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GRAPH SEARCH USING NON-EUCLIDEAN DEFORMED GRAPH

STATEMENT OF GOVERNMENT FUNDING
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EY018853 awarded by the National Institutes of Health, and 101 CX000119
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in the invention.

BACKGROUND
[0002] A graph search is attractive for quantitative analysis of volumetric medical images,
especially for layered tissues, because a graph search allows globally optimal
solutions in low-order polynomial time. However, because the volume data can be
represented as nodes in an orthogonal graph in Euclidean space, segmentation may
not achieve greater precision than a single unit, or distance between two adjoining
nodes, and partial volume effects may be ignored. These and other shortcomings

are addressed by the present disclosure.

SUMMARY

[0003] It is to be understood that both the following general description and the following
detailed description are exemplary and explanatory only and are not restrictive, as
claimed. Provided are methods and systems for analyzing data. An example
method can comprise receiving volume data representative of an object. A first
graph can be generated based on the volume data. The first graph can comprise
nodes arranged in a Euclidean space. A deformation field can be determined based
on the volume data. The deformation field can be applied to the first graph to form
a second graph. The second graph can comprise nodes arranged in a non-Euclidean
space. The second graph can be segmented.

[0004] In another aspect, an example method can comprise receiving intensity data
representative of an object. A graph of the object can be generated. The graph can
be deformed to more accurately represent the intensity data. At least one surface of
the object can be identified based on the deformed graph. A representation of the
at least one surface of the object can be provided.

[0005] In another aspect, an example system can comprise a memory having computer-
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executable instructions encoded thereon. The system can comprise at least one
processor functionally coupled to the memory and configured, by the computer-
executable instructions, for, receiving volume data representative of an object,
generating a first graph based on the volume data, determining a deformation field
based on the volume data, applying the deformation field to the first graph to form
a second graph, and segmenting the graph. The first graph can comprise nodes
arranged in a Euclidean space. The second graph can comprise nodes arranged in a
non-Euclidean space.

[0006] In another aspect, an example system can comprise a memory having computer-
executable instructions encoded therecon. The system can comprise at least one
processor functionally coupled to the memory and configured, by the computer-
executable instructions, for, receiving intensity data representative of an object,
generating a graph of the object, deforming the graph to more accurately represent
the intensity data, identifying at least one surface of the object based on the
deformed graph, and providing a representation of the at least one surface of the
object.

[0007] Additional advantages will be set forth in part in the description which follows or
may be learned by practice. The advantages will be realized and attained by means

of the elements and combinations particularly pointed out in the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0008] The accompanying drawings, which are incorporated in and constitute a part of this
specification, illustrate embodiments and together with the description, serve to
explain the principles of the methods and systems:
Figure 1 illustrates an example of graph and surface orientation in layered tissue
segmentation;
Figure 2A shows a graph in standard Euclidean space;
Figure 2B illustrates a Non-Euclidean graph;
Figure 3 is a flowchart illustrating steps in a Non-Euclidean graph search;
Figure 4A illustrates a single boundary delineated in one B-scan of an OCT
volume;
Figure 4B illustrates the 2D deformation field of the re-sampled B-scan indicating
the actual boundary location within each voxel under partial volume effects;

Figure SA illustrates a deformation field before regularization;
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Figure 5B illustrates a deformation field after regularization;

Figure 6 shows a side-by-side comparison of a structure of conventional graph and

a non-Fuclidean deformed graph;

Figure 7A shows a conventional graph structure;

Figure 7B shows a Non-Euclidean deformed graph model;

Figure 7C shows a node distribution in conventional graph structure;

Figure 7D shows a node distribution Non-Euclidean deformed graph model;

Figure 8A illustrates original cost volume;

Figure 8B illustrates cost volume after non-Euclidean deformation;

Figure 9A is a flowchart illustrating steps in evaluating a Non-Euclidean graph

search;

Figure 9B illustrates an example original B-scan;

Figure 9C illustrates two surfaces identified in the example B-scan;

Figure 10A shows an example B-scan;

Figure 10B illustrates two corresponding surfaces identified by the two
approaches;

Figure 11A shows a cross section of an example B-scan;

Figure 11B shows a cross section perpendicular to the example B-scan;

Figure 11C shows a top view of the OCT volume;

Figure 11D shows an example 3D volume rendering;

Figure 12A shows a cross section of an example B-scan;

Figure 12B shows a cross section perpendicular to the B-scan;

Figure 12C shows a top view of the OCT volume;

Figure 12D shows a 3D volume rendering;

Figure 13A shows segmentation by a conventional graph search of input volume

data;

Figure 13B shows segmentation by a Non-Euclidean graph search of input volume

data;

Figure 13C shows a mapping from results of segmentation of the reference

standard volume;

Figure 14A is a graph illustrating a comparison of unsigned error of thickness

produced by conventional graph search and non-Euclidean graph search;

Figure 14B is a box plot of unsigned error of tissue thickness using conventional

graph search and non-Euclidean graph search with subvoxel accuracy.
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Figure 15A shows an unwrapped slice of an example vascular wall;

Figure 15B shows an original slice of the unwrapped slice of the example vascular
wall;

Figure 15C shows example segmentation results of the original slice of the
example vascular wall;

Figure 16A shows a zoomed in view of a first region of the unwrapped slice of the
example vascular wall;

Figure 16B shows a zoomed in view of a second region of the unwrapped slice of
the example vascular wall;

Figure 17 is a block diagram illustrating an example system for analyzing data;
Figure 18 is a flowchart illustrating an example method of analyzing data;

Figure 19 is a flowchart illustrating another example method of analyzing data; and
Figure 20 is a block diagram illustrating an example computing device in which

the disclosed methods and systems can be implemented.

DETAILED DESCRIPTION

[0009] Before the present methods and systems are disclosed and described, it is to be
understood that the methods and systems are not limited to specific methods,
specific components, or to particular implementations. It is also to be understood
that the terminology used herein is for the purpose of describing particular
embodiments only and is not intended to be limiting.

[0010] As used in the specification and the appended claims, the singular forms “a,” “an”
and “the” include plural referents unless the context clearly dictates otherwise.
Ranges may be expressed herein as from “about” one particular value, and/or to
“about” another particular value. When such a range is expressed, another
embodiment includes from the one particular value and/or to the other particular
value. Similarly, when values are expressed as approximations, by use of the
antecedent “about,” it will be understood that the particular value forms another
embodiment. It will be further understood that the endpoints of each of the ranges
are significant both in relation to the other endpoint, and independently of the other
endpoint.

[0011] “Optional” or “optionally” means that the subsequently described event or
circumstance may or may not occur, and that the description includes instances

where said event or circumstance occurs and instances where it does not.
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[0012] Throughout the description and claims of this specification, the word “comprise”
and variations of the word, such as “comprising” and “comprises,” means
“including but not limited to,” and is not intended to exclude, for example, other
components, integers or steps. “Exemplary” means “an example of” and is not
intended to convey an indication of a preferred or ideal embodiment. “Such as” is
not used in a restrictive sense, but for explanatory purposes.

[0013] Disclosed are components that can be used to perform the disclosed methods and
systems. These and other components are disclosed herein, and it is understood
that when combinations, subsets, interactions, groups, etc. of these components are
disclosed that while specific reference of each various individual and collective
combinations and permutation of these may not be explicitly disclosed, each is
specifically contemplated and described herein, for all methods and systems. This
applies to all aspects of this application including, but not limited to, steps in
disclosed methods. Thus, if there are a variety of additional steps that can be
performed it is understood that each of these additional steps can be performed
with any specific embodiment or combination of embodiments of the disclosed
methods.

[0014] The present methods and systems may be understood more readily by reference to
the following detailed description of preferred embodiments and the examples
included therein and to the Figures and their previous and following description.

[0015] As will be appreciated by one skilled in the art, the methods and systems may take
the form of an entirely hardware embodiment, an entirely software embodiment, or
an embodiment combining software and hardware aspects. Furthermore, the
methods and systems may take the form of a computer program product on a
computer-readable storage medium having computer-readable program
instructions (e.g., computer software) embodied in the storage medium. More
particularly, the present methods and systems may take the form of web-
implemented computer software. Any suitable computer-readable storage medium
may be utilized including hard disks, CD-ROMs, optical storage devices, or
magnetic storage devices.

[0016] Embodiments of the methods and systems are described below with reference to
block diagrams and flowchart illustrations of methods, systems, apparatuses and
computer program products. It will be understood that each block of the block

diagrams and flowchart illustrations, and combinations of blocks in the block
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diagrams and flowchart illustrations, respectively, can be implemented by
computer program instructions. These computer program instructions may be
loaded onto a general purpose computer, special purpose computer, or other
programmable data processing apparatus to produce a machine, such that the
instructions which execute on the computer or other programmable data processing
apparatus create a means for implementing the functions specified in the flowchart
block or blocks.

[0017] These computer program instructions may also be stored in a computer-readable
memory that can direct a computer or other programmable data processing
apparatus to function in a particular manner, such that the instructions stored in the
computer-readable memory produce an article of manufacture including computer-
readable instructions for implementing the function specified in the flowchart
block or blocks. The computer program instructions may also be loaded onto a
computer or other programmable data processing apparatus to cause a series of
operational steps to be performed on the computer or other programmable
apparatus to produce a computer-implemented process such that the instructions
that execute on the computer or other programmable apparatus provide steps for
implementing the functions specified in the flowchart block or blocks.

[0018] Accordingly, blocks of the block diagrams and flowchart illustrations support
combinations of means for performing the specified functions, combinations of
steps for performing the specified functions and program instruction means for
performing the specified functions. It will also be understood that each block of the
block diagrams and flowchart illustrations, and combinations of blocks in the block
diagrams and flowchart illustrations, can be implemented by special purpose
hardware-based computer systems that perform the specified functions or steps, or
combinations of special purpose hardware and computer instructions.

[0019] A graph search is attractive for quantitative analysis of volumetric medical images,
especially for layered tissues, because a graph search allows globally optimal
solutions in low-order polynomial time. However, because the volume data can be
represented as nodes in an orthogonal graph in Euclidean space, segmentation may
not achieve greater precision than a single unit, or distance between two adjoining
nodes, and partial volume effects may be ignored. The present methods and
systems involve generating a graph representation in non-Euclidean space, thus

allowing non-equidistant spacing between nodes on any dimension, so that
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subvoxel accurate segmentation becomes possible. If the number of nodes in the
graph is unchanged, all the advantages of graph search, including global optimality
and computational efficiency remain. The present methods and systems can
calculate a deformation field from the volume data, adaptively changing regional
node density so that node density varies with the inverse of the expected cost. The
present methods and systems are discussed with regards to optical coherence
tomography (OCT) images of the retina and 3-D magnetic resonance imaging
(MRI) dataset of the artery wall. However, other imaging modalities and
tissues/objects can be contemplated. The present methods and systems allow both
higher precision tissue measurement from medical volume data acquired with the
same hardware and measurement at the same precision with lower resolution more
cost-effective imaging equipment. The present methods and systems are readily
extensible to higher dimensions.

[0020] Object segmentation can be used in image understanding and object recognition,
especially in quantitative analysis of volumetric medical images, general pattern
recognition, object segmentation from various imaging modalities, including CT,
MRI, ultrasound, laser, radar, and the like. Discussion herein will describe medical
images but imaging in other fields using object segmentation are considered.
Outside of medical imaging, it can be used in any application where
multidimensional data needs to be separated into different surfaces, for example
3D computer vision, seismic imaging, construction, ocean hydrodynamic imaging,
LIDAR. Organ tissues can be organized in layers, and to segment the boundaries
or surfaces of layered objects, the segmentation problem can be transformed into
the problem of computing a minimum closed set in a node-weighted directed
graph. If organ tissues are not organized in layers, the organ tissue can be
unwrapped into layered structures using image transformation. Every node
represents a single voxel and the optimal surface corresponds to the upper
envelope of the minimum closed set of nodes (e.g., see FIG. 1). FIG. 1 illustrates
an example of graph and surface orientation in layered tissue segmentation.
Because volume data is represented as an orthogonal matrix of intensities in
Euclidean space, the nodes can be placed in Euclidean space, and the surface
segmentation may not achieve greater precision than a single unit, or distance
between two adjoining nodes. However, higher segmentation accuracy than a

single unit can help in better diagnosis and treatment of disease, and equal
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segmentation accuracy with lower resolution imaging hardware can help in more
cost-effective imaging.

[0021] Graph techniques, a generalization of 2D path-based segmentation, can provide
globally optimal solutions with respect to a cost function for surface segmentation
in three-dimensional volumes in polynomial time. Graph techniques can allow
incorporation of various feasibility constraints and regional information for the
simultaneous segmentation of multiple surfaces. Additional terms in the cost
function can make it possible to penalize local shape or surface distance changes
by learning the expected model during a training process. Unfolding techniques
can be used to segment objects with complex shapes, such as knee bone, cartilage,
heart, pulmonary airway, vascular trees, retinal lesions and retinal vessels.
However, all techniques can use a graph in Euclidean space, thus limiting
segmentation precision to a single unit.

[0022] Volumetric medical images can be formed by discretizing into a voxel the
continuous intensity function measured by each sensor, thus resulting in partial
volume effects. Partial volume effects can contain additional information that can
potentially be exploited by graph techniques. However, partial volume effects are
ignored when the intensity in voxels is converted into nodes in a graph in
Euclidean space. By generalizing graphs to include non-Euclidean space, e.g.,
allowing non-equidistant spacing between nodes on any dimension, this discarded
information (e.g., partial volume effects) can be used, while all the advantages of
graph techniques sketched above can be retained, including global optimality and
computational efficiency. Such a graph search can be defined as non-Euclidean
graph search.

[0023] Specifically, a non-Euclidean deformation can be applied to the graph using a
displacement field obtained directly from the volume data. This principle is
sketched in FIG. 2A and FIG. 2B in a simplified 2D example. The density of
nodes thus increases at regions where transitions of image properties are more
likely to occur. Overall the complexity of the graph structure in terms of the
number of nodes and arcs is unchanged after deformation, so that memory
requirements and running time are unchanged except for the computation of the
deformation field. Effectively, the deformation field adaptively changes the
regional node density so that this is higher in regions where the target surface is

expected to pass through, and lower in the remaining region, while retaining the
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overall node density.

[0024] Graphs in Non-Euclidean space allow surface localization with subvoxel accuracy.
For example, FIG. 2A shows a graph 200a in standard Euclidean space that allows
a graph search to find the lowest cost path 202a (darkest voxel intensity) with
voxel accuracy, compared to the true surface 204. Each square represents a voxel
206 and each sphere represents a node 208 within a node's respective voxel 206.
FIG. 2B illustrates a Non-Euclidean graph 200b that allows the true surface 204 to
be segmented through the lowest cost path 202b with subvoxel accuracy, after the
deformation field (arrows 210) derived from the volume data is applied to each
node 208. Note a partial volume effect of the two central voxels 206a and 206b
compared to their neighboring voxels, indicating that the actual center of low tissue
intensity is below the center of the upper dark voxel 206a, as also indicated by the
true surface 204.

[0025] The present disclosure introduces a non-Euclidean graph novel approach, and
validates the non-Euclidean graph approach's increased accuracy by comparing
accurately segmented high resolution volumetric surfaces, the reference standard,
to both the non-Euclidean graph approach as well as to standard graph search
segmentation of down-sampled volumes in OCT volumes of the retina and MRI of
the carotid vessel wall. The presented methods and systems using a non-Euclidean
approach provide superior segmentation accuracy over conventional graph search
techniques. As an example, the signed error of region bounded by two coupled
terrain-like surfaces in ten OCT scans can be significantly decreased from
0.04+0.44 voxels using conventional graph search to -0.01+0.31 voxels using the
present methods and systems. The unsigned error can be significantly decreased
from 0.36+0.26 voxels to 0.18+0.17 voxels.

[0026] In one aspect, a non-Euclidean graph search can be performed. For example, a
Euclidean space graph can be generated. The Euclidian space graph can be a
representation of layered tissues, lesions, combinations thereof, and the like. Let 7
be a given 3D volumetric image with a size of # = X x Y x Z. For each (x, y) pair, 0
<x<Xand 0 <y <Y, the voxels with different z-coordinates, that is, the voxel
subset {I(x, v, z) | 0 < z<Z}, forms a voxel-column parallel to the z-axis, denoted
by p(x, y). Two voxel-columns are neighboring if their (x, y)-coordinates satisfy
some neighborhood condition. For example, under the 4-neighboring setting, the

voxel-column p(x, y) is neighboring to the voxel-column ¢(x’, y') if [x—x'| + [y—| =
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1. Henceforth, a model of the 4-neighboring setting is used; this simple model can
be easily extended to other neighborhood conditions. Each of the target terrain-like
surfaces can contain one and only one voxel in each column of 7 (Fig. 1).

[0027] The feasibility of the target surfaces can be governed by the surface smoothness
and separation constraints. The surface smoothness constraint can be specified by
two smoothness parameters, A; and Ay, which define the maximum allowed
change in the z-coordinate of a surface along each unit distance change in the x and
y dimensions, respectively. If I(x, y, z') and I(x+1, y, z") (resp., I(x, y+1, z")) are
two (neighboring) voxels on a feasible surface, then [z'- z"|< A, (resp., |z'— z"|< Ay).

[0028] In multiple surface detection, the surface separation constraint can specify the
minimum and maximum distances along the z-dimension between any pair of the
target surfaces of interest. Each voxel I(x, y, z) can have a real-valued cost ¢i(x, y,
z) for each sought surface S;, which is inverse to the likelihood that the voxel is on
the surface. For a given integer x> 0, the surface segmentation problem seeks to
identify a set of x surfaces with minimum total cost by summing the costs
associated with all voxels on all sought surfaces.

[0029] A standard Euclidean space graph search segmentation approach is explained as
follows. The surface segmentation problem in 3D volumetric images /(X, Y, 7Z) can
be formulated as computing a minimum closed set in a node-weighted directed
graph. For single surface segmentation (i.e. k= 1), the graph G = (V, E) can
comprise a set of nodes V and a set of arcs £ connecting pairs of nodes. Every node
W(x, v, z) can be created from exactly one voxel of I(x, v, z). The subset of nodes
corresponding to a voxel-column p(x, v) of voxels in / can form a node-column,
denoted by Col(p). Arcs connecting two neighboring nodes on the same column
are intra-column arcs while those connecting two nodes from neighboring columns
are inter-column arcs. The intra-column arcs pointing downward can enforce the
constraint that a feasible surface § intersects each voxel-column only once. The
inter-column arcs can impose smoothness constraints between neighboring voxel-
columns.

[0030] A closed set can be a subset of nodes which have no arcs leaving the set. Each non-
empty closed set can uniquely define a feasible surface S in /(X Y, Z). In order to
find a minimum closed set C whose total cost is the summation of costs of all
nodes contained in the region bounded by surface S, the weight of each node v(x, v,

z) can be assigned as follows:

10
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c(x,y,2) if z=0,
wix, y, z)= { cx,v,z)—clx,y,z— 1) otherwise.
(1

[0031] By solving the minimum closed set problem, each node can get a binary label /
indicating whether a node is contained in C. The upper envelope of C can
correspond exactly to the optimal surface with the same minimum total cost in the
original graph.

[0032] For simultaneously segmenting x interrelated surfaces, a similar graph structure
can be duplicated x times with respect to a particular surface. The costs assigned to
each sub-graph reflect whether the data can favor the nodes belonging to that
certain surface. Inter-sub-graph arcs can be created to connect two nodes from
corresponding columns of different sub-graphs, imposing neighboring surface
separation constraints. The total cost can be the summation of the cost in x sub-
graphs.

[0033] FIG. 3 is a flowchart illustrating steps in a Non-Euclidean graph search. At step
302, a deformation field can be determined (e.g., obtained) from volumetric
intensity data. At step 304, a graph can be generated (e.g., built) in Euclidean space
(e.g., as described herein). At step 306, the Euclidean space graph can be deformed
into a non-Euclidean graph using the deformation field. At step 308, graph
segmentation can be performed (e.g., as described herein)

[0034] In one aspect, a deformation field can be determined from volumetric data as
follows. A shift of evenly distributed voxels to a deformed graph space, defined as
a non-Euclidean deformation field F(x, y, z) acting on the center of each voxel (x,
¥, z) can be defined as follows:

&y, 2)=(x,9,2) + AF(x,y, 2) 2)
where A represents a normalization factor. For the worst case, the error introduced
by a voxel can be equal to half of the voxel size . Therefore, F(x, y, z) can be
normalized such that the maximum deformation is equal to o

A=0.5- dmax(||F(x, v, z)||) 3)

[0035] The deformation field F(x, y, z) can be defined in (real) voxel coordinates. The
deformation field F(x, y, z) can be calculated from the negative diffusion of the

gradient vectors of cost w(x, v, z) derived from intensity volume data /(X Y, 7) :

F(xa Y, Z) =-V [GG(xa Y, Z) * W(xa Y, Z)] (4)

11
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where G,(x, y, z) is a regularization imposed by a 3D Gaussian kernel with
standard deviation of ¢, the symbols V and * represent the gradient and
convolution operators respectively. It should be noted that other methods can be
used for obtaining F(x, y, z). For example, the gradient vector flow field (GVF) can
be used. As a feature-preserving diffusion of the gradient, GVF can be defined as
the vector field that minimizes the following energy function:

F(x, y, 2) = arg min =[ 4| VI(x, y, 2)|*+
||VW()C, Y, Z) ||2||F(x7 Y, Z) - VW()C, Y, Z)||2] (5)

The parameter ¢ regularizes the importance of the two terms contributing to the
energy function.

[0036] FIG. 4A and FIG. 4B illustrate a 2D deformation field of an example B-scan
(cross-sectional scan) in an OCT volume. FIG. 4A illustrates a single boundary
delineated in one B-scan of an OCT volume. FIG 4B illustrates the 2D
deformation field of the re-sampled B-scan indicating the actual boundary location
within each voxel under partial volume effects. As a further explanation, FIG. 4A
and FIG. 4B show an example deformation field in a single B-scan of an OCT
volume, calculated according to Eq. 4. In FIG. 4A, a single boundary S of high
resolution image H(x, v) 400a (440 x 368 pixels) can be delineated by a line 402a.
The B-scan H(x, y) can be down-sampled to /(x, y) by ten times to 37 x 44 pixels to
mimic the imaging and discretization process of the continuous tissue intensity
function. The boundary surface S can be mapped from the high resolution to its
location in the re-sampled B-scan /(x, y) 400b of FIG. 4B in lower resolution. Part
of a zoomed-in view of I(x, y) 400b is shown in FIG. 4B with its 2D deformation
vectors F(x, y) displayed as arrows 404 starting from the center of each pixel (x, y).

[0037] FIG. 5A and FIG. 5B illustrate the impact of regularization on the deformation
field of a 3D OCT volume. FIG. 5A illustrates a deformation field before
regularization. FIG. 5B illustrates a deformation field after regularization. As a
further explanation, FIG. SA and FIG. 5B demonstrate the effect of regularization
on the deformation field of a 3D OCT volume, where the spacing along each
dimension was made equal to give an isotropic illustration. Voxels represented by
the darker, larger arrows indicate large node displacement while voxels represented
by the lighter, smaller arrows indicate small node displacement. The impact of
parameter ¢ in Eq. 4 can comprise the capture range towards the desired surface

and its localization accuracy.

12
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[0038] In an aspect, content based graph construction can be performed. A directed graph
G can be constructed from the input image 7 using the conventional graph search
methods, as briefly described herein. Then the deformation field F(x, y, z) can be
applied to deform each node in G with Eq. 2. That is, each node v at (x, y, z) can be
deformed to v(x', y', z") with (x', ', z') = (x, y, z) + AF(x, ¥, z). The deformation
operation may violate the surface smoothness constraints. Note that the deformed
graph nodes corresponding to the voxels on a voxel-column p(x, y) still can form a
node-column Col(p) in G, and each target surface S can be monotonic with respect
to each (e.g., deformed) node-column in G. The intra-column arcs thus need not to
be modified. In the following, the adjustment to the inter-column (e.g., inter-sub-
graph) arcs to incorporate the surface smoothness (e.g., separation) constraints is
described.

[0039] For the surface smoothness constraints, consider two adjacent columns Col(p) and
Col(g) in G. For any two nodes w(x, y, z) € Col(p) and v(x', y', z') € Col(q), if |z — Z/|
<Ax (v(x, y, z) and v(x’, y', z) are adjacent along the x-dimension) or |z —z| < Ay
(v(x, y, z) and w(x', ', z') are adjacent along the y-dimension), then the
corresponding voxel points /(x, y, z) and /(x', y', z") can be both on the target
surface. To use the notation, a node v(x, v, z) can be described as on the surface,
which means that a node's corresponding voxel is on the surface.

[0040] To explore the self-closure structure of the surface segmentation problem, the
bottom-most neighbor and the top-most neighbor of a node v(x, y, z) € Col(p) on its
adjacent column Col(q) can be defined: the bottom-most (resp., top-most) neighbor
of v, denoted by Bottom,(v) (resp., Top4(v)), is a node on Col(g) with the smallest
(resp., largest) z-coordinate that can be on the target surface together with v. In the
case that the adjacent column is clear, the bottom-most (resp., top-most) neighbor
can be denoted by Bottom(v) (resp., Top(v)) (e.g., as shown in FIG. 6). Thus, each
node v(x, v, z) can interact with a range of nodes between Bottom,(v) and Top,(v)
on Col(q), called the neighbor range of v on Col(q).

[0041] FIG. 6 shows a side-by-side comparison of a structure of conventional graph 601a
(left side) and a non-Euclidean deformed graph 601b (right side). Node v’ 602 and
its bottom-most neighbor node 604 are illustrated in the structure of conventional
graph 601a. In the non-Euclidean deformed graph 601b, node v 606, Top(v) 608,
Bottom(v) 610 are illustrated as well as node v' 602, Top(v") 612, Bottom(v") 604.

[0042] In the conventional graph search method, the number of nodes in the neighbor
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range for every node of Col(p) can be the same, which, however, may differ in the
deformed graph space. In one aspect, all the neighbor ranges of nodes on any
column Col(p) can be properly ordered: for any nodes v, v' € Col(p), if v’ is
“above” v (that is, the z-coordinate of v'is larger than that of v), then Bottomy(v")
and Top,(v") are no “lower” than Bottom,(v) and Top,(v) (with respect to the z-
coordinates), respectively, on the adjacent column Col(q).

[0043] BL(S) can denote all the nodes on or below a surface S. The proper ordering of the
neighbor ranges can admit the intra-layer self-closure structure: For any feasible
surface S, the bottom-most neighbors of every node in BL(S) can be contained
within BL(S). This property is the very property that can connect the optimal
surface segmentation to the minimum-cost closed set problem. In content based
graph construction, two types of arcs, intra-column arcs 614 and inter-column arcs
616, are illustrated in FIG. 6. The intra-column arcs 614 make sure that all nodes
below a given node are also included in the closed set, which enforce the
monotonicity of the target surface. The inter-column arcs 616 can impose the
smoothness constraints by directing to the bottom-most neighbors of a given node.
If the nodes estimated in the initially constructed graph are deformed (e.g., the
edges connecting the node pairs are retained), the resulting graph may not correctly
impose the surface smoothness constraints or the surface separation constraints,
due to the non-uniform shifts of the nodes.

[0044] The same strategy can be used to extend the method to simultanecously detect
interrelated surfaces with surface separation constraints. The surface separation
constraints in a d-D image can be viewed as the surface smoothness constraints of
a (d + 1)-D image, comprising a stack of x d-D images. Segmenting a set of x
surfaces in a d-D image can be equivalent to the detection of a single optimal
surface in a (d + 1)-D image.

[0045] FIG. 7A and FIG. 7B show a comparison of a conventional graph construction
and a Non-Euclidean deformed graph model. Likewise, FIG. 7C and FIG. 7D
show a comparison of the node distribution between the conventional graph
construction and the Non-Euclidean deformed graph model. FIG. 7A shows a
conventional graph structure. FIG. 7B shows a Non-Euclidean deformed graph
model. A node 702 is created within each pixel 704. Intra-column arcs 706 and
inter-column arcs 708 are shown as arrows, which represent smoothness

constraints that can be incorporated in a typical graph search framework. The
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curves 710a and 710b can indicate the desired dark-to-bright surface location
mapped from a high resolution B-scan.

[0046] As a further explanation, FIG. 7A and FIG. 7B illustrate a comparison of the
Euclidean graph 700a (FIG. 7A) to the non-Euclidean graph 700b after
deformation (FIG. 7B) within the region highlighted by the rectangle 410 in FIG.
4B. After deformation, a node 702 can be created within each voxel 704. Referring
to the true boundary shown in FIG. 4B, distances between neighboring nodes
created in those critical regions are smaller than the distance between voxel
centers, allowing subvoxel surface positioning accuracy to be achieved. FIG. 7C
and FIG. 7D show the nodes in the conventional and non-Euclidean deformed
graph model, showing that node density is increased near the expected surface, and
decreased elsewhere.

[0047] The costs associated with each node 702 can reflect the properties of the node 702
with respect to the underlying surfaces. For instance, to identify layered tissues,
terrain-like surfaces, separated by either dark-to-bright or bright-to-dark
transitions, the gradient component along the z-dimension with an opposite
orientation can be assigned as the on-surface cost associated with each node 702
for simplicity, derived from convolution of volume 7 with the first derivative of 3D

Gaussian kernel G'.(x, y, z):

w(x, y, z) =
- GYx,y,2)*I(x,y, ), dark-to-bright transition,
G.x,y,z)* I(x,y, 2), bright-to-dark transition.

(6)

[0048] Other costs can be employed, as in conventional graph search, which makes it
possible to include not only boundary (on-surface cost) but also region (in-region
cost) properties.

[0049] Since the deformation field F(x, v, z) may deform each node 702 away from the
center of voxel 704 I(x, y, z), the original cost w(x, y, z) derived from the evenly
distributed voxel grid can be deformed or warped in a similar way, so that the
nodes 702 in the non-Euclidean graph are assigned the correct costs w'(x, v, z)
according to their location:

w'x, v, 2) =wl(x, ,2) + F(x, , 2)] (7)

[0050] FIG. 8A and FIG. 8B show that node density is higher around target surface after
non-Euclidean deformation by stretching area of interest indicated by an arrow 802

in FIG. 8B. FIG. 8A illustrates original cost volume. FIG. 8B illustrates cost
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volume after non-Euclidean deformation. If the new costs are plotted as a volume
confined on an evenly distributed grid, as is shown in FIG. 8B, the low cost
regions (indicated by the arrow 802), ¢.g., regions with high likelihood of being
surface boundaries, are stretched out, which is equivalent to adaptively increasing
the local node density in those highly relevant regions as explained herein.

[0051] The following description illustrates the disclosed methods and systems by
describing example experimental results. In one aspect, surface segmentation (e.g.,
intraretinal surface segmentation) of images (e.g., SD OCT images) can be
performed. Quantitative analysis of retinal layers can be important for diagnosis
and management of a variety of eye diseases, such as diabetic macular edema and
age-related macular degeneration, glaucoma and hereditary diseases like Best’
disease. Some of these tissues can be only one or two voxels thick with even the
most advanced clinically available OCT imaging technology.

[0052] In one aspect, graph search segmentation can be more accurate than human
experts. To be able to fairly compare two segmentation algorithms, e.g. the
standard approach and the non-Euclidean graph approach, the segmentation of
standard volumes at full resolution can be used as a reference standard. By down-
sampling the full resolution volumes, a “input volume data” can be created which
can then be segmented by the two approaches, and the resulting segmentation then
compared to the reference standard, allowing quantitative performance evaluation.

[0053] FIG. 9A is a flowchart illustrating steps in a evaluating a Non-Euclidean Graph
Search. In step 902 ten OCT volumes with size of 1536 x 61 x 496 voxels,
covering a region of 9.37 x 7.93 x 1.92mm’ of the retina, were obtained from 10
normal subjects using a Spectralis (Heidelberg, Germany) OCT machine. Two
surfaces were identified using the Towa Reference Algorithms, an implementation
of the conventional graph search approach. In step 904, down-sampled OCT
volume is determined. The original OCT volumes were down-sampled to 40 x 40
x 40 voxels. In step 906 a standard graph search of the down-sampled OCT
volume is performed. In step 908, a subvoxel graph search is performed of the
down-sampled OCT volume. In step 910, standard graph search is performed on
the original OCT volume. In step 912, the standard graph search is mapped to low
resolution as a reference standard. In step 914, the results of steps 906, 908, and
912 are evaluated to determine the performance of the steps 906 and 908. The

high resolution volume and segmentation are used here to derive a reference
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standard for performance evaluation.

[0054] One such B-scan with the resulting segmentation is shown in FIG. 9B and FIG.
9C.FIG. 9B and FIG. 9C illustrate an example B-scan of the high resolution OCT
volume. FIG. 9B illustrates an example original B-scan. FIG. 9C illustrates two
surfaces 916 and 918 identified in the example B-scan.

[0055] FIG. 10A and FIG. 10B illustrate an example B-scan of the down-sampled OCT
volume. FIG. 10A shows an example B-scan. FIG. 10B illustrates two
corresponding surfaces identified by the two approaches. The original OCT
volumes were down-sampled to 40 x 40 x 40 voxels. The corresponding two
surfaces, both with dark-to-bright transition, were identified in these “‘input
volume data” using the Towa Reference Algorithms and the present non-Euclidean
graph search approach.

[0056] All other parameter settings were kept same in the two methods: the surface
smoothness constraints between neighboring columns were set at one voxel, the
minimum and maximum surface separation constraint were 3 and 8 voxels
respectively. The o in the 3D Gaussian derivative kernel used to derive the
deformation field and assign the cost was 0.3 voxel in all 3 dimensions. The
choice of these parameters can be primarily related to the resolution and aspect
ratio of the data to be analyzed.

[0057] The upper surface S, 1002 in FIG. 10B corresponds to surface 902 in FIG. 9B and
the lower surface S; 1006 corresponds to surface 904. Segmentation 1004 and
segmentation 1008 represent the subvoxel surface segmentation results for surface
1002 and surface 1006, respectively. Note that linear interpolation can be applied
to subvoxel surface segmentation result to get its location on the evenly distributed
grid at each A-scan (x, y). Thickness d(x, y) of region bounded by surfaces S, and
S; was then computed at each A-scan (Fig. 13) as:

d(x,y) = S84x,y) = Six, ) (8)

[0058] FIG. 13A, FIG. 13B, and FIG. 13C illustrate example mapping of tissue thickness
of a region bounded by two coupled terrain-like surfaces (the layer containing the
outer segments of the retinal photoreceptors). FIG. 13A shows segmentation by a
conventional graph search of “input volume data” delineated by upper surface S,
1002 and the lower surface S; 1006 of FIG. 10B. FIG. 13B shows segmentation
by a Non-Euclidean graph search of “input volume data” delineated by line 1004
and line 1008 of FIG. 10B. FIG. 13C shows a mapping from results of
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segmentation of the reference standard volume.

[0059] In one aspect, statistical analysis can be performed. The mean signed

n S; —RS;
N

—_

and unsigned

|S; — RS
N

™M =

1

surface positioning errors and layer thickness errors can be calculated from the
reference surface RS and then corrected for the fixed bias caused by the
downsampling boundary shift. The difference between the mean errors for standard
graph search and non- Euclidean graph search can be tested for significance using
a paired t-test. Because the optic nerve head region is not a tissue layer and
requires entirely different non-surface segmentation approaches, a rectangular
region of 7x 9 A-scans was excluded from this analysis. The comparison is
summarized in Table 1. In these 10 subjects, both signed and unsigned errors were
significantly smaller for non-Euclidean graph search than for conventional graph
search with a p-value < 0.0001 for all six measurements listed, Table 1.

TABLE 1

Surface positioning error and thickness estimate error of region bounded by two coupled terrain-
like surfaces

Errors in voxels Top Surface §, Bottom Surface §; Tissue Thickness d

Signed Error ~ Unsigned Signed Unsigned Signed Unsigned
Error Error Error Error Error

E, (Conventional graph -0.04+0.34 0.28+0.19 | 0.00£0.34  0.28+0.18 | 0.04+0.44  0.36+0.26

search)

E; (Smoothed -0.07+0.31 0.26£0.19 | -0.04+0.31  0.25+0.18 | 0.03+0.31  0.25£0.19
conventional graph

search)

E’ (Non-Euclidean -0.02+0.23 0.16£0.17 | -0.03+0.19  0.15+0.13 - 0.18+£0.17

graph search) 0.01+0.24

Paired t-test p (By vs. 0.0180 0.0000 0.0000 0.0000 0.0000 0.0000
E)

Paired t-test p (E, vs. 0.9311 0.0000 0.9311 0.0000 0.0010 0.0001
E)

[0060] The differences between the two approaches may be larger than one voxel even
though the maximum displacement applied to each node is no more than half of a

voxel. This is because all nodes can encode the location more precisely and the
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globally optimal solution can be searched for in this new non-Euclidean graph
space. More details can be observed in FIG. 11A, FIG. 11B, FIG. 11C, FIG. 11D,
FIG. 12A, FIG. 12B, FIG. 12C, and FIG. 12D.

[0061] FIG. 11A, FIG. 11B, FIG. 11C, and FIG. 11D illustrate segmentation of OCT
volume with conventional graph search. FIG. 11A shows a cross section of an
example B-scan. FIG. 11B shows a cross section perpendicular to the example B-
scan. FIG. 11C shows a top view of the OCT volume. FIG. 11D shows an
example 3D volume rendering.

[0062] FIG. 12A, FIG. 12B, FIG. 12C, and FIG. 12D illustrate segmentation of OCT
volume with non-Euclidean graph search. FIG. 12A shows a cross section of an
example B-scan. FIG. 12B shows a cross section perpendicular to the B-scan.
FIG. 12C shows a top view of the OCT volume. FIG. 12D shows a 3D volume
rendering.

[0063] The unsigned thickness errors of both approaches over all 15370 A-scans ((40 x 40
— 7 x 9) x 10) were sorted in ascending order and plotted in FIG. 14A for
comparison. Non-Euclidean graph search can reduce the percentage of A-scans
with an error larger than 0.5 voxel from 27.25% to 3.14%. Most errors larger than
one voxel were produced at the region close to optic nerve head, which because of
its vertical tissue orientation requires different techniques as mentioned above.
FIG. 14A is a graph illustrating a comparison of unsigned error of thickness
produced by conventional graph search and non-Euclidean graph search. FIG.
14B illustrates a box plot of unsigned error of tissue thickness among ten subjects
using conventional graph search (GS) and non-Euclidean graph search with
subvoxel accuracy (SVGS).

[0064] In an aspect, vascular wall segmentation can be performed using 3-D MR Dataset.
The algorithm was also applied to identify the vascular wall (the lumen) intima
surface in 3-D MR image data. Two 3-D volumes with size of 141 x 141 x 16
voxels were cylindrically unwrapped at the center to 360 x 16 x 70 voxels. One
terrain-like surface was identified using both conventional graph search and non-
Euclidean graph search. The surfaces were then mapped back to original volumes
to highlight the cylindrical vascular wall (e.g., see FIG. 15C). The original
volumes were manually annotated by an expert and superimposed in FIG. 15C.
The manually traced boundaries were unwrapped and superimposed in FIG. 15C.

More details are shown in FIG. 16A and FIG. 16B.
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[0065] FIG. 15A, FIG. 15B, and FIG. 15C illustrate an example slice of vascular wall
segmentation by conventional graph search at 1502 and non-Euclidean graph
search at 1504, the truth is at 1506. FIG. 15A shows an unwrapped slice of an
example vascular wall. FIG. 15B shows the original slice. FIG. 15C shows the
example segmentation results. FIG. 16A and FIG. 16B illustrate a zoomed in view
of vascular wall segmentation results in the unwrapped slice. FIG. 16A shows a
zoomed in view of Region 1511 of FIG. 15A. FIG. 16B shows a zoomed in view
of Region 1512 of FIG 15A.

[0066] In one aspect, a three-dimensional graph search has been described and generalized
herein to allow search in graphs in three-dimensional non-Euclidean space. This
approach enables increased segmentation accuracy, at a subvoxel level, for terrain-
like surfaces in layered tissues. The graph can be initially constructed in Euclidean
space and then deformed using a deformation field so that the node density is
increased near the expected surfaces, and decreased elsewhere. If the total number
of nodes is kept constant, memory requirements and running time can be
unchanged, except for the minimal time required to determine the deformation
field from the volume data. The present methods and systems can be agnostic with
respect to the calculation of the deformation field. The non-Euclidean approach
can align node density with the inverse of the expected cost. All advantages of
graph search can be retained including globally optimal surfaces in the time
complexity of computing a single maximum flow in polynomial time, the
flexibility of combining various in-region and on-surface costs, as well the
capability of the use of context or shape priors for simultaneous segmentation of
multiple surfaces.

[0067] The results on SD-OCT volumes of the retina and the vascular MR images show
that subvoxel precision can be achieved and that accuracy compared to a reference
standard obtained at subvoxel resolution can be superior to standard search of the
graph in Euclidean space.

[0068] The present method and systems can generate the graph based on the underlying
image content, using a generalized approach that allows non-equidistant voxels on
a single axis—hence the use of the term non-Euclidean in the name of the
approach. This approach can be readily extended to higher-dimensional image
segmentation, for example 3D + time.

[0069] The advantages of increased, subvoxel accuracy while retaining memory and

20



WO 2015/143435 PCT/US2015/022021

runtime requirements will allow either higher precision tissue measurements from
images obtained with the same hardware, tissue measurements with the same
precision as can be obtained with standard hardware with lower resolution imaging
equipment, combinations thereof, and the like.

[0070] FIG. 17 is a block diagram illustrating an example system 1700 for analyzing data.
Those skilled in the art will appreciate that present methods may be used in
systems that employ both digital and analog equipment. One skilled in the art will
appreciate that provided herein is a functional description and that the respective
functions can be performed by software, hardware, or a combination of software
and hardware.

[0071] In one aspect, the system 1700 can comprise a first device 1702 configured to
receive data. For example, the first device 1702 can comprise a sensing unit 1704
configured to receive sensor data from one or more sensors. As an example, the
sensing unit 1704 can be configured to receive sensor data based on optical
coherence tomography, magnetic resonance imaging, x-ray computer tomography,
ultrasound, LIDAR, RADAR, combinations thereof, and the like. The sensor data
can be one dimensional, two dimensional, three dimensional, four dimensional,
combinations thereof, and the like. In one aspect, the sensing unit 1704 can be
configured to receive sensor data, such as volume data and/or intensity data. The
volume data can be data present in the form of three-dimensional volume. Volume
data can be voxels in an orthogonal graph in Euclidean space. Intensity data is
defined is any multidimensional matrix of intensities that are to some degree
correlated and where the intensities represent some property of an object at
corresponding locations. As an example, the sensor data can comprise at least one
continuous intensity function measured by a sensor. The sensing unit 1704 can be
configured to receive sensor data based on the methods and systems described
herein.

[0072] In one aspect, the first device 1702 can provide the sensor data to other devices
through a network 1706. In one aspect, the network 1706 can comprise a packet
switched network (e.g., internet protocol based network), and/or other network.
The network 1706 can comprise network adapters, switches, routers, modems, and
the like connected through wireless links (e.g., radio frequency, satellite) and/or
physical links (e.g., fiber optic cable, coaxial cable, Ethernet cable, or a

combination thereof). In one aspect, the network 1706 can be configured to
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provide communication from telephone, cellular, modem, and/or other electronic
devices to and throughout the system 1700.

[0073] In one aspect, the system 1700 can comprise a second device 1708. The second
device 1708 can comprise a computer, server, medical device, tablet, smart phone,
workstation, and/or the like. The second device 1708 can be configured to request
and/or receive the sensor data from the first device 1702. In one aspect, the second
device 1708 can comprise a graphing unit 1710 configured to generate a graph
based on the sensor data from the first device 1702. The graphing unit 1710 can be
configured to generate one or more graphs based on the methods and systems
described herein.

[0074] In one aspect, the second device 1708 can comprise a deformation unit 1712
configured to apply a deformation to the graph generated by the graphing unit
1710. For example, the deformation unit 1712 can determine a deformation (e.g.,
deformation field, vector, calculation) based on the data. The deformation unit
1712 can apply the deformation to a graph generated by the graphing unit 1710. As
a further example, the deformation unit 1710 can generate a deformed graph by
applying the deformation to the graph. The deformation unit 1712 can be
configured to determine and apply one or more deformations to the graph based on
the methods and systems described herein.

[0075] In one aspect, the second device 1708 can comprise a segmentation unit 1714
configured to identify one or more surfaces in the sensor data and/or otherwise
segment. For example, the segmentation unit 1714 can identify one or more
surfaces based on at least one of the deformed graph and/or the sensor data. As a
further example, the segmentation unit 1714 can generate segmentation
information indicative of the one or more surfaces. The segmentation unit 1714 can
be configured to identify the one or more surfaces and/or otherwise perform
segmentation based on the methods and systems described herein.

[0076] In one aspect, the second device 1708 can comprise a formatting unit 1716
configured to format the sensor data, deformed graph, segmentation information,
and/or other information and/or data. As an example, the formatting unit 1716 can
generate a representation of the sensor data, deformed graph, segmentation
information, and/or other information and/or data. The representation can comprise
a graph, image, three-dimensional model, and/or the like. The formatting unit 1716

can be configured to format the sensor data, deformed graph, segmentation
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information, and/or other information and/or data based on the methods and
systems described herein.

[0077] In one aspect, the system 1700 can comprise a third device 1718. The third device
1718 can comprise a computer, tablet, medical device, smart phone, display,
television, and/or the like. The third device 1718 can be configured to request
and/or receive the sensor data, deformed graph, segmentation information,
representation thereof, and/or other information from the second device 1708. In
one aspect, the third device 1718 can comprise an interface unit 1720 configured to
provide an interface to one or more users. For example, the interface unit 1720 can
be configured to provide the sensor data, deformed graph, segmentation
information, representation thereof, and/or other information to a user.

[0078] FIG. 18 is a flowchart illustrating an example method 1800 of analyzing data. At
step 1802, volume data representative of an object can be received. The volume
data can comprise volumetric intensity data. The volume data can comprise at least
one continuous intensity function measured by a sensor. The at least one
continuous intensity function can have a number of dimensions that is at least of a
number of dimensions of the volume data. The volume data can be received based
on optical coherence tomography. The volume data can be received based at least
on one of magnetic resonance, x-ray computer tomography, ultrasound, LIDAR
data, combinations thereof, and the like.

[0079] At step 1804, a first graph based on the volume data can be generated. The first
graph can comprise nodes arranged in a Euclidean space. Generating the first graph
based on the volume data can comprise generating an orthogonal grid of the nodes
in Euclidean space. At least a portion of the nodes in Euclidean space can be based
on intensity values of an imaged object. As a further example, generating a first
graph based on the volume data can comprise discretizing the volume data into
volumetric units.

[0080] At step 1806, a deformation ficld can be determined based on the volume data.
When determining the deformation field based on the volume data, a work function
can be determined based on the volume data. The work function can be the
gradient vector field. Furthermore, a regularization function comprising a
regularization imposed by a Gaussian kernel having a dimensionality equal to a
dimensionality of the volume data can be determined. The regularization function

confines the displacement of each node within each node's respective voxel, and
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determines a capture range towards a desired surface and its localization accuracy.
In an aspect, any other regularization kernel besides Gaussian can be used. A
convolution of the work function and the regularization function can be
determined. A negative gradient can be determined as a result of the convolution.
As another example, determining the deformation field based on the volume data
can comprise determining a gradient vector flow field.

[0081] At step 1808, the deformation field can be applied to the first graph to form a
second graph. The second graph can comprise nodes arranged in a non-Euclidean
space. The first graph and second graph can be of at least two dimensions.
Applying the deformation field can comprise increasing node density near
expected surfaces of the object. Applying the deformation field can comprise
increasing node density where the saliency of the volume data increases. Applying
the deformation field can comprise moving positions of nodes within the first
graph causing variations in spacing between at least a portion of the nodes within
the second graph.

[0082] At step 1810, the second graph can be segmented. Segmenting the second graph
can comprise identifying at least one boundary indicative of a boundary between
two parts of the object. Segmenting the second graph can comprise distinguishing
between tissues or lesions. Segmenting the second graph can comprise determining
a cost function associating cost values with volumetric units. The cost function
assigns weights to each vertex between nodes in the graph and represents
constraints about the relationships between graph nodes, such as smoothness of the
surface or the inability of surfaces to cross. Each cost value can comprise an
inverse to a likelihood that the corresponding volumetric unit is on a surface.
Segmenting the second graph can comprise determining an optimal set of surfaces
with a minimum total cost by summing the cost values associated with the
volumetric units on the surfaces. Segmenting the second graph can comprise
determining the cost value at a shifted node location based on the deformation
field, e.g. determining the cost at shifted node location.

[0083] FIG. 19 is a flowchart illustrating an example method 1900 of analyzing data. At
step 1902, intensity data representative of an object can be received. The intensity
data can comprise volumetric intensity data. The intensity data can comprise at
least one continuous intensity function measured by a sensor. The intensity data

can be received based on optical coherence tomography. The intensity data can be
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received based at least on one of magnetic resonance, x-ray computer tomography,
ultrasound, LIDAR data, combinations thereof, and the like.

[0084] At step 1904, a graph of the object can be generated. Generating the graph of the
object can comprise generating an orthogonal grid of nodes in Euclidean space. At
least a portion of the nodes in Euclidean space can represent corresponding
intensity values. As another example, generating the graph of the object can
comprise discretizing into volumetric units the intensity data.

[0085] At step 1906, a deformation field can be determined based on the intensity data. In
one aspect, determining the deformation field based on the intensity data can
comprise at least one of: determining a work function based on the intensity data,
determining a regularization function comprising a regularization imposed by a
Gaussian kernel having a dimensionality equal to a dimensionality of the intensity
data, determining a convolution of the work function and the regularization
function, determining a negative gradient of a result of the convolution. In another
aspect, determining the deformation field based on the intensity data can comprise
determining a gradient vector flow field.

[0086] At step 1908, the graph can be deformed to more accurately represent the intensity
data. The graph and deformed graph can be of at least two dimensions. The graph
can be deformed based on the deformation field. The graph can comprise a
plurality of equally spaced nodes representing the intensity data. Deforming the
graph can comprise repositioning at least a portion of the nodes closer to a location
in the graph indicative of a feature of the object. Deforming the graph to more
accurately represent the intensity data can comprise increasing node density near
expected surfaces of the object. Deforming the graph to more accurately represent
the intensity data can comprise increasing node density where the saliency of the
intensity data increases. Deforming the graph to more accurately represent the
intensity data can comprise moving positions of nodes within the graph causing
variations in spacing between at least a portion of the nodes within the graph.

[0087] At step 1910, at least one surface of the object can be identified based on the
deformed graph. Identifying at least one surface of the object based on the
deformed graph can comprise identifying at least one boundary indicative of a
boundary between two parts of the object. Identifying at least one surface of the
object based on the deformed graph can comprise distinguishing between tissues,

lesions, and/or the like. For example, the tissues and/or lesions can be tissues
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and/or lesions of an eye, lung, brain, vessel, prostate, bladder, and the like.
Identifying at least one surface of the object based on the deformed graph can
comprise determining a cost function associating cost values with volumetric units,
wherein each cost value comprises an inverse to a likelihood that the
corresponding volumetric unit is on a surface. Identifying at least one surface of
the object based on the deformed graph can comprise determining an optimal set of
surfaces with a minimum total cost by summing the cost values associated with the
volumetric units on the at least one surface. Identifying at least one surface of the
object based on the deformed graph can comprise determining the cost value at a
shifted node location based on the deformation field.

[0088] At step 1912, a representation of the at least one surface of the object can be
provided. For example, the representation can comprise an image, three-
dimensional model, combinations thereof, and the like. In one aspect, the
representation can indicate the location of the at least one surface. The location of
the at least one surface can be indicated by a line (e.g., colored line, dashed line,
combinations thereof, and the like), symbol, combinations thereof, and the like.

[0089] In an exemplary aspect, the methods and systems can be implemented on a
computer 2001 as illustrated in FIG. 20 and described below. By way of example,
first device 1702, second device 1708, and/or third device 1718 of FIG. 17 can be
a computer as illustrated in FIG. 20. Similarly, the methods and systems disclosed
can utilize one or more computers to perform one or more functions in one or more
locations. FIG. 20 is a block diagram illustrating an exemplary operating
environment for performing the disclosed methods. This exemplary operating
environment is only an example of an operating environment and is not intended to
suggest any limitation as to the scope of use or functionality of operating
environment architecture. Neither should the operating environment be interpreted
as having any dependency or requirement relating to any one or combination of
components illustrated in the exemplary operating environment.

[0090] The present methods and systems can be operational with numerous other general
purpose or special purpose computing system environments or configurations.
Examples of well-known computing systems, environments, and/or configurations
that can be suitable for use with the systems and methods comprise, but are not
limited to, personal computers, server computers, laptop devices, and

multiprocessor systems. Additional examples comprise set top boxes,
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programmable consumer electronics, network PCs, minicomputers, mainframe
computers, distributed computing environments that comprise any of the above
systems or devices, and the like.

[0091] The processing of the disclosed methods and systems can be performed by
software components. The disclosed systems and methods can be described in the
general context of computer-executable instructions, such as program modules,
being executed by one or more computers or other devices. Generally, program
modules comprise computer code, routines, programs, objects, components, data
structures, etc. that perform particular tasks or implement particular abstract data
types. The disclosed methods can also be practiced in grid-based and distributed
computing environments where tasks are performed by remote processing devices
that are linked through a communications network. In a distributed computing
environment, program modules can be located in both local and remote computer
storage media including memory storage devices.

[0092] Further, one skilled in the art will appreciate that the systems and methods
disclosed herein can be implemented via a general-purpose computing device in
the form of a computer 2001. The components of the computer 2001 can comprise,
but are not limited to, one or more processors or processing units 2003, a system
memory 2012, and a system bus 2013 that couples various system components
including the processor 2003 to the system memory 2012. In the case of multiple
processing units 2003, the system can utilize parallel computing.

[0093] The system bus 2013 represents one or more of several possible types of bus
structures, including a memory bus or memory controller, a peripheral bus, an
accelerated graphics port, and a processor or local bus using any of a variety of bus
architectures. By way of example, such architectures can comprise an Industry
Standard Architecture (ISA) bus, a Micro Channel Architecture (MCA) bus, an
Enhanced ISA (EISA) bus, a Video Electronics Standards Association (VESA)
local bus, an Accelerated Graphics Port (AGP) bus, and a Peripheral Component
Interconnects (PCI), a PCI-Express bus, a Personal Computer Memory Card
Industry Association (PCMCIA), Universal Serial Bus (USB) and the like. The bus
2013, and all buses specified in this description can also be implemented over a
wired or wireless network connection and each of the subsystems, including the
processor 2003, a mass storage device 2004, an operating system 2005,

segmentation software 2006, segmentation data 2007, a network adapter 2008,
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system memory 2012, an Input/Output Interface 2010, a display adapter 2009, a
display device 2011, and a human machine interface 2002, can be contained within
one or more remote computing devices 2014a,b,c at physically separate locations,
connected through buses of this form, in effect implementing a fully distributed
system.

[0094] The computer 2001 can comprise a variety of computer readable media.
Exemplary readable media can be any available media that is accessible by the
computer 2001 and comprises, for example and not meant to be limiting, both
volatile and non-volatile media, removable and non-removable media. The system
memory 2012 comprises computer readable media in the form of volatile memory,
such as random access memory (RAM), and/or non-volatile memory, such as read
only memory (ROM). The system memory 2012 can contain data such as
segmentation data 2007 and/or program modules such as operating system 2005
and segmentation software 2006 that are immediately accessible to and/or are
presently operated on by the processing unit 2003.

[0095] In another aspect, the computer 2001 can also comprise other removable/non-
removable, volatile/non-volatile computer storage media. By way of example,
FIG. 20 illustrates a mass storage device 2004 which can provide non-volatile
storage of computer code, computer readable instructions, data structures, program
modules, and other data for the computer 2001. For example and not meant to be
limiting, a mass storage device 2004 can be a hard disk, a removable magnetic
disk, a removable optical disk, magnetic cassettes or other magnetic storage
devices, flash memory cards, CD-ROM, digital versatile disks (DVD) or other
optical storage, random access memories (RAM), read only memories (ROM),
electrically erasable programmable read-only memory (EEPROM), and the like.

[0096] Optionally, any number of program modules can be stored on the mass storage
device 2004, including by way of example, an operating system 2005 and
segmentation software 2006. Each of the operating system 2005 and segmentation
software 2006 (or some combination thereof) can comprise elements of the
programming and the segmentation software 2006. Segmentation data 2007 can
also be stored on the mass storage device 2004. Segmentation data 2007 can be
stored in any of one or more databases known in the art. Examples of such
databases comprise, DB2®, Microsoft® Access, Microsoft® SQL Server,
Oracle®, mySQL, PostgreSQL, and the like. The databases can be centralized or
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distributed across multiple systems.

[0097] In another aspect, the user can enter commands and information into the computer
2001 via an input device (not shown). Examples of such input devices comprise,
but are not limited to, a keyboard, pointing device (e.g., a “mouse”), a microphone,
a joystick, a scanner, tactile input devices such as gloves, and other body
coverings, and the like These and other input devices can be connected to the
processing unit 2003 via a human machine interface 2002 that is coupled to the
system bus 2013, but can be connected by other interface and bus structures, such
as a parallel port, game port, an IEEE 1394 Port (also known as a Firewire port), a
serial port, or a universal serial bus (USB).

[0098] In yet another aspect, a display device 2011 can also be connected to the system
bus 2013 via an interface, such as a display adapter 2009. It is contemplated that
the computer 2001 can have more than one display adapter 2009 and the computer
2001 can have more than one display device 2011. For example, a display device
can be a monitor, an LCD (Liquid Crystal Display), or a projector. In addition to
the display device 2011, other output peripheral devices can comprise components
such as speakers (not shown) and a printer (not shown) which can be connected to
the computer 2001 via Input/Output Interface 2010. Any step and/or result of the
methods can be output in any form to an output device. Such output can be any
form of visual representation, including, but not limited to, textual, graphical,
animation, audio, tactile, and the like. The display 2011 and computer 2001 can be
part of one device, or separate devices.

[0099] The computer 2001 can operate in a networked environment using logical
connections to one or more remote computing devices 2014a,b,c. By way of
example, a remote computing device can be a personal computer, portable
computer, smartphone, a server, a router, a network computer, a peer device or
other common network node, and so on. Logical connections between the
computer 2001 and a remote computing device 2014a,b,c can be made via a
network 2015, such as a local area network (LAN) and/or a general wide area
network (WAN). Such network connections can be through a network adapter
2008. A network adapter 2008 can be implemented in both wired and wireless
environments. Such networking environments are conventional and commonplace
in dwellings, offices, enterprise-wide computer networks, intranets, and the

Internet.
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[00100] For purposes of illustration, application programs and other executable
program components such as the operating system 2005 are illustrated herein as
discrete blocks, although it is recognized that such programs and components
reside at various times in different storage components of the computing device
2001, and are executed by the data processor(s) of the computer. An
implementation of segmentation software 2006 can be stored on or transmitted
across some form of computer readable media. Any of the disclosed methods can
be performed by computer readable instructions embodied on computer readable
media. Computer readable media can be any available media that can be accessed
by a computer. By way of example and not meant to be limiting, computer
readable media can comprise “computer storage media” and “communications
media.” “Computer storage media” comprise volatile and non-volatile, removable
and non-removable media implemented in any methods or technology for storage
of information such as computer readable instructions, data structures, program
modules, or other data. Exemplary computer storage media comprises, but is not
limited to, RAM, ROM, EEPROM, flash memory or other memory technology,
CD-ROM, digital versatile disks (DVD) or other optical storage, magnetic
cassettes, magnetic tape, magnetic disk storage or other magnetic storage devices,
or any other medium which can be used to store the desired information and which
can be accessed by a computer.

[00101] The methods and systems can employ Artificial Intelligence techniques
such as machine learning and iterative learning. Examples of such techniques
include, but are not limited to, expert systems, case based reasoning, Bayesian
networks, behavior based Al neural networks, fuzzy systems, evolutionary
computation (e.g. genetic algorithms), swarm intelligence (e.g. ant algorithms), and
hybrid intelligent systems (e.g. Expert inference rules generated through a neural
network or production rules from statistical learning).

[00102] While the methods and systems have been described in connection with
preferred embodiments and specific examples, it is not intended that the scope be
limited to the particular embodiments set forth, as the embodiments herein are
intended in all respects to be illustrative rather than restrictive.

[00103] Unless otherwise expressly stated, it is in no way intended that any method
set forth herein be construed as requiring that its steps be performed in a specific

order. Accordingly, where a method claim does not actually recite an order to be
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followed by its steps or it is not otherwise specifically stated in the claims or
descriptions that the steps are to be limited to a specific order, it is in no way
intended that an order be inferred, in any respect. This holds for any possible non-
express basis for interpretation, including: matters of logic with respect to
arrangement of steps or operational flow; plain meaning derived from grammatical
organization or punctuation; the number or type of embodiments described in the
specification.

[00104] It will be apparent to those skilled in the art that various modifications and
variations can be made without departing from the scope or spirit. Other
embodiments will be apparent to those skilled in the art from consideration of the
specification and practice disclosed herein. It is intended that the specification and
examples be considered as exemplary only, with a true scope and spirit being

indicated by the following claims.
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CLAIMS
What is claimed is:
1. A method, comprising:
receiving volume data representative of an object;
generating a first graph based on the volume data, wherein the first graph
comprises nodes arranged in a Euclidean space;
determining a deformation field based on the volume data;
applying the deformation field to the first graph to form a second graph, wherein
the second graph comprises nodes arranged in a non-Euclidean space; and

segmenting the second graph.

2. The method of claim 1, wherein the volume data comprises volumetric intensity data.

3. The method of claim 1, wherein determining the deformation field based on the
volume data comprises:

determining a work function based on the volume data;

determining a regularization function comprising a regularization imposed by a
Gaussian kernel having a dimensionality equal to a dimensionality of the
volume data;

determining a convolution of the work function and the regularization function;
and

determining a negative gradient of a result of the convolution.

4. The method of claim 1, wherein applying the deformation field to the first graph to
form a second graph comprises increasing node density near expected surfaces of the

object.

5. The method of claim 1, wherein generating the first graph based on the volume data
comprises generating an orthogonal grid of the nodes in Euclidean space, wherein at
least a portion of the nodes in Euclidean space represent corresponding intensity

values.

6. The method of claim 1, wherein segmenting the second graph comprises identifying at

least one boundary indicative of a boundary between two parts of the object.
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7. The method of claim 1, wherein generating a first graph based on the volume data
comprises discretizing into volumetric units the volume data, and wherein the volume

data comprises at least one continuous intensity function measured by a sensor.

8. The method of claim 1, wherein segmenting the second graph comprises:
determining a cost function associating cost values with volumetric units, wherein
each cost value comprises an inverse to a likelihood that the corresponding
volumetric unit is on a surface; and
determining an optimal set of surfaces with a minimum total cost by summing the

cost values associated with the volumetric units on the surfaces.

9. A method, comprising:
receiving intensity data representative of an object;
generating a graph of the object;
deforming the graph to more accurately represent the intensity data;
identifying at least one surface of the object based on the deformed graph; and

providing a representation of the at least one surface of the object.

10. The method of claim 9, wherein the graph comprises a plurality of equally spaced
nodes representing the intensity data, and wherein deforming the graph comprises
repositioning at least a portion of the nodes closer to a location in the graph indicative

of a feature of the object.

11. The method of claim 9, wherein the intensity data is received based at least one of
optical coherence tomography, magnetic resonance, X-ray computer tomography,

ultrasound, and LIDAR data.

12. The method of claim 9, further comprising determining a deformation field based on

the intensity data, wherein graph is deformed based on the deformation field.
13. The method of claim 12, wherein determining the deformation field based on the

intensity data comprises:

determining a work function based on the intensity data;
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determining a regularization function comprising a regularization imposed by a
Gaussian kernel having a dimensionality equal to a dimensionality of the
intensity data;

determining a convolution of the work function and the regularization function;
and

determining a negative gradient of a result of the convolution.

14. The method of claim 9, wherein deforming the graph to more accurately represent the

intensity data comprises increasing node density near expected surfaces of the object.

15. The method of claim 9, wherein generating the graph of the object comprises
generating an orthogonal grid of nodes in Euclidean space, wherein at least a portion

of the nodes in Euclidean space represent corresponding intensity values.

16. The method of claim 9, wherein identifying at least one surface of the object based on
the deformed graph comprises identifying at least one boundary indicative of a

boundary between two parts of the object.

17. The method of claim 9, wherein identifying at least one surface of the object based on
the deformed graph comprises:
determining a cost function associating cost values with volumetric units, wherein
each cost value comprises an inverse to a likelihood that the corresponding
volumetric unit is on a surface; and
determining an optimal set of surfaces with a minimum total cost by summing the

cost values associated with the volumetric units on the at least one surface.

18. A system, comprising;:
a memory having computer-executable instructions encoded thereon; and
at least one processor functionally coupled to the memory and configured, by the
computer-executable instructions, for,
receiving volume data representative of an object;
generating a first graph based on the volume data, wherein the first graph
comprises nodes arranged in a Euclidean space;

determining a deformation field based on the volume data;
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applying the deformation field to the first graph to form a second graph,
wherein the second graph comprises nodes arranged in a non-
Euclidean space; and

segmenting the second graph.

19. The system of claim 18, wherein determining the deformation field based on the
volume data comprises:

determining a work function based on the volume data;

determining a regularization function comprising a regularization imposed by a
Gaussian kernel having a dimensionality equal to a dimensionality of the
volume data;

determining a convolution of the work function and the regularization function;
and

determining a negative gradient of a result of the convolution.

20. The system of claim 18, wherein applying the deformation field comprises increasing

node density near expected surfaces of the object.
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Box No. II Observations where ceytain claims were found unsearchable (Continuation of item 2 of first sheet) .

This international search report has not been cstablished in respect of certain claims under Atticle 17(2)(a) for the following reasons:

D Claims Nos.:

because they relate to subject matter not requlred to be searched by this Authority, namely:

2. E] Claims Nos.:

because they relale to parts of the international application that do not comply with the prescribed requirements o such an
extent that no meaningful international search can be carried out, specifically:

3. L__] Claims Nos.:

because they are dependent clalms and are not drafted in accordance with the second and third sentences of Rule 6. 4(a)

Box No. IIl  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:
Group |: Claims 1-8 and 18-20; Group II: Claims 9-17

*h

-***.Please See Supplemental Page-

1. D As all required additional search fees were umely paid by the applicant, this mternauonal search report covers all searchable
claims.

2. [:l As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. D As only some of the required additional search fees were umely paid by the applicant, this international search report covers
only those claims for which fees were paid, specnflcally claims Nos.: ‘

4. ﬁ No r.equired adqitiona] search fees were }imely pz_xid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-8 and 18-20

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

K‘ No protest accompanied the payment of additional search fees.
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-**-Continued from Box |/l Observations where unity of invention is tacking-

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fee must be paid.

Group I: Claims 1-8 and 18-20 are directed toward a method and system comprising a graph comprising nodes arranged in a Euclidean
space. "
Group II: Claims 9-17 are directed toward a method for idéntifying at least one surface of an object.

The inventions listed as Groups I-Il do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technicai features for the following reasons:

The special technical features of Group | include a first graph comprising nodes arranged in a Euclidean space; a second graph
comprising nodes arranged in a non-Euclidean space; and segmenting the second graph, which are not present in Group II.

The special technical features of Group Il include receiving intensity data representation of an object; identifying at least one surface of
an object; and providing a representation of the at least one surface of the object, which are not present in Group I.

The common technical features shared by Groups |-l are a method comprising: generating a graph of an object; and deforming the
graph. However, these common features are previously disclosed by US 2014/0035901 A1 to CHEN et al. (hereinafter "Chen”). Chen
discloses a method comprising: generating a graph of an object (a mesh (graph) is generated by scanning an object; paragraph [0004]);
and deforming the graph (a deformation graph is generated from the mesh; paragraph [0004]).

Since the common technical features are previously disclosed by the Chen reference, these common features are not special and so
Groups I-Il lack unity.
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