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ABSTRACT
Purpose: In prostate brachytherapy, determining the 3D
location of the seeds relative to surrounding structures is
necessary for calculating dosimetry. Ultrasound imaging provides the ability to visualize soft tissues, and implanted seeds
can be reconstructed from C-arm fluoroscopy. Registration
between these two complementary modalities would allow us
to make immediate provisions for dosimetric deviation from
the optimal implant plan. Methods: We propose intensitybased registration between ultrasound and a reconstructed
model of seeds from fluoroscopy. The ultrasound images
are pre-processed with recursive thresholding and phase congruency. Then a 3D ultrasound volume is reconstructed and
registered to the implant model using mutual information.
Results: A standard training phantom was implanted with
49 seeds. Average registration error between corresponding
seeds relative to the ground truth is 0.09 mm. The effect
of false positives in ultrasound was investigated by masking
seeds from the fluoroscopy reconstructed model. The registration error remained below 0.5 mm at a rate of 30% false
positives. Conclusion: Our method promises to be clinically
adequate, where requirements for registration is 1.5 mm.
Index Terms— Prostate brachytherapy, Ultrasound, Fluoroscopy, Registration.
1. INTRODUCTION
Prostate cancer is the most commonly diagnosed cancer and
the second leading cause of cancer death in North American
men [1]. Brachytherapy is a definitive treatment option for
early stage prostate cancer. The treatment involves permanent
implantation of radioactive sources (seeds) into the prostate
where they deliver a highly localized radiation dose to destroy
cancer. The effectiveness of brachytherapy primarily relies on
our ability to adjust the dosimetry of seeds with respect to the
prostate and surrounding tissues.
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Ultrasound (US) imaging visualizes soft tissues but at the
same time, it tends to be noisy and to suffer from artifacts.
Therefore, exact localization of the seeds in US images is
challenging. Previous studies have addressed the issue of
segmentation and registration of seeds directly from ultrasound. Mitri et al. [2] used vibro-acoustography to vibrate
and detect the seeds in a gel phantom. Yue et al. [4] utilized distributed constant false alarm rate (CFAR) processors
and orientation-sensitive morphological filtering to locate the
seeds in B-mode US images. Ding et al. [3] used the needle location to predict approximate seed locations to confine
elaborate local segmentation. Wen et al. [9] developed a seed
detection method using the power spectrum of raw radio frequency US data. None of these approaches have yielded a
clinically viable solution for seed segmentation and reconstruction from US.
C-arm fluoroscopy is routinely used in brachytherapy for
qualitative (visual) assessment of the implant. Recently, reliable and accurate reconstruction of seeds from fluoroscopy
has also become possible [11, 14, 19]. As fluoroscopy does
not show soft tissues contrast, registration of fluoroscopy to
ultrasound (RUF) is a logical clinical alternative [5, 6, 7, 8,
15, 16].
Zaider et al. [6] suggested affixing radio-opaque fiducials
to the US probe, thereby permanently altering standard clinical equipment. Jain et al. [15] proposed precision machined
fiducial structure calibrated to the needle guide template.
Gong et al. [5] used needle tips as fiducials for the registration. Since C-arm and US imaging is non-concurrent
and seeds are known to dislocate due mechanical forces and
edema, these approaches are not sufficiently reliable and
practical. Su et al. and and Tutar et al. suggested point based
registration between two clouds of seeds, one reconstructed
from fluoroscopy and one from US [7, 16]. This approach,
besides being highly sensitive to false positives and deformations, is also dependent on exact segmentation of the seeds
from ultrasound. However, the generally poor quality of US
images (due to noise, speckle, acoustic decoupling, calcifications masquerading as seeds, shadowing, multiple reflections,
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etc.) makes seed segmentation highly unreliable and prone to
error. Segmentation errors are propagated to the final registration [16] or may even trap the registration algorithm in local
minima [7]. In contrast to prior art, we apply intensity-based
registration between the US volume and seeds reconstructed
from fluoroscopy. We pre-process the US data with recursive thresholding and phase congruency, then apply standard
mutual information registration.
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Fig. 1. Registration framework.

and 1, thereby producing a set of intensity-based probability
images.
2.1.2. Phase Congruency Method
Previously, Hacihaliloglu et al. [12] have shown that phase
congruency is an effective tool for detecting the true bone
edge location in US images. Based on this idea, we adapted
phase congruency for pre-processing the US images to enhance the features of true seeds, i.e. to suppress artifacts and
false positive appearances. Phase congruency is a method for
evaluating features based on the phase rather than the amplitude information of images. Since the method gives a measure
of significance for each point invariantly to image brightness
or contrast, a constant threshold can be applied to extract feature points from the phase information. Hence we applied
a uniform threshold for all images [17]. For extracting the
seed-like regions from a single B-mode image, calculating the
phase congruency of pixels provides useful information: the
more symmetrical the phase of a region is, the more likely it
is a seed. For calculating the phase congruency in the image,
two filters are applied, an even symmetry and an odd symmetry filter. A measure of symmetry is calculated in each point
based on the weighted average of coefficients resulting from
applying these two filters. At symmetry points, the absolute
value of the even-symmetry filter result is large and the absolute value of odd symmetry filter result is small. Thus, the
measure of symmetry is defined as follows [17]:
 

2. METHODOLOGY

P C(x) =

Our processing pipeline is summarized in Figure 1. We preprocess the 2D US images, reconstruct a 3D US volume, and
finally apply 3D rigid body mutual information registration
to align the US volume with the cloud of seeds previously
reconstructed from C-arm fluoroscopy.
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2.1. Ultrasound Pre-processing
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In ultrasound, low signal-to-noise ratio, shadows, reflections,
etc. tend to obscure seeds and also result in artifacts that appear to be seeds, a.k.a. false positives. Reducing noise and
enhancing the features of true seeds therefore are highly desirable for reliable registration.
2.1.1. Noise Reduction
Based on the intuition that brighter areas in the image are
more likely to contain seeds, all pixels with less than the average intensity of the US volume are colored black. The average
intensity is calculated for the pixels within the smallest box
containing the prostate boundary. Then, the average is recalculated and the procedure is repeated. After these successive
thresholdings, intensity values are rescaled to lay between 0

(1)

φe (x ) =

n en (x)

E(x)

(2)
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n on (x)
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(3)

Here, o and n define the number of orientations and scales
which are found empirically. We used 4 scales and 6 orientations. Wo is a weighting function, and To is for noise
compensation which is calculated from the maximum output
that can be generated only by considering the noise in each
orientation independently. The small term  is to avoid division by zero. en (x) and on (x) are the results of applying
even and odd symmetric filters, respectively, and E(x) is the
R
local energy function. In this paper, we used the MATLAB
1
implementation of this algorithm provided by P. Kovesi .
1 Peter
Kovesi,
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2.2. Registration
In the operating room, ultrasound imaging and fluoroscopy
are performed almost concurrently. After ultrasound data collection, the probe is retracted from the rectum, not to block
seeds during fluoroscopy, causing the prostate to sag usually
without apparent deformation. Thus, rigid registration should
suffice. A 3D rigid body registration is performed between
the pre-processed US volume and the 3D model of seeds reconstructed from fluoroscopy. Since exact localization of the
seeds from US images can not be achieved reliably, we chose
intensity-based registration rather than point based registration. Mutual information is used as the metric for registration.
3. EXPERIMENTS
3.1. Experimental Setup
A standard brachytherapy training phantom (CIRS Inc, Virginia) was implanted with 49 non-radioactive seeds according
to a clinically realistic implant plan. Para-sagittal US images
of the phantom were captured using a linear probe operating
at 6.6 MHz, and the Sonix RP machine (Ultrasonix, Richmond, Canada). A dynamic reference body (DRB) was attached to the US probe and one was attached to the phantom
in a way that both DRBs were visible with an OPTOTRAK
Certus camera (NDI, Waterloo, Canada) used as the tracking
system.
3.2. Ground Truth
Six small metal fiducials were attached to the corners of the
phantom box, and their spatial position was measured with
respect to the DRB on the phantom using a calibrated stylus.
Since these fiducials were also visible in the CT images, the
ground truth for the registration was obtained based on these
fiducials.
3.3. Ultrasound Volume Reconstruction
During the scanning procedure, the position of the US probe
was recorded by the tracking system with respect to the coordinate frame of the DRB on the phantom [18]. Following the
earlier described pre-processing of the individual US images,
based on tracking information, the images are compounded
into a 3D volume using the method of Gobbi et al. [13].
3.4. Implant Reconstruction
In actual clinical setting, implanted brachytherapy seeds are
reconstructed intra-operatively from C-arm fluoroscopy. In
this study, we assumed that a reconstructed 3D model is
available and we simulated it with binary CT data. We obtained CT images of the implanted phantom with a spacing of
0.43×0.43 mm of in-plane resolution and interpolated slice

thickness of 0.625 mm. A constant threshold was applied
to all images in a way that seeds were masked to white and
everything else to black.
4. RESULTS AND DISCUSSION
For validation of the robustness of our registration, we misaligned the CT and US volumes (relative to the ground truth)
by applying a random transformation (±10 degree for the
rotation angle, ±5 mm for translation) to the US volume.
We then registered the US volume back to the CT volume.
Registration was performed using Mattes mutual information
method implemented in ITK 3.4 [20]. This process was repeated 100 times using different random transformations.
The initial average error is the average distance between
the correct position of the seeds (using the ground truth) and
their perturbed positions. Registration error is the average distance between the correct position of the seeds and their position obtained from the registration. The average registration
error achieved over 100 trials was 0.09 mm. Each registration
took approximately 3 minutes on a Dell desktop computer
running at 2.8 GHz with 3.5 GB of RAM. In order to examine the positive effect of phase congruency on registration, we
performed the exact same experiments as above, but this time
without the phase congruency filter. We only did noise reduction in the ultrasound images. The average registration error
jumped to 4.2 mm, clearly attesting to the positive effect of
phase congruency.
In order to validate the robustness of our method to false
positives in the US images, up to 15 seeds (about 30% of
the total number of seeds) in the CT volume were randomly
masked. For each percentage of false positives, registration
was repeated 100 times by applying to the US data the same
random transformations as in the earlier experiments. According to Table 1, registration remained robust up to 30%
false positives, with maximum error of 0.52 mm.
In the current implementation, we assumed that the ultrasound and tracking data were accurately synchronized. This
assumption was not necessarily valid and led to minor errors
in alignment using the ground truth. In our new implementation, we have compensated for this error and experiments are
underway to further analyze the accuracy of the registration
technique given synchronized data sets.
The calculation of phase congruency is the most computationally intensive step of the proposed method. For each ultrasound image, this calculation currently takes about 13 seconds in MATLAB. Significant improvements in performance
can be obtained by careful tuning of the parameters. For example, by recognizing the directionality of ultrasound images,
it is possible to remove the phase calculations at orientations
near 90◦ without significantly affecting accuracy. Reducing
the orientations to only 0◦ , 30◦ and 150◦ reduces the computation time by half and increases the registration error by only
0.09 mm.
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The clinical requirement for registration is about 1.5 mm,
which raises strong hope that our method will produce adequate performance in actual clinical cases. Ethics board
approval has been obtained for clinical validation of our
method. We point out that clinical data does not contain apparent ground truth. Although we did not perform explicit
segmentation of the seeds from US images, a byproduct of
our registration technique is, in fact, segmentation of seeds
in the US images. In clinical cases, the accuracy of registration will be validated by comparing our automated seed
segmentation to manual seed segmentation by multiple expert
clinicians.
#of
FP
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

FP%
2.4%
4.08%
6.12%
8.16%
10.29%
12.24%
14.28%
16.32%
18.36%
20.4%
22.44%
24.48%
26.53%
28.57%
30.67%

M ean(Std)
(mm)
0.08 (0.02)
0.09 (0.01)
0.11 (0.01)
0.08 (0.02)
0.09 (0.02)
0.10 (0.02)
0.11 (0.02)
0.11 (0.02)
0.16 (0.02)
0.15 (0.03)
0.14 (0.02)
0.14 (0.02)
0.18 (0.02)
0.19 (0.02)
0.22 (0.01)

M aximum
Error(mm)
0.22
0.22
0.23
0.22
0.22
0.22
0.26
0.24
0.36
0.38
0.30
0.31
0.42
0.44
0.52

#of
F ailure
1
1
1
0
0
0
0
0
0
0
0
0
0
0
0

Table 1. Registration error for up to 30 % false positives (FP)
in the data set.
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