Prostate CT segmentation method based on nonrigid registration
in ultrasound-guided CT-based HDR prostate brachytherapy
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Purpose: The technological advances in real-time ultrasound image guidance for high-dose-rate
(HDR) prostate brachytherapy have placed this treatment modality at the forefront of innovation in
cancer radiotherapy. Prostate HDR treatment often involves placing the HDR catheters (needles) into
the prostate gland under the transrectal ultrasound (TRUS) guidance, then generating a radiation
treatment plan based on CT prostate images, and subsequently delivering high dose of radiation
through these catheters. The main challenge for this HDR procedure is to accurately segment the
prostate volume in the CT images for the radiation treatment planning. In this study, the authors
propose a novel approach that integrates the prostate volume from 3D TRUS images into the treatment
planning CT images to provide an accurate prostate delineation for prostate HDR treatment.
Methods: The authors’ approach requires acquisition of 3D TRUS prostate images in the operating
room right after the HDR catheters are inserted, which takes 1-3 min. These TRUS images are used
to create prostate contours. The HDR catheters are reconstructed from the intraoperative TRUS and
postoperative CT images, and subsequently used as landmarks for the TRUS—CT image fusion. After
TRUS-CT fusion, the TRUS-based prostate volume is deformed to the CT images for treatment
planning. This method was first validated with a prostate-phantom study. In addition, a pilot study
of ten patients undergoing HDR prostate brachytherapy was conducted to test its clinical feasibility.
The accuracy of their approach was assessed through the locations of three implanted fiducial (gold)
markers, as well as T2-weighted MR prostate images of patients.

Results: For the phantom study, the target registration error (TRE) of gold-markers was 0.41
+0.11 mm. For the ten patients, the TRE of gold markers was 1.18 +0.26 mm; the prostate volume
difference between the authors’ approach and the MRI-based volume was 7.28% +0.86%, and the
prostate volume Dice overlap coeflicient was 91.89% +1.19%.

Conclusions: The authors have developed a novel approach to improve prostate contour utilizing
intraoperative TRUS-based prostate volume in the CT-based prostate HDR treatment planning,
demonstrated its clinical feasibility, and validated its accuracy with MRIs. The proposed segmentation
method would improve prostate delineations, enable accurate dose planning and treatment delivery,
and potentially enhance the treatment outcome of prostate HDR brachytherapy. © 2014 American
Association of Physicists in Medicine. [http://dx.doi.org/10.1118/1.4897615]
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1. INTRODUCTION

Radiotherapy is an important treatment modality for localized
prostate cancer. The past few decades have witnessed a signif-
icant evolution in radiation techniques, such as the intensity-
modulated radiation therapy (IMRT) and high-dose-rate
(HDR) brachytherapy. In particular, the technological advances
in real-time ultrasound (US) image guidance for HDR prostate
brachytherapy have placed this treatment modality at the fore-
front of innovation in the field of cancer radiotherapy.'

HDR prostate brachytherapy involves using a radiation
source (Iridium-192) to deliver high radiation dose to the pros-
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tate gland through a series of catheters that are temporarily
placed within the prostate transperineally under transrectal
ultrasound (TRUS) guidance.” This HDR procedure allows
the dose delivered to surrounding normal tissues to be mini-
mized, thereby permitting safe dose escalation to the prostate
gland.>"® Recent data clearly show an improved efficacy of
this treatment approach in patients with locally advanced can-
cer when compared with conventional 3D external beam and
IMRT techniques.” As a result, an increasing number of men,
many of younger ages, are undergoing prostate HDR brachy-
therapy instead of radical prostatectomy for localized prostate
cancer.®?
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The key to the success of HDR prostate brachytherapy is the
accurate segmentation of the prostate in treatment-planning
CT images. If the prostate is not accurately localized, high ther-
apeutic radiation dose could be delivered to the surrounding
normal tissues (e.g., rectum and bladder) during the treatment,
which may cause severe complications such as rectal bleed-
ing. More importantly, this may also lead to an undertreatment
of cancerous regions within the prostate gland, and therefore,
result in a poor treatment outcome.

In the clinic, physicians’ manual segmentation of the pros-
tate on CT images is the common practice and gold standard in
prostate radiotherapy.'*!! However, prostate CT segmentation
is challenging mainly due to the low image contrast between
the prostate and its surrounding tissues, and the uncertainty in
defining the prostate base and apex on CT images. It is well-
known that the accuracy and reproducibility of prostate vol-
ume manually contoured on CT images are poor.'*!> Dubois
et al. showed, for example, that a large variation and incon-
sistency existed in CT-based prostate contours among physi-
cians.!! Hoffelt et al. reported that CT consistently overesti-
mated the prostate volume by approximately 50% compared
with TRUS.'> Roach et al. also found that CT-defined pros-
tate volume was on average 32% larger (range 5%—63%) than
MRI-defined prostate volume.'? Rasch et al. demonstrated that
CT-derived prostate volumes were larger than MR-derived vol-
umes, and the average ratio between the CT and MR pros-
tate volumes was 1.4, which was significantly different from 1
(p <0.005).1

Many CT prostate segmentation technologies have been
investigated in recent years, such as the model-based,'®>!
classification-based,?>?” and registration-basedzg’29 methods
(detailed in Sec. 4). Most of these segmentation approaches
are based on the appearance and texture of the prostate gland
on CT images. In prostate HDR brachytherapy, prostate CT
images are acquired after the insertions of the HDR catheters.
The frequently used metal catheters introduce considerable
artifacts to the CT images, as shown in Fig. 1. These artifacts
often smear the appearance and texture of the CT prostate
images; therefore, these previous methods may not work well
for the prostate HDR application.

Studies have shown that TRUS and MRI are superior
imaging modalities in terms of prostate contour as compared
with CT;**3! and both TRUS-defined and MRI-defined pros-
tate volumes have been shown to correlate closely with the
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prostate volume on pathologic evaluation.®3 In this paper,

we propose a new approach that integrates an intraopera-
tive TRUS-based prostate volume into the treatment planning
through TRUS-CT fusion based on the catheter locations.

2. METHODS AND MATERIALS
2.A. Prostate segmentation method

Our prostate segmentation approach for the HDR prostate
brachytherapy involves five major steps (Fig. 2): (1) The 3D
TRUS prostate images are captured after the catheter inser-
tions during the HDR procedure; (2) A postoperative CT scan
is obtained with all catheters for the brachytherapy treatment
planning; (3) The prostate volume is contoured (segmented)
in the TRUS images; (4) The HDR catheters in the 3D TRUS
and CT images are reconstructed; (5) The TRUS-CT image
registration is performed using HDR catheters as landmarks,
and the TRUS-based prostate volume is integrated into the
3D CT images for HDR treatment planning.

2.A.1. 3D intraoperative TRUS image acquisition

The TRUS scan was performed in the operating room after
the catheter insertions. The 3D TRUS images were captured
with a clinical ultrasound scanner (HI VISION Avius, Hitachi
Medical Group, Japan) and a transrectal 7.5 MHz prostate
biplane probe (UST-672-5/7.5). During the data acquisition,
the transrectal probe was held with a mechanical SurePoint
stepper (Bard Medical, Inc., GA) to allow for a manual step-
wise movement along the longitudinal axis. The patient was
scanned in the lithotomy position, and a series of parallel
axial (transverse) scans were captured, from the apex to the
base with a 1 or 2 mm step size, to cover the entire prostate
gland plus the 5-10 mm anterior and posterior margins. For a
typical prostate, 30—40 TRUS images would cover 60—80 mm
in the longitudinal direction (with a 2 mm step size).

2.A.2. CTimage acquisition for HDR treatment
planning

After the catheter insertion and TRUS scan, the patient
was then transferred to a CT simulation room to obtain 3D
CT images for HDR treatment planning (Electra Oncentra

FiG. 1. Significant artifacts induced by the HDR metal catheters (white dots) in the axial CT prostate images: (a) prostate base, (b) prostate midgland, and (c)

prostate apex.
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(1) Intra-operative 3D TRUS

(3) TRUS-based
prostate contours

(5b) Integration of TRUS
prostate contours to CT images

(2) Planning CT

(4) Catheters Reconstruction

(5a) TRUS-CT fusion based on
catheter locations

FiG. 2. Flow chart of integrating TRUS-based prostate volume into CT-based HDR treatment planning.

v4.3). Even though MRI has better soft tissue contrast than
CT,* using the MR images for treatment planning is prob-
lematic.! For example, most HDR catheters are not MRI
compatible, and the catheter reconstructions can be difficult
with MRIs. MRI is more expensive and less available as
compared with CT. Therefore, CT is still the most commonly
used image modality for radiotherapy dose calculation.! The
treatment planning CT was acquired following standard CT
protocol. A helical CT scan was taken after 40 mL of contrast
was injected into the bladder, and a rectal marker was placed
into the rectum. All patients were scanned in the head first su-
pine, feet-down position without the probe or immobilization
device. The slice thickness was 1.0 mm through the whole
pelvic region, and the matrix size was 512x 512 pixels with
0.68 x 0.68 mm? pixel size.

2.A.3. Prostate volume contour in TRUS images

A radiation oncologist manually contoured the prostate
volumes using TRUS prostate images. For a typical pros-
tate of 50 mm, with 2 mm slide thickness, approximately
25 TRUS slides needed to be contoured. In general, it takes
5-15 min. to contour a prostate volume. Although this might
be time consuming, because the TRUS images are greatly
degraded due to the HDR catheter insertion, we feel manual
contours would provide the most accurate prostate volumes.

2.A.4. Catheter reconstruction in TRUS and CT images

For TRUS images, catheter reconstruction is challeng-
ing due to the artifacts induced by the multiple scattering
from HDR catheters. As shown in Fig. 3, bright band/tail

FiG. 3. Catheter artifacts on TRUS images. (a) Bright band artifacts seen on a longitudinal TRUS image, and (b) HDR catheters reconstruction on the axial

TRUS image.
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and dark shadow artifacts®* are present on the longitudinal
[Fig. 3(a)] and axial [Fig. 3(b)] TRUS images. To deal with
these artifacts, we used a manual catheter reconstruction
method. Specifically, we first located the tips of all catheters
located close to the base of the prostate. We then identified the
brightest point of each catheter and placed 2 mm circles on
an axial TRUS image. Such operation was repeated on every
three to four slides, and the catheter locations on the skipped
slides were interpolated. The final step was 3D catheter recon-
struction for the TRUS prostate images. For CT images, we
were able to use the threshold method to automatically detect
the HDR catheters because of the high contrast between the
HDR catheters and soft tissue. We tested a range of Hounsfield
unit (HU) thresholds in this study, and the best threshold of
950 HU was determined by matching the catheter diameter
on the CT image to the real catheter diameter of 2 mm.

2.A.5. TRUS-CT registration

2.A.5.a. Landmark similarities. In this study, we used
HDR catheters as landmarks for image registration. In gen-
eral, the catheters were uniformly and symmetrically distrib-
uted inside the prostate gland, except for regions near the ure-
thra where catheters were placed at least 5 mm away from the
urethra. In other words, the catheters followed uniform spac-
ing along the periphery with several interior catheters. After
catheter insertion, the catheters were locked onto a needle tem-
plate, which was fixed onto the patient throughout the HDR
brachytherapy. This is critical to ensure no relative displace-
ment among the catheters and no catheter movement inside the
prostate gland during the intraoperative TRUS scan, planning
CT scan and final dose delivering. Such evenly distributed cath-
eters will provide exceptional landmarks for the TRUS-CT
registration to capture the nonrigid prostate deformation be-
tween TRUS and CT images. The corresponding catheter pairs
in the CT and TRUS images with the same number were used
as landmarks to improve our registration accuracy.

Our TRUS-CT registration method was performed by
matching the catheter locations, where x$* and yRYS were
the landmark point sets on the catheter surface from the
planning CT and TRUS images, respectively. We assumed
the detected catheters’ surface was {x|i=1,...,1} in the CT
image, and {y|j=1,...,J} in the TRUS image. The corre-
spondences between x T and yTRUS are described by a fuzzy
correspondence matnx P. We defined a binary corresponding
matrix P with dimension (I +1)x(J+1)

P P P1J+1
p=y S o Q)
pPrIi Pry | Pri+1
Pr+1,1 PI+1,J | 0

The matrix P ={p;;} consists of two parts. The IxJ inner
submatrix defines the correspondences of X and Y. It is worth
noting that p;; have real values between 0 and 1, which denote
the fuzzy correspondences between the landmarks.® If x; is
mapped to y;, then p;; =1, otherwise p;; =0. The (J+1)th
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column and the (7 + 1)th row define the outliers in X and Y,
respectively. If a landmark cannot find its correspondence, it is
regarded as an outlier, and the extra entry of this landmark will
be set as 1. That is, if x; is an outlier, then there is p; j4+; = 1.
Similarly, if y; is an outlier, then there is py,q;=1. P sat-
isfies the row and column normalization conditions, and P is
subject to {X/ X/ pij=1Gi =1, ) X piy=1G=1,---,D);
pij€l0.11}.

2.A.5.b. Similarity function. In this study, the similarity
between the two sets of catheter landmarks x; and y; in
TRUS and CT images can be defined by a Euclidean dis-
tance between their point sets. We used a soft assign tech-
nique allowing P to take values from interval [0, 1] in en-
ergy function.>® The continuous property of P acknowledges
the ambiguous matches between X and Y. For the cath-
eter landmarks, our registration task is to find an optimal
correspondence matrix P and an optimal spatial transform f,
which matches these two points’ sets, X and Y, as closely as
possible. Therefore, the following energy function for regis-

tration between TRUS and CT images is minimized,3>-37

E(f)= azzpu(nyﬁ‘“ e[

i=1j=

I J
+622p1110g(pt]) SZZPU

i=1j=1 i=1j=

2 2 2
i i 6f)ddydz

, (2
(X.y,z)eQM(axz ay 072 2)

where @, 6, &, and A are the weights for the energy terms.
pij is the fuzzy correspondence matrix. f denotes the trans-
formation between the TRUS and CT images. The first term
is the geometric feature-based energy term defined by the Eu-
clidean distance. Similarly the space between x&T and yRUS
is measured by the Euclidean distance—a smaller distance
indicates a higher similarity between them. The second term
is an entropy term that comes from the deterministic anneal-
ing technique,®® which is used to directly control the fuzzi-
ness of P. ¢ is called the temperature parameter. The third
term is used to direct the correspondence matrix P converg-
ing to binary, and is used to balance the outlier rejection.
As ¢ is gradually reduced to zero, the fuzzy correspondences
become binary. The first three terms constitute the similarity
metric on both catheter landmarks in TRUS and CT im-
ages. The last term is the regularization of the transformation,
which is described by the bending energy of f. In a nonrigid
registration, smoothness is necessary to restrict the mappings
from not being too arbitrary. The local deformation ought to
be characterized as a smooth function to discourage arbitrary
unrealistic shape deformation. So this smoothness penalty
term is introduced to regularize the local deformation by the
second order spatial derivatives. For the registration, param-
eter @ in Eq. (2) was set to 0.5, and ¢, &, and 1 were three
dynamic parameters that were initially set as 1 and decreased
to 0.05 with the progress of iterations.*>-37-

The overall similarity function can be minimized by an
alternating optimization algorithm that successively updates
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the correspondence matrix p;; and the transformation func-
tion f. First, with the fixed transformation f, the correspon-
dence matrices between the landmarks are updated by mini-
mizing E(f). The updated correspondence matrices are then
treated as the temporary correspondences between the land-
marks. Second, with the fixed temporary correspondence ma-
trix p;;, the transformation function f is updated. The two
steps are alternatively repeated until there are no updates
of the correspondence matrix P. By optimizing an overall
similarity function that integrates the similarities between the
landmarks and the smoothness constraints on the estimated
transformation between the TRUS and CT images, the corre-
spondences between the landmarks and more importantly, the
dense transformation between the TRUS and CT images can
be simultaneously obtained.

2.A.5.c. Transformation model. The transformation be-
tween the TRUS and CT images are represented by a general
function, which can be modeled by various function bases
(e.g., multiquadratic,*” thin-plate spline (TPS),*"*? radial ba-
sis,® or B-spline**). In this study, we chose the B-splines as
the transformation basis. Unlike the TPS or the elastic-body
splines, the B-splines translation of a point is only deter-
mined by the area immediately surrounding the control point,
resulting in a locally controlled transformation. In the case
of the HDR procedure, the major deformations are caused by
a transrectal probe, and are spatially localized; therefore, a
locally controlled transformation would be advantageous for
registering the TRUS images and result in smooth transfor-
mation fields.*’

2.B. Prostate-phantom experiments

In order to validate the prostate segmentation method,
we first conducted experiments with a multimodality pros-
tate phantom (CIRS Model 053). In this phantom, a tissue-
mimicking prostate, along with structures simulating the rectal
wall, seminal vesicles, and urethra, is contained within an
11.5%7.0%x9.5 cm? clear plastic container. For the US scan,
a HI VISION Avius US machine (Hitachi Medical Group,
Japan) with a 7.5 MHz prostate biplane probe (UST-672-5/7.5)
was used. To mimic a prostate HDR procedure, 14 HDR
catheters were implanted into the prostate under US guidance
and the prostate was deformed by the pressure of the US
probe during the ultrasound scan. The voxel size of the 3D
US dataset was 0.08 x0.08 x0.50 mm?. Figure 4(a) shows the
axial, coronal, and sagittal US images of the prostate phan-
tom. For the CT scan, a Philips CT scanner (Philips, The
Netherlands) was used, and the prostate was not deformed
during the CT scan. The voxel size of the 3D CT dataset was
0.29%0.29x0.80 mm?. Figure 4(b) shows the axial, coronal,
and sagittal CT images of the prostate phantom.

The registration accuracy was evaluated using the fiducial
localization error (FLE) and target registration error (TRE).
The registration’s accuracy depends on the FLE, which is the
error in locating the fiducials (points) employed in the regis-
tration process.*® In this study, we used reconstructed cathe-
ters from TRUS and CT images as fiducials (landmarks) to
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perform the registration, so the mean surface distances of the
corresponding catheters between the CT and postregistration
TRUS images were used to quantify the FLE. The TRE is an
important measure of the accuracy of the performed registra-
tion, which is the distance, after registration, between a pair
of corresponding fiducials that are not used in the registration
process.*® In this study, the displacements of gold markers
between the CT and postregistration TRUS images were used
to quantify the TRE.

To evaluate the segmentation accuracy, we compared the
surface, and absolute and DICE volume differences of anatom-
ical structures (prostate and urethra) between the CT and
postregistration TRUS images, which are the two essential
measurements in the morphometric assessments. The segmen-
tation accuracy was quantified with three surface measures
(the average surface distance, root-mean square (RMS), and
maximum surface distance) and two volume measures (the
absolute volume difference and Dice volume overlap).

2.C. Preliminary clinical study

We conducted a retrospective clinical study with ten pa-
tients who had received HDR brachytherapy for localized pros-
tate cancer between January and June 2013. In this group of ten
patients, 12—16 catheters (mean+STD: 14.6+1.4) were im-
planted. The same Hitachi US machine and Philips CT scanner
detailed in the phantom study were used to image the patients.
For TRUS images, the voxel size was 0.12x0.12x1.00 mm?
for three patients and 0.12x0.12x2.00 mm? for the remain-
ing seven patients. For the planning CT images, the voxel size
was 0.68 x0.68 x 1.00 mm? for all patients. The accuracy of
our approach was assessed through the locations of three im-
planted gold markers, as well as previous T2-weighted MR
images of the patients. To evaluate the accuracy of the prostate
registration, we calculated the TRE and FLE.

In this pilot study, all patients had previous diagnostic MR
scans of the prostate. As compared with CT, MRI has high
soft tissue contrast and clear prostate boundaries.*® Studies
have shown that accurate prostate volumes can be obtained
with both MRI and US.**3!'4” Hence, in this study, we used
prostate contours from the MR images as the gold standard to
evaluate our prostate segmentation method. All patients were
scanned in feet-down supine position with a body coil using
a Philips MRI with a voxel size of 1.0x 1.0x2.00 mm?>. All
prostates were manually segmented from the T2-weighted
MR images. Because of various patients’ positioning during
CT and MR scans, the prostate shape and size may vary be-
tween the MR and CT images. To compute the volume differ-
ence and Dice overlap between the MRI-defined prostate and
our TRUS-based segmented prostate, we registered the MR
images to CT images,*®>" and then applied the correspond-
ing deformation to the respective prostates of MR images to
obtain the MRI-based prostate volume.

To evaluate the interobserver reliability of the prostate man-
ual contours, three observers (two radiologists and one US
physicist) were asked to independently contour the prostate US
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TRUS
Axial
(at) (b1)
Coronal
(a2) (b2)
Sagittal

(a3) (b3)
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TRUS-CT Fusion

Post-Registration TRUS

(c1) (d1)

(c2) (d2)

(c3) (d3)

FiG. 4. 3D TRUS-CT registered results of the prostate phantom. (al)—(a3) are TRUS images in the axial, coronal, and sagittal directions; (b1)—(b3) are CT images
in three directions; (c1)—(c3) are the postregistration TRUS images; (d1)—(d3) are the TRUS—CT fusion images, where the prostate volume is transformed from
original preregistration TRUS images. The close match between the gold marker (arrows) and catheters in TRUS and CT demonstrates the accuracy of our

method.

and MR images of six subjects. Each observer was blinded to
other observers’ contours. The variations of the prostate vol-
ume were calculated for the assessment of consistency among
measurements by the three observers. In addition, the effect of
interobserver segmentation was further evaluated by compar-
ing the variations of our automated segmentation results based
on each observer’s contours.

To evaluate the intraobserver reliability of the prostate man-
ual contours, one observer was asked to contour the prostate
of the six sets of US and MR images twice. The time between
the first and second contours was roughly 5 months, which
was long enough to reduce recall bias. From these contours,
the variations of the prostate volume were computed for the
assessment of consistency among measurements by the same
observer. In addition, the effect of intraobserver segmentation
was further evaluated by comparing the variations of our auto-
mated segmentation results based on the same observer’s con-
tours performed at two different times.

Medical Physics, Vol. 41, No. 11, November 2014

3. RESULTS
3.A. Prostate-phantom study

3.A.1. Registration accuracy

The prostate [Fig. 4(a), yellow dotted line] and the urethra
were manually contoured on the TRUS images. The catheters
were reconstructed on both TRUS and CT images. Figure 4(c)
shows the postregistration TRUS images, and Fig. 4(d) shows
the fusion images between the postregistration TRUS and CT
images. From Fig. 4, we can obtain a visual assessment of the
catheter and gold-marker match between the postregistration
TRUS and CT images. To further quantify the accuracy of
the registration, we calculated the three gold markers between
the postregistration TRUS and CT images. The length of each
gold marker is 3 mm; therefore the gold marker was often
seen on two to three consecutive postregistration TRUS and
CT images (0.8 mm slice thickness), and we used the center
position (x,y, and z coordinates) to calculate the TRE of
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Taste I. TRE between the centers of three gold markers for prostate
phantom.

111915-7

TasLe II. Surface distance and volume difference between our segmentations
and CT-defined structures.

Gold Distance
markers AX AY AZ (mm)
1 1 2 0 0.51

0 1 0 0.29
3 1 1 0 0.42
Mean + STD 041 +0.11

each gold marker between the CT and postregistration TRUS
images. Table I illustrates the TRE for three gold markers,
and the mean TRE is 0.41 +0.11 mm. For the FLE, the mean
surface distance of the catheter pairs between the CT and
postregistration TRUS images is 0.18 £0.15 mm.

3.A.2. Segmentation accuracy

Figure 5 provides a 3D visualization comparison of the
prostate and urethra between our segmentation results and the
gold standards (manual segmentations from CT images). The
quantitative evaluations of the surface distance and volume
difference between the prostate and urethra of the TRUS and
CT images of the prostate phantom are shown in Table II. The
volume of the phantom prostate is 53.53 cm?. For both prostate
and urethra, the mean surface distance, RMS, and maximum
surface distance between our segmentations and the gold stan-
dards are in submillimeter or millimeter range. The less than
2% absolute volume difference and the more than 97% Dice
volume overlap for both structures demonstrate the accurate
volume segmentation of our proposed TRUS-based segmen-
tation method. Not only can the proposed method accurately
segment the prostate, it can also accurately segment the
urethra—a smaller structure, located in the center of prostate,
which further indicates the robustness of our proposed method.

3.B. Preliminary clinical study
3.B.1. Registration accuracy—TRE and FLE

Here, we used the case of a 58-yr-old patient who received
HDR treatment for intermediate prostate cancer to demon-
strate our proposed segmentation method. Figure 6(a) shows

Volume difference (%)

Surface distance (mm) Absolute .
volume Dice volume
Mean+STD RMS  Max difference overlap
Prostate 0.39 £ 0.25 0.41 1.32 1.65 97.84
Urethra 0.20 £ 0.16 0.21 0.68 1.83 97.75

the intraoperative TRUS images and Fig. 6(b) displays the
treatment planning CT images after catheter insertion. The
fusion images between the planning CT and postregistration
TRUS [Fig. 6(c)] are shown in Fig. 6(d). The prostate contour
in the intraoperative TRUS image [Fig. 6(a)] was deformed to
the postregistration TRUS, based on a deformable TRUS-CT
registration. Finally, the prostate volume in TRUS images was
integrated into the treatment planning CT.

Seven patients received combined radiotherapy (external
beam radiotherapy plus HDR brachytherapy) for prostate can-
cer treatment, while three patients received HDR monother-
apy. For patients receiving combined radiotherapy, three gold
markers were implanted before their external beam radio-
therapy for the prostate localization during treatment. For
patients receiving monotherapy, three gold markers were im-
planted during the HDR procedure for the prostate localiza-
tion. Three gold markers were placed at the base, middle, or
apex of the prostate under the TRUS guidance.

We calculated TRE of the gold markers and the FLE of
the HDR catheters in the CT and postregistration TRUS im-
ages to evaluate the accuracy of our registration, as shown in
Fig. 7. This figure shows the TRE and FLE for ten patients.
Overall, the TRE of the gold markers for all patients was
1.18+£0.26 mm, and the FLE (mean surface distance) of the
HDR catheters for all patients was 0.33 +0.09 mm. The close
match between the gold markers and the HDR catheters in
the TRUS and CT demonstrated the accuracy of our method.

3.B.2. Segmentation accuracy—comparison with MR
prostate volume

Here, we used the same 58-yr old patient, shown in Fig. 6,
to illustrate the comparison between our TRUS-based prostate

(a) (b)

(©)

(d)

Fig. 5. 3D comparison of segmented prostate and urethra with the gold standards. (a) 3D prostate overlap comparison between the postregistration TRUS and
gold-standard CT; (b) 3D urethra overlap between the postregistration TRUS and CT; (c) 3D overlap of the urethra inside the prostate; (d) 3D result of the

prostate and urethra in 3D CT image.

Medical Physics, Vol. 41, No. 11, November 2014
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Intra-Operative TRUS Planning CT
Axial
(a1)
Coronal
(a2)
Sagittal

(a3) (b3)

111915-8

Post-Registration TRUS TRUS-CT Fusion

(c1) (d1)

(c2) (d2)

(c3) (d3)

Fic. 6. Integration of TRUS-based prostate volume into postoperative CT images. (al)—(a3) are TRUS images in axial, coronal, and sagittal directions; (b1)—(b3)
are the postoperative CT; (c1)—(c3) are the postregistration TRUS images; (d1)—(d3) are the TRUS—CT fusion images, where the prostate volume is integrated.
The close match between the gold markers (arrows) in the TRUS and CT demonstrates the accuracy of our method.

segmentation and the MR-defined prostate volume. Figure 8(a)
shows the treatment planning CT images. Figure 8(b) shows
the CT images with the MRI-defined prostate volume, and the
MRI-defined prostate volume of this patientis 40.9 cm?. Figure
8(c) shows the CT images with our TRUS-based segmented
prostate volume, and our segmented prostate volume for this
patient is 38.2 cm®. Figure 8(d) displays the 3D overlap shown
between our TRUS-based prostate volume and MR-based
prostate volume. The absolute prostate volume difference of
this patient is 6.51%, and the Dice volume overlap is 92.77%.
The Large yellow overlap areas at three directions show a
close match of the prostate contours obtained from our prostate
segmentation and the MRI-defined boundary (ground truth).
In particular, our segmentation matched very well with the

2.5
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IHH -
"RELENL

0.0 T T T T T T T T T

Regitration Accuracy (mm)
—

Patient

Fic. 7. The TRE of the gold markers and the FLE of the HDR catheters for
ten patients.
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MR-defined prostate at the base and apex, which is usually a
difficult area to segment on CT images.

In Table III, the mean surface distance, absolute prostate
volume differences, and Dice volume overlaps between our
segmented prostate, and the MR-defined prostate of all ten
patients are displayed. The average prostate-surface differ-
ence between our approach and the corresponding MRI was
around 0.60 mm; the average absolute prostate-volume differ-
ence was less than 10%; and the average Dice volume overlap
was over 90%. The small surface and volume difference and
high volume overlap demonstrated the prostate volume con-
tour accuracy of our TRUS—CT-based registration method.
The Bland—-Altman analysis®! is a method for statistical eval-
uation of agreement between two measurements. Figure 9
shows the systematic differences and estimate bias and limits
of agreement between the TRUS-based and MRI-based pros-
tate volumes. The relative bias in the TRUS-based volume
over the MRI-based volume was 1.7%, which may be due to
the prostate swelling from the implant needles.

3.B.3. Inter- and intraobserver reliability

Inter- and intraobserver reliability of the prostate contours
is demonstrated in Fig. 10. Among the manual segmentations
of the three observers, the mean prostate volume difference
was —1.13% +8.40%, 1.11% +4.70% and 0.31% = 4.94% for
the TRUS, and 1.79% +6.16%, —0.85% +3.32%, and 1.12%
+3.16% for the MRI. Between the two measurements of
the same observer, the mean prostate volume difference was
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MRI-defined volume

(b2)

111915-9

TRUS-based volume

Overlap of MRI- and TRUS-based volume

(c2) (d2)

(a3) (b3)

(c3) (d3)

Fig. 8. Comparison of the TRUS-based prostate segmentation and MR-defined prostate volume. (al)—(a3) are the axial, coronal, and sagittal CT images;
(b1)—(b3) are the CT images with MRI-defined prostate volume; (c1)—(c3) are the CT images with our TRUS-based segmented prostate volume; (d1)—(d3) are
the volume overlap between our TRUS-based segmented prostate volume and MRI-based prostate volume.

—0.93% +3.19% for the TRUS, and —0.07% +3.56% for the
MRI. Figure 11 compares the automated segmented pros-
tate CT volumes based on the three observers’ segmenta-
tions and one observer’s segmentations at two different times.
The mean prostate volume difference for our automated CT
segmentation was —1.95%+7.50%, 1.64%+4.51%, and
0.05% +4.85% based on the manual segmentations of three
observers, and —0.04% + 3.30% based on the manual segmen-
tations of the same observer at two different times. The inter-
and intraobserver reliability study showed the consistency
in the manual segmentations, as well as in our automated
segmentations based on various sets of manual segmentations.

Figure 12 shows the volume difference between our auto-
mated segmentation volumes and the MR-defined prostate
volumes for three observers. There are no significant prostate
volume differences among these three observers (p-values
=0.43, 0.32, and 0.28 between any two observers). Figure 13
shows the volume difference between our automated segmen-
tation volumes and the MR-defined prostate volumes for the

same observer. There is no significant volume difference be-
tween the two measurements (p-value = 0.37).

4. DISCUSSIONS

We proposed a novel CT prostate segmentation approach
through TRUS-CT deformable registration based on the
HDR catheter locations, which may significantly improve the
prostate contour accuracy in US-guided CT-based prostate
HDR treatment. This method was tested through a prostate-
phantom study and a pilot clinical study. In the prostate-
phantom study, the mean displacement of the three implanted
gold markers was less than 0.5 mm. In addition, the small
surface and volume difference of both the prostate and the
urethra further demonstrated that our approach not only cap-
tured the external deformation (prostate contour), but also
the internal deformation (urethra). In the clinical study, we
further demonstrated its clinical feasibility and validated the
segmentation accuracy with the patients’ MRIs.

TasLe III. Prostate surface and volume comparison between our segmentation and the MR-defined prostate.

Patient P01 P02 P03 P04 P05 P06 P07 P08 P09 P10 Mean + STD
Mean surface distance (mm) 0.58 0.61 0.59 0.57 0.49 0.63 0.73 0.57 0.61 0.56 0.61 +0.06
Absolute volume difference (%) 7.13 7.75 6.97 6.71 6.51 6.23 7.35 8.19 8.04 8.35 7.28 +£0.86
Dice volume overlap (%) 92.72 91.27 93.89 92.97 92.77 92.54 91.41 90.69 91.14 90.36  91.89 +1.19
TRUS prostate volume (CC) 41.51 42.03 43.14 39.02 38.19 44.11 58.87 29.21 38.68 28.94  40.37 £ 8.40

Medical Physics, Vol. 41, No. 11, November 2014
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Fig. 9. Bland-Altman analysis between our segmentation and the MR-
defined prostate. The lines indicate the mean difference (the middle line),
the mean difference + 2SD (the top line), and the mean difference — 2SD (the
bottom line).

The novelty of our approach is the integration of TRUS-
based prostate volume into CT-based prostate HDR treat-
ment planning. To the best of our knowledge, this is the first
study on CT prostate segmentation with catheters based on
the TRUS volume in HDR brachytherapy. This approach has
three distinctive strengths. (1) We utilize 3D TRUS images
to provide accurate prostate delineation and improve pros-
tate contours for CT-based HDR treatment planning. (2) The
TRUS and planning CT images both are acquired post catheter
insertions, so these HDR catheters uniformly and symmetri-
cally distributed inside the prostate gland provide exceptional
landmarks for the later TRUS-CT registration to capture the
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nonrigid prostate deformation between the TRUS and CT
modalities. (3) Our approach is clinically feasible, and can be
easily adapted into the HDR procedure. The 3D TRUS data
are acquired in the operating room during a HDR procedure;
and the patient scan takes 1-3 min. Therefore no prior TRUS
or additional patient visits for imaging are required. In addi-
tion, these TRUS images acquired during the HDR procedure
provide the most authentic prostate volume for HDR treatment
planning as compared with patients’ previous TRUS or MRI.

The robustness of the proposed prostate segmentation re-
sulted from the accurate registration between the TRUS and
CT images. The registration between CT and US images of
the prostate is often very challenging, mainly because the
anatomical structures in the US images are embedded in a
noisy and low contrast environment, with little distinctive
information regarding the material density measured in the
CT images. To overcome these difficulties, many approaches
were proposed to achieve prostate registration between CT
and US. For example, Fallavollita et al. reported an intensity-
based registration method using TRUS and CT. Their regis-
tration error was 0.54+0.11 mm in the phantom study and
2.86+ 1.26 mm in the clinical study.??3 Using a similar regis-
tration method, Dehghan et al. reported a 0.70 +0.20 mm er-
ror in the implanted seed locations for the phantom study and
a 1.80+0.90 mm registration error for the clinical study.’>>>
Even et al. used 1-2 fiducial markers and 3—4 needle tips to
perform a rigid registration between TRUS and cone-beam
CT, and their registration errors were within 3 mm for 85%
of their patients.”* Yang et al. presented a hybrid approach
that simultaneously optimized the similarities from the point-
based registration and the volume matching method. In a
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Fic. 10. Inter- and intraobserver reliability of the prostate contours. Among three observers, prostate volume comparison for TRUS (a) and MRI (b); between the
two measurements of the same observer, prostate volume comparison for TRUS (c) and MRI (d). Interobserver reliability was demonstrated by the agreement
between three observers’ prostate volumes. And intraobserver reliability was demonstrated by the agreement between the two sets of prostate volumes performed

by one observer.

Medical Physics, Vol. 41, No. 11, November 2014



111915-11 Yang et al.: Prostate CT segmentation

Inter-observer

55
g 451 n
O
o
g s 2 7 &
3 ]
S 35 @ Observer 1
@
E n M Observer 2
8 L 2
& 25 | Observer 3
15
1 2 3 4 5 6
(a) Patient

111915-11

Intra-observer
55

45 9

35 A
O First

g Osecond

Prostate Volume (CC)

25

15

1 2 3 4 5 6
(b) Patient

FiG. 11. Prostate volume comparison of our automated segmentations based on the three observer’s segmentations (a) and the same observer’s segmentations at

two different times (b).

phantom study, a target registration error of 3-voxels (1.5 mm)
was reported. Firle et al. used the segmented structures (e.g.,
prostate or urethra) for US and CT prostate registration. Their
prostate-phantom study demonstrated a 0.55-1.67 mm accu-
racy, but no clinical study was reported.”” In this study, we
proposed a catheter-based registration method. In the HDR
procedure, the catheters were fixed with the needle template
after the completion of the catheter insertion in the operat-
ing room to ensure no catheter movement or displacement
relative to the prostate gland throughout the brachytherapy
procedure. In order to deliver a uniform dose to the prostate
and spare the surrounding normal tissues, such as the bladder
and the rectum, the catheters were evenly placed to cover the
entire prostate. Such uniformly and symmetrically distributed
catheters provide exceptional landmarks to capture the non-
rigid prostate deformation between the TRUS and CT images.
Even though some catheters may be curved due to the deflec-
tion, manual catheter segmentation can easily capture the
curvatures. In addition, we chose a B-splines transformation
model. Therefore, the translation of a point is only determined
by the area immediately surrounding the control points to
ensure locally controlled transformation.>® Because the defor-
mations caused by a transrectal probe are spatially localized,
this locally controlled transformation could be advantageous
for registering TRUS images and results in smooth transfor-
mation fields. As a result, our registration between the CT
and US prostate images has achieved submillimeter accuracy
in the phantom study, and a 1.18 £0.26 mm accuracy in the
clinical study.
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Fig. 12. The volume difference between our automated segmentation vol-
umes and the MR-defined prostate volumes for three interobservers.
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In recent years, many prostate segmentation methods ba-
sed on CT images have been proposed, and these approaches
can be broadly classified into three main categories: model-
based, classification-based, or registration-based methods.2°
Model-based methods'®2! construct the statistical models
based on the prostate shape or appearance to guide segmen-
tation in a new set of images. Feng et al. presented a defor-
mable-model-based segmentation method by using both the
shape and appearance information learned from the previ-
ous images to guide an automatic segmentation of the new
CT images.!” Chowdhury et al. proposed a linked statistical
shape model that links the shape variations of a structure of
interest across MR and CT imaging modalities to concur-
rently segment the prostate on the MRI and CT images.”! In
the classification-based methods,?'~>’ the segmentation pro-
cess is formulated as a classification problem, where classi-
fiers are trained from the training images, and based on which
voxel-wise classification is performed for each voxel in the
new image to determine whether it belongs to the prostate or
the nonprostate region. Li et al. presented an online-learning
and patient-specific classification method based on the loca-
tion-adaptive image context to achieve the segmentation of
the prostate in CT images.?” In Liao’s paper, a patch-based
representation in the discriminative feature space with logis-
tic sparse LASSO was used as the anatomical signature to
deal with the low contrast problem in the prostate CT im-
ages, and a multiatlase label fusion method formulated under
sparse representation framework was designed to segment
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Fic. 13. The volume difference between our automated segmentation vol-
umes and the MR-defined prostate volumes for the same intraobserver.
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the prostate.?® Finally, registration-based methods?®?° explic-

itly estimate the deformation field from the planning image
to the treatment image so that the segmented prostate in
the planning image can be warped to the treatment image
space to localize the prostate in the treatment images. Davis
et al.’s paper exemplifies the registration method by combin-
ing a large deformation image registration with a bowel gas
segmentation and deflation algorithm for adaptive radiation
therapy of the prostate.?®

We compared our method with six previous prostate CT
segmentation methods proposed by Chen et al.,'® Feng et al.,"”
Li et al.,?* Liao et al.,”>*® and Davis et al.?® The mean Dice
volume overlap of these 6 methods ranged between 82.0% and
90.9%. In contrast, our approach integrated accurate TRUS
prostate volume into the CT images, and the average Dice vol-
ume overlap between our segmentation and the MRI-based
prostate volume was 91.89%. The volume discrepancies
mostly occurred at the base and apex of the prostate. The pros-
tate boundary on the MRI is sometimes not clear around the
prostate base and apex. Therefore, the volume discrepancies
may be related to the MRI-based manual segmentation error.
Of course, many other factors, such as patient position, rectal
probe, and catheter-induced prostate swelling, could also con-
tribute to the discrepancies.

For future studies, we will either decrease the number
of catheters used in the deformable registration or incorpo-
rate automatic catheter recognition in TRUS images to speed
up the registration and segmentation. We will also introduce
automatic segmentation methods for TRUS prostate images
to eliminate physicians’ manual contours.”’-%* Meanwhile,
we are conducting a clinical study with a larger cohort to
further investigate treatment outcomes (e.g., cancer control
and side effects) in the clinic.

5. CONCLUSION

Accurate segmentation of the prostate volume in the treat-
ment planning CT is a key step to the success of CT-based
HDR prostate brachytherapy. We have developed a novel
segmentation approach to improve prostate contour utiliz-
ing intraoperative TRUS-based prostate volume in the treat-
ment planning. In a preliminary study of ten patients, we
demonstrated its clinical feasibility and validated the accu-
racy of the segmentation method with MRI-defined prostate
volumes. Our multimodality technology, which incorporates
accurate TRUS prostate volume and fits efficiently with the
HDR brachytherapy workflow, could improve prostate con-
tour in planning CT, enable accurate dose planning and de-
livery, and potentially enhance the prostate HDR treatment
outcomes.
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