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Abstract. In this paper, we propose an interpolation-based method for
simulating needle images in B-mode ultrasound. We parametrize the nee-
dle image as a function of needle position and orientation. We collect
needle images under various spatial configurations in a water-tank using
a guidance robot. Then we use multi-dimensional tensor-product inter-
polation to simulate images of needles with arbitrary poses and positions
using the collected images. Interpolated needle images are superimposed
on top of phantom image backgrounds. The similarity between the sim-
ulated and the real images is measured using a correlation metric. A
comparison with in-vivo images is also performed. The simulation pro-
cedure is demonstrated using transverse needle images and extended to
sagittal needle images and brachytherapy seed images. The proposed
method could be used in clinical procedure training simulators.

1 Introduction

The simulation of needle insertion under ultrasound guidance would be useful
in the planning and training of a number of clinical procedures. A needle in-
sertion simulator would include a haptic interface to enable interaction with a
deformable tissue model and a real time ultrasound image simulator to provide
visual feedback. The image simulator requires both tissue and needle images to
be rendered. Previous work (e.g. [7J13]) addressed primarily the simulation of
B-mode images of soft tissue; the needle was simply rendered as a bright line in
the longitudinal plane, without details or validation.

Needle images are highly wview-dependent, with images changing drastically
with the relative location between the needle and the ultrasound transducer.
Physicians exploit this dynamic effect to judge the position of the needle, es-
pecially in the transverse plane [2]. For example, in prostate brachytherapy [5],
physicians insert the needle until they see its tip, then rotate it to insure that the
tip is at the desired transverse position. For simulation purposes, it is important
to take into account the view-dependency property of needles.

In this paper, we propose to use interpolation on collected needle sample
images to simulate new needle images in real time. The collected images are
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of various needle poses, so the simulator is able to reproduce view-dependent
features of the needle images.

The classical way of simulating ultrasound images by interpolation is by slicing
a 3D volume [§] and applying techniques such as voxel nearest-neighbor [9]. This
approach cannot deal with view-dependent features of needle images. Indeed,
looking at the needle from another angle is not equivalent to rotating the original
image. Approaches based on physical acoustic models [4] are computationally
expensive, while the faster methods using artificial acoustic models [7JI3] lack
accuracy. Hybrid methods [IT] can be view-dependent and real-time, but they
only simulate point scatterers which are not suitable models of needles, which
have much more complex forms of scattering, such as the “comet tail” artifact.
The idea of using images of an object under various poses and positions to
simulate new object poses has been explored in the field of image-based rendering
(e.g. [6]), but the ray-based parametrization from such references cannot be
adopted to our case because there is no relative motion between the “camera”
and the “light source” in our case — both are the ultrasound transducer.

2 Simulation Methods

It is noted that the image of the needle in water resembles that in the phan-
tom/tissue. The basic idea of the simulation is therefore to first simulate the
needle images in water by interpolating sample images collected in water and
then superimpose the simulated images onto the tissue background.

We make the assumption that the needle image depends only on the local
spatial configuration (position and orientation) of the intersection of the needle
with the imaging plane. In this manner, we can represent the planar needle image
as a function I,, : RS — R? of the six degrees of freedom of the needle.

In the following, we first demonstrate our approach of parametrization, sample
collection, interpolation, and validation on the transverse plane of a transrectal
ultrasound (TRUS) probe. Using a slightly different parametrization, the same
method could be applied to simulate images on the sagittal (longitudinal) plane
and seed images.

2.1 Parametrization

The parametrization for the needle configuration with respect to the TRUS probe
transverse plane is illustrated in Fig. [[al Assuming the ultrasound beam profile
has a constant thickness with respect to r along the Z (elevation) direction and
the needle is inserted toward the negative Z direction, we define the imaging
plane as the plane through which the needle enters the beam profile. This plane
can be determined experimentally by inserting the needle until the tip starts to
show up. We attach a Cartesian frame C), at the probe origin O, in the imag-
ing plane and another Cartesian frame C|, at the intersection of the imaging
plane and the needle axis P,. Z, coincides with the needle axis and Y, indi-
cates the bevel tip direction. We use (r, ) to denote the polar coordinates of P,
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Fig. 1. Coordinate assignments for: (a) Transverse (b) Sagittal plane

in {Qp,C,}, and [ to denote the needle depth. We describe the rotation trans-
formation between C,, and C,, using roll-pitch-yaw angles (p, @, 3). The needle
image is assumed to be a function I,,(r, 0,1, p, o, ) of these spatial variables. We
have shown experimentally that the needle image is invariant with respect to 6.
Indeed, if we keep other spatial parameters constant and vary 6, the image will
only rotate by 6 but will not change in intensity or shape otherwise:

In('ruavlvpvaaﬂ) = Re([n(T,O,l,po,ao,ﬁo)) (1)

where Ry is a 2D rotation transform of the image with respect to the ultrasound
probe center and (p, «, 8) and (po, g, Bo) are related by the same rotation trans-
form.This rotation invariance is due to the curvilinear geometry of the TRUS
probe. To obtain images at an arbitrary 0, we rotate the image at § = 0. Thus
the function to be sampled and interpolated is I,,(r, 0,1, po, v, Bo) : R® — R2.

2.2 Tensor-Product Interpolation

Assuming that sample values of I,, are available through a collection method
as described in the next section, the interpolation scheme seeks to estimate val-
ues of I, at non-sample points. The speed of interpolation is of major concern.
Nearest neighbor is the fastest interpolation method available, and is twice as
fast as linear interpolation [I2]. To strike a balance between speed and accuracy,
we look for a scheme that is a hybrid of the nearest neighbor and linear inter-
polation. A suitable method is the tensor-product interpolation which enables
the use of different piecewise polynomial interpolations — nearest neighbor and
linear interpolations being special cases — along different dimensions [I]. The
choice between the nearest neighbor and the linear interpolation for each dimen-
sion is based on the fact that during the needle insertion, the needle position
on the imaging plane and its orientation are constrained by the tissue, therefore
not likely to change much. It is the depth and roll angle that are under the
physician’s control and therefore responsible for the continuous changes of the
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Fig. 2. Visualization of the interpolation process. Here only 3 dimensions are drawn.
Each vertex represents a sample image. The red cross represents the queried configu-
ration (r,l, po).

needle images. Using linear interpolation for [, p enables us to simulate these
changes, and using nearest neighbor for other dimensions speeds up the inter-
polation considerably. Furthermore, using nearest neighbor for r will eliminate
artifacts caused by averaging two images with features at different locations (e.g.
the bright tail).

A general account of the tensor-product interpolation scheme is available
in [I]. A key feature of the method is that changing the sequence of interpo-
lation does not change the result, therefore we could perform nearest neighbor
interpolation first to reduce the computational cost. Specifically we use nearest
neighbor interpolation for r, a, 3 and linear interpolation for I, p. An operational
procedure of the scheme applied to our problem is as follows and the key steps
are visualized in Fig.

1. Given the queried coordinate (1,1, p, o, ), calculate the rotated coordinate
(r,1, po, 20, Bo) in Eq. [I}

2. Find the enclosing hypercube in the 5-dimensional sample space that con-
tains the rotated coordinate: (r,1, po, 2, B0) € [ra,7s] X [le,la] X [pe, pf] X
[O‘gv o‘h] x [ﬁlﬁ ﬁ]]

3. Find the nearest neighbors for 7, ag, Bo; say ra, o, 3; respectively;

4. In the rectangular subspace [lc,ld] X [pe; pf]l(ra,an,3,) € R?, use linear in-
terpolation to get the interpolant image I,. This is just bi-linearly inter-
polating In('raa lc, Pe; Ch, 5j)a In('ra, lca Pfyxh, ﬁj)’ In(raa lda Pe;> Xh, 5j)a and
In(raa l(i7 Pf,Ch, ﬁj);

5. Now I, corresponds to a simulated needle image with the needle at coordi-
nates (r4,0) in the imaging plane. To simulate the image at (r,0), we first
translate I,, by (r, — r) and then rotate by 6 according to Eq. [ to finally
get the approximated I, (r, 0,1, p, a, 3).

It can be shown that steps 1-4 of the above algorithm have a computational cost
of O(N,), where N, is the number of pixels of the images being interpolated.
In the current implementation N, = 80 x 350 and is the size of needle images
cropped from the original 640 x 480 images (the rest is black background). The
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speed of step 5 above largely depends on the interpolation method used for
the spatial image rotations. In Matlab, using the nearest-neighbor will result in
real time performance but may introduce aliasing artifacts or “jaggies”. This
was eliminated in an OpenGL implementation where linear interpolation can
be computed in real time. On a PC with an Intel 2.2GHz dual core CPU, the
overall algorithm can achieve an average frame rate of 44 FPS for a resolution
of 640 x 480 in the Matlab implementation without major optimization efforts.

2.3 Sample Collection and Superimposition

All data collection was done in a water tank of size LxWxH = 50 x 30 x
20 cm? filled with degassed water at 20°C. Brachytherapy needles (Bard®, 18
gauge) were imaged with the TRUS probe of an ultrasound machine (Ultrasonix
SonixRP). The machine parameters were set to be the same as in a brachytherapy
procedure, except for disabled Time Gain Control, single focus, and sound speed
€ = Cyater- The time gain control was disabled during the data collection because
in water there is very little attenuation with increasing depth; single focus was
used because multiple focal points may sometimes cause split images in water.
The samples were collected in the water tank rather than in a phantom because
in water moving from one needle configuration to another leaves no needle tracks.
Furthermore, the needle images in water are much more clearly defined.

A needle guidance robot previously developed [I0] was used for the data col-
lection. Since the robot does not move in [ or p, we controlled these two variables
by hand. The robot was programmed to remotely connect to the SonixRP and
capture images automatically after each desired configuration was reached.

The range and sample numbers of each dimension are shown in the caption of
Fig. Bl The ranges of «, 8 were kept small, as in a real brachytherapy procedure.
Only positive rotation angles were collected due to symmetry.

The accuracy of the tensor-product interpolation depends on the spatial sam-
pling rate. To ensure that the sampling rate is high enough, test images were
first captured on a fine sample grid, then part of these images were used to
interpolate the rest. Correlation was then used to compare the results, and the
interpolated images were found to be similar to the real images when the sample
numbers in Fig. 3] were used. As an example, for the roll angle p, when using
images collected at every 180° to interpolate images of 45° p intervals, the corre-
lation between the interpolated and the real images was 0.93; when using images
collected at every 90°, the correlation was 0.97.

To simulate the needle images in the tissue, background images of a gelatine
tissue mimicking phantom were collected, onto which the interpolated needle
images in water were superimposed by addition. Superimposition by taking the
maximum of the foreground and the background has also been tested, but the
results looked less realistic. It was concluded that superimposition by addition
gives satisfactory results. Note that the success of addition relies on the ap-
proximate linearity of the imaging process, which may be influenced by machine
settings such as the time-gain-compensation.



434 M. Zhu and S.E. Salcudean

3 Results and Validation

To validate the simulation method, 43 needle images in both the water tank and a
homogeneous gelatine phantom with cellulose scatterers were collected using the
same machine settings as used when the needle image samples were collected. The
needle configurations were chosen to be different from those previously collected.
Blank phantom background images were also collected before each insertion for
use in the superimposition. Because images of the same modality are being
compared, classical normalized cross-correlation is used as the similarity metric.

To begin with, we only measure the similarities between the areas adjacent to
the needle in the images. This is justified because it is the needle image that is
localized most of the time during the brachytherapy procedure and because the
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Fig. 3. (a) through (c): comparison of simulated and real needle images of the trans-
verse plane. upper-left quadrant: simulated image in water; upper-right: real image
in water; lower-left: simulated image in phantom; lower-right: real image in phan-
tom. Configurations are of the form (1, p,«,3). The range and sample number of
variables are: r: 30 ~ 65mm; 8 samples; I: 1 ~ 22mm; 12 samples; p: 0 ~ 180°; 3
samples; a: 0 ~ 9°; 4 samples; 3: 0 ~ 15°; 3 samples; (d) Simulated and phantom
needle image with bright tails; (e) Comparison of transverse simulated and in vivo
needle images from a brachytherapy session; (f) Comparison of simulated and phan-
tom sagittal needle images. The range and sample number of variables are: x: -0.7 ~
1.5cm; 23 samples; p: 0 ~ 180°; 3 samples; a: 0 ~ 6°; 3 samples 3: 0 ~ 15°; 4 samples;
(g) Comparison of the simulated and in vivo seed images in the transverse (upper)
and sagittal plane (lower).
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background contributes to the false positive measure of the correlation score. For
each of the 43 image pairs, an 80 x 80 region around the the needle image was
cropped out and correlations were calculated. The mean correlation between the
simulated and the real needle images in water is cor,, = 0.86 out of 1. The mean
correlation between the simulated (after superimposition) and the real needle
images in phantom is cor, = 0.79.

In some occasions, a bright tail is visible distal to the needle image due to
reverberation inside the needle. Our interpolation and superimposition method
produces images similar to real images when the tail is present. The correlation
between regions that contain the tail region and the phantom images has a
typical score of 0.89, as shown in Fig. Bdl

The simulation results were also compared with several in vivo needle images
collected during a brachytherapy session. To obtain a similar background for
superimposition, the needles in the in vivo images were first erased by copying
surrounding background using the image editing software GIMP (GNU Image
Manipulation Program). Then the simulated needle images were superimposed.
Example results are shown in Fig.[3d Since there were no direct measurements of
the needle position and orientation in-vivo, the simulated images were generated
with the assumptions that the needle tip was in the imaging plane and that the
needle was parallel to the Z axis (0 pitch and yaw angles). It is evident from
Fig. Bd that under these conditions the simulated needle images are similar to
the in vivo ones. The difference may be attributed to the different ultrasound
machines being used for data collection — an Ultrasonix® machine was used for
the sample image collection; a BK Medical® machine was used in the hospital.

Using slightly different parametrization and collection methods, the same
method could be extended to simulate needle insertion in the sagittal plane and
radioactive seeds in both planes in real-time (Fig. [[Dl sagittal plane coordinate
assignment; Fig. Bfl and [3g] results)).

4 Discussion and Future Work

This paper presents a first view-dependent real-time needle image simulation
method that is also suitable for simulating other wire-like objects such as ra-
dioactive seeds. The use of a robot to collect pose-dependent sample images
proves to be accurate, efficient, and repeatable. The simulated images are not
only visually appealing, but also accurate. The accuracy was validated objec-
tively using a correlation metric and by comparison with in vivo data. The
simulation method is compatible with existing real-time deformable tissue im-
age simulations. Indeed, the needle simulation described here has recently been
successfully incorporated into a real-time prostate brachytherapy simulator [3].It
should be noted that the range of positions that our method can handle is only
limited by the physical movement range of the brachytherapy robot used for
data collection. Given more samples, the method can readily deal with a larger
parameter range with little increased computational cost.

The simulation may potentially serve as a real-time “front-end” for a physi-
cally based simulator where sample images are simulated rather than collected.
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Furthermore, the collected image sample database may potentially be used as
training database for seed detection purposes.

In this paper, it was assumed that the needle does not change its pitch and
yaw angles during the insertion. However, if the needle is not rigid, the pitch and
yaw angles might be continuously changing when the needle is pushed sideways.
Linear interpolation for these angles and piecewise rigid approximations may be
needed to better simulate a bending needle.
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