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(57) Abstract: An ultrasound image of a transverse cross-
sectional outline of the prostate gland is acquired (104). For
three-dimensional imaging, a series of images can be taken,
one of each slice of the prostate. The initial ultrasound im-
ages are pre-processed to remove the noise and increase the
contrast. The rectum edge (106) is located from the bottom
of the images. The key points on the prostate boundaries are
located and connected under the iterative training of a knowl-
edge-based model until the shape of the boundary reaches a
stable state. The urethra is segmented near the center of the
prostate.
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AUTOMATIC SEGMENTATION OF PROSTATE, RECTUM AND URETHRA
IN ULTRASOUND IMAGING

Reference to Related Application

This application claims the benefit of U.S. Provisional Applicati911 No.
60/206,270, filed May 23, 2000, whose disclosure is hereby incorporated by reference
in its entirety into the present disclosure.
Field of the Invention

The present invention relates generally to prost;ate brachytherapy (radioactive
seed implantation), and more particularly concerns a method and system for
determining prostate boundaries in transrectal ultrasound images.
Background of the Invention

Prostate adenocarcinoma is the most frequently diagnosed cancer in men and
remains the second leading cause of death of American men. The reported incidence
of prostate cancer has been increasing in the past ten years due to increased life
expectancy, prostate specific antigen (PSA) screening, and improved diagnostic
techniques, including transrectal ultrasound (TRUS), CT and MRI. Autopsies of
illdividuals dying of other causes show prostate cancer cells in 30% of men at age 50;
by the age of 80 years, the prevalence is 60%. Further, prostate cancer can take up to
10 years to kiﬁ the patient after initial diagnosis. Prostate cancer is newly diagnosed
in over 100,000 men in the US eéch year, and over 40,000 will die of the disease.
These trends are expected to continue in the near future.

There are four standard treatment regimens for prostate cancer: (1) watchful
waiting, (2) radical prostatectomy, (3) external beam radiation; and (4) interstitial

brachytherapy. The rising incidence of earlier stage prostate disease in younger
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patients with longer life expectancies has brought both treatment effectiveness and the
quality of life into focus. As an effective treatment option, the rapid development of
transperineal prostate brachytherapy has provided an alternative for patients seeking
to preserve their prostate function as well as control the cancer. Interstitial
brachytherapy, which can be performed as a single outpatient treatment, is
recommended for patients with early stage cancer. With a high likelihoodAof disease
located outside the prostate, the doctors often follow external beam radiation
treatments with interstitial brachytherapy. Because prostate brachytherapy is
associated with a lower incidence of incontinence, impotence and rectal injury, it is
emerging as a medically successful, cost-effective outpatient treatment in tfeating
localized prostate cancer.

The interstitial brachytherapy technique is well known and is. described in
detail in many publications. Interstitial brachytherapy involves the accurate. placement
of radioactive seeds into the prostate gland according to a predetermined dosimetry
plan, which is optimized to cover the whole prostate with enough dosimetry. The
implant needles, guided by a gﬁd template, are inserted into the prostate gland under
the guidance of a transrectal ultrasound probe, which is inserted into the rectum of the
patient. Then a seed applicator or spacer is used to locate the seeds af special
positions.

For calculating the optimized dosimetry plan, a prostate volume study using
the transrectal ultrasound probe is an important step for successful execution of the
brachytherapy procedure. In the volume study, the patient lies on his back, the
ultrasound probe is inserted into the rectum with the aid of a stabilizing or stepper

apparatus and transverse cross-sectional images of the prostate are acquired at fixed
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intervals, e.g., 5 mm increments from the base (superior) of the gland to the apex
(inferior). Currently, the prostate boundary is manually outlined by a clinician in each
transverse cross-sectional ultrasound image. The overall volume of the prostate is
determined using well-known step section planimetric techniques. The boundaries of
the prostate obtained during the volume study not only result in an accurate
determination of the size and shape of the prostate, but also provide important
information for developing the radiation dosimetry plan. The end result of the
computerized dosimetry plan is an accurate map for placing the seeds within the
gland.

The ultrasound probe, which is inserted in the patient’s rectum, is used to
obtain the transverse cross-sectional images of the prostate during the initial prostate
volume study. Though the transrectal ultrasound provides a better quality image of the
prostatic tissue than CT and MR, the visibility of the prostate boundaries is typically
poor for the following reasons:

(1) The pelvic musculature and rectal wall generate strong echoes which result in -
linear artifacts in the images, which give the false appearance of a boundary.

(2) The incident ultrasound beam is scattered in random directions, producing
artifacts, such as missing edges.

(3) The top part of boundary is positioned at a considerable distance from the
ultrasound probe and, hence, greater attenuation of the ultrasound energy results in
poor contrast.

(4) The boundary located in the far field of the ultrasound image is greatly degraded

due to much lower contrast.
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(5) Part of the boundary is outside of the imaging window so that they are invisible in

the transverse section images.
To overcome such deficiencies, typically, the practitioner must manually draw
the prostate and rectum boundaries. The manual drawing of the prostate and rectum
5  boundaries takes a longer time than is desirable (neérly 10-20 minutes for a whole
series) and brings inconvenience to the operation. Also, each clinician will give
different definition of the prostate boundary because of the various experiences and

knowledge; that is, drawing prostate boundaries is user-dependent.
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Summary of the Invention

It will be readily apparent from the above that a need exists in the art to reduce
the time requirement and subjectivity in the determination of prostate and rectum
boundaries. It is therefore a primary object of the present invention to provide
accurate, stable, and automatic segmentation of prostate boundaries prior to beginning
the seed implant procedure.

To achieve the above and other objects, the present invention includes a
method for determining the prostatic boundaries, the rectum edge and the urethra on
transrectal ultrasound images. An ultrasound image of a transverse cross-sectional
outline of the prostate gland is acquired. For three-dimensional imaging, a series of
images can be taken, one of each slice of the prostate. The initial ultrasound images
are pre-processed to remove the noise and increase the contrast. The rectum edge is
located from the bottom of the images. The key points on the prostate boundaries are
located and connected under the iterative training of a knowledge-based model until
the shape of the boundary reaches a stable state. The urethra is segmented near the
center of the prostate.

In the present invention, the previously-used manual drawing to produce the
prostate boundaries is eliminated, and the initial image produced by the ultrasound
probe is automatically processed in a series of steps to create an accurate
segmentation of the rectum edge, prostate Boundary, and urethra edge. Then the
algorithm will overlay the detected boundaries relative to the transverse cross-section
of the prostate to provide important information for dosimetry planning.

The automated image segmentation of the present invention will reduce the

median operative time for anatomy delineation for intraoperative planning, from 10
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min. to 2 min. for complete outline of the prostate, urethra and rectum. The original
image is provided by the ultrasound probe and a traditional stepper. The image is then

processed to extract an outline of the prostate boundary.



WO 01/89386 PCT/US01/11113

10

15

20

Brief Description of the Drawings

A preferred embodiment of the present invention will now be set forth in
detail with reference to the drawings, in which:

FIG. 1 is a simple flow chart showing the steps in segmenting of prostate
boundaries obtained by an ultrasound probe;

FIG. 2A shows a flow chart of the operations for recognizing the rectum edge;

FIG. 2B shows a result of the recognition operations of FIG. 2A;

FIG. 3A shows a flow chart of adaptive directional mean filtering to cut down
the high-frequency noise in the images;

FIG. 3B shows a result of the filtering of FIG. 3A;

FIG. 3C shows the formation of windows in the filtering of FIG. 3A;

FIG. 4A shows a flow chart of an automatic attenuation compensation method
to improve the far field compensation in the transrectal ultrasound images;

FIG. 4B shows a result of the attenuation compensation of FIG. 4A;

FIG. 5A shows a flow chart of operations used in locating the prostate
boundaries using a knowledge-based model;

FIG. 5B shows a result of the prostate boundary location of FIG. 5A;

FIG. 6A shows a flow chart of operations used to locate the urethra;

FIG. 6B shows a final result of prostate boundary, rectum edge and urethra
edge location according to the operations of FIGS. 24, 3A, 4A, 5A and 6A,;

FIGS. 7A and 7B show a 2D model of a prostate boundary;

FIGS. 8A and 8B show a 3D model of a prostate volume; and

FIG. 9 shows a schematic diagram of a system on which the preferred

embodiment can be implemented.
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Detailed Descriptidn of the Preferred Embodiment

A preferred embodiment of the present invention will be set forth in detail
with reference to the drawings. First, an overview of the process will be set forth.
Then, individual steps will be described in greater detail. Finally, a system for
implementing the preferred embodiment will be shown.

As shown in Fig. 1, the process begins with the taking of a transrectal
ultrasound image in step 102. If a 3D model of the prostate is to be formed, multiple
transrectal ultrasound images can be taken to image multiple slices of the prostate.
The result is a transverse cross-sectional ultrasound image of the prostate in step 104.

The edge of the rectum is recognized in step 106, in a manner to be set forth
below with references to Figs. 2A and 2B. The result is stored in a rectum data file in
step 108.

The image is filtered through adaptive directional mean filtering in step 110 to
remove high-frequency noise as indicated in step 112. The specifics of the adaptive
directional mean filtering will be set forth below with reference to F igs. 3A-3C.

Since attenuation of the ultrasound waves increases away from the ultrasound
probe, such attenuation is compensated for in step 114 to obtain an image for which
the far field is compensated in step 116. Details of the compensation will be set forth
below with reference to Figs. 4A and 4B.

Then, the boundary of the prostate is located. Key points are found in step
118, and a knowledge-based model is used to fit a curve in step 120. Steps 118 and
120 are iterated until the boundary reaches a stable state in step 122. The location of

the boundary will be set forth below with reference to Figs. 5A and 5B.
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The geometrical center of the prostate boundary is found in step 124 and is
stored in a prostate boundary data file in step 126. The urethra is segmented near the
center of the prostate in step 128, and its edge is stored in a urethra edge data file in
step 130. The process of segmenting the urethra will be explained below with
reference to Fig. 6A, and the end result will be described with reference to Fig. 6B.

Rectum recognition will now be described with reference to Figs. 2A and 2B.
The rectum edge is recognized from the transrectal ultrasound image. Rectum
segmentation is realized by low gray-scale thresholding and spline-interpolation
methods. The first edge from the bottom center of the images is defined as the rectum °
boundary. To simplify the algorithm, the following strategy is used:

* Preset the bottom center 252 of the transrectal ultrasound probe, which is a
constant in a given system (step 202);

* Define several searching lines 254 from the bottom center at special angles (step
204);

* In every line, find the edge point 256, which is the first point at which the gray-
scale is greater than a threshold value and the first derivative of the gray scale is
greater than zero (step 206); and

= These edge points 256 are connected by a spline-interpolation method to form an
interpolated curve 258 of the edge of the rectum (step 208).

In the directional adaptive mean filtering of Figs. 3A-3C, the ultrasound image
is enhanced by a noise removal technique. In this step, Gaussian filtering and
traditional mean filtering could be used, but these are not the best solutions for this
problem. The difficulty is the blurring edges between these tissues, which are caused

by the artifacts and unstable digitization of ultrasound. Gaussian filtering requires an
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unacceptably long time to run. The traditional mean filtering uses a constant rectangle
mask in filtering the images, which will introduce distortion to the prostate
boundaries. At the same time, the complexity of structure definition and the low speed
of texture analysis are unfeasible for real-time operation.

To overcome those difficulties, the preferred embodiment implements a
directional adaptive mean filtering method, which retains the merits of the fast
algorithms such as mean filtering and adaptive window filtering. The speed is higher
than that of the Gaussian filtering method.

The following steps shown in Fig. 3A are carried out for every pixel. In step
302, a straight line is connected from the pixel to the bottom center. In step 304, the
angle o of the line and the distance d between the pixel and the bottom center are
calculated. In step 306, the window size around the pixel is set to be s = kd, where k&
is a positive constant. In step 308, a window of mean filtering is located on the
image, wherein the center of the window is the pixel and the window is perpendicular
to the straight line. In step 310, the mean value throughout the window is calculated,
and the value of the gray scale at the pixel is reset to that mean value. In step 312, it
is determined whether there are more pixels to be processed. If so, the process
proceeds to the next pixel in step 314. Otherwise, the process ends at step 316.

In Figure 3B, the filtered images show that the high frequency noise is
removed and 'the original edge information 350 is protected from the distortion.
Because this algorithm utilizes the important characteristics about directional
diffraction and far field attenuation of the B-mode ultrasound signals, an optimized
filtering is reached and the filtered images will be more easily used in the subsequent

processing steps.
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The window increases in size away from the bottom center. Fig. 3C shows a
first line /; drawn between the bottom center BC and a first pixel p; and a second line
I, drawn between the bottom center BC and a second pixel p,. The first line /; has a
length (distance) d; and an angle «;, while the second line /, has a length (distance) d,
and an angle o;. The pixel p; has a box B; drawn around it with a size s; = kd,, while
the pixel p; has a box B, drawn around it with a smaller size s, = kd,. The yvindows
of increasing size are shown in Fig. 3B as 352, 354 and 356. The windows do not
have to be square.

After the filtering, the filtered image is enhanced by an automatic attenuation
compensation method which will now be described with reference to Figs. 4A and
4B. That method is designed for commonly observed situations in which manual
adjustment cannot fully compensate the greater attenuation in the far field of the
ultrasound images. In Figure 3B, the far field of the left and right part is invisible and
the boundary in that area is very fuzzy because of the much lower brightness. To
overcome this problem, the preferred embodiment implements an automatic
attenuation compensation method by assuming a specified relationship between local
attenuation and local backscatter throughout each pulse-echo signal, thus determining
a gain factor that more appropriately compensates for attenuation at each depth.

For each pixel, the following operations shown in Fig. 4A are performed. In

step 402, the following parameter is computed:

Ax
,u(x): ‘;% ’ where
S R
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R(x) is the gray-scale value at the position x of the pixel. A has a value selected in
accordance with the relationship between local attenuation and local backscatter noted
above.

In step 404, the brightness is adjusted by one of the following formulae:

R(x) = R(x),u(x)x ( p) (function 1)

R(x) == ,a(x)x (q) (function 2)

Here, p and q are additional parameters which can be varied to adjust the transformed
pixel to have a better visible effect.

In step 406; it is determined whether there are any more pixels to process. If
so, the process advances to the next pixel in step 408. Otherwise, the process ends at
step 410.

Function (1) has a better result than function (2) overall, especially in dark
images. But function (2) has better results in the far field than function (1). Function
(2) can be used exclusively to improve the image quality of the far field, or finctions
(1) and (2) can be combined in both near field and far fields.

In figure 4B, the compensated image shows that while little compensation is
required in the near field 452, the far field 454 of the transrectal ultrasound image,
especially the dark area, is enhanced into a bright background. The original prostate
boundaries 456 are enhanced, and the original position information is protected .
without inducing false edges.

Once the ultrasound image has been enhanced by the noise removal technique
and the automatic attenuation compensation method as described above, the Image is
segmented, as will be explained with reference to Figs. 5A and 5B. Conventional

methods of segmenting an object edge from an image are based on detecting step
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discontinuities in gray scale (brightness). In some cases, angular information of an
edge is used by calculating the angle frorﬁ the neighbor area of a particular pixel in
the image. In ultrasound images, such conventional segmentation methods are not
appropriate due to the poor signal to noise ratio, as well as speckle noises. Also, when
conventional edge detection algorithms are applied to detect edges of ultrasound
images, they generate an excessive number of false edges.

To overcome those difficulties, edge detection using a directional search
strategy plus knowledge-based modeling is used as opposed to a discontinuity
approach. From the center of the images, as shown in Fig. 5B, the algorithm searches
several specific angular orientations 552 from the center 554, and reads the data into a
one-dimensional array. In every data line, the algorithm selects a key edge point 556
that is'most likely to represent the edge between the prostate and normal tissue in the
lines. That key edge point 556 divides the data line into two parts that have the
largest difference in gray-scale distribution. The algorithm caiculates the curve-fitting
with these key points under the iterative training of a knowledge-based model until a
stable prostate boundary 558 is obtained. .

The directional seafch strategy and model-supervision training is described by
the following steps shown in Fig. 5A:

Step 502: finding the key points.

Loop all directions (Currently 21 orientations are selected)

{

In every direction, three lines are processed, including angle, angle +

delta, angle — delta.

{



WO 01/89386 PCT/US01/11113

10

15

20

14

(1) calculate the length of the current line
(2) calculate the angle of this current line from the center position
(3) Read the line data into an array
(4) calculate the entropic threshold in this line
(5) enhance the difference in this data line by gray-scale transformation defined by
entropic threshold
(6) obtain the segmentation point by loading HANBET method

{

HANBET method definition:

* calculate the whole mean and variance of the data line
* check the start and end situation as the reference of prostate & tissue
* mean-filtering of the data line
* find the maximum & minimum value in the mean-filtering data
» find the whole mean and variance of the data line
= calculate the entropic threshold in this line

» searching from begin to end in the data line

= get the mean value of the inner data
* get the mean value of the outside data

= calculate the variance between inner and outer

* get the maximum variance to determine the best threshold
* erase the inner/outer error of the computing

* return the segmentation point and the confidence
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¥

}

Select the best segmentation to overcome the noise disturbance.

}
Step 504: Cut off the lowest confidence key points (those whose confidence level is
below a predetermined threshold).
Step 506: Output the key points to the knowledge-based model.
Step 508: Calculate the curve under the instruction of the knowledge-based model;
which is trained by a database of prior cases.
Steps 510 and 512: Iteratively run Steps 502-508 until a stable center of prostate
boundaries is reached. That is, the distance between two repeafedly calculated
prostate centers will be less than a preset threshold.
In training the prostate 2D boundary model and 3D surface model process, a

large number of pre-defined prostate shapes are input as training samples. The 2-D
shapes of the boundary in the X-Y coordinates are extended to curves in the polar
coordinates. An example is shown in Figs. 7A and 7B, which Fig. 7A shows a typical
boundary shape of a central slice of a prostate, and Fig. 7B shows the extension result
in the polar coofdinate system, where the horizontal coordinate is the angle in radians
from -m to +m, and the vertical coordinate is the distance from the center point (0,0) in
Fig. 7A to the points on the boundary. In polar coordinates, since the horizontal
coordinates are all the same for all training samples, each sample can be represented
by only a set of vertical coordinate values in the form of a vector (suppose Nx1 in

size).
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So we can get L training sample vectors if we have L pre-defined boundaries
of prostate. From the L training sample vectors, we first calculate their average vector

Average Vector by

L
Z (Sample_Vector),

i=1

Average Vector = 7 ,

and then calculate the Eigen-vectors and Eigen values of the normalized sample
matrix

Normalized_Sample Matrix=[(Sample_Vector),-Average Vector]=;

Then select the Eigen vectors corresponding to the M top largest Eigen values
(M<Minimum(¥, L)), and construct an Eigen matrix Eigen_Matrix.

Retrieval Equation:

Retrieval_Vector = Average Vector + Eigen Matrix x Weight_Coefficiency

in which, Retrieval_Vector and Average Vector are column vectors of Nx1, where
N is the number of points to be retrieved. Eigen_Matrix is a matrix of NxM, whefe M
is the number of points used to retrieve the whole information. Weight_Coefficiency
1s a column vector of Mx1. It provides the weights to each column of Eigen_Matrix.
This equation is used to retrieve a set of N points from another set of M points,
which is much smaller in size. The Average_Vector and the Eigen Matrix are pre-
determined by the training process. They contain most of the information of the
training set. Once a Weight_Coefﬁciency is given, a Retrivieval Vector can be

calculated from this equation.
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The weights can be calculated by solving the solution of a set of linear
equations
Weight_Coefﬁciency:(Eigen_Matrix)/(Retrieva1_Vector~Average_Vector),

Since we only need M equations to set the Ax1 vector Weight_Coefficiency,
we can use M key points to calculate the weights by
Weight_Coefficiency=(Eigen_Matrix) \ (Key_Points_Vector-
Average Vector_Select)
in which Key Points Vector is an Mx1 vector that only contains the coordinate
values of M key points, and Average_Vector_Select ié also an Mx1 vector that only
contains M values in the Average Vector at the corresponding position to that of key
points.

The selection of the key points is a matter to be considered. It is the position,
rather than the number of the key points, which is more critical to the quality of the
retrieval shape. The key positions lie in the positions with greater variations, such as
the positions on about 0, +r/2, etc. |

The function of the model can be described as connecting the already known
key points according to a similar shape in the training set. The Average Vector
provides an average shape of the training slices, and the Eigen Matrix x
Weight_Coefficiency provides the variances of the given shape to the average shape.
The key points are detected by the previous-described grayscale based boundary
detection algorithm. If the key points found by the previous step are all acéurate, the
connecting function of the model will be just like a curve fit by using the spline
method. But if several points found in the previous step ére not correct, for example,

clearly projecting inside or outside, the spline method will fit the curve exactly along



WO 01/89386 PCT/US01/11113

10

15

20

18

the key points so that the whole shape of the boundary will project inside or outside,
while the model can correct this clear mistake by retrieving it to a similar prostate
shape. Of course, if many key points are wrong, the model will give a wrong shape.

Similar to the 2-D model, 3-D model uses the pre-defined shapes of
boundaries of a series of image slices of a prostate as its training samples and retrieval
objects. Figure 8A shows an example. ‘When it is extended using the polar coordinate
system, it will be a surface like figure 8B. The x-coordinate represents the normalized
length of a prostate from apex to base, the y-coordinate represents the polar angle of
the shape in each slice, and the z-coordinate represents the distance of the boundary to
the center of each slice. Since the x-coordinate and the y-coordinate of the surface are
the same to all the training samples, the z-coordinate data on the surface can make a
sample vector used as training vectors. And the training and retrieval process
described in the 2-D model section can be used here.

The construction of the 3-D model needs more training samples because the
total data volume of each training sample has increased T times, where T means the
normalized number of slices along the apex to base direction. In other words, the
prostate is cut into 7 slices from apex to base, each section has its own boundary
while the whole prostate has T such 2-D boundaries.

For most original image series of the prostate, the slices in the apex and base
areas have no clear boundaries to be defined, and the size tapers off dramatically. So
in each sample, we add a small circle before the apex and after the base, so that the 3-
D prostate sample can converge at two ends.

Fig. 5B shows that the segmented boundaries match with the original prostate

image.
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After finding the prostate boundaries, the geometrical center of the prostate

boundaries is calculated by a weight-averaging method, and then the urethra is located

in a manner which will be explained with reference to Figs. 6A and 6B. Usually the

urethra is located near the center of the prostate or more anterior. Typically the

urethra will be localized as a strong reflection object because of the insertion of the

urethra catheter or contrast. The strong reflection of the urethra catheter or contrast

will introduce a disturbance in the local area, such as a bright spot with a long dark

shadow. By using this specific information, we define the following algorithm in

finding the urethra edge:

Calculate the geometrical center of the prostate boundaries and define a local
processing area around this center (step 602).

Run Gaussian filtering or fast mean filtering in this small area to greatly blur the
image (step 604).

In the local area, find the position of a horizontal line which splits the area into
two parts that have the largest difference in gray-scale distribution (step 606). The
top part will have lower gray-scale value than the bottom part. The difference can
be defined as the mean, or standard-derivative.

Define the internal part of the splitting line as the bottom of the urethra (step 608)
Calculate an ellipse, which has a ratio of long axis to short axis equal to 1.5 and
the length of the long axis is the same as the length of the internal line; draw the
ellipse on the screen and let the bottom of the ellipse match the internal line (step
610).

In figure 6B, a final drawing of the urethra edge 652 is given. To illustrate the

whole procedure of the algorithm, the prostate boundary 654 and rectum edge 656 are
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also overlaid on the image. At this point, automatic segmentation of the ultrasound
image is completed. The segmented boundaries may be manually edited using
common drawing tools, if so desired.

The above-described automatic segmentation technique has been evaluated
experimentally. In the experimental bench test protocol, the initial transverse cross-
sectional images of the prostate were obtained with a Siemens ultrasound machine, a
B&K machine and an Acuson machine. After the prostate images were processed and
detected, the rectum, urethra and prostate boundaries were overlaid on top of the
transverse cross-sectional image of the prostate. The mean success rate was 80% for
the internal slice images (i.e., excluding the apex and base images), which indicates
that the process of the present invention on the average predicts the location of the
prostate boundaries correctly for approximately 7-8 out of the 10 images. The mean
error rate of the present process is due to special situations such that the left/right
bottom of the prostate is outside the field-of-view on the images, in which case no
gold standard exists for judging the correctness of the prostate boundary in that
corner. This small error rate can be remedied by addiﬁonal manual editing, and the
total time cost will also be far less than the whole manual drawing procedure.

The determination of prostate boundaries in patients undergoing prostate
brachytherapy is a critical part of the overall brachytherapy procedure. The above-
identified process permits identification of prostate boundaries using the transrectal |
ultrasound probe with little additional time and effort.

The above-described processing sequence can be carried out in a portable or
desktop computer that has a frame grabber to digitize the analog images. When the

above-described process is accomplished on an external PC-based workstation linked
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to the ultrasound machine, which digitizes the ultrasound video output from the
ultrasound probe, prostate boundaries can be segmented interactively during the
whole operation.

More specifically, a system on which the preferred embodiment can be
implemented is shown in Fig. 9. As shown in that figure, the system 900 includes an
ultrasound probe 902 which is positioned in the patient with a stepper or stabilizer 904
under control of the physician through an ultrasound controller 906. The ultrasound
controller 906 transfers data to a computer 908, such as an IBM-compatible
microcomputer or any other computing device capable of performing the processes
set forth above. The computer 908 includes a frame grabber 910 to convert raw
image data received from the ultrasound controller 906 into digital format for use in
the computer 908; frame grabbers are known in the art and typically take the form of
cards to be inserted into expansion slots on the motherboard of the computer .908.
The computer 908 also includes a microprocessor 912 and storage 914, such as a hard
drive, for storing both the program code for Implementing the processes described
above and the resulting data files. The computer 908 provides a user interface to the
physician with suitable input and output devices, such as a display 916, a keyboard
918 and a mouse 920. Alternative devices, such as trackballs and light pens, could be
used as needed.

Ultrasound image acquisition is well known, as is the equipment used to
perform it. Three exemplary types of transrectal ultrasound machines used in
interstitial brachytherapy are Siemens, Acuson and B&K. The present invention has
been tested and proved effective in imaging generated by all such known ultrasound

machines.
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The boundary detection algorithms described above will be used before the
seed implant procedure. Dﬁring the operation procedure, needles will be inserted into
the gland and there will exist many hyper-echoic spots from bleeding and needles.
This will affect the boundary detection algorithm because the grayscale difference
between the inner gland and the outside tissue will be much smaller than the grayscale
difference between the highly bright hyper-echoic spots and the other areas. So in
order to continue to be able to detect the boundary effectively during the seed implant
procedure, two additional steps were added into the methods. The first is noise
removal. Since the areas of the hyper-echoic spots are small, they can be considered
as point noises and removed by smoothing processing. The other is interest point
removal based on the seed detection algorithm. The hyper-echoic points representing
seeds will be detected during the implant procedure. Then the grayscale level within
the related area around those points will be reduced to their background so that there
will be no highly bright points  within ‘Fhe prostate boundary. Thereafter, the
methodology described herein can be applied to the ultrasound image.

While a preferred embodiment of the present invention has been set forth

“above-in detail, those skilled in the art who have reviewed the present disclosure will

readily appreciate that other embodiments can be realized within the scope of the
invention. For example, the algorithm described above can also be used for othér
types of ultrasound images such as trans-urethra ultrasound images, or the images
obtained by any type of ultrasound machines such as Acuson, Siemens, B&K, and
ATL, etc. It also can be used for boundary detection in the images of other human

organs, such as the liver. For that matter, it is not limited to human organs at all.
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Therefore, the present invention should be construed as limited only by the appended

claims.
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‘What is claimed is:

1. A method of determining boundaries of an object, the method comprising:

(a) acquiring an image of a transverse cross-sectional outline of the object;

(b) pre-processing the image acquired in step (a) to remove noise and increase
contrast so as to produced a pre-processed image;

(c) finding an edge of the object from a point in the pre-processed image; and

(d) locating key points of the boundaries of the object and connecting the key
points under iterative training of a knowledge-based model until a shape of the
boundaries of the object reaches a stable state.

2. The method of claim 1, wherein the object comprises at least one organ of a
living being.

3. The method of claim 2, wherein the living being is a human being, and
wherein the at least one organ comprises a prostate and a urethra of the human being.

4. The method of claim 3, wherein step (a) comprises using ultrasound.

5. The method of claim 4, further comprising (e) segmenting a possible
location of the urethra near a center of the prostate.

6. The method of claim 5, further comprising (f) forming a model of the
prostate from the shape of the boundaries determined in step (d).

7. The method of claim 6, wherein the model formed in step (f) is a two-
dimensional model.

8. The method of claim 6, wherein the model formed in step (f) is a three-

dimensional model.
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9. The method of claim 8, wherein each of steps (a)-(¢) is performed a
plurality of times to take a plurality of slices of the prostate to form the three-
dimensional model.

10. The method of claim 1, wherein each of steps (a)-(¢) is performed a
plurality of times to take a plurality of slices of the object.

11. The method of claim 1, wherein step (c) is performed through low gray-
scale thresholding and spline interpolation.

12. The method of claim 1, wherein, for each pixel in the image acquired in
step (a),. step (b) comprises:

(1) connecting a straight line from the pixel to a predetermined point in the
image;

(if) computing an angle o, of the straight line and a distance d from the pixel to
the predetermined point;

(ii1) setting a window size s for local mean filtering according to s = kd, where
k>0,

(iv) locating a mean filtering window on the image, the mean filtering window
centered on the pixel and perpendicular to the straight line; and

(v) performing the mean filtering within the mean filtering window.

13. The method of claim 12, wherein step (b) further comprises automatic
attenuation compensation.

14. A method for mean filtering of an image, the method comprising, for every
pixel in the image:

(a) connecting a straight line from the pixel to a bottom center of the image;



WO 01/89386 PCT/US01/11113

10

15

20

26

(b) computing an angle o of the straight line and a distance d from the pixel to
the bottom center;

(c) setting a window size s for local mean filtering according to s = kd, where
k>0,

(d) locating a mean filtering window on the image, the mean filtering window
centered on the pixel and perpendicular to the straight line; and

(e) performing the mean filtering within the mean filtering window.

15. A system for determining boundaries of an object, the system comprising:

(2) an imaging device for acquiring an image of a transverse cross-sectional
outline of the object; and

(b) a computing device, receiving the image from the imaging device, for pre-
processing the image to remove noise and increase contrast so as to produced a pre-
processed image, finding an edge of the object from a point in the pre-processed
image, and locating key points of the boundaries of the object and connecting the key
points under iterative training of a knowledge-based model until a shape of the
boundaries of the object reaches a stable state.

16. The system of claim 15, wherein the imaging device comprises an
ultrasound probe.

17. The system of claim 16, wherein the object comprises a human prostate,
and wherein the computing device segments a possible location of a urethra near a
center of the prostate.

18. The system of claim 17, wherein the computing device forms a model of
the prostate from the shape of the boundaries.

19. The system of claim 18, wherein the model is a two-dimensional model.
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20. The system of claim18, wherein the model is a three-dimensional model.

21. The system of claim 20, wherein the ultrasound probe takes a plurality of
slices of the prostate, and wherein the computing device uses the plurality of slices to
form the three-dimensional model.

22. The system of claim 15, wherein the imaging device takes a plurality of
slices of the object.

23. The system of claim 15, wherein the computing device finds the edge
through low gray-scale thresholding and spline interpolation.

24. The system of claim 15, wherein, for each pixel in the image, the
computing device pre-processes the image by:

(1) connecting a straight line from the pixel to a predetermined point in the

image;

(ii) computing an angle o of the straight line and a distance d from the pixel to
the predetermined point;

(ii1) setting a window size s for local mean filtering according to s = kd, where
k>0;

(iv) locating a mean filtering window on the image, the mean filtering window
centered on the pixel and perpendicular to the straight line; and

(v) performing the mean filtering within the mean filtering window.

25. The system of claim 24, wherein the computing device further pre-

processes the image through automatic attenuation compensation.
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