the 3D ultrasound volume
as well as the information of segmentation. An example of simulated tumor segmentation is shown in Figure 7.

2.3 EDT based 2D-3D ultrasound image registration

Through 2D-3D registration, surgeons can get an intuitive and detailed knowledge of current scan plane within
the preoperative 3D ultrasound volume including: the distance to the tumor center, anatomical structure in the
neighborhood area of current scan plane and then choose the best acupuncture plane to finish thermal ablation.
It is crucial to select an appropriate similarity metric to obtain an accurate localization of current scan image
within the preoperative 3D ultrasound volume. In our method, we adopt the cross correlation-coefficient based
on EDT of ultrasound image as the similarity metric.

EDT20 is an implicit shape representation which embeds a shape of interest as the zero level set of a distance
function in the higher-dimensional space, and have been successfully used in shape registration.21 According
to the principle of ultrasound imaging, an ideal ultrasound image can be supposed to be a set of curves just
the same as a plane intersect with 3D tissue interfaces. Thus the registration of ultrasound image is equivalent
to shape registration to some extend. If the EDT of two ultrasound image are well registered then ultrasound
images are well registered either, and vice versa. Our 2D-3D registration method can be briefly described as
follows:

1. Phantom landmark points are extracted by manually in both preoperative 3D ultrasound volume and the
realtime B-Scans. Current phantom position could then be coarsely aligned to the preoperative 3D ultrasound
volume.

2. Select a current B-Scan image which is needed to be registered, denoted as Ir. We then resample an
ultrasound image Ip in the preoperative 3D ultrasound volume using coarsely aligned parameters. Empirical
gradient magnitude threshold, which in our method is set to 12, is then adopted to extract flag point sets of
interest in both Ir and Ip, denoted by Sr and Sp respectively.

3. Compute the EDT of both Sr and Sp, denoted as Dr and Dp respectively. The similarity metric between
Dr and Dp is then evaluated by the cross-correlation coefficient:

S(Dr, Dp) =
∑N

i=1 Dri · Dpi√∑N
i=1 D2

ri ·
∑N

i=1 D2
pi

(4)
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(a)  Source image (b)  Segmented image (c)  3D view

Figure 7. Simulated turmor segmentation using interactive method with a 3D view.

Powell method is used to search the best transformation parameters for the similarity metric defined in Eq.4.
Corresponding image in preoperative 3D ultrasound volume is then resampled based on the transformation
parameters.

3. RESULTS

The presented methods are implemented in a PC with an Intel Core2 1.86 GHz CPU, a 1 G DDR2 memory and
NVIDIA GeForce 8800 GT GPU. All algorithms are developed based on Medical Imaging Toolkit (MITK).22, 23

We have done 3 phantom experiments to evaluate the performance of proposed method.

To validate our ultrasound calibration method, a needle-tip phantom as shown in Figure 4 is used. Two stain-
less steel needles are fixed in a plexiglas base as the simulated target point and percutaneous point respectively.
Three additional landmark points are made in top of the aluminium sticks around the needles so as to accurately
localize the needle-tips in the water tank based on the principle of rigid transformation. We take 8 trials to
compute the average reconstruction accuracy,15 and compare the results with the calibration matrix obtained
using point extraction method without neighborhood searching. Considered the influence of artifacts caused by
the ageing of our probe, we only compare the relative calibration accuracy. The mean reconstruction accuracy
of our method is 1.82 mm, and the result without neighborhood optimization is 2.03 mm. This experiment
shows that our neighborhood optimization strategy is effective to improve the calibration accuracy when met
with artifacts.

A plastic phantom is then scanned to evaluate our realtime reconstruction with visualization. The general
environment of phantom experiment is directly shown in Figure 5, and example of realtime reconstruction with
visualization can be seen from Figure 6. We test the performances of both realtime reconstruction and off-
line reconstruction. With GPU acceleration, our realtime method can finish the reconstruction of a scanned
ultrasound image (552× 274) in 14ms, which is enough for realtime visualization. As for off-line reconstruction,
we can insert 500 phantom images (552× 274) into a 374 × 281 × 274 volume in 0.503 second.

And we also do a phantom experiment to evaluate our 2D-3D registration method as shown in Figure 8. First,
3D reconstruction of our phantom is obtained based on our previous steps. Then we displace the phantom, select a
feature B-Scan image and then register it to the previous 3D ultrasound volume using our proposed EDT method
and conventional normalized gradient correlation coefficient (NGCC) respectively. The registration performance
is evaluated by the distances of manually selected corresponding feature points in the 2D ultrasound images.
Our method outperforms NGCC in the average distance error, in which the registration error of our method is
1.1 mm while NGCC is 1.4 mm.

4. CONCLUSIONS

In this paper, we describe a general design of ultrasound-directed robotic system for thermal ablation as well
as 3 major methods to solve the critical problems in ultrasound guidance. The phantom experimental results
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(a) (b) (c)

Figure 8. 2D-3D registration result, white cross stands for landmark point: (a)feature image; (b)registered image of EDT;
(c)registered image of NGCC.

demonstrate the effectiveness of our methods. Firstly, our method could effectively improve the calibration accu-
racy when met with artifacts caused by the ageing of probe. Secondly, realtime reconstruction with visualization
using GPU acceleration provides great convenience for monitoring reconstruction progress and greatly improves
the reconstruction speed, which provides practical basis for preoperative ultrasound planning. Finally, EDT
based similarity metric can also be an good choice in 2D-3D ultrasound image registration for its accordance
with the principle of ultrasound imaging. In following work, we will take in-depth research in system testing and
improvements to achieve good animal experiment performance.
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