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A virtual anatomical structure can be analyzed to determine
enclosing three-dimensional boundaries of features therein.
Various techniques can be used to determine tissue types in
the virtual anatomical structure. For example, tissue types
can be determined via an iso-boundary between lumen and
air in the virtual anatomical structure and a fuzzy clustering
approach. Based on the tissue type determination, a deform-
able model approach can be used to determine an enclosing
three-dimensional boundary of a feature in the virtual ana-
tomical structure. The enclosing three-dimensional bound-
ary can be used to determine characteristics of the feature
and classify it as of interest or not of interest.
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DETERMINATION OF FEATURE BOUNDARIES IN
A DIGITAL REPRESENTATION OF AN
ANATOMICAL STRUCTURE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims the benefit of Summers et
al., US. Provisional Patent Application No. 60/510,640,
entitled, “AUTOMATED IDENTIFICATION OF ILEOCE-
CAL VALVE,” filed Oct. 10, 2003, which is hereby incor-
porated by reference herein.

TECHNICAL FIELD

[0002] The field relates to software analysis of images.

BACKGROUND

[0003] Technology for non-invasive observation of soft
tissues of the body has provided significant advances in the
field of medicine. For example, a number of techniques now
make it possible to routinely image anatomical structures
such as the heart, colon, bronchus, and esophagus within the
body.

[0004] The widespread availability of skilled technicians
and reduction in cost of the necessary equipment has encour-
aged the use of non-invasive imaging as a part of routine
preventive care. Non-invasive imaging reduces the risk of
observation-related injury or complication and reduces dis-
comfort and inconvenience for the observed patient. These
advantages encourage patients to undergo more frequent
screening and permits earlier detection of potentially life-
threatening conditions. For example, malignant or prema-
lignant conditions can be identified and diagnosed at an
carly stage, when treatment is more likely to be successful.

[0005] In one commonly used imaging technique called
Computed Tomography Imaging (“CT Scan”), multiple two-
dimensional radiographic image cross-sections are taken of
a particular region of the patient’s body. A physician can
then analyze the sectioned images to detect any features
within the observed section and judge which features are of
interest, requiring further attention or treatment.

[0006] To assure adequate coverage of the section being
observed, a large number of cross-sectional slices can be
obtained to increase the observation resolution. However, as
the number of slices increases, the amount of data presented
to the physician becomes more difficult to efficiently ana-
lyze. Accordingly, various software techniques have been
applied with some success to aid in analyzing the data to
identify features.

[0007] Although progress has been made in employing
software to assist in detection of anatomical features, there
are significant limitations to the current automated tech-
niques. For example, one problem consistently plaguing
such systems is the overabundance of false positives when
detecting features of interest.

[0008] Typically, the software approach correctly identi-
fies features of interest (i.e., the software exhibits superior
sensitivity). However, the software also tends to incorrectly
identify too many structures as features of interest (i.e., the
software exhibits poor specificity). A feature incorrectly
identified as a feature of interest is called a “false positive.”
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[0009] False positives are troublesome because any iden-
tified positives must be considered and evaluated by a
human classifier (such as the physician or a technician).
Even if a feature can be quickly dismissed as a false positive,
too many false positives consume an inordinate amount of
time and limit the usefulness of the software-based
approach.

[0010] There thus remains a need for a way to improve the
computer-based approaches for identifying features of inter-
est in anatomical structures.

SUMMARY

[0011] Digital representations of portions of an anatomical
structure can be processed to determine an enclosing three-
dimensional boundary of features within the digital repre-
sentations. For example, polyp boundaries in a virtual colon
can be determined by software.

[0012] Components of the digital representation can be
categorized into tissue types (for example, lumen, polyp
tissue, and non-polyp tissue) based on proximity to an
iso-boundary between lumen and wall in the digital repre-
sentation and a curvature type of the iso-boundary. For
example, if a component is close to a convex iso-boundary,
its intensity can be adjusted to indicate that it is of polyp
tissue type. The intensities can then be used in later stages
to influence tissue type categorization and determination of
an enclosing three-dimensional boundary.

[0013] Various other techniques can be employed when
determining the boundary. For example, a fuzzy clustering
technique can be used when categorizing components into
tissue types. After categorizing components into tissue
types, a deformable model can be used to converge to the
boundary.

[0014] The techniques described herein can be applied in
a two-dimensional scenario, in which an enclosing two-
dimensional boundary is first determined in a two-dimen-
sional digital representation (for example, a slice of a
three-dimensional representation) and then propagated to
neighboring slices to result in an enclosing three-dimen-
sional boundary of a feature.

[0015] The techniques described herein can also be
applied in a three-dimensional scenario, in which an enclos-
ing three-dimensional boundary of a feature is determined
using three-dimensional techniques for tissue classification
and converging via a deformable surface to avoid propaga-
tion.

[0016] After an enclosing three-dimensional boundary has
been determined, a variety of feature characteristics can be
computed, which can be used to classify the feature as of
interest (for example, a polyp) or not of interest (for
example, normal tissue).

[0017] Features can be depicted in user interfaces, whether
or not an enclosing boundary is determined.

[0018] Additional features and advantages of the tech-
nologies described herein will be made apparent from the
following detailed description of illustrated embodiments,
which proceeds with reference to the accompanying draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0019] The patent or application file contains at least one
drawing executing in color. Copies of this patent or patent
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application publication with color drawing(s) will be pro-
vided by the Office upon request and payment of the
necessary fee.

[0020] FIG. 1 is a block diagram of an exemplary system
for processing a digital representation of at least a portion of
an anatomical structure with software to determine an
enclosing three-dimensional boundary of a feature repre-
sented in the digital representation.

[0021] FIG. 2 is a flowchart showing an exemplary
method for processing a digital representation to determine
an enclosing three-dimensional boundary of a feature rep-
resented in the digital representation.

[0022] FIG. 3 is a block diagram of an exemplary system
for processing a plurality of feature candidates with software
to classify the feature candidates.

[0023] FIG. 4 is a flowchart showing an exemplary
method for processing a plurality of feature candidates to
classify the feature candidates.

[0024] FIG. 5 is a block diagram of an exemplary system
for determining an enclosing three-dimensional boundary of
a feature via tissue types.

[0025] FIG. 6 is a flowchart showing an exemplary
method for determining an enclosing boundary of a feature
via tissue types.

[0026] FIG. 7 is a flowchart showing exemplary method
for determining an enclosing three-dimensional boundary
via converging via tissue type gradients.

[0027] FIG. 8 is a flowchart showing exemplary method
for determining an enclosing boundary via categorizing
curvature of an iso-boundary between lumen and wall,
classifying components into tissue type based on the iso-
boundary, and converging to an enclosing three-dimensional
boundary via tissue type gradients.

[0028] FIG. 9 is a block diagram of an exemplary system
for determining an enclosing three-dimensional boundary in
a digital representation of at least a portion of an anatomical
structure.

[0029] FIG. 10 is a block diagram of an exemplary system
for determining an enclosing three-dimensional boundary in
a digital representation of at least a portion of an anatomical
structure, via two-dimensional analysis of the digital repre-
sentation.

[0030] FIG. 11 is a block diagram of an exemplary system
for determining an enclosing three-dimensional boundary in
a digital representation of at least a portion of a virtual
anatomical structure, via three-dimensional analysis of the
digital representation.

[0031] FIG. 12 is a flowchart showing an exemplary
method for determining an enclosing three-dimensional
boundary in a digital representation of at least a portion of
a virtual anatomical structure, via a two-dimensional slice of
the digital representation.

[0032] FIG. 13 is a flowchart showing an exemplary
method for determining an enclosing three-dimensional
boundary in a digital representation of at least a portion of
a virtual anatomical structure, via three dimensional analy-
Sis.
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[0033] FIG. 14 is a block diagram of an exemplary system
for adjusting the intensity of components in a digital repre-
sentation of at least a portion of a virtual anatomical struc-
ture.

[0034] FIG. 15 is a flowchart showing an exemplary
method for adjusting the intensity of components in a digital
representation of at least a portion of a virtual anatomical
structure.

[0035] FIG. 16 is a block diagram of an exemplary system
for adjusting the intensity of pixels in a two-dimensional
digital representation of at least a portion of a virtual
anatomical structure.

[0036] FIG. 17 is a block diagram of an exemplary system
for adjusting the intensity of voxels in a three-dimensional
digital representation of at least a portion of a virtual
anatomical structure.

[0037] FIG. 18 is a flowchart showing an exemplary
method for adjusting the intensity of pixels in a two-
dimensional digital representation of at least a portion of a
virtual anatomical structure.

[0038] FIGS. 19A-C are screen shots of views of a portion
of a virtual colon, including screen shots showing adjusting
the intensity of pixels in a two-dimensional digital repre-
sentation.

[0039] FIG. 20 is a flowchart showing an exemplary
method for adjusting the intensity of voxels in a three-
dimensional digital representation of at least a portion of a
virtual anatomical structure.

[0040] FIGS. 21A-D are screen shots of views of a portion
of a virtual colon, including screen shots showing adjusting
the intensity of pixels in a two-dimensional digital repre-
sentation.

[0041] FIG. 22 illustrates the ray shooting technique for a
voxel in the exemplary method for adjusting the intensity of
voxels in a three-dimensional digital representation.

[0042] FIG. 23 is a block diagram of an exemplary system
for classifying components in a digital representation of at
least a portion of a virtual anatomical structure into biologi-
cal structural element types.

[0043] FIG. 24 is a flowchart showing an exemplary
method for classifying components in a digital representa-
tion of at least a portion of a virtual anatomical structure into
biological structural element types.

[0044] FIG. 25 is a flowchart showing an exemplary
method for classifying components in a digital representa-
tion of at least a portion of a virtual anatomical structure into
biological structural element types.

[0045] FIGS. 26A-D are screen shots of views of a portion
of a virtual colon, including screen shots in which the results
of an exemplary classifier are depicted using brightness.

[0046] FIGS. 27A-E are screen shots of views of a portion
of a virtual colon, including screen shots in which the results
of an exemplary classifier are depicted using brightness.

[0047] FIGS. 28A-D are screen shots of views of a portion
of a virtual colon, including screen shots in which the results
of an exemplary classifier are depicted using color or
shading levels.
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[0048] FIG. 29 is a block diagram of an exemplary system
for converging to the enclosing boundary of a feature in a
two-dimensional digital representation of at least a portion
of a virtual anatomical structure.

[0049] FIG. 30 is a block diagram of an exemplary system
for converging to the enclosing boundary of a feature in a
three-dimensional digital representation of at least a portion
of a virtual anatomical structure.

[0050] FIG. 31 is a flowchart of an exemplary method for
converging to the enclosing boundary of a feature in a
two-dimensional digital representation of at least a portion
of a virtual anatomical structure.

[0051] FIG. 32 is a flowchart of an exemplary method for
converging to the enclosing boundary of a feature in a
three-dimensional digital representation of at least a portion
of a virtual anatomical structure.

[0052] FIG. 33 is a flowchart showing an exemplary
method for converging to the enclosing boundary of a
feature in a two dimensional digital representation of at least
a portion of a virtual anatomical structure.

[0053] FIGS. 34A-D are screen shots of views of a portion
of a virtual colon, including screen shots in which the results
of an exemplary enclosing two-dimensional converger are
depicted.

[0054] FIGS. 35A-D are screen shots of views of a portion
of a virtual colon, including screen shots in which the results
of an exemplary enclosing two-dimensional converger are
depicted.

[0055] FIGS. 36A-D are screen shots of views of a portion
of a virtual colon, including screen shots in which the results
of an exemplary enclosing two-dimensional converger are
depicted.

[0056] FIG. 37 is a flowchart of an exemplary method for
converging to the enclosing boundary of a feature in a
three-dimensional digital representation of at least a portion
of a virtual anatomical structure.

[0057] FIG. 38 is a flowchart of an exemplary method for
converging to the enclosing boundary of a feature in a
three-dimensional digital representation of at least a portion
of a virtual anatomical structure.

[0058] FIGS. 39A-D are screen shots of views of a portion
of a virtual colon, including screen shots in which results of
an exemplary enclosing three-dimensional converger are
depicted.

[0059] FIG. 40 illustrates boundary maintainer operations
in the exemplary method for converging to the enclosing
boundary of a feature in a three-dimensional digital repre-
sentation of at least a portion of a virtual anatomical struc-
ture.

[0060] FIGS. 41A-C are screen shots of views of a portion
of a virtual colon, including screen shots in which the results
of an exemplary enclosing three-dimensional converger are
depicted.

[0061] FIGS. 42A-C are screen shots of views of a portion
of a virtual colon, including screen shots in which the results
of an exemplary enclosing three-dimensional converger are
depicted.
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[0062] FIGS. 43A-C are screen shots of views of a portion
of a virtual colon, including screen shots in which the results
of an exemplary enclosing three-dimensional converger are
depicted.

[0063] FIG. 44 is a block diagram of an exemplary system
for propagating converging to an enclosing two-dimensional
boundary to adjacent two dimensional slices of a digital
representation of at least a portion of a virtual anatomical
structure to determine an enclosing three-dimensional
boundary of a feature.

[0064] FIG. 45 is a flowchart showing an exemplary
method for propagating converging to an enclosing two-
dimensional boundary to adjacent two dimensional slices of
a digital representation of at least a portion of a virtual
anatomical structure to determine an enclosing three-dimen-
sional boundary of a feature.

[0065] FIG. 46 is a flowchart showing an exemplary
method for propagating converging to an enclosing two-
dimensional boundary to adjacent two dimensional slices of
a digital representation of at least a portion of a virtual
anatomical structure to determine an enclosing three-dimen-
sional boundary of a feature.

[0066] FIGS. 47A-E are screen shots of views of a portion
of a virtual colon, including screen shots in which the results
of an exemplary propagator are depicted.

[0067] FIG. 48 is a screen shot of propagated converged
enclosing two-dimensional boundaries of two-dimensional
slices of a portion of a virtual colon stacked together to form
an enclosing three-dimensional boundary of a digital repre-
sentation of a polyp.

[0068] FIGS. 49A-D are screen shots of views of virtual
colons, including screen shots of some typical polyp
examples in CT colonography.

[0069] FIGS. 50A-D are screen shots of views of virtual
colons, including screen shots of some typical polyp
examples in CT colonography.

[0070] FIG. 51 is a flowchart of an exemplary method for
determining polyp candidates from a digital representation
of a colon.

[0071] FIGS. 52A-D are screen shots of views of virtual
colons, including screen shots in which manual segmenta-
tion is displayed together with the experimental results of
boundary determination using an exemplary two-dimen-
sional method. Shading or colors are used to distinguish
between the contours.

[0072] FIGS. 53A-D are screen shots of views of virtual
colons, including screen shots in which the experimental
results of boundary determination using an exemplary two-
dimensional method are compared to the results using an
exemplary three-dimensional method. FIG. 53A is a screen
shot of the results of an exemplary three-dimensional seg-
mentation method displayed in a two-dimensional image.
FIG. 53B is a screen shot of the three-dimensional results of
an exemplary three-dimensional segmentation method for
the same portion of a virtual colon displayed in FIG. 53A.
FIG. 53C is a screen shot of the results of an exemplary
two-dimensional segmentation method on the same portion
of a virtual colon displayed in FIG. 53A. FIG. 53D is a
screen shot of the results of stacking propagated two-
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dimensional images to create a three-dimensional image of
the portion of a virtual colon displayed in FIG. 53C.

[0073] FIG. 54 is a block diagram of an exemplary
computer system for implementing the described technolo-
gies.

DETAILED DESCRIPTION

Overview of Technologies

[0074] The technologies described herein can be used in
any of a variety of scenarios in which identification of
features of interest in an anatomical structure is useful. For
example, when performing computer-aided detection of
polyps in a CT scan of the colon, identifying boundary
characteristics of polyps can be useful in that the character-
istics can be used to reduce the number of false positives to
be reviewed when reviewing the CT scan data (for example,
in a graphical depiction of the CT scan data).

[0075] A feature includes any structure or portion of a
structure occurring in an anatomical structure. Features can
include surface anomalies (e.g. wall surface anomalies), as
well as normal surface structures (e.g. valves). For example,
features include any number of cancerous or pre-cancerous
growths, lesions, polyps, valves, or other features.

[0076] A feature of interest includes any feature occurring
in an anatomical structure that is of interest. In practice,
features of interest can include those features that require
further review by a human reviewer. For example, features
of interest can include cancerous or pre-cancerous growths,
lesions, polyps, and the like.

[0077] In a fully automated system, the location, image,
and characteristics of features of interest can be provided as
a result. In a system with user (e.g. health specialist)
assistance, a feature can be presented to the user for con-
firmation or rejection of the feature as being of interest.
Those features confirmed as being of interest can then be
provided as a result.

[0078] A candidate feature of interest includes any feature
identified as a possible feature of interest by software. For
example, software may preliminarily identify a set of can-
didate features of interest (for example, polyp candidates),
some of which can include false positives. Software can then
identify the features of interest within the candidates (for
example, by determining a three-dimensional enclosing
boundary of the candidate features of interest).

[0079] A digital representation includes any digital repre-
sentation of an anatomical structure (or portion thereof)
stored for processing in a digital computer. For example,
representations can include two- or three-dimensional rep-
resentations (for example, one or more images) of portions
of an anatomical structure stored via a variety of data
structures. Representations can be composed of pixels, vox-
els, or other elements. A digital representation of an ana-
tomical structure is sometimes called “virtual” (for example,
a “virtual colon”) because it is a digital representation that
can be analyzed to learn about the represented anatomical
structure.

[0080] A component of a digital representation includes
any two-or three-dimensional element that composes a part
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of a representation of a portion of an anatomical structure
stored as an image. For example, pixels and voxels can be
components.

[0081] Abiological structure element includes tissue types
(for example, polyp and non-polyp) and lumen. In some
cases, it is convenient to refer to biological structure element
types as “tissue types.”

[0082] Enhancing includes the process of altering a digital
representation of an anatomical structure (or portion thereof)
for purposes of distinguishing between constituent parts. In
practice, such enhancing can alter component intensities to
better distinguish between features of interest and features
not of interest.

[0083] Segmenting includes the process of dividing a
digital representation of an anatomical structure into con-
stituent parts into which a body, entity, or quantity is divided
or marked off by or as if by natural boundaries. For example,
in the case of the virtual colon, a feature can be segmented
by two- or three-dimensional methods to determine the
interior components and/or boundaries of the feature.

[0084] Classifying includes classifying curvature types,
for example, designating the volumetric curvatures of the
iso-boundary between the lumen air and colon wall as
convex, flat, and concave.

[0085] Classifying also includes designating components
as polyp, non-polyp, and lumen air, whether by a hard or
fuzzy classification.

[0086] Classifying also includes designating an anomaly
as of interest or as not of interest (e.g., disqualifying a
candidate anomaly as being of interest). For example, in the
case of a virtual colon, an anomaly can be classified as a
polyp. In the example of the virtual bronchus, an anomaly
can be classified as a lesion.

[0087] Imaging includes any techniques for obtaining an
image of the inside of a body by transmitting electromag-
netic or sonic waves through the body. Imaging includes
radiographic images (with X-rays, for example CT), sonic
energy (such as ultrasound) and magnetic fields (such as
MRYI).

[0088] Proximity includes any measure of distance. For
example, distance in physical units, pixels, voxels, or the
like can be used. A threshold distance can be used to
determine whether a digital representation component is
proximate to another item, such as an iso-boundary.

[0089] An iso-boundary includes any boundary between
digital components having generally different properties,
thus grouping digital components having similar properties
on either side of the boundary. For example, an iso-value can
be used to determine an iso-boundary dividing digital rep-
resentation components (for example, dividing components
representing lumen and wall). Such an iso-value can be
intensity, an adjusted (for example, normalized) measure-
ment of intensity, attenuation, an adjusted (for example,
normalized) measurement of intensity or some combination
thereof. For example, a Hounsfield units iso-value can be
used to find a boundary between digital representation
components on either side of the iso-value, thus forming an
iso-boundary between lumen and wall.

[0090] After imaging is performed, automated detection of
polyps can result in a list of polyp candidates. Various
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characteristics of the polyp candidates (for example density,
volume, intensity, CT attenuation, aspect ratio, location
within the colon, boundary type and curvature, wall thick-
ness, anomaly neck, and the like) can be evaluated (or the
mean or standard deviation of such values) to describe a
polyp candidate or to determine whether the polyp candidate
is of interest or not. If a polyp candidate is identified as not
of interest, it can be acted upon accordingly (such as being
removed from the list of polyp candidates).

[0091] Tt is important that the polyps be detected because
they are often premalignant and are often prophylactically
removed to avoid development of gastrointestinal adenocar-
cinoma. Thus, early detection enables early treatment (such
as removal of the polyp) of possibly life-threatening condi-
tions.

Example 1

Exemplary System for Determining Boundary of a
Feature in a Digital Representation of an
Anatomical Structure

[0092] FIG. 1 shows an exemplary system 100 for deter-
mining an enclosing three-dimensional boundary 132 of a
feature in a digital representation 112 of at least a portion of
an anatomical structure.

[0093] The digital representation 112 is processed by the
software 122 to determine the enclosing three-dimensional
boundary 132 of at least one feature represented in the
digital representation 112. The software 122 can employ any
combination of the technologies described herein.

[0094] In any of the examples described herein, a variety
of feature characteristics can be determined via its enclosing
boundaries 132 if desired. For example, geometric and
volumetric characteristics can be determined via the enclos-
ing boundaries.

[0095] Further, the boundaries 132 can be depicted via
user interfaces. For example, a graphical depiction of a
feature via its enclosing three-dimensional boundary can be
displayed to a human classifier, who decides what action, if
any, to take. Such user interfaces can allow manipulation of
the graphical depiction, such as rotating, zooming, and the
like.

Example 2

Exemplary Method for Determining Boundary of a
Feature in a Digital Representation of an
Anatomical Structure

[0096] FIG. 2 shows an exemplary method 200 for deter-
mining an enclosing three-dimensional boundary of a fea-
ture represented in the digital representation. The method
can be performed, for example, by the system 100 of FIG.
1. The method 200 and any of the other methods described
herein can be performed by computer-executable instruc-
tions stored on one or more computer-readable media.

[0097] At 212, a digital representation (e.g., the digital
representation 112 of FIG. 1) representing at least one
feature in at least a portion of an anatomical structure is
received.

[0098] At 222, an enclosing three-dimensional boundary
of the feature in the digital representation is determined. As
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described in the examples, a variety of techniques can be
used for determining such a boundary. For example, tissue
types can be determined, and a boundary can be based on the
tissue types.

[0099] At 232, the enclosing three-dimensional boundary
of the feature can be stored in one or more computer-
readable media.

Example 3

Exemplary System for Classifying Candidates in a
Digital Representation via Boundary

[0100] FIG. 3 shows an exemplary system 300 for pro-
cessing a plurality of candidate features of interest with
software to classify the candidate features of interest. A
plurality of feature candidates 312 are received by the
software 322, which indicates the classifications of interest
332 or not of interest 334. For example, in a system for
identifying polyps in a virtual colon, a feature can be
classified as being of interest (for example, a polyp) or not
of interest (for example, not a polyp). Additional classifica-
tions are possible (e.g., classifying a candidate feature as
being a normal anatomical structure).

[0101] The software 322 can employ any combination of
the technologies described herein.

[0102] The feature candidates 312 can take a variety of
forms. For example, other software (not shown) can scan a
digital representation of at least a portion of an anatomical
structure and detect features as candidate features of interest
in the digital representation. Such an approach is described
in Summers et al., U.S. patent application Ser. No. 10/671,
749, filed Sep. 26, 2003, (“Summers I”) which is hereby
incorporated herein by reference.

[0103] The candidate features of interest 312 can then be
presented as regions associated with the detected features.
For example, a digital representation of a region including
and surrounding the feature, such as an n by n pixel region
(for example, 64x64 pixels or some other size) can be
submitted. One interior point of such a feature is sometimes
called a “seed.” In any of the examples described herein, a
digital representation of a region including and surrounding
such a feature detected by other software as a candidate
feature of interest can be used for a digital representation
(for example, used for the digital representation 112 of FIG.
1).

[0104] The classifications 332 and 334 can be represented
in a variety of ways. For example, a candidate can be
explicitly labeled as being of interest or not of interest. Or,
a list of features of interest can be maintained, and features
determined not to be of interest can simply be removed from
the list. In some cases, a feature need not be explicitly
classified. For example, processing may fail to find an
enclosing three-dimensional boundary for a feature because
it is not a feature of interest. In such a case, it can simply be
omitted from further presentation.

Example 4

Exemplary Method for Classifying Candidates in a
Digital Representation via Boundary

[0105] FIG. 4 shows an exemplary method 400 for pro-
cessing a plurality of candidate features of interest to clas-
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sify the candidate features of interest. The method 400 can
be performed, for example, by the system 300 of FIG. 3.

[0106] At 412, digital representations of candidate fea-
tures of interest (for example, the candidate features of
interest 312 of FIG. 3) are received. At 422, enclosing
three-dimensional boundaries of the candidates are deter-
mined via any of the technologies described in the examples
herein. Based on the enclosing three-dimensional bound-
aries of the candidates, the candidates are classified at 432
(for example, into the classifications 332 and 334 of FIG. 3).
The action of classification can be added to any of the
methods described herein in which an enclosing three-
dimensional boundary is determined. Classification can be
based on a variety of characteristics, such as geometric and
volumetric characteristics as determined via the enclosing
three-dimensional boundary.

Example 5

Exemplary System for Determining an Enclosing
Three-Dimensional Boundary via Tissue Types

[0107] FIG. 5 shows an exemplary system 500 for deter-
mining an enclosing three-dimensional boundary via tissue
types. A tissue classifier 522 can receive a digital represen-
tation 512 (for example, the digital representation 112 of
FIG. 1) and determine indications of tissue types 532 for
respective components of the digital representation. As
described herein, the indications of tissue types can indicate
a tissue type membership value indicative of a probability of
tissue type membership for a component of the digital
representation.

[0108] A boundary determiner 542 can then receive the
indications of tissue types 532 and determine an enclosing
three-dimensional boundary 552 of a feature in the digital
representation 512.

Example 6

Exemplary Method for Determining an Enclosing
Three-Dimensional Boundary via Tissue Types

[0109] FIG. 6 shows an exemplary method 600 for deter-
mining an enclosing three-dimensional boundary via tissue
types. The method 600 can be performed, for example, by
the system 500 of FIG. §.

[0110] At 612, a digital representation (for example, the
digital representation 112 of FIG. 1) representing at least
one feature is received. At 632, components of the digital
representation are classified based at least on proximity of a
component to an iso-boundary between lumen and wall in
the digital representation and curvature type of the iso-
boundary. For example, for a particular digital representa-
tion component that is close to an iso-boundary of a convex
curvature type, a tissue type indicative of a polyp can be
assigned.

[0111] At 642, based on the tissue types, an enclosing
three-dimensional boundary of the feature is determined.
For example, boundaries between the tissue types can be
detected and used for determining an enclosing three-di-
mensional boundary. At 652, the boundary is stored.

Example 7

Exemplary Method for Determining an Enclosing
Three-dimensional Boundary via Tissue Types
[0112] FIG. 7 shows an exemplary method for determin-
ing an enclosing three-dimensional boundary via converging
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via tissue type gradients. The method 700 can be performed,
for example, by the system 500 of FIG. 5.

[0113] At 712, a digital representation (for example, the
digital representation 112 of FIG. 1) representing at least
one feature is received. At 732, components of the digital
representation are classified into tissue types. At 742, the
enclosing three-dimensional boundary of the feature is con-
verged to via tissue type gradients.

[0114] At 752, the three-dimensional enclosing boundary
of the feature is stored.

Example 8

Exemplary Method for Determining an Enclosing
Three-Dimensional Boundary via Tissue Types

[0115] FIG. 8 shows an exemplary method for determin-
ing an enclosing three-dimensional boundary via converging
via tissue type gradients. The method 800 can be performed,
for example, by the system 500 of FIG. 5.

[0116] At 812, a digital representation (for example, the
digital representation 112 of FIG. 1) representing at least
one feature is received. At 822, curvature of an iso-boundary
between lumen and wall of the digital representation is
categorized into a curvature type.

[0117] At 832, components of the digital representation
are classified based at least on proximity of a component to
an iso-boundary between lumen and wall in the digital
representation and curvature type of the iso-boundary.

[0118] At 842, the enclosing three-dimensional boundary
of the feature is converged to via tissue type gradients. At
852, the enclosing three-dimensional boundary of the fea-
ture is stored.

Example 9

Exemplary Characteristics Based on Boundary

[0119] In any of the examples herein, after an enclosing
three-dimensional boundary of a feature has been deter-
mined, a variety of characteristics can be computed based on
the boundary. For example characteristics within the bound-
ary, along the boundary, or both can be computed. The
boundary itself can be included when determining charac-
teristics within a boundary.

[0120] Such characteristics can include density, volume,
intensity, attenuation (for example, CT attenuation), location
within the colon, boundary type, boundary curvature, wall
thickness, feature aspect ratio, location within the anatomi-
cal structure, neck characteristics, and the like. Means (for
example, mean attenuation) or standard deviations of such
values can also be used as characteristics of a feature.

[0121] The characteristics can be used when software
describes the feature or when classifying a feature (for
example, as of interest or not of interest).

Example 10

Exemplary Classification of Features Based on
Boundary

[0122] The characteristics computed for a feature can be
compared with paradigmatic characteristics of digital rep-
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resentations of known polyp, lesion, or non-polyp structure
characteristics. Based on determining that the digital repre-
sentation has the characteristics of a polyp, lesion, or non-
polyp structure, a feature can be classified accordingly.

[0123] To achieve classification, characteristics can be
used as input to a classifier, such as a rule-based system, a
neural network, or a support vector machine. The classifier
can draw upon the various characteristics to provide a
classification of the candidate feature of interest.

[0124] For example, the digital representation can be
removed from a list of polyp candidates or depicted distinc-
tively in a visual depiction.

Example 11

Exemplary Anatomical Structures

[0125] The technologies described herein can be applied
to a variety of anatomical structures. For example, the
technologies can be applied to the colon, bronchus, esopha-
gus, blood vessels, bladder, urinary tract, billiary tract,
cerebrospinal spinal fluid containing spaces of the brain,
paranasal sinuses, chambers of the heart, or the like.

Example 12

Exemplary Enclosing Boundary

[0126] An enclosing boundary can include any boundary
that encloses a feature. The boundary can be a surface or at
the surface of the feature. In some cases, the boundary may
not be exact, so it may be somewhat outside or inside the
feature itself.

Example 13

Exemplary System for Determining Enclosing
Three-Dimensional Boundary of a Feature

[0127] FIG. 9 shows an exemplary system 900 for deter-
mining an enclosing three-dimensional boundary of a fea-
ture. A component and biological structural element type
enhancer 920 can receive a digital representation 910 (for
example, the digital representation 112 of FIG. 1) and
enhance (for example, alter) the intensities of respective
components and biological structural element types for
respective components 930 of the digital representation. A
boundary determiner 940 (for example, the boundary deter-
miner 542 of FIG. 5) can then receive the enhanced com-
ponents and biological structural element types for respec-
tive components and determine an enclosing three-
dimensional boundary 950 (for example, the enclosing
three-dimensional boundary 552 of a feature of FIG. 5).

Example 14

Exemplary System for Determining Enclosing
Three-Dimensional

[0128] Boundary of a Feature via Two-Dimensional
Analysis FIG. 10 shows an exemplary system 1000 for
determining an enclosing three-dimensional boundary of a
feature in a two-dimensional digital representation scenario.
A two-dimensional component adjuster 1020 can receive a
two-dimensional slice of a digital representation 1010 (for
example, the digital representation 112 of FIG. 1) and

Apr. 14, 2005

enhance the intensities of respective components 1030 of the
digital representation. A two-dimensional classifier 1040
(for example, the biological structural element classifier 522
of FIG. 5) can receive the enhanced components and
determine biological structural element types of respective
components of the digital representation 1050. A two-di-
mensional boundary converger 1060 can then receive the
biological structure element types in a two-dimensional slice
of the digital representation and determine an enclosing
two-dimensional boundary of the feature 1070 via biological
structural element type gradients. A propagator 1080 can
receive an enclosing two-dimensional boundary of the fea-
ture and propagate the two-dimensional converger 1060 to
adjacent two-dimensional slices of the digital representa-
tions of the feature. A propagator 1080 then combines
multiple adjacent slices of two-dimensional boundaries of
the feature to form an enclosing three-dimensional boundary
of the feature 1090.

Example 15

Exemplary System for Determining Enclosing
Three-Dimensional

[0129] Boundary of a Feature via Three-Dimensional
Analysis FIG. 11 shows an exemplary system 1100 for
determining an enclosing three-dimensional boundary of a
feature. A three-dimensional component adjuster 1120 can
receive a digital representation 1110 (for example, the digital
representation 112 of FIG. 1) and enhance the intensities of
respective components 1130 of the digital representation. A
three-dimensional classifier 1140 (for example the biologi-
cal structural element classifier 522 of FIG. 5) can receive
the enhanced components and determine biological struc-
tural types of respective components of the digital repre-
sentation 1150. A three-dimensional boundary converger
1160 can then receive the biological structure element types
in the digital representation and determine an enclosing
three-dimensional boundary of the feature 1170.

Example 16

Exemplary Method for Determining Enclosing
Three-Dimensional Boundary of a Feature via
Two-Dimensional Analysis

[0130] FIG. 12 shows an exemplary method for determin-
ing an enclosing three-dimensional boundary of a feature,
via a two-dimensional slice of the digital representation. The
method 1200 can be performed, for example, by the system
1000 of FIG. 10.

[0131] At 1212, a digital representation (for example, the
digital representation 112 of FIG. 1) representing at least
one feature is received. At 1214, intensity of pixels is
adjusted based on at least proximity of a pixel to an
iso-boundary between lumen and wall in the digital repre-
sentation and curvature type of the iso-boundary.

[0132] At 1216, biological structural element membership
values are determined for pixels based on at least the
intensity of the pixels.

[0133] At 1218, the enclosing two-dimensional boundary
of the feature is converged to via biological structural
element membership type gradients. At 1220, the enclosing
two-dimensional boundary of a two-dimensional slice of the
feature is stored.
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[0134] At 1222 the converging to the two-dimensional
boundary of a feature via biological structural element
membership type gradients is propagated to adjacent two-
dimensional slices of the feature. At 1224, the enclosing
two-dimensional boundaries of adjacent two-dimensional
slices of the feature are stored.

[0135] At 1226, the adjacent enclosing two-dimensional
boundaries of the feature are combined to create an enclos-
ing three-dimensional boundary of the feature.

Example 17

Exemplary Method for Determining Enclosing
Three-Dimensional Boundary of a Feature via
Three-Dimensional Analysis

[0136] FIG. 13 shows an exemplary method for determin-
ing an enclosing three-dimensional boundary of a feature,
via three-dimensional analysis of the digital representation.
The method 1300 can be performed, for example, by the
system 100 of FIG. 11.

[0137] At 1312, a digital representation (for example, the
digital representation 112 of FIG. 1) representing at least
one feature is received. At 1314, intensity of voxels is
adjusted based on at least proximity of a voxel to an
iso-boundary between lumen and wall in the digital repre-
sentation and curvature type of the iso-boundary.

[0138] At 1316, biological structural element membership
values are determined for voxels based on at least the
intensity of the voxels.

[0139] At 1318, the enclosing three-dimensional boundary
of the feature is converged to via biological structural
element membership type gradients. At 1320, the enclosing
three-dimensional boundary of the feature is stored.

Example 18

Exemplary System for Adjusting the Intensity of
Components of a Digital Representation

[0140] FIG. 14 shows an exemplary system 1400 for
adjusting the intensity of components of a digital represen-
tation. An iso-boundary categorizer 1420 can receive a
digital representation 1410 (for example, the digital repre-
sentation 112 of FIG. 1) and determine indications of
curvature types 1430 of iso-boundary between lumen and
wall. A component scorer 1440 can then receive the indi-
cations of curvature types 1430 and determine scores for
components 1450 in the digital representation. A component
enhancer 1460 can then receive the scores for components
1450 and enhance components 1470 in the digital represen-
tation.

Example 19

Exemplary Method for Adjusting the Intensity of
Components of a Digital Representation

[0141] FIG. 15 shows an exemplary method for adjusting
the intensity of components of a digital representation. The
method 1500 can be performed, for example, by the system
1400 of FIG. 14.

[0142] At 1502, a digital representation (for example, the
digital representation 112 of FIG. 1) representing at least
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one feature is received. At 1504, curvature of an iso-
boundary between lumen and wall of the digital represen-
tation is categorized into a curvature type.

[0143] At 1506, components of the digital representation
are scored based at least on proximity of a component to an
iso-boundary between lumen and wall in the digital repre-
sentation and curvature type of the iso-boundary.

[0144] At 1508, components of the digital representation
are enhanced based at least on score of a component. At
1510, the enhanced components of the digital representation
are stored.

Example 20

Exemplary System for Adjusting the Intensity of
Pixels of a Two-Dimensional Digital
Representation

[0145] FIG. 16 shows an exemplary system 1600 for
adjusting the intensity of pixels of a two-dimensional digital
representation. A two-dimensional iso-boundary categorizer
1620 can receive a digital representation 1610 (for example,
the digital representation 112 of FIG. 1) and determine
indications of curvature types 1630 of iso-boundary between
lumen and wall. A pixel scorer 1640 can then receive the
indications of curvature types 1630 and determine scores for
pixels 1650 in the digital representation. A pixel enhancer
1660 can then receive the scores for pixels 1650 and enhance
pixels 1670 in the digital representation.

Example 21

Exemplary System for Adjusting the Intensity of
Voxels of a Three-Dimensional Digital
Representation

[0146] FIG. 17 shows an exemplary system 1700 for
adjusting the intensity of pixels of a three-dimensional
digital representation. A three-dimensional iso-boundary
categorizer 1720 can receive a digital representation 1710
(for example, the digital representation 112 of FIG. 1) and
determine indications of curvature types 1730 of iso-bound-
ary between lumen and wall. A voxel scorer 1740 can then
receive the indications of curvature types 1730 and deter-
mine scores for voxels 1750 in the digital representation. A
voxel enhancer 1760 can then receive the scores for voxels
1750 and enhance voxels 1770 in the digital representation.

Example 22

Exemplary Method for Adjusting the Intensity of
Pixels of a Two-Dimensional Digital
Representation

[0147] FIG. 18 shows an exemplary method 1800 for
adjusting the intensity of pixels of a two-dimensional digital
representation. The method 1800 can be performed, for
example, by the system 1600 of FIG. 16.

[0148] At 1812 a digital representation (for example, the
digital representation 112 of FIG. 1) representing at least
one feature is received.

[0149] At 1814, iso-boundary between lumen and wall of
the digital representation can be determined. Since lumen air
has HU (Hounsfield units) number around —1000 and soft
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tissue has HU number larger than —500, the two-dimensional
iso-boundary can be accurately located using an iso-value
somewhere between the two values (for example, =700 or
around —700).

[0150] At 1816, volumetric curvatures of the two-dimen-
sional iso-boundary can be determined by using first and
second derivatives of the image intensity. One equation that
can be used is shown in (1), where K is the volumetric
curvature, f,, f, are first derivatives of the image intensity,

and f,, £, f | are second derivatives of the image intensity.

Fof} =2l by + Sy 2 M
K —— - =
SE+ 17

[0151] At 1818, volumetric curvatures of the two-dimen-
sional iso-boundary can be classified into classes at least
according to curvatures. A threshold value of curvature (C,;)
can be used to classify different types of iso-boundaries. One
threshold value that can be used is a C,, of 0.15 pixel™.
Three classes of iso-boundaries that can be used are convex,
flat, and concave. Iso-boundaries with curvature greater than
C,, can be classified as concave iso-boundaries, those with
curvatures smaller than —C,, can be classified as convex
iso-boundaries, and the rest can be classified as flat iso-
boundaries.

[0152] At 1820, a sct of evenly spaced rays can be sent
from a pixel in different directions to a predetermined
distance to determine a location of the pixel relative to the
iso-boundaries. One method that can be used is sending rays
(for example, 24 rays or some other number) from a pixel,
with an equal spacing (for example, of 15 degrees), to a
distance of the maximum diameter of a polyp (for example,
30 mm). A shooting ray stops when it hits the iso-boundary
or reaches the shooting distance.

[0153] At 1822, a score for aray can be determined at least
by proximity to an iso-boundary between lumen and wall in
the digital representation and curvature type of the iso-
boundary. One scoring scheme that can be used according to
a pixel’s hitting situation is shown in Equation (2A), where
E is the score of a shooting ray, d,(v)is a shooting direction
from pixel v, and s is the shooting distance. Under this
scoring scheme, the ray will be awarded a high score if it is
next to convex iso-boundaries, and will be penalized if it is
not. Convex boundaries can be associated with potential
polyp regions.

2, hit a convex boundary within distances (2A)
Fd 1, hit a flat boundary within distances
V), s) = . e s
@, 5 0, hit a concave boundary within distances

—1, no hit within distances

[0154] At 1824, a score of a pixel can be determined based
at least on the scores of the set of evenly spaced rays sent
from the pixel in different directions. One scoring scheme
that can be used is shown in Equation (2B), where the score
of pixel v is the sum of the scores of the rays E(d,(v), s) sent
in ray directions Nd.
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N (2B)
score(v) = Z E(dy(v), 5)

k=1

[0155] At 1828, intensity of a pixel of the digital repre-
sentation can be adjusted based at least on the score of the
pixel determined by at least the proximity of the pixel to an
iso-boundary between lumen and wall in the digital repre-
sentation and curvature type of the iso-boundary. One
adjustment scheme that can be used is shown in Equation
(3), where the intensity of a pixel is increased if it is in a
potential polyp region; otherwise the intensity is decreased.
In this way, the intensities can be enhanced to distinguish
candidates of interest from candidates not of interest.

100HU, if score (v) > Nd/2 3

. S0HU,if Nd/2 = score (v) = Nd/4
Adjustment(v) =
OHU, if Nd/4 > score (v) =0

—50HU, if score (v) <0

[0156] At 1830, the enhanced pixel of the digital repre-
sentation is stored.

Example 23

Exemplary Distinctive Depiction of a Method for
Adjusting the Intensity of Pixels of a
Two-Dimensional Digital Representation

[0157] Exemplary screen shots of views of an exemplary
depiction of a method of adjusting the intensity of pixels of
a two-dimensional digital representation of an anatomical
structure are shown in FIGS. 19A-C. The depicted screen
shots in any of the examples herein can be presented by
software as part of a software user interface.

[0158] The screen shot of the digital representation 1912
of FIG. 19A (for example, the digital representation 112 of
FIG. 1) displays polyp and non-polyp tissue regions with
similar intensity values. The screen shot 1922 of FIG. 19B
displays sending a set of rays (for example a set of rays 1820
in FIG. 18) from a pixel of the digital representation to
determine its score. The screen shot 1932 of FIG. 19C
displays the digital representation after the intensity of the
pixels have been adjusted according to their scores. The
enhancement can assist in visually distinguishing polyps
from non-polyps as well as influencing later automated
processing.

Example 24

Exemplary Method for Adjusting the Intensity of
Voxels of a Three-Dimensional Digital
Representation

[0159] FIG. 20 shows an exemplary method 2000 for
adjusting the intensity of voxels of a three-dimensional
digital representation. The method 2000 can be performed,
for example, by the system 1700 of FIG. 17.
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[0160] At 2010 a digital representation (for example, the
digital representation 112 of FIG. 1) representing at least
one feature is received.

[0161] At 2020, an iso-boundary between lumen and wall
of the digital representation can be determined. Since lumen
air has HU (Hounsfield units) number around —1000 and soft
tissue has HU number larger than -500, the three-dimen-
sional iso-boundary can be accurately located using an
iso-value in between the two values (for example, —700 or
around —700).

[0162] At 2030, volumetric curvatures of the three-dimen-
sional iso-boundary can be determined by convolving the
three-dimensional digital representation with Gaussian func-
tion to be an infinitely differentiable three-dimensional func-
tion f(x,y,z). One equation that can be used to determine the
mean curvature of an iso-boundary point is shown in Equa-
tion (4), where K is the volumetric curvature, f, f, and f, are
first order derivatives of the image intensity, and {,_, f, T,
f,y, f,,, L, are second order derivatives of the image inten-
sity.

P+ fo) = 20 fofoe + fE (e + f) — @
2ffefer + fzz(fxx +fw) =266 y
L2+ fE+ 2112

[0163] At 2040, volumetric curvatures of the three-dimen-
sional iso-boundary can be classified into classes at least
according to curvatures. A threshold value of curvature (C,;)
can be used to classify different types of iso-boundaries. One
threshold value that can be used is a C,;, of 0.2 mm™. Three
classes of iso-boundaries that can be used are convex, flat,
and concave. Iso-boundaries with curvature greater than C,;,
can be classified as concave iso-boundaries, those with
curvatures smaller than —C,, can be classified as convex
iso-boundaries, and the rest can be classified as flat iso-
boundaries. Other thresholds can be used as desired.

[0164] At 2050, a sct of evenly spaced rays can be sent
from a voxel in different directions to a predetermined
distance to determine a location of the voxel relative to the
iso-boundaries. A spiral-point technique can be used to
generate uniformly distributed points on a sphere. Spherical
coordinates (8, ¢), 0=0=n, 0=¢=2m, can be used to
compute the directions of out-shooting rays using the equa-
tions (5), where k is the ray index, 0£Kk=N, N is the total
number of rays, d, is the shooting direction of ray k. A
shooting ray stops when it hits the iso-boundary or reaches
the shooting distance. One method that can be used is
sending a set of rays (for example, 50 rays) from a voxel, to
a distance of the maximum diameter of a polyp (for
example, 30 mm).

2k -1) (&)

he=-1+5—1

6, = arccos(fy)
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mod 27
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[0165] At2060, a score for a ray can be determined at least
by proximity of an iso-boundary between lumen and wall in
the digital representation and curvature type of the iso-
boundary. One scoring scheme that can be used according to
a voxel’s hitting situation is shown in Equation (6), where E
is the score of a shooting ray, d, is a shooting direction from
voxel v, and m is the shooting distance. Under this scoring
scheme, the ray will be awarded a high score if it is close to
convex iso-boundaries, and will be penalized if it is not.
Convex boundaries can be associated with potential polyp
regions.

E(v, dy, m) = ©

1, hit a convex boundary within distance m
0.5, hit a flat boundary within distance m
—1,hit a concave boundary within distance m

—1, no hit within distance m

[0166] At 2070, a score of a voxel can be determined
based at least on the scores of the set of evenly spaced rays
sent from the voxel in different directions. Once scoring
scheme that can be used is shown in Equation (7), where the
voxel score v is the sum of the scores of the rays E(v,d,,m)
sent in ray directions N.

N @
score(v) = Z E(, dy, m)
k=1

[0167] At 2080, intensity of a voxel of the digital repre-
sentation can be adjusted based at least on the score of the
voxel determined by at least the proximity of the voxel to an
iso-boundary between lumen and wall in the digital repre-
sentation and curvature type of the iso-boundary. One
adjustment scheme that can be used is shown in Equation
(8), where r is the adjustment rate.

Adjustment(v)=score(v)xr (8

[0168] One method that can be used is r=10HU. The
intensity of a voxel is increased (for example by adjust-
ment(v) shown Equation (8)) if it is in a potential polyp
region; otherwise the intensity is decreased. Such an
approach can enhance intensities to better distinguish fea-
tures of interest and features not of interest.

[0169] At 2090, the enhanced voxel of the digital repre-
sentation is stored.



US 2005/0078858 Al

Example 25

Exemplary Distinctive Depiction of a Method for
Adjusting the Intensity of Voxels of a
Three-Dimensional Digital Representation

[0170] Screen shots of views of an exemplary depiction of
a method of adjusting the intensity of voxels of a three-
dimensional digital representation of an anatomical structure
are shown in FIGS. 21A-D. The screen shot of one slice of
a three-dimensional digital representation 2112 of FIG. 21A
(for example, the digital representation 112 of FIG. 1)
displays polyp and non-polyp tissue regions with similar
intensity values. The screen shot 2122 of FIG. 21B displays
a curvature map depicting iso-boundaries classified by cur-
vature (for example classification 2040 of FIG. 20) in
different shading or coloring to reflect respective classifica-
tions. The screen shot 2132 of FIG. 21C depicts shooting
rays from two voxels of a digital representation to determine
their scores. Voxel A in FIG. 21C (at the center of the rays)
is in the potential polyp region and can be given a high score
since half of its shooting rays hit convex boundaries. Voxel
B in FIG. 21C (at the center of the rays) is in a potential
non-polyp region and can be given a low or negative score
since all of its out-shooting rays either hit a concave bound-
ary or hit no boundaries. The screen shot 2142 of FIG. 21D
displays the digital representation after the intensity of the
voxels have been adjusted according to their scores. The
enhancement can assist in visually distinguishing polyps
from non-polyps as well as influencing later automated
processing.

Example 26

Exemplary Distinctive Depiction of a Method for
Shooting Evenly Spaced Rays from a Voxel of a
Three-Dimensional Digital Representation

[0171] FIG. 22 illustrates a method 2212 for sending a set
of evenly spaced rays 2222 in different directions from a
voxel 2232 (for example, method 2050 of FIG. 20) of a
digital representation. Any number of other configurations
can be used. In practice, more rays can be used than shown,
and the rays may have longer lengths.

Example 27

Exemplary System for Classifying Components of
a Digital Representation into Biological Structural
Element Types

[0172] FIG. 23 shows an exemplary system 2300 for
classifying components of a digital representation represent-
ing at least one feature into different biological structural
element types (for example, lumen, polyp, and non-polyp).
A fuzzy c-means clustering approach can be used.

[0173] A centroid adjuster 2318 can receive intensity
enhanced components of a digital representation 2312 (for
example, the enhanced components 1470 of FIG. 14) and
initial centroids 2316. The initial centroids can indicate an
intensity for the various biological structural elements (for
example, a centroid for lumen, a centroid for polyp tissue,
and a centroid for non-polyp tissue). The initial centroids
can be based at least in part on the digital representation
2312.

11
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[0174] A centroid adjuster can then use a fuzzy c-means
clustering technique to produce membership functions 2324
having adjusted centroids. The membership functions 2324
can indicate ranges for determining membership in the
various biological structural element types.

[0175] A component classifier 2332 can use the member-
ship functions 2324 to classify the components of the digital
representation 2312 into different biological structural ele-
ment types (for example, whether a voxel or pixel is of type
lumen, polyp, or non-polyp). While a component can be
conclusively classified as lumen, polyp, or non-polyp, such
a hard classification may not be advantageous as shown in
other examples. Instead a membership value (for example,
indicating probability of membership) can be used.

Example 28

Exemplary Method for Classifying Components of
a Digital Representation into Biological Structural
Element Types

[0176] FIG. 24 shows an exemplary method for classify-
ing components of a digital representation into biological
structural element types. The method 2400 can be per-
formed, for example, by the system 2300 of FIG. 23.

[0177] At 2410, intensity enhanced components of a digi-
tal representation (for example, the enhanced components
1470 of FIG. 14) representing at least one feature can be
received.

[0178] At 2420, biological structural element type cen-
troids can be determined for the digital representation.

[0179] At 2430, biological structural element type mem-
bership values for components of the digital representation
can be determined. For example, ranges can define a mem-
bership function for the components.

[0180] At 2450, optimal biological structural element cen-
troids can be determined. In practice, the method may
perform actions iteratively until convergence on the optimal
centroids is reached.

[0181] At 2460, membership functions using the optimal
biological structural element centroids can be stored.

Example 29

Exemplary Method for Method for Classifying
Components of a Digital Representation into
Biological Structural Element Types

[0182] FIG. 25 shows an exemplary method for classify-
ing components of a digital representation into biological
structural element types. The method 2500 can be per-
formed, for example, by the system 2300 of FIG. 23.

[0183] At 2512, intensity enhanced components of a digi-
tal representation (for example, the enhanced components
1470 of FIG. 14) representing at least one feature can be
received.

[0184] At 2514, biological structural element type cen-
troids can be determined for the digital representation. One
or more biological structural element types can be defined in
preparation for determining biological structural element
type centroids. Three exemplary classes of structural ele-
ment types can be defined: lumen space, polyp tissue, and
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non-polyp tissue. A biological structural element type cen-
troid can be derived from prior knowledge about the CT
attenuation in CT colonography. The centroid for lumen
space can be a small value (for example, =900 HU or around
—-900HU). The centroid for polyp tissue can be the average
intensity of the positively adjusted component region in the
maximal diameter of a polyp neighborhood of the seed
location of a feature. The centroid of non-polyp tissue can be
the average intensity of the negatively adjusted or unad-
justed component region in the maximal diameter of a polyp
neighborhood of the seed location of a feature. At 2516, the
biological structural element centroids determined by the
intensity of components can be stored.

[0185] At 2518, stored biological structural element cen-
troids of a digital representation representing at least one
feature can be received.

[0186] At 2520, biological structural element type mem-
bership functions for components can be determined. Mem-
bership values for each biological structural element type
can be determined for a component via the functions. In one
method that can be used, membership values for lumen
space, polyp tissue, and non-polyp tissue are determined for
a component. The membership values can be restricted to
the range of 0 to 1, and the sum of all membership values of
all biological structural element types can be restricted to 1.
The membership value of one biological structural element
type can indicate the likelihood of the component belonging
to that biological structural element type. One equation that
can be used to determine membership values for compo-
nents is shown in (9), where u,(x) is the membership value
of component x for biological structural element type k, ¢,
is the class centroid, and y(x) is the observed image intensity
of component X.
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[0187] At 2522, the biological structural element centroids
can be re-determined. One equation that can be used is
shown in (10), where ¢, is the class centroid, v, *(x) is the
square of the membership value of component x for bio-
logical structural element type k, and y(x) is the observed
image intensity of component x.
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[0188] At 2528, maximum change in membership values
of components between at least two stored centroids can be
determined. A cutoff or threshold predefined value can be
used to determine optimal centroids of a digital representa-
tion containing at least one feature.

[0189] If the change is greater than a specified cutoff, the
method continues at 2518 in order to determine new cen-
troids.
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[0190] Otherwise, the method concludes at 2532. The
most recent stored centroids are stored as the optimal
biological structural element centroids of the digital repre-
sentation. Membership functions using the centroids can be
used to then classify the components into biological struc-
tural element types.

Example 30

Exemplary Distinctive Depiction of Digital
Representations Based on Membership Values

[0191] Screen shots of views of an exemplary depiction of
results of the exemplary methods for classifying components
of a digital representation into biological structural element
types are shown in FIGS. 26 A-D. Membership values for
components in biological structural element type classifica-
tion centroids can be converted to brightness levels to aid in
visually distinguishing higher membership values within an
element type centroid.

[0192] The screen shot of a digital representation 2610 of
FIG. 26A (for example, the digital representation 112 of
FIG. 1) displays a pre-classified digital representation
around a seed point. The screen shot of a digital represen-
tation 2620 of FIG. 26B displays a polyp type membership
map of at least one optimized polyp type centroid composed
of components that have been brightness adjusted based on
their polyp membership value for visual depiction. The
screen shot of a digital representation 2630 of FIG. 26C
displays the non-polyp type membership map of at least one
optimized non-polyp type centroid composed of compo-
nents that have been brightness adjusted based on their
non-polyp membership values for visual depiction. The
screen shot of a digital representation 2640 of FIG. 26D
displays the lumen space type membership map of at least
one optimized lumen space type centroid composed of
components that have been brightness adjusted based on
their lumen membership values for visual depiction.

[0193] Such an approach can be depicted by portraying a
membership value as brightness.

Example 31

Exemplary Distinctive Depiction of Components
Based on Membership Values

[0194] Screen shots of views of an exemplary depiction of
a method for classifying components of a digital represen-
tation into biological structural element types are shown in
FIGS. 27A-E. Membership values for components in bio-
logical structural element type classification centroids can be
converted to brightness levels to aid in visually distinguish-
ing higher membership values within an element type cen-
troid. Color or shading channels of components can also be
used to distinguish between element type centroids in a
depiction of multiple element type centroids in a digital
representation.

[0195] The screen shot of a digital representation 2710 of
FIG. 27A (for example, the digital representation 112 of
FIG. 1) displays a pre-classified digital representation
around a seed point, with known polyp and non-polyp
regions labeled. The screen shot of a digital representation
2720 of FIG. 27B displays a polyp type membership map of
at least one optimized polyp type centroid composed of













































