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(57) Abstract: Imaging systems and methods for processing and rendering volu-
metric images of a selected organ for virtual endoscopy applications are provided,
which enable visualization and navigation of the imaged organ from within a lu-
men/cavity of the organ. For example, methods are provided for preparing 3D
volumetric images of colons for virtual endoscopy application which do not re-
quire administration of oral laxatives or suppositories for patient bowel prepa-
ration. In particular, an imaging method which can be implemented for virtual
colonoscopy applications, includes a process of obtaining an image dataset com-
prising image data of a colon (step 11) that is prepared (step 10) to tag regions of
colonic residue in a manner that enhances a contrast between tagged regions of
colonic residue in a lumen of the colon and a colon wall; segmenting (step 12) a
region of interest in the image dataset, the region of interest comprising the colon
lumen, the colon wall, and regions of tagged residue in the colon lumen; electron-
ically cleaning (step 13) the tagged residue in the colon lumen using a gradient
feature data obtained from the image dataset using a maximum directional gra-
dient feature analysis; and rendering (step 14) a volumetric image comprising an
endoluminal view at a region within the imaged colon.
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VIRTUAL ENDOSCOPY METHODS AND SYSTEMS
Cross-Reference to Related Application

This application claims priority to U.S. Provisional Application No. 60/510,237 filed on
October 10, 2003, which is fully incorporated herein by reference.

Technical Field of the Invention

The present invention relates generally to virtual endoscopy systems and methods for
medical diagnosis and evaluation of anatomical objects such as organs with hollow lumens or
cavities. More specifically, the invention relates to 3D imaging system; and methods for
processing and rendering volumetric images of an organ for virtual endoscopy applications that
enable visualization and navigation of the imaged organ from within a lumen/cavity of the organ
(e.g., virtual colonoscopy to detect colonic polyps).

Background

In general, virtual endoscopy systems implement methods for processing 3D image
datasets to enable examination and evaluation of organs with hollow lumens or cavities, such as
colons, bladders, lungs, arteries, etc, and to enable virtual simulation of endoscopic examination
of such organs. In general, virtual endoscopy procedures include an organ preparation process
whereby an organ to be evaluated is prepared in a manner to enable the anatomical features of
the organ (e.g., organ tissue) to be contrasted from surrounding anatomical objects or materials
in subsequently acquired medical images, followed by image acquisition and image processing
to construct 2D or 3D models of the organ from the acquired image data. Such 2D/3D models
can be displayed in different rendering modes for inspecting for organ abnormalities. For
example, virtual endoscopy applications provide 3D visualization (e.g., “fly-through”
visualization) of the inner surface of the organ, which is referred to as endoluminal view.

Virtual endoscopy is continuing to gain wider acceptance in the medical field as non-
invasive, patient comfortable methods for examining and evaluating organs. Virtual endoscopy
will eventually eliminate the need for invasive screening/testing endoscopic procedures such as
optical colonoscopies which require long instruments (catheters/endoscopes) to be inserted into
the patient. Such invasive procedures provide risk of injury including organ perforation,
infection, hemorrhage, etc. Moreover, invasive endoscopic procedures can be highly
uncomfortable and stressful to the patient.

Therefore, significant effort is being directed towards developing and improving virtual
endoscopy procedures and applications. For instance, advances in image processing technology

will enable accurate and rapid rendering and displaying of virtual endoscopy volumetric images.
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Moreover, improvements in the organ preparation process can provide more optimal imaging
results. Indeed, with respect to virtual colonoscopy, for example, the existence of air, residual
stool, and residual fluid in the human colon can make it difficult to detect abnormalities (e.g.,
polyps) related to the colon. Moreover, conventional methods in which laxatives or ‘
suppositories are used for bowel preparation are invasive and highly uncomfortable to patients.
Thus, it is highly desirable for non-invasive, patient comfortable bowel preparation methods for
virtual colonoscopy, for example.

Summary of the Invention

In general, exemplary embodiments of the invention include virtual endoscopy systems
and methods for medical diagnosis and evaluation of anatomical objects such as organs with
hollow lumens or cavities. More specifically, exemplary embodiments of the invention include
3D imaging systems and methods for processing and rendering volumetric images of an organ
for virtual endoscopy applications that enable visualization and navigation of the imaged organ
from within a lumen/cavity of the organ (e.g., virtual colonoscopy to detect colonic polyps).

For example, in one exemplary embodiment of the invention, an imaging method that
can be implemented for virtual endoscopy applications includes a process of obtaining an image
dataset of an organ, processing the acquired image dataset to obtain feature data, and rendering a
multi-dimensional representation of the imaged organ using the obtained feature data, wherein
processing includes obtaining image intensity feature data from the image dataset, processing
the image intensity feature data to obtain gradient feature data representing intensity change
along each of a plurality of directions in a region of interest in the acquired image dataset; and
processing the gradient feature data to determine boundary layers between anatomical features
of the imaged organ and surrounding objects or materials in the region of interest.

Exemplary embodiments of the invention further include virtual colonoscopy methods,
as well as methods for preparing 3D volumetric images of colons for virtual endoscopy which
do not require administration of oral laxatives or suppositories for patient bowel preparation.
For example, in one exemplary embodiment of the invention, an imaging method which can be
implemented for virtual colonoscopy applications includes a process of obtaining an image
dataset comprising image data of a colon that is prepared to tag regions of colonic residue in a
manner that enhances a contrast between tagged regions of colonic residue in a lumen of the
colonn and a colon wall; segmenting a region of interest in the image dataset, the region of
interest comprising the colon lumen, the colon wall, and regions of tagged residue in the colon

lumemn; electronically cleaning the tagged residue in the colon lumen using a gradient feature
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data obtained from the image dataset using a maximum directional gradient feature analysis; and
rendering a volumetric image comprising an endoluminal view at a region within the imaged |
colon.

These and other exemplary embodiments, aspects, features and advantages of the present
invention will become apparent from the following detailed description of preferred
embodiments, which is to be read in connection with the accompanying drawings.

Brief Description of the Drawings

FIG. 1 is a flow diagram illustrating a virtual endoscopy method according to an
exemplary embodiment of the invention.

FIG. 2 is a flow diagram illustrating virtual colonoscopy methods according to
exemplary embodiments of the invention.

FIGs. 3A~3D are diagrams illustrating bowel preparation methods for virtual
colonscopy, according to exemplary embodiments of the invention.

FIGs. 4A~4C are diagrams illustrating various types of foods/meals that can be used for
bowel preparation methods according to exemplary embodiments of the invention.

FIG. 5 is a flow diagram illustrating an electronic organ cleaning method for virtual
endoscopy according to an exemplary embodiment of the invention.

FIGs. 6A and 6B are exemplary images illustrating results of an electronic organ
cleaning process according to the invention.

FIG. 7 is an exemplary image depicting a condition in which a portion of a colon wall
has a similar intensity as that of a puddle of tagged residue.

FIG. 8 is a flow diagram illustrating a boundary extraction method according to an
exemplary embodiment of the invention.

FIG. 9 is an exemplary diagram illustrating directional gradients that can be used for
extracting boundary layers, according to an exemplary embodiment of the invention.

FIG. 10 is an exemplary diagram illustrating a method for computing directional
gradients for extracting boundary layers, according to an exemplary embodiment of the
invention.

FIG. 11 is a flow diagram illustrating a method for reconstructing boundary layers

according to an exemplary embodiment of the invention.
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Detailed Description of Exemplary Embodiments

In general, exemplary embodiments of the invention as described in detail hereafter
include organ preparation methods and image processing methods for virtual endoscopy
applications. Itis to be understood that exemplary imaging systems and methods according to
the invention as described herein may be implemented in various forms of hardware, software,
firmware, special purpose processors, or a combination thereof, In one exemplary embodiment
of the invention, virtual endoscopy systems and methods described herein can be implemented
in software comprising program instructions that are tangibly embodied on one or more program
storage devices (e. g., hard disk, magnetic floppy disk, RAM, CD Rom, DVD, ROM, flash
memory, etc.), and executable by any device or machine comprising suitable architecture. It is to
be further understood that because the exemplary imaging systems and methods depicted in the
accompanying Figures can be implemented in software, system configurations and processing
steps as described herein may differ depending upon the manner in which the application is
programmed. Given the teachings herein, one of ordinary skill in the related art will be able to
contemplate these and similar implementations or configurations of the present invention.

FIG. 1 is a high-level flow diagram illustrating a method for virtual endoscopy according
to an exemplary embodiment of the invention. In particular, FIG. 1 depicts a virtual endoscopy
process including methods for preparing a target organ for imaging and methods for processing
volumetric images of the organ to enable virtual endoscopic examination of the organ. It is to be
appreciated that the exemplary method of FIG. 1 depicts a general framework for virtual
endoscopy which can be implemented with various imaging modalities for virtually examining
various types of objects such as organs with hollow lumens/cavities such as colons, tracheo-
bronchial airways, bladders, and the like.

Referring now to FIG. 1, an exemplary virtual endoscopy method includes an initial
process of preparing an organ to be imaged (step 10). In general, organ preparation methods
according to the in'vention are designed to enhance the contrast between anatomical features of
an organ under evaluation and surrounding objects and material in subsequently acquired
medical images of the organ. Moreover, organ preparation methods according to the invention
are designed to be mon-invasive and comfortable for the individual whose organ is to be virtually
examined. An organ preparation process according to the invention will vary depending on
factors such as, e.g., the type of organ to be imaged and the imaging modalities used for

acquiring medical images of the organ.
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For instance, exemplary embodiments of the invention include bowel preparation
methods for preparing a colon for virtual colonoscopy by an individual being administered
contrast agent(s) and following a specific diet regime for a period of time prior to imaging the
colon. More specifically, exemplary embodiments of the invention include laxative-
free/suppository-free bowel preparation methods which use a combination of diet management
and administration of contrast agents to effectively “tag” colonic residue (e.g., stool, fluid) that
may be present in the lumen of the colon such that the colonic residue can be distinguished from
surrounding tissues in subsequently acquired medical images of the colon.

The types of contrast agents and methods of administering contrast agents will vary
depending on, e.g., the application and the organ under evaluation. For instance, contrast agents
can be administered according to a particular protocol either orally, intravenously, or a
combination thereof. The type of contrast agent is not limited to medicine or specific
chemicals, and could be normal food or even natural water. For example, natural water can be
utilized as the contrast agent for preparing a bladder for imaging. In such instance, organ
preparation may include drinking a specified amount of water before image acquisition.

After completion of an organ preparation process, the organ will be imaged to acquire a
3D volumetric image dataset (step 11) using one or more imaging modalities that are suitable for
the given application. For instance, imaging modalities that may be used for acquiring medical
images of an organ include, for example, x-ray CT (Computed Tomography), MRI (Magnetic
Resonance Imaging), US (ultrasound), PET (Positron Emission Tomography) and SPECT
(Single Photon Emission Computed Tomography). Depending on the imaging protocol, the
medical images can be 3D volumetric image datasets that are directly acquired as a result of a
scan. Alternatively, 3D volumetric image datasets can be generated by acquiring an image
dataset comprising multiple 2D or “slice” images and then stacking and interpolating between
the 2D images to produce a 3D volumetric image dataset. For example, volume rendering
methods known to those of ordinary skill in the art can be implemented to combine adjacent 2D
image planes (slices) including, for example, maximum intensity projection, minimum intensity
projection, and surface rendering techniques in combination with voxel texture information,
depth information, gradient shading, etc.

Next, the 3D volumetric images are processed using known techniques for segmenting a
ROI (region of interest), e.g., the target organ, from the 3D image dataset (step 12). More
specifically, any suitable automated or semi-automated segmentation method may be

implemented to extract the image data volume that corresponds to the target organ from the



10

15

20

25

30

WO 2005/036457 PCT/US2004/033888

original 3D volume space. For example, for virtual colonoscopy applications according to the
invention, methods are implemented for segmenting a colon region from a 3D image dataset,
wherein the colon region includes the colon wall, colon lumen, and tagged colonic residue in the
colon. The segmentation. methods will vary depending on the target organ of interest and
imaging modality and generally include methods for segmenting features or anatomies of
interest by reference to krnown or anticipated image characteristics, such as edges, identifiable
structures, boundaries, chianges or transitions in colors or intensities, changes or transitions in
spectrographic information, a priori anatomical knowledge, etc. Various types of segmentation
methods that can be implemented are well known to those of ordinary skill in the art, and a
detailed discussion thereof is not necessary and beyond the scope of the claimed inventions.

The image data corresponding to the extracted ROI is processed using one or more
feature analysis methods to extract feature data of relevant clinical significance with respect to
the organ under investigation (step 13). It is to be appreciated that the feature analysis methods
that are implemented for extracting relevant features, data, or image parameters from image data
will vary depending on the type(s) of anatomical structures or organs under consideration and
imaging modality. For example, methods may be implemented for detecting potential
anatomical abnormalities in the organ of interest or extracting boundaries or edges between
different tissues/materials/structures in the imaged organ. For example, as explained below,
methods according to the invention are provided for processing volumetric images of a colon to
detect and remove tagged regions of colonic residue and reconstruct boundaries between the
colon wall and lumen in regions in which colonic residue is removed. Various types of feature
extraction methods that can be implemented for various medical applications and image
domains are well known to those of ordinary skill in the art.

Depending on the application, the extracted feature data can be transformed and fused
with the original volumetric images (step 14) and the fused volumetric images can be rendered
and displayed (step 15) in a manner that facilitates physician inspection of abnormalities. In
general, any type of feature data that is relevant to the given clinical application can be fused
with an original volumetric dataset. A fusion process can be a transformation process that maps
feature data into the intensity of the volumetric images. For instance, with virtual colonoscopy,
the results of an automated polyp detection process can be fused with an original volume dataset
such that potential polyps are rendered and displayed in a particular color. By way of further
example, with MRI virtual cystoscopy images, a lesion that invades the walll of the organ will

demonstrate different textiere as compared to the normal wall. In such instance, texture
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information can be extracted and overlaid on the endoluminal view to facilitate the early
detection of lesions and cancer, especially when abnormalities in the organ wall are small and
present a subtle shape deformation on the inner wall surface. If texture information is fused in
the original volumetric images in an appropriate way, it is possible that lesion regions will be
enhanced in the endoluminal view.

As noted above, the exemplary method of FIG. 1 provides a general framework for
virtual endoscopy methods according to the invention. For purposes of illustration, systems and
methods for laxative-free virtual colonoscopy will be discussed in detail, which are based on the
exemplary general framework of FIG. 1, but nothing herein shall be construed as limiting the
scope of the invention. For instance, FIG. 2 is a flow diagram that illustrates methods for virtual
colonoscopy according to exemplary embodiments of the invention. Virtual colonoscopy
methods according to the invention implement bowel preparation methods, which are based on
diet management and comtrast agent administration protocols (step 20). More specifically,
exemplary embodiments of the invention include laxative-free bowel preparation methods,
which are based on low-residue diets and administration of sufficient dosages of one or more
types of contrast agents over a period of time prior to colon imaging, and which provide good
residual stool and fluid tagging quality. Exemplary bowel preparation methods according to the
invention will be explained in detail below with reference to FIGs. 3A~3D and 4A~4C, for
example.

The colon preparation process is followed by image acquisition. In particular, to
facilitate scanning and examination of the colon, a colon distention process is performed prior to
scanning (step 21). For example, in one exemplary embodiment of the invention, the patient’s
colon is expanded by forcing approximately 2 to 3 liters of room air or carbon dioxide into the
patient’s colon. Other methods for distending a colon known to those of ordinary skill in the art
may be implemented.

Next, a region of interest of the individual, which includes the colon, is scanned using an
imaging device to acquire image data of the colon (step 22) and the image data is processed to
generate one or more volumetric image datasets (step 23). Image acquisition can be
implemented using one or more imaging modalities. For instance, CT images of the colon can
be acquired using a routine CT virtual colonoscopy scanning protocol. By way of specific
example, a helical CT scanner can be configured to provide 3 to 5 mm collimation, 1:1 to 2:1
pitch, 120 kVp, and 100 mA  Such scan configuration will generate 300 to 550 2D slice images

for each scan series. In one embodiment, the patient can be scanned twice in different body
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positions, e.g., supine position (face up) and prone position (face down), to acquire two image
datasets, which can be separately processed and subsequently fused for rending and displaying.

In other embodiments, multiple imaging modalities are used for acquiring images of the
colon. If multi-modalities of images are available, they can be fused and displayed in a single
view. For virtual colonoscopy, PET and CT images can be acquired using a dual modalities
scanner. The high-uptake focal spot in PET images can be fused to be displayed in the 3D CT
images for facilitating polyp detection and differentiating between benign and malignant lesions.

Moreover, image acquisition could be performed in multiple time sections or phases. For
example, in MRI based virtual colonoscopy, the images can be acquired in both pre-contrast and
post-contrast phases. The pre-contrast images may serve as a mask for digital subtraction from
the post-contrast images. The subtracted images provide better contrast on contrast-enhanced
tissue. An MIP rendering mode can be applied to the subtracted images to provide clearer
images as compared to the original images. More specifically, in other exemplary embodiments
of the invention, to detect or segment tagged ROIs, the organ can be scanned twice - once
without contrast agent and another with contrast agent (e.g., for IV contrast agent injection
applications). The pre-contrast images can then be subtracted from the post-contrast images,
such that the tagged region will only be enhanced in the subtraction images. The subtracted
images can then be fused with the original volume for 2D/3D rendering. The subtracted images
can be used for segmenting tagged regions. These methods can be applied with MRI-based
virtual colonoscopy, for example.

The acquired volumetric image dataset(s) is/are further processed using image processing
methods to electronically “clean” tagged residue (residual stool and fluid) in the imaged colon
(step 24). In general, methods: for electronic cleaning according to exemplary embodiments of
the invention include methods for detecting and removing tagged residue regions inside the
colon lumen and reconstructing a boundary between the colon lumen and colon wall in regions
of the image where tagged colomnic residue is removed. Exemplary methods for electronic
cleaning will be discussed below with reference to the illustrative diagrams of FIGs. 5~11, for
example. As explained below, electronic cleansing methods according to the invention are
robust and effective for processing laxative free virtual colonoscopy CT images, for example.

In one exemplary embodiment of the invention, electronically cleaned volumetric images
can be rendered and displayed to enable examination of the imaged colon by a physician. An
electronic cleaning process according to the invention enables a physician or radiologist, for

example, to inspect the 3D endoluminal colon surface where the colon surface is covered by
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residual fluid. Moreover, feature data of clinical significance which is obtained after image
acquisition (step 23) (e.g., during the electronic cleaning process (step 24)) can be fused with the
original or electronically cleaned volumetric images and displayed (step 27) to facilitate
physician review of the cleansed volumetric images.

In other applications, methods may be implemented to enhance volumetric images and
facilitate lesion detection. For example, image enhancement may be implemented via image
filtering, feature rendering, and fusion of multi-modal images. As for image filtering, various
types of filters can be applied for noise reduction and edge enhancement. As for feature
rendering, the intensity feature data or volume data of a lesion region could be extracted.
Specific rendering modes could be selected to display the feature data. The feature rendered
image could be further super-imposed on the original 3D volumetric image data for highlighting
the lesion when displayed.

It is to be understood that volume rendering techniques can be extended using methods
described herein for reconstructing boundary layers between the air and colon wall tissue. By
reconstructing the air/wall layer from the original residue/wall layer, it is feasible to apply the
same rendering color map to render the entire cleaned colon lumen. As explained below,
boundary layer reconstruction methods according to the invention include methods for intensity
transformation of the original volumetric data, which transformation is based on information of
both residue tagging and anatomyy. The result of the cleaned volumetric images is the fusion of
available information of both tagged residue and anatomy.

In other exemplary embodiments of the invention as depicted in FIG. 2, the
electronically cleaned images can be processed using automatic polyp detection methods (step
25). The result of polyp detection represents all suspicious regions or areas in the images that
are automatically detected using suitable image processing methods. The computer-assisted
polyp detection (CAPD) results can be fused with the original electronically cleaned volumetric
images (step 26). For example, the results of CAPD can be a list of labeled regions for potential
polyps together with an indication of the likelihood that the labeled region is indeed a real polyp.
One example of method to fuse the CAPD result with original volumetric images is to color
code the suspicious regions in the volumetric images such that the results are rendered as
colored regions when the volumetric images with fused feature data are displayed (step 27).

Another approach to fuse the CAPD results is to transform the intensity of suspicious
region into certain range and adjust the color map for volume rendering to show the suspicious

region in different color from surrounding normal tissue in a 3D endoluminal view. For
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example, the clean colon wall and the wall coated with tagged stool can be shown in different
colors by adjusting volume rendering color maps, as is understood by those of ordinary skill in
the art. |

Bowel Preparation Methods

Exemplary bowel preparation methods for virtual colonoscopy applications according to
the invention will now be discussed in detail with reference to the exemplary embodiments of
FIGs 3A~3D and FIGs. 4A~4C. In particular, FIGs. 3A~3D are diagrams illustrating
laxative/suppository free bowel preparation methods for virtual colonscopy according to
exemplary embodiments of the invention, which are based on contrast administration and diet
management protocols. FIGs. 4A~4C are diagrams illustrating various types of foods/meals that
can be used for the exemplary bowel preparation methods of FIGs. 3A~3D, according to
exemplary embodiments of the invention.

More specifically, FIGs. 3A and 3B illustrate bowel preparation methods in which an
individual follows contrast administration and diet management protocols during a period of
about 36 hours prior to image acquisition of the individual’s colon. In particular, FIG. 3A.is a
chart that depicts a method for administering doses of contrast agents (30) and (31) at various
times (at mealtimes) during a three-day period (including the day on which the colon is to be
scanned and the two days prior to the scan day). In one exemplary method, the first contrast
agent (30) comprises a dose of barium sulfate solution (2.1%, 250 ml) and the second contrast
agent (31) comprises a dose of a non-ionic iodinated agent (e.g. diatrizoate meglumine and
diatrizoate sodium solution, 367 mg/ml, 120 ml) as colon residue contrast agents. These
contrast agents (30) and (31) are taken orally at mealtimes as shown in FIG. 3A.

The contrast agent solutions (30) and (31) are commercially available under different
name brands. For instance, the contrast solution (31) is available under the name brand
GASTROVIEW. GASTROVIEW can be mixed with soft drink, such as soda, if it is easier for
the patient to drink. The various commercially available contrast agent solutions (30) and (31)
provide similar tagging quality with the same dosage. Hence, the inventjon is not limited to
specific brand named contrast agents.

The above method describes an exemplary process in which a total of about 6 doses of
contrast agents (30) and (31) are administered within about a 36 hour period prior to image
acquisition coupled with one of the exemplary Diet regimes listed in FIG 3B. In particular, FIG.
3B is a chart that depicts different diet regimes (Diet 1, Diet 2, Diet 3) that an individual can

follow for a four-day period (including the day on which the colon is to be scanned and the three

10
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days prior to the scan day), according to exxemplary embodiments of the invention. These diets
are preferably designed to be easy to follow using readily available food products. A bowel
preparation method according to an exemplary embodiment of the invention includes following
one of the 3-day diets depicted in FIG. 3B combined with administration of contrast agents
according to the method of FIG. 3A, for exxample.

As depicted in FIG. 3B the exemplary diets include a combination of meals based on a
food list, a meal kit, liquid foods and water. FIG. 4A is a table that lists various types of foods
in different food groups which can be included in the food list. FIG. 4B illustrates the food
contents of a predefined meal kit, according to an exemplary embodiment of the invention. FIG.
4C illustrates various liquid foods that may be included for exemplary liquid diets, according to
exemplary embodiments of the invention

In FIG. 3B, Diet 3 is a low-residue diet, which is similar to a normal diet. If a patient
follows Diet 3, he/she is only required to avoid several kinds of food for 3 days prior to imaging,
which can possibly result in more colonic residue. Diet 2 allows the patient to follow the same
food list in Days 3 and 2 prior to the day of the scan and requires the patient to eat food from a
predetermined meal kit in Day 1 prior to the day of scan. Diet 1 requires the patient to follow a
liquid food diet in Day 1 prior to the scan. In the other 2 days, Diet 1 is the same as Diets 2 and
3. For each of the exemplary diet regimes, the patient will eat small portions at each meal and
avoid the foods such as whole grain flour or cereals, dried or raw fruits, raw or deep fried
vegetables, tough fibrous meats, caffeinated liquids, nuts and seeds, and yogurt.

FIG. 3C is a diagram that illustrates a bowel preparation method according to another
exemplary embodiment of the invention. In general, the exemplary method of FIG. 3C includes
a bowel preparation method in which 3 doses of the first contrast agent (30) and 2 doses of the
second contrast agent (31) are administered in about a 24 hour period prior to image acquisition.
Moreover, the exemplary method of FIG. 3 C includes a diet regime in which the individual will
eat food from the food list (FIG. 4A) for each meal on the 2™ day before the scan and follow a
liquid diet in about a 24 hour period prior to image acquisition.

FIG. 3D is a diagram that illustrates a bowel preparation method according to yet another
exemplary embodiment of the invention. Im general, the exemplary method of FIG. 3D includes
a bowel preparation method in which 3 doses of the first contrast agent (30) and 2 doses of the
second contrast agent (31) are administered in about a 24 hour period prior to image acquisition.
Moreover, the exemplary method of FIG. 3D includes a diet regime in which the individual will

follow a liquid diet in about a 24 hour period prior to image acquisition.
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The exemplary bowel preparation methods described above with reference to FIGs. 3
and 4 facilitate uniform tagging of colonic residue and mitigate the stool sticking around the
colon wall, and are sufficient for laxative/suppository free preparation of the colon. However, in
other embodiments of the invention, the exemplary bowel preparation methods may include
administration of laxative or suppositories, if desired.

Electronic Cleaning

As noted above, exemplary embodiments of the invention for virtual colonoscopy
implement methods for electronically cleaning volumetric images of a colon. In general,
exemplary methods for electronically cleaning volumetric images of a colon include methods for
automatically detecting and removing tagged residue inside the colonic umen and automatically
reconstructing the image of the boundaries belcween tagged residue and the colon wall into
boundaries between air (lumen) and the colon wall.

There are various factors that are considered for implementing robust and effective
electronic cleansing methods for laxative free virtual colonoscopy images according to the
invention. For instance, with CT volumetric images, separating tagged residue within the image
colon from the backbone can be difficult due to the fact that the intensity range of tagged residue
is similar to that of bone tissue in CT images, and that tagged residue in the rectum and sigmoid
frequently touches the backbone in the supine position. Furthermore, depending on the efficacy
of the organ preparation, the colonic residue may be tagged in a non-uniform manner such that a
given parameter set may not be sufficient for accurately cleaning all tagged residue. Moreover,
due to the partial volume effect with CT imaging, thin haustral fold tissue that may be
submerged in tagged residue may have intensities that are similar to tagged residue.

Furthermore, for exemplary embodiments of the invention for virtual colonoscopy in
which no laxative or suppository is applied for bowel preparation, colonic residue such as
residual stool can attach around the colon wall. This is to be contrasted with conventional
virtual colonoscopy methods in which laxatives/suppositories are used to prepare the colon for
examination, which causes colonic residue to form puddles with flat level due to gravitation. As
explained below, exemplary embodiments of the invention include methods that take into
consideration the above factors to achieve better quality of electronic cleaning for disparate
colonic residue tagging conditions and morphologies of colonic residue regions.

For example, FIG. 5 is a flow diagram illustrating an electronic cleaning method
according to an exemplary embodiment of the invention. The exemplary method of FIG. 5 can

be implemented for the electronic cleaning process (step 24) in FIG. 2. Referring now to FIG. 5,
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an initial process includes processing the acquired volumetric image dataset using methods for
segmenting or extracting the image data associated with the colon region in the volumetric
dataset (step 50). For virtual colonoscopy, the colon region that is segmented comprises air (in
the hollow lumen/cavity), colonic residue, and the colon wall. It is to be understood that any
suitable method may be implemented for segmenting the colon region from other anatomical
objects/structures within a volumetric image dataset. For example, the methods disclosed in
U.S. Patent No. 6,331,116 to Kaufman, et al. entitled “System and Method for Performing a
Three-Dimensional Virtual Segmentation and Examination”, U.S. Patent No. 6,343,936 to
Kaufinan, et al., entitled “System and Method for Performing a Three-Dimensional Virtual
Examination, Navigation and Visualization” , and U.S. Patent No. 6,514,082, to Kaufman, et al.,
entitled “System and Method for Performing a Three-Dimensional Examination With Collapse
Correction, which are all incorporated herein by reference, can be implemented for segmenting
the colon region. In CT images, the intensity of bone is similar to that of tagged residue and the
lung is also filled of air. In general, these patents disclose methods for detecting and removing
regions of both lung and bone while keeping and labeling the region of colon lumen.

Anatomical knowledge (e.g., thickness of colon wall is deemed within a certain range, ¢.g. less

~ than 5 mm) can be used for segmentation. When the colon lumen, including both air and residue,

is found, the colon wall region could be determined by dilating the region of colon lumen.

After segmenting the colon region, methods are applied for automatically detecting and
classifying tagged regions within the imaged colon (step 51). In one exemplary embodiment of
the invention, a low-level voxel classification segmentation process can be implemented using
the methods disclosed in the above-incorporated U.S. Patent No. 6,331,116. Briefly, a low-level
voxel classification method can be applied to all regions of tagged residue. For each region of
tagged residue, the image data is processed to group the voxels within the region into several
clusters (e.g., around 10 clusters). The voxels with similar intensity properties are assigned to
the same group (cluster). For example, voxels that are located in the center of uniformly tagged
region are grouped (clustered) together in the same cluster and voxels that are located around an
edge of the uniformly tagged region are grouped together in another cluster that is different from
that of the center cluster. The classification results basically represent intensity properties of the
entire volumetric images. The voxels in the same cluster might represent different clinical
meaning due to be in different tagged regions with different tagged conditions. For example, as
noted above, for CT images, the intensity of a fold that is covered by tagged fluid might have an

intensity that is similar to that of tagged fluid residue due to the partial volume effect. However,
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electronic cleaning methods according to the invention are self-adaptive to variations in tagging
conditions in different tagged regions.

Next, using the classification results, the image data is further processed to determine the
boundaries between the different tissues or materials (step 52). More specifically, for virtual
colonoscopy, boundary layer extraction methods according to exemplary embodiments of the
invention are applied for automatically detecting and extracting boundaries between air (in the
lumen/cavity), the colon wall, and tagged residue in the segmented colon region. Exemplary
methods for extracting boundary layers will be discussed below with reference to FIGs. 8, 9 and
10, for example.

After extraction of boundary layers (step 52), metﬁods are implemented for cleaning the
images of tagged residue (step 53) by removing the tagged residue image data and
reconstructing the boundary layers between colon wall and tagged residue into boundary layers
between air and colon wall (step 54). In one exemplary embodiment of the invention, a
boundary layer reconstruction process is independently implemented for each spatially separate
region of tagged residue which is removed from the image data. Exemplary methods for
reconstructing boundary layers will be discussed in further detail below with reference to FIG.
11, for example. With such methods, the reconstruction method is the same for each tagged
region of residue, but the parameters of the reconstruction method are adaptively adjusted fo
take into account different tagging conditions of each residue region.

FIGs. 6A and 6B are exemplary image diagrams that illustrate results of electronic
cleaning in virtual colonoscopy images. FIG. 6A is an exemplary image of a portion of a colon
showing a plurality of tagged residue regions (60, 61 and 62) in the colon Iumen. The tagged
residue region (60) is a small tagged stool that is attached to the colon wall. The tagged residue
regions (61) and (62) are puddles can have non-uniform tagging. FIG. 6B is an exemplary
image of FIG. 6A after applying an electronic cleaning process according to the invention,
wherein the tagged residue regions (60, 61 and 62) are removed and shown as part of the lumen
(air) region within the colon and wherein the boundary layers between the tagged residue
regions and surrounding tissue in the image of FIG. 6A are replaced by boundary layers between
air and colon wall tissue in the image of FIG. 6B.

Exemplary electronic cleaning methods for virtual colonoscopy according to the
invention will now be discussed in further detail with reference to FIGs. 7~11, for example. In
particular, exemplary methods for boundary layer extraction will be described with reference to

FIGs. 7-10 and exemplary methods for boundary layer reconstruction will be described with
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reference to FIG. 11.

Depending on the imaging modality and the organ under examination, boundary
extraction can be implemented using known techniques such as thresholding, edge detection,
etc., which are suitable for the given modality for determining the boundaries. For CT
volumetric colon images, however, certain factors are taken into consideration. For instance,
although the intensities of air, colon wall, and tagged residue typically fall within different
intensity ranges, accurate boundary extraction in CT images may not be achieved using a simple
thresholding approach due to non-uniform tagging and partial volume effects in the CT images.
For example, colon wall tissue often has an intensity around [-100, 50] HU and well-tagged
residue has intensity around [200, 800] HU. If a thin haustral fold submerges in well-tagged
residue puddle, the intensity of the colon wall of the thin fold may greater than 600 HU.

By way of specific example, FIG. 7 is an exemplary diagram of a CT image, wherein a
region (70) of the image includes a portion (71) of a colon wall that has a similar intensity value
as that of tagged residue portion (72) within the region (70). The shadowed region (71), which is
a thin haustral fold, is depicted as having an intensity of 719 HU, and the brighter region (72),
which is tagged puddle of residual fluid, is depicted as having an intensity of 823 HU.

Moreover, edge detecting methods which are based on intensity difference rather than
intensity range may be used for determining such boundaries. However, conventional edge
detection methods may not be applicable for CT images. For example, edge detection methods
are not particularly accurate for processing volumetric CT images having anisotropic voxel size.
Of course, the images can be re-sampled or interpolated into isotropic voxel size, but at the cost
of extra computation time. Second, electronic cleaning methods according to the invention are
preferably designed to extract a boundary layer (e.g., plurality of voxels in thickness) rather than
a line of edge curve (e.g., single voxel). The layer of the boundary represents the partial volume
effect, which results from the physical limitation of CT scanner. Third, it is well known that
most edge detection methods are sensitive to noise and the noise level of CT images usually is
high, which is not desirable.

FIG. 8 is a flow diagram that illustrates boundary detection methods according to
exemplary embodiments of the invention. In general, boundary detection methods according to
the invention include methods for extracting a boundary layer between different
tissues/materials using a maximal gradient approach, wherein the gradient is defined as a
directional first-order derivative. Exemplary boundary detection methods can be implemented

with medical images in which the integer grids have different unit lengths along different

15



10

15

20

25

30

WO 2005/036457 PCT/US2004/033888

coordinate directions due to the variation of scanning protocols. Indeed, anisotropic voxel size is
considered when computing a discrete first-order derivative in the digital images. Moreover,
exemplary boundary detection methods according to the invention take into consideration the
partial volume effect in CT images, wherein the tissue boundary usually forms a thick layer with
certain range (as opposed to an edge or a sharp curved line ). The intensity of voxels in a
boundary layer changes from one type to another. The extracted boundary layers include more
information with respect to tissue abnormalities or other tissue features, as compared to the
information provided by sharp boundary lines.

Referring to FIG. 8, a flow diagram illustrates a boundary layer detection method
according to an exemplary embodiment of the invention, which implements a maximal gradient
process. An initial step is to select n discrete directions in a 3-D image grid, which are to be
used for computing gradients (step 80).‘ For instance, FIG. 9 is an exemplary diagram that
illustrates an image grid coordinate system (95) and a plurality of selected directions (D1~D5).
In the exemplary embodiment, the X, Y, Z directions (D1, D2 and D3) correspond to the
orthogonal axial directions of the image grid coordinate system (95). The directions D4 and D5
denote diagonal directions on the X-Y plane. The selected directions will vary depending on
the application and should be uniformly covered in all directions so as to render the process
rotation independent (independent of differences of position (e.g., slight rotation) of the patient
during image acquisition) while balancing against the cost of computation (e.g., selection of too
many directions may be computationally expensive).

Each voxel of the imaged organ (e.g., the segmented colon region) is then processed
using various methods described hereafter to identify voxels that are part of boundary layers. In
the exemplary embodiment, the boundary layers within the imaged colon include air/colon wall,
tagged residue/colon wall and air/tagged residue boundaries. More specifically, for a selected
voxel (step 81), a first-order derivative is computed along each of the n directions for the
selected voxel (step 82). A GFV (gradient feature value) is determined for the selected voxel by
determining the maximum of the absolute value of the first-order derivatives associated with the
voxel (step 83) and then setting the determined maximum value as the GFV of that voxel (step
84).

The above process will be described by way of exxample with reference to the exemplary
diagrams of FIGs. 9 and 10, for example. FIG. 9 is an exemplary diagram illustrating 5
directions (D1~D5) in a Cartesian coordinate system (95) in which directional gradients are

computed for a given voxel, and FIG. 10 is an exemplary diagram that illustrates neighbor
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voxels that are used for computing selected directional gradients for a given voxel (Vcurrent).
For the following example, it is assumed that the imaged organ comprises a CT volumetric
image wherein the voxel size is approximately X:Y:7=0.7: 0.7: 1.0 mm, and five directional
derivatives are computed for each voxel in the image, in the directions (D1~D5) depicted in
FIG. 9. The X, Y, and Z are the orthogonal axial directions (D1), (D2) and (D3), respectively,
of the image grid coordinate system (95). The other directions (D4) and (D5) are diagonal
directions on the X-Y plane. In this example, the directional derivative computation is designed
for spiral CT images, wherein the Z direction (D3) typically has a longer step length than the
step lengths of the X and Y directions (D1 and D2). In other exemplary embodiments of the
invention where, e.g., CT images are acquired using multi-slice CT with isotropic voxel size, the
derivatives along diagonal directions in the X-Z and Y-Z planes should also considered.

'An exemplary process for determining a first-order derivative will now be discussed with
reference to expression (1) and FIG. 10. Assume X; denotes the intensity of i-th neighbor voxel
and Y= {y;:i=1,2, ..., 5} denotes a vector of directional derivatives. The following
expression (1) illustrates an exemplary method for determining the elements y; of ¥ for a given
voxel, wherein the exemplary neighborhood is depicted in FIG. 10 for computing selected

directional gradients for the given voxel (Vcurrent):

Yy =l X, —8x, +8x —x, | /(12'/%;) s V= X —8x +8x; —x, “(12'/1);)
Vs =] X5 —8x5 +8x;, — x5 | /(12"1.9:)’ Yo = X0 —8x, +8xy ~ x| /(120 1) @

Vs =[x —x17 | /(20 4;)

In expression (1), the term A. denotes the step length along direction “*”, and such terms are

scaled using scaling factors to account for the different lengths in the different directions for the
non-isotropic voxels. In the above example, the GFV for a given voxel is determined as
max{y; i = 1,2,3,4,5}. In other words, the GFV for a given voxel represents the direction and
magnitude of the greatest change in intensity with respect to the given voxel. The GFV is much
less sensitive to the image noise than value of single directional derivative.

The exemplary expression (1) comprises a central 5-point formula for non-Z directions
wherein the directional gradient is computed over a length of 5 voxels, and a central 3-point

formula for the Z direction wherein the directional gradient is computed over a length of 3
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voxels. Itis to be understood, however, that the methods of FIGs. 9 and 10 are merely
exemplary and the invention is not limited to the expression (1) and the neighborhood in FIG. 10
and that other formulas can be readily envisioned by one of ordinary skill in the art for
computing a first-order derivative taking into account voxel size for other applications.

Referring again to FIG. 8, after the GFV of the current voxel is determined, the GFV is
compared against a threshold GFV (step 85). By thresholding the GFV, the boundary layer can
be separated from the tissue homogeneous regions since such regions have much lower GFV as
compared to tissue boundary when the intensity dramatically changes. If the voxel GFV
exceeds the threshold (affirmative result in step 86), the voxel is tagged as a real boundary voxel
(step 89). The GFV threshold can be pre-set for a specific application. In one exemplary
embodiment for virtual colonoscopy CT images, the threshold can be set as 56. Therefore, in
FIG. 8, if the GFV of the selected voxel is greater than 56, the voxel is deemed a boundary voxel
(step 89), otherwise the voxel can be deemed to be in the homogeneous tissue region.

Purthermore, since the intensity for a tagged residue re gion having a non-uniform
tagging slowly varies, such intensity change does not contribute much to the GFV. As such, the
GFV threshold cannot be set too small. However, the GFV threshold cannot be too large since
the extracted boundary layer may not enclose the entire colon lumen. This is the result of non-
uniform range of partial volume effect along different directions. If the threshold for GFV
thresholding is reduced, the chance of enclosing the colon lumen increases. However, reducing
the threshold GFV increases the risk of over estimating the boundary layer.

To render boundary layer extraction method robust against sub-optimal GFV
thresholding, the thresholded GFV result can be fused with the low-level voxel classification
results (step 51, FIG. 5). In other words, the information from both voxel classification and
GFV are combined to achieve optimal estimation of the boundary layers. Referring to FIG. 8, a
given voxel will be deemed a real boundary voxel (step 89) if the GFV of the voxel is greater
than preset GFV threshold (affirmative result in step 86) or if based on the classification results,
the voxel is determined to be located at the edge of region where all voxels are in the same
cluster (i.e., the voxel is part of a boundary layer cluster as determined by the classifying the
voxels of the tagged region) (affirmative result in step 87). If neither condition (step 86 or 87)
is met, the voxel will be tagged as a non-boundary voxel (step 88) (e.g., tissue voxel or lumen
voxel). The exemplary methods (steps 81-89) are repeated for each remaining voxel until all the
yoxels in the desired image dataset have been processed (negative determination in step 90).

The results of the exemplary boundary layer extraction process of FIG. 8 is that each
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voxel is classified as a boundary or non-boundary voxel, which enables identification of
boundary layers in the imaged colon region between air/tagged region, air/colon wall, and
tagged region/colon wall. As noted above, after extraction of the boundary layers, the image
data is further processed to remove the tagged residue regions and to transform the boundary
layer between colon wall and tagged residue into a boundary layer between air and colon wall.
The reconstruction is implemented on each spatial separate region of tagged residue
independently using the same reconstruction process, but with different parameters to adaptively
adjust the process to each residue region to account for different tagging conditions.

More specifically, FIG. 11 is a flow diagram that illustrates a boundary layer
reconstruction method according to an exemplary embodiment of the invention. As noted
above, boundary layer reconstruction is applied to each region of tagged residue. In particular,
for a selected region of tagged residue (step 100), the intensity of each voxel that is tagged as a
non-boundary voxel is deemed part of the tagged residue and the intensity of the voxel is set to
an average air intensity Ty (step 101). For example, in CT images, air has an intensity of -850
HU, for example.

The remaining voxels for the selected tagged residue region include boundary voxels. In
particular, there are three types of boundary voxels in the tagged residue region: (1) boundary
voxels that are part of the air/tagged residue boundary; (2) boundary voxels that are part of the
colon wall/residue boundary; and (3) boundary voxels that are in proximity to air, colon wall
and tagged residue voxels. The first type of boundary voxels are readily detected because such
voxels are close to the air region and have greater GFV (e.g. GFV is larger than 500) since the
intensity change from air to the tagged region is the most dramatic in CT images.

For the boundary layer region having the first type of boundary voxel, a conditional
region growing algorithm is applied to the region to expand the region (air/tagged residue
boundary layer) into the tagged residue and air regions (step 102). In one exemplary
embodiment of the invention, a 6-connected 3-D region growing process which may be
implemented (step 102) is as follows:

Push the seed in the Queue

While( Queue is not empty )

Get the front voxel in the queue and denote its intensity as V..
Label the current voxel as in the region.
Check the 6 closest 3-D neighbors of the current voxel.

{

If the neighbor is not labeled as in the region, denote the neighbor intensity as V.

{
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If( (V. > 150 HU) && (V450 HU < Vy) && (Vi <350 HU)
{
Add this neighbor into the Queue

}
Else if( (V. <-100 HU) && (V50 HU > V,) && (Vo> Tai) )
{

Add this neighbor into the region

}
} // End of checking this neighbor

} // End of checking all neighbors
pop the front voxel from the Queue.
} // While()

The exemplary region growing process expands the region of the air/tagged residue
boundary layer (i.e., the partial volume layer between the tagged residue and the air lumen) and
the intensities of voxels in the expanded region are set to T, . The expended region may also
cover part of the boundary layer having the third type of voxels as described above.

Next, the remaining boundary layers having the second and third type of boundary
voxels are transformed into an air/colon wall boundary layer (step 103). More specifically, in
one exemplary embodiment of the invention, an intensity transformation process is applied to

the boundary voxels as follows:

If( Ve > Tave )
{
V= Tain
}
Else
{
Vf =%Sl_le___7_‘al,* (Tave "-Vc)+Tai"

ave ~ ‘tissue

b

where T,y denotes the average intensity of all boundary layer voxels of the second and third
type, Tissue denotes the average intensity of soft tissue around colon lumen (e.g. —50 HU), V,
denotes the intensity of the current boundary voxel, and where Vydenotes the transformed
intensity value of the current voxel.

In another exemplary embodiment, an intensity transformation process having a penalty

factor based on the GFV is applied to the boundary voxels as follows:
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If( Vo> Tave )
{

Ve= Tair§
}
Flse
{

T -T,
V =P & ~ tissue ar 4 (T __V +T
d (gf) Tave - "Z;isszce ( - C) v

}

where P(gg) is the penalty function, and where gr is the GFV value of the current voxel. The
range of the penalty function can be [0, B], where B > 1.

After applying an intensity transformation as above, electronic cleansing for the given
tagged residue region is complete. If there are remaining tagged residue regions to process
(affirmative determination in step 104), the above process (steps 101~103) are repeated for the
next selected tagged residue region. The boundary layer reconstruction process terminates when
all tagged regions have been processed.

It is to be appreciated that electronic cleansing methods according to exemplary
embodiments of the invention can be implemented with any modality of images having the same
feature in intensity. Moreover, a maximum directional gradient process as described herein can
also be applied to any modality of medical images for extraction of tissue boundary layer with
partial volume effects. For example, with MRI virtual cystoscopy, the bladder wall region could
be extracted with the exemplary maximum gradient method described above. Then, a texture
analysis can be applied to the bladder wall region. The texture indexes associated to voxels can
be mapped back to the original volumetric data and volume rendering in the endoluminal view
to facilitate detection of abnormality in the bladder wall.

It is to be further appreciated that methods and systems described herein could be applied
to virtually examine animals or inanimate objects. In. addition to medical applications, methods
described herein can be used to detect the contents of sealed objects which cannot be opened, or
some of the contents can be dyed to show contrast in the images.

Although exemplary embodiments have been described herein with reference to the
accompanying drawings, it is to be understood that the invention described herein is not limited
to those precise embodiments, and that various other changes and modifications may be affected
therein by one skilled in the art without departing from the scope or spirit of the invention. All
such changes and modifications are intended to be included within the scope of the invention as

defined by the appended claims.
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What Is Claimed Is:
1. An imaging method, comprising:
obtaining an image dataset of an organ;
processing the acquired image dataset to obtain feature data, wherein processing
comprises:
obtaining image intensity feature data from the image dataset;
processing the image intensity feature data to obtain gradient
feature data representing intensity change along each of a plurality of directions
in a region of interest in the acquired image dataset; and
processing the gradient feature data to determine boundary layers between
anatomical features of the imaged organ anad surrounding objects or materials in
the region of interest; and
rendering a multi-dimensional representation of the imaged organ using the obtained

feature data.

2. The method of claim 1, wherein the image intensity feature data comprises
intensity values for voxels of the image dataset, and wherein processing the image intensity
feature data to obtain gradient feature data comprises determining a gradient feature value

(GFV) for each voxel in the region of interest using a maximum directional gradient method.

3. The method of claim 2, wherein determinitag a GFV for a given voxel comprises:
determining an intensity gradient value for each of the plurality of directions based on

intensity values of neighboring voxels of the given voxel along each of the directions;
determining a maximum absolute value of the intensity gradient values; and

setting the GFV of the given voxel as the maximumm absolute intensity gradient value.

4, The method of claim 3, wherein determining an intensity gradient value for each
of the plurality of directions comprises applying a scaling factor for unit lengths along the

directions based on the voxel dimensions
5. The method of claim 2, wherein processing the gradient feature data to determine

boundary layers comprises:

comparing the GFV of each voxel to a threshold GFV; and
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labeling each voxel having a GFV that exceeds the threshold GFV as a boundary layer

voxel.

6. The method of claim 5, further comprising applying a voxel classification method

to cluster the voxels into a plurality of groups based on intensity values of the voxels.

7. The method of claim 6, further comprising using the classification resulis to
determine if a given voxel is a boundary layer voxel when the GFV of the given voxel does not
exceed the GFV threshold.

8. The method of claim 1, wherein rendering a multi-dimensional representation of
the imaged organ comprises rendering a three-dimensional model of the organ that enables

virtual endoscopic examination of the imaged organ.

9. The method of claim 1, wherein the organ comprises a colon and wherein the
boundary layers include a lumen/colon wall boundary layer, a lumen/colonic residue boundary

layer and a colonic residue/colon wall boundary layer.

10.  The method of claim 1, wherein processing the acquired image dataset comprises
segmenting the region of interest, wherein the region of interest comprises a cavity or lumen of

the organ, tagged regions within the cavity or lumen, and a wall of the organ.

11.  The method of claim 10, wherein processing the acquired image dataset further
comprises:

detecting tagged regions; and

changing image intensity values of the detected tagged region to an intensity value of

other tissue or material in the region of interest.

12. The method of claim 1, wherein processing the acquired image dataset further

comprises reconstructing a first type of boundary layer into a second type of boundary layer.

13. The method of claim 1, wherein processing the acquired image dataset comprises

automatically detecting organ abnormalities, if any, in the region of interest.
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14, The method of claim 1, wherein rendering a multi-dimensional representation of
the imaged organ using the obtained feature data comprises rendering a volumetric image using

image intensity feature data of an original volumetric image dataset.

15.  The method of claim 14, further comprising:
fusing additional feature data with the original volumetric image dataset to generated a
fused volumetric image dataset; and

rendering a multi-dimensional representation of the fused volumetric image dataset.

16.  The method of claim 1, wherein rendering is performed by volume rendering the

image dataset.

17.  The method of claim 16, wherein volume rendering comprises volume rendering

an inner surface of the organ at a viewpoint from within a cavity or lumen of the organ.

18.  The method of claim 17, wherein volume rendering the inner surface of the organ
comprises adjusting a color map to display potential abnormalities on the inner surface with

different color than normal regions of the inner surface of the organ.

19.  The method of claim 1, wherein acquiring an image dataset comprises acquiring
image data in a plurality of mpdalities and generating the image dataset by fusing image data of

different modalities.

20.  Animaging method, comprising:

obtaining an image dataset comprising image data of a colon that is prepared to tag
regions of colonic residue in a manner that enhances a contrast between tagged regions of
colonic residue in a lumen of the colon and a colon wall;

segmenting a region of interest in the image dataset, the region of interest comprising the
colon lumen, the colon wall, and regions of tagged residue in the colon lumen;

electronically cleaning the tagged residue in the colon lumen using a gradient feature

data obtained from the image dataset using a maximum directional gradient feature analysis; and
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rendering a volumetric image comprising an endoluminal view at a region within the

imaged colon.

21.  The method of claim 20, wherein segmenting comprises detecting and removing
regions of lung and bone in the image dataset by applying a low-level voxel classification

process and using a priori knowledge of anatomy.

22.  The method of claim 20, wherein segmenting is performed using a low-level

voxel classification process and a priori knowledge of anatomy.

P

23.  The method of claim 20, wherein the maximum directional gradient feature
analysis comprises:

selecting several discrete directions in an image grid space of the image dataset;

for each voxel in the segmented region of interest, determining a first-order derivative
along each selected direction from the voxel, determining a maximum absolute value of the
determined directional first-order derivatives; and setting a GFV (gradient feature value) of the

voxel as the determined maximum absolute value.

24.  The method of claim 23, wherein electronically cleaning comprises:

extracting boundary layers in the region of interest using the determined GFV of the
voxels in the region of interest, the boundary layers including a lumen/colon wall boundary
layer, lumen/tagged residue boundary layer, and a tagged residue/colon wall boundary layer;

removing tagged residue regions; and

transforming a tagged residue/colon wall boundary layer into a lumen/colon wall

boundary layer.

25.  The method of claim 24, wherein extracting boundary layers comprises:
comparing the GFV of each voxel to a threshold GFV; and
labeling each voxel having a GFV that exceeds the threshold GFV as a boundary layer

voxel.
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26.  The method of claim 25, further comprising applying a voxel classification

method to cluster the voxels into a plurality of groups based on intensity values of the voxels.

27.  The method of claim 26, further comprising using the classification results to
determine if a given voxel is a boundary layer voxel when the GFV of the given voxel does not
exceed the GFV threshold.

28.  The method of claim 24, wherein removing tagged residue regions comprises

transforming the intensity of voxels in the tagged region into a preset intensity.

29.  The method of claim 28, wherein the preset intensity comprises an average

intensity of air voxels in the volumetric image.

30.  The method of claim 24, wherein transforming a tagged residue/colon wall
boundary layer into a lumen/colon wall boundary layer is performed using a linear

transformation process.

31.  The method of claim 30, wherein the linear transformation process implements a

voxel GFV as a penalty term.

32.  The method of claim 23, wherein determining a first-order derivative along each
selected direction from the voxel is performed using equations for different ranges to reduce the

affects of noise.
33.  The method of claim 23, wherein determining a first-order derivative along each
selected direction from the voxel is performed using equations that include scaling factors based

on dimensions of the voxels.

34.  The method of claim 20, wherein rendering a volumetric image comprises

volume rendering an inner surface of the colon wall.
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35.  The method of claim 34, wherein volume rendering comprises rendering the
inner surface of the colon lumen with specific color map to display voxels of the colon wall in

different colors based on intensity ranges.

36.  The method of claim 20, further comprising automatically detecting potential

polyps, if any, on the colon wall.

37.  The method of claim 20, wherein rendering a volumetric image comprises fusing

the polyp detection results into the electronically cleaned volumetric image.

38.  The method of claim 20, wherein rendering a volumetric image comprises

rendering an electronically cleaned volumetric image.

39.  The method of claim 20, wherein acquiring an image dataset comprises acquiring
image data using two or more imaging modaljties and fusing the image data to form a

1

volumetric image dataset.

40. A bowel preparation method for preparing a colon for imaging, comprising
administering doses of contrast agents to an individual in combination with the individual
following a low-residue diet regimen for a period of time prior to acquiring image data of the

individual’s colon.

41.  The method of claim 40, wherein the contrast agents comprise a first contrast
agent including a barium sulfate solution and a second contrast agent comprising a diatrizoate

meglumine, and diatrizoate sodium solution.

42.  The method of claim 41, wherein administering doses of contrast agents
comprises administering 4 doses of the first contrast agent and 2 doses of the second contrast
agent in about a 36 hour period prior to image acquisition and wherein following a low-residue
diet regimen comprises following a fluid diet in about a 24 hour period prior to image
acquisition and eating meals including food items from a suggested food list for about 2 days

before the 24 hour period.
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43, The method of claim 41, wherein administering doses of contrast agents
comprises administering 4 doses of the first contrast agent and 2 doses of the second contrast
agent in about a 36 hour period prior to image acquisition and wherein following a low-residue
diet regimen comprises eating food from a meal kit in about a 24 hour period prior to image
acquisition and eating meals including food items from a suggested food list for about 2 days

before the 24 hour period.

44.  The method of claim 41, wherein administering doses of contrast agents
comprises administering 4 doses of the first contrast agent and 2 doses of the second contrast
agent in about a 36 hour period prior to image acquisition and wherein following a low-residue
diet regimen comprises eating meals including food items from a suggested food list for about 3

days before image acquisition.

45.  The method of claim 41, wherein administering doses of contrast agents
comprises administering 3 doses of the first contrast agent and 2 doses of the second contrast
agent in about a 24 hour period prior to image acquisition and wherein following a low-residue
diet regimen comprises following a fluid diet in about a 24 hour period prior to image

acquisition.
46.  The method of claim 41, wherein following a low-residue diet regime further
comprises eating meals including food items from a suggested food list for about 1 day before

the 24 hour period.

47.  The method of claim 40, wherein the bowel preparation process is a laxative and

suppository free bowel preparation process.

48.  The method of claim 40, further comprising distending the colon prior to image

acquisition.

49,  The method of claim 48, wherein distending the colon comprises forcing air or

carbon dioxide into the colon.
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50. A program storage device readable by a machine, tangibly embodying a program
of instructions executable by the machine to perform imaging method steps, the imaging method
steps comprising;:

obtaining an image dataset of an organ;

processing the acquired image dataset to obtain feature data, wherein processing
comprises:

obtaining image intensity feature data from the image dataset;

processing the image intensity feature data to obtain gradient
feature data representing intensity change along each of a plurality of directions
in a region of interest in the acquired image dataset; and

processing the gradient feature data to determine boundary layers between
anatomical features of the imaged organ and surrounding objects or materials in
the region of interest; and

rendering a multi-dimensional representation of the imaged organ using the obtained

feature data.

51. A program storage device readable by a machine, tangibly embodying a program
of instructions executable by the machine to perform imaging method steps, the imaging method
steps comprising:

obtaining, an image dataset comprising image data of a colon that is prepared to tag
regions of colonic residue in a manner that enhances a contrast between tagged regions of
colonic residue in a lumen of the colon and a colon wall;

segmenting a region of interest in the image dataset, the region of interest comprising the
colon lumen, the colon wall, and regions of tagged residue in the colon lumen;

electronically cleaning the tagged residue in the colon lumen using a gradient feature
data obtained from the image dataset using a maximum directional gradient feature analysis; and

rendering a volumetric image comprising an endoluminal view at a region within the

imaged colon.
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FOOD GROUPS FOOD ALLOWED FOODS TO AVOID

Breads White refined breads, rolls biscuits, | Whole grain flower products of any type and
muffins, crackers, pancakes and baked goods made with bran, nuts, seeds,
waffles coconut, fruits, bagels, cornbread or graham

crackers

Cereals Refined cooked cereals, including Oatmeal, any whole grained cereal bran or
cream of wheat, and farina, puffed | granola and any containing nuts, seeds,
wheat, puffed rice and rice krispies | coconut or dried fruit.

Desserts Plain cakes and cookies, water ices | Any desserts made with whole grain flour,
(Marinos), plain low-fat yogurt, bran, seeds, coconut, dried fruit, yogurts with
Jello, custard, grape or apple jelly, fruit skins or seeds or nuts, sherbets and
plain hard candy, marshmallows popcom. No chocolate.
and lite ice cream without nuts or
chocolate

Fruits Most canned or cooked fruits, Dried fruits, all berries, most raw fruit,
applesauce and ripe banana. except banana,

Potato and Potato Cooked white potato without the All others, including whole-wheat pasta,

Substitute skin, white rice, white pasta and egg | noodles, vegetable pastas, and sweet potato.
noodles

Vegetables Cooked fresh, frozen, or canned All others including raw and deep-fried
carrots, beets, asparagus tips, vegetables, broceoli, cauliflower cabbage,
French style string beans and pureed | spinach, sauerkraut, winter peas, corn, and
squash, spinach. any other vegetables with seed.

Fats Margarine, salad oil, lite salad Butter, any fat containing whole grain flour,
dressings, lite mayonnaise, and bramn, seeds, nuts, Coconut, or dried fruit.
plain gravy.

Meats and Meat Ground and well-cooked white meat | Red meat, BBQ or pickled meat, any made

Substitutes chicken and turkey, with skin with whole grain ingredients, seeds or nuts,
removed, Fish, shellfish, eggs, and | dried beans, peas, lentils, legumes, peanut
low-fat cheese. butter and whole milk Cheese.

Soups Bouillon, broth, low-fat cream made | All others.
with allowed vegetables, noodles,
rice, or refined white flour.

Beverages Decaffeinated liquids of all kinds, Espresso, frappucino, cappuccino, whole

Caffeinated beverages limited to 2-3
(10 oz.) cups per day, low- fat milk,
and strained fruit juices.

milk, fruit/vegetable juices containing pulp,
prune juice, and all alcoholic beverages.
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