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Abstract. Registration of three-dimensional (3-D) magnetic resonance (MR) to 3-D transrectal ultrasound
(TRUS) prostate images is an important step in the planning and guidance of 3-D TRUS guided prostate biopsy.
In order to accurately and efficiently perform the registration, a nonrigid landmark-based registration method is
required to account for the different deformations of the prostate when using these two modalities. We describe
a nonrigid landmark-based method for registration of 3-D TRUS to MR prostate images. The landmark-based
registration method first makes use of an initial rigid registration of 3-D MR to 3-D TRUS images using six man-
ually placed approximately corresponding landmarks in each image. Following manual initialization, the two
prostate surfaces are segmented from 3-D MR and TRUS images and then nonrigidly registered using the fol-
lowing steps: (1) rotationally reslicing corresponding segmented prostate surfaces from both 3-D MR and TRUS
images around a specified axis, (2) an approach to find point correspondences on the surfaces of the segmented
surfaces, and (3) deformation of the surface of the prostate in the MR image to match the surface of the prostate
in the 3-D TRUS image and the interior using a thin-plate spline algorithm. The registration accuracy was evalu-
ated using 17 patient prostate MR and 3-D TRUS images by measuring the target registration error (TRE).
Experimental results showed that the proposed method yielded an overall mean TRE of 3.50� 1.34 mm for
the rigid registration and 2.24� 0.71 mm for the nonrigid registration, which is favorably comparable to a clinical
requirement for an error of less than 2.5 mm. A landmark-based nonrigid 3-D MR-TRUS registration approach is
proposed, which takes into account the correspondences on the prostate surface, inside the prostate, as well as
the centroid of the prostate. Experimental results indicate that the proposed method yields clinically sufficient
accuracy. © 2015 Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.JMI.2.2.025002]
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1 Introduction
Prostate cancer is the most common cancer in elderly men and
the second most common cause of death of men due to cancer in
the western world.1,2 Two-dimensional (2-D) B-mode transrectal
ultrasound (TRUS) guided systematic prostate biopsy sampling
is the current gold standard and the most widely used approach
to diagnose prostate cancer.3 TRUS imaging is used for guiding
biopsy needles to suspicious regions in the prostate due to its
real-time and radiation-free imaging capability, low-cost, and
operational simplicity.4 However, clinical studies have reported
that the false-negative rate of sextant biopsy to be between 15%
and 34% based on repeated biopsies and computer simulation.5–10

This situation is caused by the lack of image contrast of some
prostate tumors needed to clearly visualize early-stage prostate
cancer, requiring systematic sampling and repeat biopsy ses-
sions to provide a definitive cancer diagnosis.

Magnetic resonance (MR) imaging is currently considered to
be a promising imaging modality for noninvasive identification
of prostate cancer, since it can provide a high sensitivity and
specificity for the detection of early-stage prostate cancer.11

Although MR prostate imaging is advancing, it cannot yet
replace TRUS-guided needle biopsy, especially when real-
time guidance is required and due to the high-cost and time-con-
suming procedure associated with performing MR imaging and
targeting within the bore of the magnet. In this context, an MR-
TRUS registration technique might be a practical and low-cost
solution, which can be used in TRUS-guided and MR-targeted
procedures,12 where the TRUS biopsy platform is preserved.

Multiple 3-D TRUS systems have been developed to
improve the spatial information and allow for registration with
3-D MR images.13–16 We have developed a mechanically
assisted 3-D TRUS system17 that is capable of 3-D prostate TRUS
image acquisitions in less than 10 s and provides real-time 3-D
needle guidance and biopsy core location recording in three
dimensions. It allows for intrabiopsy fusion of prebiopsy MR
images for targeted biopsy of suspicious prostate lesions using
3-D TRUS needle guidance, which is achieved through a chain
of transformations from preoperative MRI to real-time 2-D TRUS.

The acquisition of a 3-D TRUS and multiparametric MR
images (T2-weighted, diffusion, and contrast-enhanced MR
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prostate images) is performed a few days before the prostate
biopsy. Any suspicious prostate lesions are then identified in the
MR images and delineated on the T2-weighted image, which is
then registered to the 3-D TRUS image. The delineated lesion
identified in the T2 image is then mapped onto the prebiopsy
3-D TRUS image. Use of preoperative 3-D TRUS images per-
mits adequate time to ensure that proper multimodal registration
is achieved without prolonging the patient’s biopsy procedure
and level of discomfort.18 On the day of biopsy, we acquire a
3-D TRUS image just prior to the biopsy and then register the
intrabiopsy 3-D TRUS image to the prebiopsy TRUS image to
provide target mapping on the intrabiopsy 3-D TRUS.19,20

Finally, during biopsy, the operator visualizes the real-time
TRUS image with the mapped target lesions and guides the
biopsy needle to the targets. Any movement of the prostate is
compensated by registering the real-time 2-D US images with
the 3-D intrabiopsy TRUS image.21

The accuracy of targeting of the suspicious lesion identified
in the MR image depends on the accurate registration of the 3-D
TRUS and MR images. However, the prostate may undergo
deformations between the TRUS and MR imaging procedures
due to altered patient position during the TRUS and MRI
procedures, bladder filling, rectal wall motion, and/or the trans-
ducer probe pressure. Nonrigid registration methods are required
for multimodal prostate registration to compensate for these
deformations. Efficient and accurate nonrigid 3-D MR-TRUS
registration is a challenging task due to the totally different
image appearances of these two image modalities, and the low
degree of structure recognition in the prostate apex and base in
the MR images and especially in the TRUS images, which may
result in inaccurate registration in these zones.22–24

A few groups have addressed the issue of 3-D TRUS to MR
nonrigid registration. These methods can be classified as image
intensity-based and boundary-based methods. In image inten-
sity-based registration methods, the formulation involved estab-
lishing an intensity metric that is minimized between the source
and target images. The most common approaches make use of
mutual information as the metric to be minimized.25 However,
this approach has not been successfully used in registration of
3-D TRUS and MR images due to the low information content
in TRUS images and the richer content in the MR images. To
our knowledge, the only nonrigid image intensity-based method
that has been used successfully without any user intervention
was by Sun et al.,24 which made use of the modality-indepen-
dent neighborhood descriptor metric. This metric made use of
corresponding features, such as corners and lines, in the source
and target images. While this method produced good results
under controlled conditions, its performance may suffer as it is
sensitive to image quality, which varies between ultrasound sys-
tems, and image artifacts, such as shadows, commonly present
in TRUS images.

An alternative approach that may be more robust makes use
of the prostate boundary to nonrigidly register the prostate in the
source and target images. In this approach, the prostate boun-
dary is required to be segmented followed by a registration
approach that matches the boundary of the prostate in the two
images, while incorporating a regularizer to elastically deform
the interior of the prostate. This approach has been explored
more widely, with different regularizers used to deform the
interior of the prostate.

Narayanan et al.26 carried out a nonrigid registration method
of segmented 3-D MR and 3-D TRUS surfaces using the

adaptive focus deformable model27 and elastic warping28 of the
MR prostate interior. They validated their method on multimo-
dality phantoms with embedded glass beads as fiducial markers
and achieved an average fiducial registration error of 3.06�
1.41 mm. The computation time was approximately half a
minute (25 s for computations and possibly 5 to 10 s for manual
initialization of seeds for semiautomatic segmentation).

Hu et al.29 used a patient-specific finite-element-based stat-
istical motion model trained by biomechanical simulations and
registered the model to 3-D TRUS images, which was done by
maximizing the likelihood of a particular model shape given a
voxel intensity-based feature that provided an estimate of sur-
face normal vectors at the boundary of the gland. The median
target registration error (TRE) for eight patients from 100
experiments was 2.40 mm. However, the model training was
based on manual segmentation of the prostate gland, the central
and peripheral zones (PZs), the pelvic bone, the rectum, and
the bladder on the MR images, which is time-consuming.

Mitra et al.30 proposed a 2-D thin-plate spline (TPS)-based
nonlinear regularization approach to align the sampled points of
the segmented prostate contours, which essentially match the
Bhattacharyya distance of the applied statistical shape contexts.
The results showed an average TRE of 1.60� 1.17 mm from
20 pairs of midgland TRUS and MR images. However, the pro-
posed framework only worked in 2-D, which limited its appli-
cation in practice.

Moradi et al.31 proposed a surface-based registration method
that made use of spherical harmonic parameterization32 of the
prostate surface combined with a biomechanical model of the
tissue for regularizing the transformation between the two sur-
faces and deforming the internal structures of prostate. Their
method resulted in a TRE of 3.2� 1.3 mm.

Cool et al.18 described a prebiopsy MR-TRUS registration
method, where a landmark-based initialization with TPS33

yielded a mean TRE of 4.3� 1.2 mm, and an iterative closest
point rigid initialization followed by TPS yielded a value of
5.2� 1.5 mm. This could indicate that an inaccurate gland dis-
tortion occurred caused by a poor point correspondence between
the two surfaces used by the TPS deformation or a mismatching
of the two surfaces, which did not consider the deformation of
the prostate internal architecture.

It is important to note that surface-based techniques require
an accurate segmentation of the prostate in the 3-D TRUS
and MR images,23 a method to find correspondence points
between the two surfaces, and a regularizer to deform the
interior of the prostate. Since the 3-D TRUS to MR registration
is part of a clinical workflow with time and accuracy constraints,
the trade-off is between anatomically accurate and complicated
methods requiring significant execution time, and less-accurate
methods but more automated with corresponding shorter execu-
tion time.

Therefore, in this paper, we used a prostate landmark-based
nonrigid registration method to constrain artifacts and poor con-
trast in the MR and TRUS images to be less disturbing to the
registration results.

Our approach is based on establishing prostate surface point
correspondences automatically and a TPS regularizer as a bal-
ance between anatomical accuracy, robustness, and execution
time (see Fig. 1 for the workflow). The primary contributions of
this paper are summarized as follows: (1) 2-D slice correspond-
ences are determined by rotationally reslicing two manually seg-
mented prostate surfaces from both 3-D MR and TRUS images
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Fig. 1 Workflow of landmark-based nonrigid registration.

Fig. 2 Yellow crosses indicate anatomical landmarks in the three-dimensional transrectal ultrasound
(3-D TRUS) (left column) and corresponding MR images (right column): (a) the end points of peripheral
zone at the apex, (b) the corresponding points with the largest view of the axial slices, and (c) the cor-
responding points of urethra at its entrance into the prostate.
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around a specified rotational axis, which is started by initializing
three pairs of corresponding anatomical landmarks, and (2) find
point correspondences based on the resliced 2-D corresponding
slices using a method, which takes into account the correspond-
ences on the prostate surface, inside the prostate, as well as the
centroid of the prostate.

Although a preliminary work of this study has been previ-
ously presented at the SPIE medical imaging conference,34

the registration approach has been greatly improved technically
in terms of accuracy in this paper, and it has also been exten-
sively validated in a larger dataset including 17 patients.

2 Methods
To compensate for prostate deformation, our nonrigid landmark-
based registration is divided into the following steps.

2.1 Initialization

We first perform a manual initialization to roughly align the MR
and 3-D TRUS images, since the prostate location and orienta-
tion in the 3-D TRUS image is often arbitrary. The initialization
is achieved using six manually identified approximately corre-
sponding landmarks, which are the end points of the PZ at the

Fig. 3 Rotational axis based on the corresponding anatomical landmarks (yellow crosses) in the 3-D
TRUS (left column) and corresponding MR images (right column): (a) from the sagittal view and
(b) from the coronal view.

Fig. 4 Example of resliced corresponding 2-D contours from an axial view in the (a) 3-D TRUS and
(b) corresponding MR images.
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apex, left-most, right-most, top-most, bottom-most points on the
largest prostate cross-section of the axial slices, and the urethra
at its entrance into the prostate on the MR (source) and 3-D
TRUS (target) images. These approximately corresponding
landmarks (see Fig. 2) allow us to generate a rigid transform
as an initial alignment from MR to 3-D TRUS. The landmarks
are selected based on the prostate structure and architecture that
can be observed on both MR and 3-D TRUS images, such as the
prostate boundary and the boundary of the bladder. The MR
image is then resampled and resized to the same voxel size
(0.19 × 0.19 × 0.19 mm3) and dimensions (448 × 448 × 350) as
the 3-D TRUS image. All the MR and TRUS images shown in
this paper were generated using multiplanar reformatting.

2.2 Prostate Segmentation

Following initialization, the prostate surfaces are segmented
from both MR and 3-D TRUS images using a manual segmen-
tation method under the supervision of an experienced radiolo-
gist (C. R.). The segmentation starts with manually initializing
boundary points on a minimum of three slices (typically five)
with a minimum of four points (typically six) on each slice.
The slices chosen for initialization include one slice in the sag-
ittal plane, such that points on the base and apex are used. A
surface is then fit through the points on the prostate surface
and then edited by adding or deleting points. Although a number
of algorithms for automated prostate segmentation can be

used,23,35–38 we chose to use manually editable segmentation
for this study to minimize the registration error caused by the
segmentation procedure, as a method to test the contribution of
error from the registration method alone. An accurate and auto-
mated prostate segmentation will be used as a front-end to the
registration pipeline once it has been successfully clinically
tested and adopted.

2.3 Two-Dimensional Slice Correspondences

Each pair of the 3-D MR and TRUS images are then resliced
around a rotational axis, starting from a selected corresponding
view. The rotational axis is specified using two of the anatomical
landmarks—the end point of PZ at the apex and the urethra at
its entrance into the prostate, which have been identified during
the manual initialization step (see Fig. 3). The landmarks for
generating the first corresponding 2-D prostate slice uses the
two points for setting the rotational axis, as well as the bot-
tom-most point on the largest prostate cross-section of the
axial slices, which has also been identified during the manual
initialization.

Using the first corresponding 2-D MR and TRUS slice, the
rest of the slices are automatically corresponded as the rotation-
ally reslicing of the MR and 3-D TRUS was performed with
the same reslicing angular interval around the corresponding
specified rotational axis. The angular interval is chosen to be
22.5 deg, which means eight slices are resliced. The angular

Fig. 5 A sample of point correspondence on a pair of corresponding 2-D contours in the (a) 3-D TRUS
and (b) corresponding MR images.

Fig. 6 An example of: (a) MR and (b) 3-D TRUS images from axial view before registration.
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interval was chosen by tuning this parameter on a subset of
the patients’ images. Figure 4 shows an example of resliced
2-D contours.

2.4 Boundary Point Correspondences

From the resliced corresponding 2-D contours, boundary point
correspondences are then achieved by automatically sampling
eight points on each prostate contour based on equal arc length
(see Fig. 5). The number of points needed from each contour
was chosen by tuning this parameter on a subset of patients’
images. The starting point for each contour is the corresponding
landmark of the urethra at its entrance into the prostate. We also
make use of the centroid point of the prostate, which is also
found automatically. In addition, we also use of the midpoints
between the centroid and the eight points already found on each
contour to be the corresponding prostate interior points for the
registration.

Based on the boundary and interior corresponding points, we
finally apply a 3-D TPS39 on the 3-D point cloud in the MR
image in order to align them to the corresponding points of tar-
get 3-D TRUS image. TPS interpolates specified points while
minimizing an approximate curvature (integrated squared sec-
ond derivative), resulting in a smooth deformation without unex-
pected ripples and variations.

The set of points in the MR images are denoted as pi, and in
the TRUS, the corresponding points are qi, where i ¼ 1; : : : N,
N represents the number of points in each image, and u is the
transformation that maps two images. The registration function
JλðuÞ consists of a landmark registration metric term and a TPS
term JdmðuÞ that regularizes the transformation:

JλðuÞ ¼
1

N

XN
i¼1

½qi − uðpiÞ�TS−1n ½qi − uðpiÞ� þ λJdmðuÞ: (1)

The covariance matrix Sn, in Eq. (1) is a 3 × 3 matrix and rep-
resents the anisotropic landmark localization errors; d refers to
the dimension of the image and m to the chosen derivative order
of the functional. The term JdmðuÞ defines the TPS and controls
the smoothness of the transformation. The minimization of
Eq. (1) results in a smooth transformation that approximates
the distance between the landmark sets, the λ parameter controls

Fig. 7 MR (right column) and corresponding TRUS (left column)
images from (a) axial, (b) sagittal, and (c) coronal views after
registration.

Table 1 Target registration errors (TRE) for 17 patient image pairs.

Patient#

Rigid root-mean square
(RMS) TRE (mm)

Nonrigid RMS
TRE (mm)

Median Mean� std Median Mean� std

1 2.95 2.97� 0.31 2.53 2.55� 0.52

2 4.83 4.88� 0.09 3.73 3.37� 0.77

3 2.80 2.73� 0.16 2.32 2.33� 0.06

4 2.50 2.53� 0.21 2.69 2.64� 0.58

5 1.78 1.98� 0.47 2.46 2.29� 0.48

6 2.66 3.08� 0.89 2.43 2.62� 1.02

7 4.67 4.70� 0.68 1.69 1.70� 0.05

8 1.78 1.86� 0.30 1.67 1.58� 0.29

9 1.46 1.47� 0.21 1.35 1.30� 0.30

10 4.16 4.16� 0.14 1.52 1.52� 0.07

11 3.37 3.51� 0.81 1.82 1.74� 0.34

12 2.10 2.16� 0.38 1.61 1.64� 0.12

13 3.41 3.31� 1.23 1.72 2.56� 1.20

14 5.66 5.53� 0.59 2.31 2.34� 0.57

15 2.31 2.37� 0.73 2.20 2.21� 0.32

16 2.62 2.58� 0.15 1.68 2.12� 0.74

17 4.73 4.46� 1.02 3.36 3.26� 0.67

All 2.80 3.50� 1.34 1.96 2.24� 0.71

Table 2 TREs for peripheral zones (PZ), central gland (CG), and
whole gland (WG).

PZ CG WG

# of fiducials 41 45 86

Mean (mm) 2.08� 0.65 2.37� 0.75 2.24� 0.71

Median (mm) 1.77 2.30 1.96
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the weighting between the two terms, and the transformation
becomes smoother as λ increases.

2.5 Experiments

This study was conducted with images acquired with the appro-
val of our institution’s Human Subjects Research Ethics Board
and with the informed consent of all subjects. The proposed
landmark-based nonrigid approach to nonrigid MR to 3-D TRUS
registration was implemented using C++. The experiments were
conducted on a Windows desktop with two Intel E5-2640 CPUs

(2.50 GHz). The mean computation time was calculated by run-
ning the program for 10 patients.

2.5.1 Materials

T2-weighted MR images obtained with a body coil and corre-
sponding 3-D TRUS images were acquired from 17 patients
scheduled for prostate biopsy. The MR images were obtained
using a whole-body 3.0-T Excite 12.0 MRI system (GEHC,
Milwaukee, Wisconsin) at an image size of 512 × 512 × 36 vox-
els with a voxel size of 0.27 × 0.27 × 2.2 mm3. The 3-D TRUS
images were acquired using a 3-D TRUS mechanical scanning
system developed in our laboratory,17 using a Philips HDI-5000
US machine with a Philips end-firing C9-5 transducer (Philips,
Bothell, Washington). The 3-D TRUS image size was 448 ×
448 × 350 voxels with a voxel size of 0.19 × 0.19 × 0.19 mm3.

2.6 Evaluation

2.6.1 Accuracy

We measured the TRE40,41 as the overall misalignment of man-
ually identified corresponding intrinsic fiducials in MR and 3-D
TRUS images. The approximate corresponding landmarks used
for rigid initialization were not used in the evaluation. Eighty-six
fiducials (calcifications and cysts) were manually identified in
the 17 image pairs by a trained operator (Y. S.) under the super-
vision of an experienced radiologist (C. R.). Of the 86 fiducials
selected, 41 were within the PZ, known to be the most common
site harboring cancer42 and subject to deformation caused by the
US transducer during biopsy. Accurate biopsy targeting relies on
corrections being made for this deformation. We also measured
the fiducial localization error (FLE)41 to allow determination
whether fiducial identification dominated the TRE. For FLE
determination, the trained operator identified 30 fiducials in 10
prostate image pairs (three fiducials/prostate) five times over
five days and recorded their coordinates once per day. In
addition, we measured the TRE dependence on fiducial distance

Fig. 9 Plots of the spatial distribution of TREs: the TREs are plotted against the Euclidean distance (mm)
from the TRUS probe tip with distance bin range of 1 mm. The central red marks are the medians; the
edges of the boxes show the 25th and 75th percentiles; the whiskers extend to the most extreme data
points not considered outliers; the one outlier is plotted as a plus sign individually; and the distance bin
with only one fiducial is plotted as a red dash.

Fig. 8 Whole gland (black) and peripheral zones (white) frequency
distributions of (a) rigid alignment TRE between all 86 fiducial pairs,
and (b) landmark-based nonrigid registration TRE.
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from the probe tip to determine our ability to correct the defor-
mation induced by the TRUS transducer.

Statistical analyses were performed in SPSS Version 15.0
(SPSS, Chicago, Illinois) to determine if there was a significant
difference in the TREs between the manual rigid registration and
landmark-based nonrigid registration.

2.6.2 Reproducibility

The variability of our registration method was determined by
calculating the dependence of the nonrigid registration on the
manually selected three corresponding fiducials for finding
the first corresponding slice (two of the three were used to
specify the rotational axis). To study the effects of variability
of selecting the three fiducials during initialization on TRE,
five patients’ 3-D prostate MR-TRUS image pairs were selected.
These 3-D MR-TRUS images were initialized using manually
identified fiducials selected by two trained operators, five
times each. Each initialization procedure was performed at least
one day after the previous session in order to minimize learning
effects. The initialized MR-TRUS images were then used for
landmark-based nonrigid registration. TRE values for each
trial and the overall TRE for all patients were then calculated.

2.6.3 Anisotropy

We performed a 3-D principal component analysis (PCA) of the
3-D point set Δ ¼ ðfxTðuÞ − fxSðuÞ; f

y
TðuÞ − fySðuÞ; f

z
TðuÞ − fzSðuÞÞ to

evaluate the directional anisotropy of the TRE, where fxTðuÞ is the
x component of the identified fiducial point in the target image
(T), which is transformed to match the source image (S) using
the deformation field (u). fxSðuÞ is the x component of the cor-

responding fiducial point in the source image (S). We computed
the PCA by finding the eigenvectors (ei) and eigenvalues (λi) of
the covariance matrix of Δ. The 95% standard error ellipsoid
volumes were defined with their semiprincipal axes parallel to

the eigenvectors, with lengths αi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λi × χ2α;υ

q
, (χα;υ ≈ 2.80),

where χ2α;υ is the probability distribution evaluated for 95% con-
fidence (α ¼ 0.05) and 3 degrees of freedom (υ ¼ 3).43

3 Results
A pair of MR and TRUS images from axial view before regis-
tration is shown in Fig. 6, where the deformation of prostate in

the PZ in TRUS image is evident. The deformation was induced
by the pressure from ultrasound probe. Examples of registration
results from the axial, sagittal, and coronal views are shown in
Fig. 7, which indicate that our nonrigid registration method
compensates for the deformation.

The median and root-mean square TRE results for the initial
rigid appropriate alignment and the nonrigid registration are
summarized in Table 1, which shows an overall mean TRE of
3.50� 1.34 mm for the rigid registration and 2.24� 0.71 mm
for the nonrigid registration.

We performed a Shapiro–Wilk test on the TREs calculated
for the initial rigid registration and landmark-based nonrigid
registration datasets. This test revealed that the TRE distribu-
tions of the rigid and nonrigid registration were both non-normal
(p < 0.05). Thus, we performed a Wilcoxon Sign Rank test for
non-normal distributions, which indicated a statistically signifi-
cant difference between the TRE values of the two study
groups (p < 0.01).

The calculated FLE based on the repeated fiducial selection
was 0.21 mm for 3-D TRUS images, and 0.18 mm for MR.
Thus, the FLEs did not dominate the overall TRE. The mean
and median TRE values for the PZ, central gland (CG), and
whole gland (WG) are summarized in Table 2, which shows
that the mean TRE for the CG is about 0.29 mm larger than
the value for the PZ. Figure 8(a) shows the frequency distribu-
tion of all measured TREs of the initial rigid alignment and
Fig. 8(b) the landmark-based nonrigid registration for the WG
and PZ. From figure, we calculate that 75.6% of the TRE values
for WG and 80.5% for PZ are smaller than 2.5 mm. The TREs as
a function of fiducial distance from the transducer tip are plotted
in Fig. 9, which indicates that there is little dependence of
the TRE values on the fiducial distance from the transducer
probe tip.

3.1 Reproducibility

The variability in the landmark-based nonrigid registration due
to manually selecting the rotational axis was determined by cal-
culating the mean and standard deviations of the calculated TRE
values from repeated axis selections. The variability of manual
rotational axis selection for nonrigid registration resulted in
a mean TRE value of 2.38 mm and a standard deviation of
0.99 mm. We compared the TRE results for the deformable
registration (17 prostates) to the results of the reproducibility

Fig. 10 The 95% standard error ellipsoid volumes for the (a) rigid and (b) nonrigid registration. Scales are
in mm.
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test (five prostates) using the Mann–Whitney U test, which
indicated no statistically significant difference between the
two groups (p ¼ 0.6).

3.2 Computation Time

The mean registration time of our method per patient was 12�
2 s in addition to 60� 5 s for manually selecting the rotational
axis. The selection of the six manual approximately correspond-
ing landmarks and manual segmentation required 4� 1minutes
for one patient’s MR and TRUS images.

3.3 Anisotropy

The 95% standard error ellipsoid volumes for 86 manually iden-
tified fiducials in both rigid and nonrigid registrations are given
in Fig. 10. The ellipsoid volume and surface area in the rigid
registration were 50.98 mm3 and 38.23 mm2, and was reduced
to 8.82 mm3 and 6.61 mm2, respectively, by the nonrigid regis-
tration. 2-D projections of the error ellipsoid for the rigid and
nonrigid registrations are also given in Fig. 11. Eigenvalues (λ)
were calculated in order to illustrate anisotropy in the error. The
values are given in Table 3, which shows the eigenvalues were
reduced after the nonrigid registration.

4 Discussion and Conclusion
In this paper, we described a nonrigid MR to 3-D TRUS prostate
registration based on finding point correspondences of seg-
mented surfaces from the two patient images. Our method
yielded PZ, CG, and WG mean TRE values of 2.08, 2.37, and
2.24 mm, respectively, which is less than 2.5 mm, half of the
reported smallest clinically significant tumor radius.44 Although
the PZ is deformed by pressure of the TRUS transducer, the PZ
TRE is slightly lower than the CG TRE, because the landmark-
based registration compensates the deformation better as this
region is closer to the prostate boundary and TPS compensates
better near the surface.

The variability of selecting six corresponding landmarks
for initializing the registration could affect the accuracy of the
registration. However, we mitigated the source of variability by
having a radiologist check and correct the corresponding points.
Although some errors could have been made, if they were sig-
nificant, the TRE values would have been larger.

The main time-consuming part of the whole registration
pipeline is the manual segmentation for each patient’s 3-D
MR and TRUS prostate images. We are currently exploring
alternative, automatic methods for segmenting the prostate,
which would significantly reduce the segmentation time.23,35–
37 Implementing the code as a multithreaded approach and/or
in a graphical processing unit of the computer will shorten
the computation time of registration, particularly for resampling
the MR image, which is the most time-consuming step.

To reduce the false-negative rate of conventional 2-D TRUS
guided biopsy prostate biopsy, we developed a 3-D TRUS-
guided biopsy system, which makes use of TRUS images reg-
istered with MR images with identified tumor targets to guide
the biopsy. We proposed an efficient landmark-based approach
employing: (1) rotationally resliced two corresponding seg-
mented prostate surfaces from both 3-D MR and TRUS images

Fig. 11 2-D projections of the error ellipsoid for the (a) rigid and (b) nonrigid registrations. Scales are in
mm.

Table 3 Eigenvalues (λ) of the covariance matrix.

λ1 λ2 λ3

Rigid 2.30 5.41 11.88

Nonrigid 1.26 1.45 2.42
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around a specified axis, and (2) an approach to find point cor-
respondences, which takes into account the correspondences on
the prostate surface, inside the prostate, as well as the centroid of
the prostate. We applied this method on 17 patient images and
our results demonstrate that the proposed method yields clini-
cally sufficient accuracy.
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