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1
SYSTEM FOR VASCULAR ASSESSMENT

PRIORITY CLAIM

The present application is a continuation of International
Application No. PCT/IL2017/050543, filed on May 16,
2017, which claims priority to U.S. Provisional Patent
Application No. 62/336,835, filed May 16, 2016, the entire
contents of each of which are incorporated herein by refer-
ence and relied upon.

TECHNICAL FIELD

The present disclosure relates to the field of medical
image analysis, and more particularly, to the presentation of
medical images of a vasculature.

BACKGROUND

Arterial stenosis is one of the most serious forms of
arterial disease. In clinical practice, stenosis severity is
estimated by using either simple geometrical parameters,
such as determining the percent diameter of a stenosis, or by
measuring hemodynamically based parameters, such as the
pressure-based myocardial Fractional Flow Reserve (FFR).
FFR is an invasive measurement of the functional signifi-
cance of coronary stenoses. The FFR measurement repre-
sents a ratio between maximal blood flow in an area of
stenosis and maximal blood flow in the same area without
the stenosis. Earlier studies have shown that lesions with an
FFR that is less than 0.75 provide an accurate predictor of
ischemia; and that deferral of percutaneous coronary inter-
vention for lesions with FFR=0.75 appeared to be safe.

Modeling vascular flow to assess vascular flow is
described, for example, in U.S. published patent application
number 2012/0059246 of Taylor, to a “Method And System
For Patient-Specific Modeling Of Blood Flow”, which
describes embodiments which include a system for deter-
mining cardiovascular information for a patient. The system
may include at least one computer system configured to
receive patient-specific data regarding a geometry of at least
a portion of an anatomical structure of the patient. The
portion of the anatomical structure may include at least a
portion of the patient’s aorta and at least a portion of a
plurality of coronary arteries emanating from the portion of
the aorta. The at least one computer system may also be
configured to create a three-dimensional model representing
the portion of the anatomical structure based on the patient-
specific data, create a physics-based model relating to a
blood flow characteristic within the portion of the anatomi-
cal structure, and determine a fractional flow reserve within
the portion of the anatomical structure based on the three-
dimensional model and the physics-based model.

Additional background art includes: U.S. Pat. No. 8,548,
778 of Taylor.

Further background art includes U.S. Patent Publication
No. 2015/0342551 to Lavi et al.; International Patent Pub-
lication No. W02015/059706 to Lavi et al.; U.S. Patent
Publication No. 2015/0335304 to Ifat Lavi et al.; U.S. Patent
Publication No. 2015/0339847 to Benlshti et al.; and U.S.
Patent Publication No. 2015/0265162 to Lavi et al.; the
contents of which are hereby incorporated herein by refer-
ence.

SUMMARY

There is provided, in accordance with some exemplary
embodiments, a method of preparing vascular parameter
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data for display. The example method includes receiving at
least a first and a second 2-D angiographic image each
comprising respective 2-D frames of reference and vascular
image contents viewed from angles at least 30° different
from each other. The example method also includes creating
a model including a data structure configured to link a
plurality of 2-D locations in each of the first and the second
2-D angiographic images and forming an image in the frame
of reference of the first 2-D angiographic image. The
example method further includes determining the vascular
parameter data for the linked plurality of 2-D locations using
the second 2-D angiographic image and displaying the
vascular parameter data at the plurality of linked 2-D
locations in the frame of reference of the first image.

According to some embodiments, display away from the
linked 2-D locations is based on the first image.

According to some embodiments, the linking comprises
association in common to an identifying tag.

According to some embodiments, the linking comprises
association in common within a list.

According to some embodiments, the list is an ordered
list.

According to some embodiments, the association in com-
mon is defined as position specified relative to other loca-
tions or elements of the ordered list.

According to some embodiments, display at the plurality
of linked 2-D locations comprises a path rendered between
some of the linked 2-D locations; the path being rendered to
widths based on values derived from the processing of
vascular widths in the correspondingly linked 2-D locations
of the second image.

According to some embodiments, the width is rendered to
at least 1.5x greater scale than the scale of the vascular
diameter in the frame of reference of the first image.

According to some embodiments, display at the linked
2-D locations comprises a path rendered between linked 2-D
locations, the path having a color assigned based on values
of the accessed vascular parameter data.

According to some embodiments, display at the linked
2-D locations comprises a path rendered between linked 2-D
locations, the path having at least one of a transparency or
a gap assigned based on values of the accessed vascular
parameter data.

According to some embodiments, display at each of the
linked 2-D locations is based on a plurality of accessed
parameter data elements.

According to some embodiments, the data structure links
at least a third 2-D angiographic image not registrable to
consistently align with the first and second images by an
invertible 2-D geometrical transform, and at least some
values of the accessed vascular parameter data elements are
derived from processing of the correspondingly linked 2-D
locations of the third image.

According to some embodiments, the display at the plu-
rality of linked 2-D locations comprises display using any
combination of displayed path width, display color, display
transparency, or display color channel assignment.

According to some embodiments, the plurality of
accessed parameter data elements represent the same vas-
cular parameter for a plurality of parameter values.

According to some embodiments, the plurality of param-
eter values comprise values representing the vasculature in
different states.

According to some embodiments, display at each of the
linked 2-D locations alternates between being based on
different element accessed vascular parameter data.
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According to some embodiments, the image contents of at
least the first and second images comprise views of a
vasculature taken from different view angles.

According to some embodiments, the image contents of at
least the first and second images comprise views of a
vasculature in at least two respective different anatomical
states.

There is provided, in accordance with some exemplary
embodiments, a system for preparing vascular parameter
data for display comprising: a processor configured to
traverse a linkage model stored in digital memory, the
linkage model comprising: at least a first and a second 2-D
angiographic image representing respectively at least two
separate viewing angles of a cardiac vasculature, and a data
structure linking corresponding 2-D locations of the 2-D
angiographic images, the corresponding comprising repre-
sentation in common of a region of the cardiac vasculature;
wherein the processor is furthermore configured to form for
display a display image in the frame of reference of the first
image; and wherein the display image at the plurality of
linked 2-D locations in the frame of reference of the first
image is based on at least vascular parameter data accessed
by use of the linking data structure; and wherein the
accessed vascular parameter data is derived from processing
of the correspondingly linked 2-D locations of the second
image.

According to some embodiments, the display image away
from the linked 2-D locations is based on the first image.

According to some embodiments, the linking comprises
association in common to an identifying tag.

According to some embodiments, the linking comprises
association in common within a list.

Unless otherwise defined, all technical and/or scientific
terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which the
disclosure pertains. Although systems, methods, and/or
computer program products similar or equivalent to those
described herein can be used in the practice or testing of
embodiments disclosed herein, exemplary systems, meth-
ods, and/or computer program products are described below.
In case of conflict, the patent specification, including defi-
nitions, will control. In addition, the systems, methods,
computer program products, and examples are illustrative
only and are not intended to be necessarily limiting.

As will be appreciated by one skilled in the art, aspects of
the present disclosure may be embodied as a system,
method, or computer program product. Accordingly, aspects
of the present disclosure may take the form of an entirely
hardware embodiment, an entirely software embodiment
(including firmware, resident software, micro-code, etc.), or
an embodiment combining software and hardware aspects
that may all generally be referred to herein as a “circuit,”
“module” or “system.” Furthermore, some embodiments of
the present disclosure may take the form of a computer
program product embodied in one or more computer read-
able medium(s) having computer readable program code
embodied thereon. Implementation of the method and/or
system of some embodiments disclosed herein can involve
performing and/or completing selected tasks manually, auto-
matically, or a combination thereof. Moreover, according to
actual instrumentation and equipment of some embodiments
of the method and/or system disclosed herein, several
selected tasks could be implemented by hardware, by soft-
ware or by firmware and/or by a combination thereof, e.g,,
using an operating system.

For example, hardware for performing selected tasks
according to some embodiments of the disclosure could be
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implemented as a chip or a circuit. As software, selected
tasks according to some embodiments of the disclosure
could be implemented as a plurality of software instructions
executed by a computer using any suitable operating system.
In an exemplary embodiment of the disclosure, one or more
tasks, according to some exemplary embodiments of a
method and/or a system as described herein, are performed
by a data processor, such as a computing platform for
executing a plurality of instructions. Optionally, the data
processor includes a volatile memory for storing instructions
and/or data and/or a non-volatile storage, for example, a
magnetic hard-disk and/or removable media, for storing
instructions and/or data. Optionally, a network connection
may be provided. A display and/or a user input device such
as a keyboard or mouse may also be provided.

Any combination of one or more computer readable
medium(s) may be utilized for some embodiments of the
disclosure. The computer readable medium may be a com-
puter readable signal medium or a computer readable stor-
age medium. A computer readable storage medium may be,
for example, but not limited to, an electronic, magnetic,
optical, electromagnetic, infrared, or semiconductor system,
apparatus, or device, or any suitable combination of the
foregoing. More specific examples (a non-exhaustive list) of
the computer readable storage medium would include the
following: an electrical connection having one or more
wires, a portable computer diskette, a hard disk, a random
access memory (RAM), a read-only memory (ROM), an
erasable programmable read-only memory (EPROM or
Flash memory), an optical fiber, a portable compact disc
read-only memory (CD-ROM), an optical storage device, a
magnetic storage device, or any suitable combination of the
foregoing. In the context of this document, a computer
readable storage medium may be any tangible medium that
can contain, or store a program for use by or in connection
with an instruction execution system, apparatus, or device.

A computer readable signal medium may include a propa-
gated data signal with computer readable program code
embodied therein, for example, in baseband or as part of a
carrier wave. Such a propagated signal may take any of a
variety of forms, including, but not limited to, electro-
magnetic, optical, or any suitable combination thereof. A
computer readable signal medium may be any computer
readable medium that is not a computer readable storage
medium and that can communicate, propagate, or transport
a program for use by or in connection with an instruction
execution system, apparatus, or device.

Program code embodied on a computer readable medium
and/or data used thereby may be transmitted using any
appropriate medium, including but not limited to wireless,
wireline, optical fiber cable, RF, etc., or any suitable com-
bination of the foregoing.

Computer program code for carrying out operations for
some embodiments of the present disclosure may be written
in any combination of one or more programming languages,
including an object oriented programming language such as
Java, Smalltalk, C++ or the like and conventional procedural
programming languages, such as the “C” programming
language or similar programming languages. The program
code may execute entirely on the user’s computer, partly on
the user’s computer, as a stand-alone software package,
partly on the user’s computer and partly on a remote
computer or entirely on the remote computer or server. In the
latter scenario, the remote computer may be connected to the
user’s computer through any type of network, including a
local area network (LAN) or a wide area network (WAN), or
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the connection may be made to an external computer (for
example, through the Internet using an Internet Service
Provider).

Some embodiments of the present disclosure may be
described below with reference to flowchart illustrations
and/or block diagrams of methods, apparatus (systems) and
computer program products according to embodiments of
the disclosure. It will be understood that each block of the
flowchart illustrations and/or block diagrams, and combina-
tions of blocks in the flowchart illustrations and/or block
diagrams, can be implemented by computer program
instructions. These computer program instructions may be
provided to a processor of a general purpose computer,
special purpose computer, or other programmable data pro-
cessing apparatus to produce a machine, such that the
instructions, which execute via the processor of the com-
puter or other programmable data processing apparatus,
create means for implementing the functions/acts specified
in the flowchart and/or block diagram block or blocks.

These computer program instructions may also be stored
in a computer readable medium that can direct a computer,
other programmable data processing apparatus, or other
devices to function in a particular manner, such that the
instructions stored in the computer readable medium pro-
duce an article of manufacture including instructions which
implement the function/act specified in the flowchart and/or
block diagram block or blocks.

The computer program instructions may also be loaded
onto a computer, other programmable data processing appa-
ratus, or other devices to cause a series of operational steps
to be performed on the computer, other programmable
apparatus or other devices to produce a computer imple-
mented process such that the instructions which execute on
the computer or other programmable apparatus provide
processes for implementing the functions/acts specified in
the flowchart and/or block diagram block or blocks.

Additional features and advantages of the disclosed sys-
tem, method, and apparatus are described in, and will be
apparent from, the following Detailed Description and the
Figures.

BRIEF DESCRIPTION OF THE DRAWINGS

Some embodiments of the example systems, methods,
and/or computer program products are herein described, by
way of example only, with reference to the accompanying
drawings. With specific reference now to the drawings in
detail, it is stressed that the particulars shown are by way of
example, and for purposes of illustrative discussion of
embodiments disclosed herein. In this regard, the description
taken with the drawings makes apparent to those skilled in
the art how embodiments of the disclosure may be practiced.

In the drawings:

FIG. 1A is a schematic flowchart providing for a con-
struction of an overlaid and/or composited display of vas-
cular image and/or other vascular data, according to some
embodiments of the present disclosure;

FIG. 1B is a schematic flowchart for the conversion of
compositing source data to a form displayable as an image
together with corresponding image data, according to some
embodiments of the present disclosure;

FIG. 1C schematically illustrates a graphical user inter-
face according to some embodiments of the present disclo-
sure;

FIG. 1D schematically presents a simplified correspon-
dence model used in the construction, according to some
embodiments of the present disclosure;
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FIG. 2Ais a block diagram of a system for production and
use of a dynamically updatable vascular tree model, accord-
ing to some exemplary embodiments of the present disclo-
sure;

FIG. 2B is a block diagram including particular examples
by which some of the blocks of FIG. 2A are realized,
according to some exemplary embodiments of the present
disclosure;

FIG. 3A illustrates an angiogram usable as a base image
for data presentation, according to some embodiments of the
present disclosure;

FIGS. 3B, 3C and 3D illustrate angiogram vascular over-
lays for presentation of auxiliary information along extent of
vasculature, according to some embodiments of the present
disclosure;

FIG. 3E illustrates angiogram vascular overlays for pre-
sentation of auxiliary information as tags, according to some
embodiments of the present disclosure;

FIGS. 3F and 3G illustrate angiogram vascular overlays
for presentation of width information, according to some
embodiments of the present disclosure;

FIGS. 3H and 31 illustrate angiograms comprising first
and second states of a cardiac vasculature, according to
some embodiments of the present disclosure;

FIG. 3] is a schematic representation of a differential
analysis display of the angiograms of FIGS. 3H-3I, accord-
ing to some embodiments of the present disclosure; and

FIGS. 4A and 4B schematically illustrate a method of
modifying an angiogram image to adjust an apparent vas-
cular width shown thereon, according to some embodiments
of the present disclosure.

DETAILED DESCRIPTION

The present disclosure, in some embodiments thereof,
relates to the field of medical image analysis, and more
particularly, to the presentation of medical images of a
vasculature.

Overview

An aspect of some embodiments of the current disclosure
relates to the compositing together of model-linked vascular
data from a plurality of sources, including, for example, at
least one 2-D angiography image, for display in the frame of
reference of the at least one angiography image.

In some embodiments, model linking of vascular data
comprises a plurality of 2-D angiographic images, along
with additional vascular parameter data. Optionally, at least
some of the additional vascular parameter data is derived
from analysis of the 2-D angiographic images. Additionally
or alternatively, at least some of the additional vascular
parameter data is derived from another source; for example,
another imaging modality, and/or another sensing modality
such as sensing from a catheter probe. In some embodi-
ments, the 2-D angiographic images are taken from signifi-
cantly different view angles (for example, from view angles
different by at least 15°, 30°, 45°, 60°, 90°, 135°, or 180°).
The different view angles potentially interfere with direct
registration of the images based on correlations among their
visual features. This is potentially of particular relevance for
a vasculature such as the coronary vasculature, in which a
single 2-D image compresses depth information around the
curvature of the heart. In some embodiments, the 2-D
angiographic images comprise images taken of a vascular
anatomy in different states—for example, different states of
disease progression and/or treatment—and/or at different
times, between which the anatomical structure of the vas-
cular has changed.
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In some embodiments, the model comprises a data struc-
ture linking corresponding regions of 2-D angiographic
images and/or corresponding elements of non-image vascu-
lar parameter data. The linkage is made between data
samples which represent in common a region of the cardiac
vasculature. For example, linkage is between data samples
which represent features and/or characteristics of a particu-
lar part of a particular vascular segment. In some embodi-
ments, parameter data which is sparsely available for the
imaged vasculature is linked to a particular segment or other
vascular domain that encompasses a plurality of linkage
regions.

Optionally, the linkage regions defined are fully isomor-
phic with anatomy (e.g., linkage is based on representation
of the same vascular tissue). This is a potential advantage
when images in a model are of the same vasculature
acquired at substantially the same time (e.g., without ana-
tomical remodeling between their times of acquisition).
Optionally or additionally, the linking region is relative to
some other definition; for example, a region of a vasculature
that is 10% of a total distance between two vascular branch
points. This is potentially advantageous when linking
between images which represent different anatomical states
(for example, images taken during the course of a disease
which comprises changes in vascular shapes, plaque devel-
opment, or other anatomical changes). In the memory of a
computerized implementation of the example model, link-
age optionally has one of several forms; for example;
common reference to an identifier or other token, common
relative and/or absolute position within a data structure
(optionally corresponding, for example, to relative distance
along a vascular centerline), and/or common presence (op-
tionally, presence by reference) in a row, column, or other
compartment of a data structure.

In a 2-D image, optionally, only a portion of the image
regions is linked into the linkage model. For example, in
some embodiments, only vascular regions are linked to the
linkage model. In some embodiments, vascular centerlines
are linked to the linkage model. Optionally, non-linked
elements in an image are connected to the linked model
indirectly through their relationship (e.g., their relationship
in the coordinate system of the 2-D image) to elements that
are so-linked.

In some embodiments of the disclosure provided herein,
creation of a composited image for display comprises tra-
versing the model between two or more data sources (e.g.,
two or more images, an image and model-mapped non-
image data, or another combination), based on their common
linkage. It should be understood that in some embodiments,
the linkage is not itself inherently geometrical and/or spatial
in nature. For example, the linkage is optionally not biject
(one-to-one between linked elements), and optionally com-
prises a linkage to a data set, which is not itself geometri-
cally specified. Optionally, however, the linkages them-
selves are associated with information that is topographical
(e.g., reflects anatomical connectivity) and/or is ordered
(e.g., there is an ordering of links in a list, such as an order
corresponding to relative position along a longitudinal
extent of a vascular segment).

In some embodiments, individual 2-D images comprise at
least a 2-D frame of reference. Optionally, the 2-D frame of
reference is also associated with a 3-D frame of reference,
for example, an image plane, a bounding box, a set of rays
in 3-D space that intersect the image plane, or another 3-D
plane of reference. Pixels or other elements (e.g. vascular
centerlines) of or derived from the 2-D images optionally are
assigned coordinates in the 2-D frame of reference. Option-
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ally, the traversal of the model allows non-image data and/or
other-image data to be “imported” to the 2-D coordinate
system according to its linkage in the model to a region of
the 2-D image that has such assigned coordinates. At least
insofar as linkages are optionally not biject or between
geometrically specified data sets, the importing transforma-
tion optionally does not comprise a geometrical transforma-
tion as such. In some embodiments, the individual 2-D
images are sufficiently different from each other (for
example, due to difference in view angle and/or changes in
imaged anatomy which produce a different 3-D conforma-
tion of the vasculature) such that no invertible geometrical
transform, also in two dimensions, can register them to each
other. In some embodiments, a difference in view angle
between at least one pair of vascular images having contents
linked by the model is at least 15°, 30°, 45° or another
larger, smaller, or intermediate angle.

In some embodiments, a composited image comprises an
image for computer-mediated display, which is based on at
least a portion of a 2-D angiographic image and some other
data from a source that is not originally and/or natively in the
frame of reference of the 2-D angiographic image. In some
embodiments, the composited image comprises a base
image with one or more overlays (for example, overlays in
a z-order, which may be understood as extending between a
“top” and a “bottom” of a stack of layers, where each layer
at least partially obscures underlying layers at regions where
the upper layer is populated by display data). Optionally,
overlays are at least partially transparent. In some embodi-
ments, a composited image comprises images which are
combined into a single layer, for example by use of image
algebraic operations including but not limited to addition,
subtraction, multiplication and/or division. Optionally, com-
positing comprises normalization and/or filtering of one or
more composited images. Optionally, compositing com-
prises assignment of different display channels (e.g., color
channels) to different data sources and/or different combi-
nations thereof. Optionally, composited images are adjust-
able to show or hide different elements; e.g., by operation by
a user of a user interface. In some embodiments, display of
composited image elements is separated in time. For
example, two composited layers are shown alternately,
which potentially is useful for purposes of layer comparison.

Before explaining at least one embodiment of the disclo-
sure in detail, it is to be understood that the example
systems, methods, and/or computer program products pro-
vided herein are not necessarily limited in its application to
the details of construction and the arrangement of the
components and/or methods set forth in the following
description and/or illustrated in the drawings. The example
systems, methods, and/or computer program products are
capable of embodying other embodiments or of being prac-
ticed or carried out in various ways.

Construction of Vascular Overlays and Composite Images
Based on Correspondence Modeling of Vascular Data

Reference is now made to FIG. 1A, which is a schematic
flowchart of a construction of an overlaid and/or composited
display of vascular image and/or other vascular data, accord-
ing to some embodiments of the present disclosure. Refer-
ence is also made to FIG. 1D, which schematically presents
a simplified correspondence model used in the construction,
according to some embodiments of the present disclosure.

In some embodiments, a data display comprises a display
of vascular parameter data within a coordinate frame deter-
mined by a base 2-D vascular image. Optionally, the display
of vascular parameter data is overlaid on the 2-D vascular
image. Additionally or alternatively, in some embodiments,
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a data display comprises a display composited (e.g., by use
of arithmetic image operations and/or color and/or transpar-
ency channel recoding of images) from a plurality of 2-D
vascular images, transformed to the coordinate frame of the
base 2-D vascular image.

In some embodiments, the base 2-D vascular image,
which provides the coordinate frame, comprises image data
obtained, for example, by X-ray angiography, and/or from
angiographic computed tomography (CT), magnetic reso-
nance imaging (MRI), positron emission tomography (PET),
optical coherence tomography (OCT), and/or intravascular
ultrasound (IVUS). Vascular parameter data optionally com-
prises, for example, values of vascular width, curvature,
digital FFR, blood pressure, and/or another parameter.
Optionally, parameter values are continuously or sparsely
specified along the length of vascular segments, and/or
specified as values pertaining to particular vascular segment
lengths.

In some embodiments, the vascular parameter data is
matched to display coordinates taken from the 2-D vascular
image via a correspondence model. The correspondence
model comprises links between data in different images
and/or data modalities, by specifying which data associated
with the same anatomical location are indexable to one
another. Optionally, data are associated in such a way that
there is no canonical (that is, no single governing) spatial
and/or planar location assigned to an anatomical location.
Rather, there is optionally different positional information
associated with the anatomical information for each of a
plurality of different data sets within which the anatomical
location is represented. Except for the correspondence rela-
tionship established within the model, there is no general
requirement that the positional information of one data set
should be consistent in space with the positional information
in any other data set.

An example model 50 (FIG. 1D) is now described as a
schematic example of correspondence, and/or of its potential
advantages. A model that optionally comprises additional
features is described, for example, in relation to FIG. 2B.
The image data related to each other by the model 50
comprise at least a first angiographic image 52 and a second
angiographic image 54. In some embodiments, centerline
positions along blood vessel images 51, 53 (arranged, for
example, as arrays or as another collection structure) are part
of the model 50; defined for each of the images 52, 54. 1t
should be understood that vascular centerline position is
used herein for purposes of illustration, and is not limiting.
However, use of 2-D image centerline position has the
potential advantage of being readily calculated from a 2-D
image, while compactly identifying locations distributed
along a vascular extent.

The example model 50 links each set of centerline posi-
tions of blood vessel images 51, 53 (which may be an image
pixel coordinate, for example) to one of a plurality of
identifiers 56. The linkage is such that there are identifiers 56
linked to a centerline position (e.g., positions 51A, 53A) in
each of the first angiographic image 52, and the second
angiographic image 54. Moreover, when the position-to-
identifier linkages are established, care is taken that posi-
tions linked to the same identifier also image substantially
the same anatomical position. Methods for doing this
include, for example, directly identifying homologies
between the 2-D images, and/or techniques for back-pro-
jecting rays from 2-D images taken from different angles to
their region of closest intersection. Such methods have been
described, for example, in International Patent Publication
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No. W02014/111930 to the Applicant, filed Jan. 15, 2014,
the contents of which are incorporated by reference herein in
their entirety.

For vascular targets in particular, such techniques permit
identification of substantially identical anatomical positions
in 2-D images even though they may be very different in the
views they capture. It should be understood that the identi-
fiers 56 can be established in one of several forms. In some
embodiments identifiers comprise tags and/or indices.
Optionally, tags and/or indices are defined to have some kind
of ordered relationship, for example, an ordered relationship
based on position along a vascular segment, and/or branch
position within a tree of vascular segments. In some embodi-
ments, identifiers are established as positions along a non-
spatial frame of reference. An example of this is a vascular
tree organized as branch nodes and distances (optionally,
relative distances) along vascular segments joining the
nodes.

Moreover, identifiers are optionally defined at one or
more levels of specification. For example, all data pertaining
to a particular vascular segment optionally share an identi-
fier for that segment. Within the segment, data are optionally
further identified by one or more position identifiers (e.g.,
distance along the segment and/or index into a position-
ordered array of sub-segment identifiers).

Herein, the term “homology group” is used to refer to the
set of all data which share linkage to a certain identifier,
whether it is a high-level identifier (such as a segment
identifier), or a low-level identifier (such as a sub-segment
position identifier). Those data are said to be members of the
same homology group, and/or said to share their anatomical
identification. Conversely, herein, a homology group is said
to be “in” (or “represented in”") a certain data set (such as an
image) if any member or region of the data set is a member
of the homology group.

From the foregoing, it may be understood how a model
can define common anatomical locations for different
regions of different images, without requiring a common
spatial frame of reference. For example, there is no inherent
dominance between the coordinate frames of the first and
second angiographic images 52, 54. There is not even a
requirement that the coordinate frames of the two images be
uniquely localized within a mutual (e.g., 3-D) frame of
reference. In some embodiments, it is potentially infeasible
to identify such a coordinate frame. For example, there may
be only an approximate consensus available. Reasons for
this include the potential for unknown relative errors in
determining the positions of all relevant components of the
imaging system, movements during imaging, and/or
changes in some details of the anatomy itself over time. Any
of these could introduce inconsistencies between images in
a data set which are difficult to entirely eliminate.

It is noted, moreover, that a data set need not comprise
image data in order to be integrated with model 50. Other
data 58 optionally comprises, for example, non-image data
such as values of vascular width, curvature, digital FFR,
blood pressure, and/or another parameter, each value being
linked to one or more homology groups. In some examples,
the other data 58 may include a measurement related to the
entire vascular structure, such as blood pressure. In these
examples, the other data 58 is associated with substantially
all of the identifiers 56. In other examples, the other data 58
may be obtained from intravenous measurements (e.g., FFR,
blood pressure, etc.) at specific points in the blood vessels
shown in images 51, 53. In these other examples, a user may
select the appropriate identifier(s) 56 based on location(s) of
the measurement(s). In other instances, measurement tools
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may determine a location of the measurement or provide the
measurement in conjunction with an image. The other data
58 in these other instances is assigned to the appropriate
identifier 56 based on the identified location provided in the
data and/or through image analysis/correlation with model
50 and/or images 52, 54.

The other data 58 may also be determined from the
images 52, 54, and/or other images. For example, values of
vascular width, curvature, and/or diameter may be deter-
mined from the images 52, 54, and/or other images. The
locations from where the values are determined are corre-
lated to the model 50 and/or the images 52, 54 and associ-
ated with the appropriate identifier(s) 56.

Lack of dependency on a unique spatial frame of refer-
ence is a potential advantage for the modeling of cardiac
vasculature in particular, where heartbeat and respiratory
movement is continuous. It can also be a potential advantage
for the representation of disease progression in which ana-
tomical details (e.g. sizes, spatial positions, tortuosities,
and/or degrees of occlusion) can change over time so that no
single spatial representation can include all available data.
Moreover, vascular images are often captured under condi-
tions of limited signal-to-noise, and may be prone to other
imperfections. Interpretation can depend on subtleties of
shape or intensity which might be lost or distorted upon
transforming an image into a new frame of reference. Thus,
it is a potential advantage for a vascular model to be
well-integrated with the presentation of original image data,
which some embodiments of correspondence-based model-
ing allow.

Nevertheless, it is also a potential advantage to be able to
rapidly prepare results from a plurality of data sources
having disparate positional definitions for viewing within a
common frame of reference. In some embodiments, a cor-
respondence model is used to achieve this, optionally in real
time.

A method of compositing image and measurement data
(for example) for display is described below. It should be
understood that the order of individual operations shown is
illustrative, and may be performed in a different order (for
example, composition to an image described in relation to
block 24 is optionally performed along with the position-
mapping operations of block 20), in concerted form (for
example, the tests of block 16 and 18 are optionally com-
prised within the selection of block 14), and/or otherwise
suitably rearranged from the order presented herein.

At block 10, in some embodiments, a base view is
selected. The base view comprises a visual display coordi-
nate system together with data indexed to that display
coordinate system—typically, an image. In some embodi-
ments, the base view comprises an originally acquired 2-D
angiographic image 52. At least some coordinates in the base
view are linked to the vascular model 50, for example, via
identifiers 56.

At block 12, in some embodiments, one or more com-
positing data sources are selected. Compositing data sources
optionally correspond to “other data” 58 as described in
relation to FIG. 1D. The compositing data sources comprise,
for example, measurements of vascular parameters such as
width, diameter or radius (simulated or actual); FFR (frac-
tional flow resistance)—invasively determined, image-
based calculated, and/or simulated; curvature and/or tortu-
osity; plaque burden and/or calcification; relative flow and/
or flow velocity; pressure and/or pressure change; TIMI
(thrombolysis in myocardial infarction) grade and/or frame
count; simulated stent; perfusion and/or tissue territory
information (e.g., from MIR, CT, PET, and/or SPECT); one
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or more SYNTAX SCORE sub-scores; and/or vascular
deformation information, for example as derived from a cine
sequence of angiographic images.

In some embodiments, compositing data sources com-
prise additional image information. For example, a compos-
iting data source may include an image taken before or after
the image forming the base references frame. This is of
potential benefit, for example, to allow the visualization of
changes in vascular collateral structure, changes in vascular
width due to disease progression, and/or changes in vascular
width as a result of a treatment (such as a stent placement).

Data in the one or more compositing data sources are
linked to the vascular model 50 via identifiers 56.

At block 14, in some embodiments, a first homology
group is selected for processing into a composited view. The
homology group is optionally comprised of one or more
identifiers from identifiers 56.

At block 16, in some embodiments, a determination is
made as to whether the selected homology group is in the
base view. If it is not, (e.g., there is no place for compositing
data linked to the homology group to be displayed), flow
continues with block 22.

At block 18, in some embodiments, a determination is
made as to whether the selected homology group is at least
one of the compositing sources. If'it is not, (e.g., there is no
compositing data linked to the homology group to be
displayed). flow continues with block 22.

At block 20, in some embodiments, compositing source
data is associated to one or more positions in the coordinate
system of the base view via links made through the homol-
ogy group. Details of a method of performing block 20 are
described, for example, in relation to FIG. 1B.

At block 22, in some embodiments, if the last homology
group has been processed, the flowchart continues with
block 24. Otherwise, the flowchart returns to block 14.

At block 24, in some embodiments, compositing com-
prises conversion of an image of the base view with the
mapped data of the compositing source(s). Optionally, the
compositing comprises any method for compositing two
images together; for example, opaque and/or transparent
overlay, assignment of composited parts to separate color
channels, and/or arithmetical operations.

Reference 1s now made to FIG. 1B, which is a schematic
flowchart for the conversion of compositing source data to
a form displayable as an image together with corresponding
image data, according to some embodiments of the present
disclosure. In some embodiments, the operations of FIG. 1B
comprise sub-operations of block 20 of FIG. 1A. The
flowchart of FIG. 1B illustrates a single compositing source
44, however, it should be understood that it can be applied
to any number of compositing sources.

At block 30, in some embodiments, the flowchart begins,
and the next index within the currently selected homology
group is obtained. Optionally, e.g., for a homology group
such as a vascular branch and/or vascular segment, and a
data source that is described as function of position along the
branch, the index is to a region along the length of the
vascular branch. Optionally, e.g., if the data source com-
prises one value for the current homology group, there is
only one index.

At block 32, in some embodiments, an image location (on
the base view) linked to the homology group index is
obtained. In some embodiments, this is found by examining
links between the homology group associations 40 (option-
ally corresponding to identifiers 56), and image data loca-
tions 42 (optionally corresponding, for example, to center-
line positions 51, 53). The base view can represent any view
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scale and/or orientation (and in some preferred embodi-
ments, any scale and/or orientation of the coordinate system
of an original angiographic image).

At block 34, in some embodiments, the corresponding
compositing source data for the selected homology group
index is obtained. Once again, in some embodiments, this
includes examining links between the homology group
associations 40 and the compositing source data 44.

At block 36, in some embodiments, the obtained image
location of block 32 is assigned to the obtained compositing
source data of block 34. Optionally, this comprises, for
example, assignment in a tabular data structure, placement
of one or more pixels in an overlay (immediately and/or just
before compositing), and/or construction of a drawing com-
mand (e.g., of a stream of drawing commands) or drawing
object (e.g., an XML object of an XML-encoded drawing
file).

It should be understood that the spatially (3-D) distributed
regions of a vasculature, such as a cardiac vasculature, have
no fixed position relationship relative to one another in an
arbitrarily oriented 2-D angiographic image of the vascula-
ture. Optionally, anatomical regions move through time as
well, for example, as a function of respiratory and/or cardiac
motion, and/or as a function of evolving actual and/or
simulated disease state. Accordingly, in some embodiments,
there is a plurality of potential base images, each having an
equivalent relationship to the same compositing source data
as far as spatial position is concerned. The compositing
source data itself is optionally free of spatial position
information, apart from its homology group links. Option-
ally, compositing source data can be composited to base
views, which themselves are spatially incompatible with one
another, since there is optionally no canonical view and/or
anatomical state to which they preferably apply.

At block 38, in some embodiments, if there are more
indices in the homology group to map, flow returns to block
30. Otherwise, the flowchart ends.

Example of a Graphical User Interface for Data Selection
and Presentation

Reference is now made to FIG. 1C, which schematically
illustrates a graphical user interface 500 for interacting with
an angiographic image, according to some embodiments of
the present disclosure.

In some embodiments, the example graphical user inter-
face 500 comprises an image display region 500A and
optionally a control/indicator region 500B. Optionally, the
two regions overlap, and/or are alternately or intermittently
presented.

In some embodiments, image display region 500A com-
prises an angiographic image 503. Optionally, angiographic
image 503 is presented as and/or together with one or more
overlay and/or composited elements, for example, elements
described in relation to FIGS. 3A-3J herein. FIG. 1C shows
a region tag 325A, a shading-encoded (e.g., color-encoded)
vascular tree 310, and a width encoded vascular tree 335.

Also shown are examples of an interface for view selec-
tion 501, including a mode selection menu 505, which
optionally allows choosing a mode for selecting vascular
segments and/or vascular segment regions. For example, the
“tree select” mode interface 508 shown displays an
abstracted model of a vascular tree 523 (connectivity is
shown, but other geometry is suppressed). Optionally, view
of the left or right coronary artery tree is selectable, for
example, by a control such as radio buttons 520. Optionally,
segments calculated to have particular clinical significance
are indicated, for example, by callout tags 521, and/or by
another indication. Optionally, the view angle of the image
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503 shown in image display region 500A is selected based
on segments of interest (e.g., darkened segments 522),
which the user indicates (e.g., by clicking), and/or are
selected by default according to which vascular segments
appear to have the most clinical significance, e.g., due to a
reduced vascular diameter. Optionally, a view angle is
automatically selected as a view angle based on the selected
segments of interest, and one or more criteria for their
optimal display. The criteria for optimal display optionally
comprise, for example, strong contrast along the vascular
extent, and/or vascular extent which is the longest in the 2-D
frame of reference that the image displays. It is to be
understood that other modes of vascular segment selection
are optionally provided, for example, from a list (“list
select”) and/or from a 3-D view of the vascular tree (“spatial
select™).

In some embodiments, an overlay option interface 502
provides for selection of one or more overlay options. FIG.
1C shows selection of an “FFR analysis” mode (fractional
flow reserve analysis). In addition, FIG. 1C shows controls
506 that provide for selection of overlay options. Control of
the vascular width display 335 comprises, for example, a
control to show/hide the overlay component, a width mag-
nification control (2x the actual proportional width is
shown), and/or to show revascularized width at parts of the
vascular tree which are determined by FFR analysis to be
significantly stenotic. The “FFR” set of controls includes
switches to turn on or off display of digital FFR (corre-
sponding to shading-encoded tree 310), and/or probe-deter-
mined FFR value tags 325A.

It is to be understood that one or more additional overlay
option modes are optionally provided; for example: for the
display of such parameters as curvature, tortuosity, analysis
of plaque positions and/or thickness, analysis of other flow
parameters, TIMI grade, tissue perfusion analysis, and/or
vascular state scoring such as SYNTAX Score and/or its
subscores. Optionally, these correspond, for example, to any
of the compositing data sources described in relation to
block 12 of FIG. 1A.

Correspondence Modeling of a Vasculature

Reference is now made to FIG. 2A, which is a block
diagram of a system 100 for production and use of a
dynamically updatable vascular tree model, according to
some exemplary embodiments of the present disclosure.
Reference is also made to FIG. 2B, which is a block diagram
including particular examples by which some of the blocks
of FIG. 2A are realized, according to some exemplary
embodiments of the present disclosure.

An overview of an embodiment providing an example of
a system user interface 150 for use with system 100 is
described, for example, in relation to the elements of FIG.
1C. Before introducing additional examples of user interface
elements, and in particular overlay and composite displays
(for example, in relation to FIGS. 3A-3J), a schematic
overview of system 100 and its components is now pro-
vided. Such systems and models have been previously
described by the inventors in, for example, International
Patent Application No. 11.2014/050923 filed Oct. 23, 2014
by the Applicant, the contents of which are included herein
by reference in their entirety.

In some embodiments, initial image or other data 103 is
provided to a vascular tree reconstructor 110, after acquisi-
tion by one or more imagers or data acquisition (DAQ)
systems 120. In some embodiments, the image data is
obtained, for example, by X-ray angiography, and/or from
angiographic computed tomography (CT), magnetic reso-
nance imaging (MRI), positron emission tomography (PET),
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optical coherence tomography (OCT), and/or intravascular
ultrasound (IVUS). Optionally, the data provided comprises
non-image data related to one or more locations of the
vasculature; for example, data acquired from a catheter-
mounted sensor and/or radiation source.

In some embodiments, the vascular tree reconstructor 110
reconstructs provided data 103 into a vascular tree model
102 of the vasculature. Herein, the system is described in
relation to imaging of vasculature of a mammalian heart—or
more specifically a human heart—including, for example,
major arteries of the heart. It is to be understood that the
system, changed as necessary, is applicable to the modeling
of any other vasculature based on the source of the initial
data 103.

In some embodiments, the model 102 comprises a plu-
rality of partial and/or complementary representations of the
spatial and/or topological (e.g., vascular tree-branch
ordered) relationships inherent in the initial data 103.

Representational modes comprise the capability to repre-
sent, for example:

a skeletonized (thinned) vascular tree 210 (which may be
visually represented, for example, by a branched curing
segment tree structure such as tree 310) which follows
the routes of vasculature centerlines in two or more
dimensions.

2-D images of the vasculature 220 (for example, an image
such as angiographic image 503) having homologous
regions mapped the vascular tree 210—as provided
with the initial data 103 and/or as derived by transfor-
mation thereof;

a branched tree graph 240 (which may be visually repre-
sented, for example, by an abstracted branch graph
display 508) comprising a vascular co-ordinate system
corresponding, for example, to lengths and/or branch
points of a skeletonized vascular tree 210; and/or

1-D graphs 230 of one or more parameters (e.g., vascular
width, curvature, digital FFR, blood pressure, or
another parameter) varying along the length of seg-
ments of the modeled vascular tree 210.

In some embodiments, a role performed by skeletonized
vascular tree 210 in providing a homology map is provided
more generally by any data structure that enables determi-
nation of homologies among data regions, and the vascular
tree-mapped 2-D images are optionally described as homol-
ogy-mapped 2-D images 220. A data structure that enables
determination of homologies comprises, for example, a
structure in which parts of the vascular tree are represented,
and these part representations are in turn linked to other
structures/data types that correspond to the represented part.
Vascular tree generation is described, for example, in Inter-
national Patent Application No. 11.2014/050044 filed Jan.
15, 2014 by the Applicant, and/or in International Patent
Application No. 10.2014/050923 filed Oct. 23, 2014 by the
Applicant, the contents of which are included herein by
reference in their entirety.

Parts are optionally defined at a level appropriate to the
detail required by further calculations that are to be per-
formed. Represented parts of the vascular tree can be, for
example, points along the vascular segments (as in a skel-
etonized tree, a 3-D mesh, or a 3-D volumetric representa-
tion), a branched tree structure having nodes and distances
(optionally without associated spatial location information),
nodes and/or segments as such (with or without further
detail such as centerline location), and/or another structure
used as a basis for anchoring homology determinations.

In some embodiments, homology is represented without
specific reference to a vascular tree representation as such,
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so that it comprises a “representational mode” only indi-
rectly. For example, homologous data regions are, in some
embodiments, tagged, listed, and/or otherwise associated
together, optionally without the tags/listings/associations
being themselves in direct relationships reflecting position
and/or order.

The following examples serve as non-limiting indications
of the range of such homology representations contem-
plated. In embodiments where homology is represented at a
fine scale (for example, at about the resolution of the data
samples themselves), data structure that directly reflects
positions of corresponding anatomical features is potentially
advantageous as an organizational scheme (for example, by
lending itself well to direct lookup). A skeletonized vascular
tree 210 exemplifies this case. In embodiments where
homology is represented at a coarse, but still anatomically-
anchored scale, a nodal homology structure has potential
advantages. For example, vascular segment 2-D centerlines
(for instance, vascular centerlines between adjacent bifur-
cations) are optionally associated as a whole to a specific
nodal position in a simplified vascular tree characterized by
linked nodes. In some embodiments, homology determina-
tion is independent of the global structure of a vascular tree.
For example, projection mapping into three dimensions
allows determinations of which segment -centerlines
“belong” together (according, for instance, to general fea-
tures of proximity and/or orientation), optionally without
first, and/or without directly determining the vascular tree
relationships of the homology groups themselves.

Accordingly, in some embodiments, the problems of
determining global structure, and of determining which data
reflect which part of the global structure are optionally
treated separately, or in concert, as appropriate to the metric
or metrics which are to be calculated.

Updates to the Vascular Tree Model

“Virtual” Updates

In some embodiments, one or more virtual updater mod-
ules 101 are provided. A virtual updater module 101 is
configured to receive information from vascular model 102,
and transform it to create one or more new vascular repre-
sentations in the mode of one or more of the representational
modes of vascular model 102. Optionally, the new repre-
sentation is passed back to the model and integrated
therein—to replace and/or supplement the existing model
representation. Optionally or alternatively, a new model is
created, and/or the transformed vascular model information
is passed directly to an output module 103.

In some embodiments, vascular model 102 exposes 1-D
or 2-D data representations of the vasculature to the virtual
updater module 101, additionally or alternatively to expos-
ing 3-D representations of the data.

In some embodiments, a virtual updater module 101
comprises (for example) a module configured to perform
one or more of the following tasks:

determine an “unstenosed” state of a blood vessel seg-

ment, and in particular, an estimate of the geometry of
a blood vessel as if a region of stenosis were opened
therein;

model an effect on a blood vessel segment due to an

insertion of a stent therein;

and/or

model changes within a blood vessel segment due to a

progression of time.

Modeled blood vessel parameters optionally include, for
example, vascular lumen diameter, vascular tortuosity, vas-
cular elasticity, vascular auto-regulatory capacity, vascular
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wall thickness, flow characteristics, and/or another func-
tional and/or anatomical parameter of the vasculature.

Data Updates

In some embodiments, one or more data updater modules
104 are provided. A data updater module 104 is configured
to receive image and/or other data 115 from an imaging
means or other DAQ source, and to convert it into a form
which can be provided to the vascular model 102. Image
data is provided, for example, by X-ray angiography, and/or
from CT, MRI, PET, OCT, and/or IVUS. In some embodi-
ments, non-image data is provided, for example, by means
of a sensor and/or sensed radiation source advanced through
the vasculature on a catheter.

In some embodiments, vascular centerlines are deter-
mined for blood vessels identifiable within each of the
provided images. Homologies among vascular centerlines in
different images are determined, for example, by a method
of spatial back-projection, by identification of similarities of
vascular branch topology (for example, in comparison to
images already assimilated to the model), and/or by identi-
fication of similarities in 2-D image vascular appearances
(for example, in comparison to images already assimilated
to the model). Optionally, estimation of vascular parameters
is performed for the new images, for example, by estimation
of vascular lumen diameter, tortuosity, or another parameter.

In some embodiments, non-image data is imported to the
vascular tree model. For example, in some embodiments,
position of a catheter along a vascular segment is known in
relation to data acquired by a sensor positioned on the
catheter, or by another sensor which detects radiation emit-
ted from a position on the catheter. In such embodiments,
data is optionally mapped into the model, for example,
directly as a 1-D graph.

Output Modules

In some embodiments, output modules 130 are provided.
Optionally, the output modules 130 are divided, for purposes
of description, into views 135 and indices 140. Some
embodiments of output modules 130 combine functions of
each output module type.

In some embodiments, a vascular tree model is viewable
as a 3-D model. The 3-D model is, for example, a 3-D disc
model, a 3-D mesh model, and/or any other 3-D represen-
tation of the data. A 3-D view can be constructed, for
example, by combination of a 3-D skeleton with correspond-
ing 1-D graphs of vascular width.

In some embodiments, 1-D metric graphs for display are
generated from the 1-D graphs 230 of the vascular tree
model. A schematic view of a tree graph 240 can be
generated for display, similar, for example, to the abstracted
graph display 508. The original images including, for
example, angiographic image 503, may be displayed in
some embodiments.

In some embodiments, the various views of the represen-
tational modes of the vascular tree model are linked together
in the viewing interface, which may include a computer
screen or projection device. For example, a displayed 3-D
model can serve as an anchoring metaphor for navigating the
vasculature. Selection of a segment, for example, causes a
display of associated 1-D graph information, causes display
of highlights for a corresponding segment in a displayed tree
graph and/or 2-D image, and/or enables selection for display
of one or more 2-D images that comprise representations of
the cross-section of the selected vessel.

In some embodiments, an output module 130 comprises a
calculation of one or more additional metrics from a vas-
cular tree model, and/or a provision of one or more indexes
based on vascular tree model metrics. For example, a
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fractional flow reserve (FFR) is calculated, in some embodi-
ments, by comparison of a representation of an imaged
vasculature that is virtually-updated to an astenotic (open)
state with a vasculature as originally imaged. FFR index
calculation is described, for example, in International Patent
Application No. 1L.2014/050043, filed Jan. 15, 2014, by the
Applicant, the contents of which are included herein by
reference in their entirety. Additionally or alternatively, a
vascular scoring algorithm is applied to the model to assess
clinical situation and provide assistance in selecting a treat-
ment option. Automated vascular scoring is described, for
example, in International Patent Application No. 12013/
050889, filed Oct. 24, 2013, by the Applicant, the contents
of which are included herein by reference in their entirety. In
either case, the contents of the model are optionally updated
according to the parameters calculated as part of index
determination.

Here and throughout the descriptions, it is to be under-
stood that the described divisions between modules, while
convenient for purposes of exposition, do not necessarily
correspond to—and do not limit embodiments of the
example systems, methods, and/or computer program prod-
ucts to—separation of function in implementation. Func-
tions, methods, and structural details described are option-
ally comprised within any organizational structure of a
system which embodies the disclosure. This includes aspects
such as the sources of inputs, the destinations of outputs, and
program design patterns. As illustrative examples, the dis-
tinction between output modules 130 and virtual updaters
101 is altered in some embodiments to allow: complete
combination of the roles of each in a single module, transfer
of functions described in connection with one module to the
other module, and/or diversion or sharing of output
described as provided from a virtual updater module 101 to
the model to an output module 130.

Examples of Vascular Overlays and Vascular Composite
Images

In some embodiments, one or more types of vascular
overlay and/or vascular composite image are provided.
FIGS. 3A-3] provide non-limiting examples of information
that can be presented in a combined display, based, for
example, on the models and/or model transiting methods
described in FIGS. 1A-2B.

Vascular Overlays

Reference is now made to FIG. 3A, which illustrates an
angiogram 301 usable as a base image for data presentation,
according to some embodiments of the present disclosure.
Vascular features of the image 301 of particular note include
a coronary artery tree 302 including a number of arterial
branches 305 (one particular labeled branch 305 is singled
out for purposes of description), and two stenotic or poten-
tially stenotic regions 303, 304.

Reference is now made to FIGS. 3B-3D, which illustrate
angiogram vascular overlays for presentation of auxiliary
information along portions of vasculature, according to
some embodiments of the present disclosure.

In FIGS. 3B-3D, a shading-encoded (color-encoded) vas-
cular tree 310 is shown. Color coding is according to a
cumulative vascular resistance along each vascular branch.
In some embodiments, this is encoded to correspond to
display of digital FFR (that is, FFR calculated based on
features of the image data). For example, lighter shading
and/or yellow indicates FFR values close to 1.00, darker
shading and/or red indicate lower FFR values, and regions
of shading and/or color transition indicate positions along
the arteries where stenosis introduces a reduction in digitally
calculated FFR. Vascular width is not encoded in FIG. 3B,



US 10,376,165 B2

19
but it is encoded in FIGS. 3C-3D (for example, in shading-
encoded vascular tree 315 of FIG. 3C) by varying the width
along the shaded overlay. In FIG. 3D, regions of low FFR
transition are suppressed, so that only a partial shaded
overlay is shown, appearing at and/or nearby regions where
there is a transition in digital FFR.

It should be understood that FFR is discussed as a
parameter for purposes of illustration. In some embodi-
ments, another value which varies along the vascular extent
is shading-encoded for display, for example, one of the
parameters described in relation to block 12 of FIG. 1A.

Reference is now made to FIG. 3E, which illustrate
angiogram vascular overlays for presentation of auxiliary
information as tags 325A, 325C, according to some embodi-
ments of the present disclosure. In FIG. 3E, the vascular tree
325 is shown without parameter encoding along its width
(although optionally, such encoding may be used in combi-
nation with tags 325A, 325C, for example, as show in FIG.
1C). In the example shown, tags 325A, 325C indicate FFR
values calculated at specific discrete regions 303, 304.
Optionally, the FFR values are determined, for example,
using a standard pressure probe methodology; for example,
a catheter having a pressure sensor is placed upstream and
downstream of a stenosis and the pressure ratio converted to
an FFR value. Optionally, any other value is shown. Callout-
style display is potentially useful, for example, for the
display of values that are known only at discrete regions.
Additionally or alternatively, callout-style display is pro-
vided as a way of indicating numerical values of a parameter
at one or more points of interest along the vascular tree.

Reference is now made to FIGS. 3F-3G, which illustrate
angiogram vascular overlays for presentation of width infor-
mation, according to some embodiments of the present
disclosure. In some embodiments, a vascular overlay 330 is
available which visually indicates vascular width corre-
sponding to regions along the vascular image data with
which it is displayed. While the image data itself generally
also displays vascular width, the overlay provides potential
advantages, such as allowing calculated and visual vascular
width to be compared, allowing vascular width from one
image (for example, from another angle and/or time) to be
readily compared to another, and/or to act as a high-contrast
display of the original data.

Another optional feature of a width overlay is shown as
vascular tree 335 of FIG. 3G. In some embodiments, display
vascular width is optionally scaled differently than longitu-
dinal vascular extent. For example, vascular tree 335 shows
double-scaled vascular width. A potential advantage of this
is to allow easier visual identification of stenotic regions, for
example, at regions 303 and/or 304.

Vascular Composite Images

Reference is now made to FIGS. 3H-3I, which illustrate
angiograms comprising first and second states of a cardiac
vasculature, according to some embodiments of the present
disclosure. Reference is also made to FIG. 3], which is a
schematic representation of a differential analysis display of
the angiograms of FIGS. 3H-31, according to some embodi-
ments of the present disclosure.

In some embodiments, a composited display (for
example, as shown in FIG. 3J) comprises a combination of
two or more vascular images. Optionally, the images are raw
images (for example, images taken at different times), which
have been registered to one another. In some embodiments,
one or more of the images is at least partially synthesized.
For example, the image 301A of FIG. 31 optionally repre-
sents a synthetically revascularized version of the image 301
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of FIG. 3H. An example of a method of synthetic revascu-
larization is described, for example, in relation to FIGS.
4A-4B.

In some embodiments, the two or more images are
subjected to one or more compositing operations. Such
compositing operations optionally include, for example,
addition, subtraction, division, multiplication, transparency
overlay, color channel mapping overlay, masking, and/or
another image processing technique for combining images.
Optionally such operations are applied, for example, in
combination with one or more techniques of filtering, nor-
malization, noise reduction, and/or other image processing
techniques.

A region of difference between two images is illustrated
by region 303 (of FIG. 3H), compared to region 303A (of
FIG. 31). Region 303 is stenotic, while region 303A is not.
FIG. 3] has been composited so that differences between the
two images are emphasized at region 303C. Such a com-
posite display is potentially useful for isolating changes in a
vasculature over time, and/or in two different conditions (for
example, with and without the effects of adenosine injec-
tion). Relevant changes in vasculature over time optionally
include, for example, changes in vascular width and/or
changes in vascular position, for example due to changes in
curvature, tortuosity and/or development of vascular collat-
erals.

Potentially, such a composite display is used to indicate
modeled effects of disease treatment and/or progression, for
example based on the use of one or more synthetic images.

Method of Simulating Modified Vascular Appearance

Reference is now made to FIGS. 4A-4B, which schemati-
cally illustrate a method of modifying an angiogram image
to adjust an apparent vascular width shown thereon, accord-
ing to some embodiments of the present disclosure.

Shown in FIG. 4A is a schematic representation of an
identified vascular profile 410, for example one obtained
from an image of a blood vessel coursing through a vascular
image (such as vascular image 301). Vascular profile 400, in
some embodiments, comprises vascular widths specified
along a range of vascular positions 402. In some embodi-
ments, a synthetic profile 410 is generated along a range of
vascular positions 412 which are in correspondence with
positions 402. As shown, the synthetic profile 410 is wider
than the source profile, and optionally represents a revascu-
larization (for example, as obtained after insertion of a stent,
or by another treatment). Optionally synthetic profile 410 is
narrower, for example to represent effects of a disease
progression.

In some embodiments, a copy of the image from which
profile 400 was originally obtained is modified to reflect
features of synthetic profile 410. Such an instance is shown,
for example, in comparing regions 303 and 303 A of FIGS.
3H-31. In some embodiments, the modification is performed
by stretching or shrinking pixel value profiles along profiles
such as profile 420. In FIG. 4B, an example of profile
stretching is shown. Position along the profile is shown on
the horizontal axis, and relative pixel value 1s shown on the
vertical axis. At position 430A, there is no difference
between the stretched and unstretched profiles. Moving
outward to profile positions 430B, 430C, and 430D, pixel
values are increasingly displaced (with interpolation
between them) to simulate a wider vascular profile. By the
point of position 430E, the stretching factor is returned to
7€ro.

In some embodiments, another synthetic vascular width
adjustment method is used, for example, based on the
assumption of a circular (typically, but not only) profile and
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the application of densitometry principles to more accurately
simulate changes in the radiopacity profile as a result of
vascular width changes.

A potential advantage of synthetic vascular angiography
images is their optional use as direct inputs to algorithms
which are applicable to raw vascular images. Another poten-
tial advantage is to allow more direct visual assessment of
anticipated changes as a result of disease treatment or
progression to actual changes. For example, comparison of
a partially synthetic angiographic image of a condition to an
image of the actual condition is potentially useful to a
clinician used to seeing and evaluating patient status based
on original image data.

As used herein with reference to quantity or value, the
term “about” means “within £10% of”.

The terms “comprises”, “comprising”, “includes”,
“including”, “having” and their conjugates mean: “including
but not limited to”.

The term “consisting of” means: “including and limited
to”.

The term “consisting essentially of”” means that the com-
position, method or structure may include additional ingre-
dients, steps and/or parts, but only if the additional ingre-
dients, steps and/or parts do not materially alter the basic and
novel characteristics of the claimed composition, method or
structure.

As used herein, the singular form “a”, “an” and “the”
include plural references unless the context clearly dictates
otherwise. For example, the term “a compound” or “at least
one compound” may include a plurality of compounds,
including mixtures thereof.

The words “example” and “exemplary” are used herein to
mean “serving as an example, instance or illustration”. Any
embodiment described as an “example” or “exemplary” is
not necessarily to be construed as preferred or advantageous
over other embodiments and/or to exclude the incorporation
of features from other embodiments.

The word “optionally” is used herein to mean “is provided
in some embodiments and not provided in other embodi-
ments”. Any particular embodiment of the example systems,
methods, and/or computer program products may include a
plurality of “optional” features except insofar as such fea-
tures conflict.

As used herein the term “method” refers to manners,
means, techniques and procedures for accomplishing a given
task including, but not limited to, those manners, means,
techniques and procedures either known to, or readily devel-
oped from known manners, means, techniques and proce-
dures by practitioners of the chemical, pharmacological,
biological, biochemical and medical arts.

As used herein, the term “treating” includes abrogating,
substantially inhibiting, slowing or reversing the progression
of a condition, substantially ameliorating clinical or aes-
thetical symptoms of a condition or substantially preventing
the appearance of clinical or aesthetical symptoms of a
condition.

Throughout this application, embodiments of the example
systems, methods, and/or computer program products may
be presented with reference to a range format. It should be
understood that the description in range format is merely for
convenience and brevity and should not be construed as an
inflexible limitation on the scope of the systems, methods,
and/or computer program products. Accordingly, the
description of a range should be considered to have specifi-
cally disclosed all the possible subranges as well as indi-
vidual numerical values within that range. For example,
description of a range such as “from 1 to 6” should be
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considered to have specifically disclosed subranges such as
“from 1 to 37, “from 1 to 47, “from 1 to 57, “from 2 to 47,
“from 2 to 6”, “from 3 to 6”, etc.; as well as individual
numbers within that range, for example, 1, 2, 3, 4, 5, and 6.
This applies regardless of the breadth of the range.

Whenever a numerical range is indicated herein (for
example “10-15”, “10 to 157, or any pair of numbers linked
by these another such range indication), it is meant to
include any number (fractional or integral) within the indi-
cated range limits, including the range limits, unless the
context clearly dictates otherwise. The phrases “range/rang-
ing/ranges between” a first indicate number and a second
indicate number and “range/ranging/ranges from” a first
indicate number “to”, “up to”, “until” or “through” (or
another such range-indicating term) a second indicate num-
ber are used herein interchangeably and are meant to include
the first and second indicated numbers and all the fractional
and integral numbers therebetween.

Although the example systems, methods, and/or computer
program products have been described in conjunction with
specific embodiments thereof, it is evident that many alter-
natives, modifications and variations will be apparent to
those skilled in the art. Accordingly, it is intended to
embrace all such alternatives, modifications and variations
that fall within the spirit and broad scope of the appended
claims.

All publications, patents and patent applications men-
tioned in this specification are herein incorporated in their
entirety by reference into the specification, to the same
extent as if each individual publication, patent or patent
application was specifically and individually indicated to be
incorporated herein by reference. In addition, citation or
identification of any reference in this application shall not be
construed as an admission that such reference is available as
prior art to the present disclosure. To the extent that section
headings are used, they should not be construed as neces-
sarily limiting.

It is appreciated that certain features of the example
systems, methods, and/or computer program products,
which are, for clarity, described in the context of separate
embodiments, may also be provided in combination in a
single embodiment. Conversely, various features of the
example systems, methods, and/or computer program prod-
ucts, which are, for brevity, described in the context of a
single embodiment, may also be provided separately or in
any suitable subcombination or as suitable in any other
described embodiment of the example systems, methods,
and/or computer program products. Certain features
described in the context of various embodiments are not to
be considered essential features of those embodiments,
unless the embodiment is inoperative without those ele-
ments.

The invention is claimed as follows:
1. A method for displaying vascular parameter data, the
method comprising:

receiving, in a processor, at least a first and a second 2-D
angiographic image each comprising (i) respective 2-D
frames of reference, and (ii) vascular image contents
viewed from angles at least 30° different from each
other;

creating, via the processor, a model including a data
structure configured to link a plurality of 2-D locations
in each of the first and the second 2-D angiographic
images;

determining, via the processor, the vascular parameter
data for the linked plurality of 2-D locations using at



US 10,376,165 B2

23

least one of the first 2-D angiographic image and the
second 2-D angiographic image;
forming visual elements of the vascular parameter data at
the linked plurality of 2-D locations in the frame of
reference of the first 2-D angiographic image; and

displaying via the processor, the visual elements of the
vascular parameter data at the plurality of linked 2-D
locations in the frame of reference of the first 2-D
angiographic image and overlaid on the first 2-D angio-
graphic image,

wherein the display of the vascular parameter data at each

of the linked 2-D locations is based on a plurality of
accessed parameter data elements, and

wherein the same or a different data structure links at least

a third 2-D angiographic image not registrable to
consistently align with the first and second 2-D angio-
graphic images by an invertible 2-D geometrical trans-
form, where at least some values of the accessed
parameter data elements are derived from processing of
a plurality of linked 2-D locations of the third 2-D
angiographic image.

2. The method of claim 1, wherein the visual elements are
displayed away from the linked plurality of 2-D locations
based on the first 2-D angiographic image.

3. The method of claim 1, wherein the linking includes
storing the plurality of 2-D locations in association with an
identifying tag.

4. The method of claim 1, wherein the linking includes
storing the plurality of 2-D locations in association within a
list.

5. The method of claim 4, wherein the list is an ordered
list.

6. The method of claim 5, wherein the linking includes a
position specified relative to other locations or elements of
the ordered list.

7. The method of claim 1, wherein the display of the
vascular parameter data at the plurality of linked 2-D
locations includes rendering a path between some of the
linked 2-D locations, the path being rendered with widths
based on values determined by processing vascular widths in
the linked plurality of 2-D locations of the second 2-D
angiographic image.

8. The method of claim 7, wherein the widths are rendered
by at least 1.5 times greater scale than the scale of the
vascular diameter in the frame of reference of the first 2-D
angiographic image.

9. The method of claim 1, wherein the display of the
vascular parameter data at the linked 2-D locations includes
rendering a path between linked 2-D locations, the path
having a color assigned based on values of the vascular
parameter data.

10. The method of claim 1, wherein the display of the
vascular parameter data at the linked 2-D locations includes
rendering a path between linked 2-D locations, the path
having at least one of a transparency or a gap assigned based
on values of the vascular parameter data.

11. The method of claim 1, wherein the display of the
vascular parameter data at the plurality of linked 2-D
locations includes rendering using any combination of dis-
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12. The method of claim 1, wherein the plurality of
accessed parameter data elements represent a same vascular
parameter for a plurality of parameter values.

24

13. The method of claim 12, wherein the plurality of
parameter values includes values representing a vasculature
in different states.
14. The method of claim 1, wherein the display of the
vascular parameter data at each of the linked 2-D locations
alternates between being based on different element
accessed vascular parameter data.
15. The method of claim 1, wherein image contents of at
least one of the first and the second 2-D angiographic images
include views of a vasculature recorded at different view
angles.
16. The method of claim 1, wherein image contents of at
least one of the first and the second 2-D angiographic images
include views of a vasculature in at least two respective
different anatomical states.
17. A system for preparing vascular parameter data for
display comprising:
a processor configured to traverse a linkage model stored
in digital memory, the linkage model comprising:
at least a first and a second 2-D angiographic image
representing respectively at least two separate view-
ing angles of a cardiac vasculature, and
a data structure linking corresponding 2-D locations of
the 2-D angiographic images, the corresponding 2-D
locations including representation in common of a
region of the cardiac vasculature;
wherein a display image at the plurality of linked 2-D
locations in the frame of reference of the first 2-D
angiographic image is based on at least vascular param-
eter data accessed by use of the linking data structure;

wherein the processor is additionally configured to form
visual elements of the vascular parameter data at the
plurality of linked 2-D locations in the frame of refer-
ence of the first 2-D angiographic image;

wherein the vascular parameter data is derived from

processing of the correspondingly linked 2-D locations
of the second 2-D angiographic image;
wherein the processor is configured to display the visual
elements of the vascular parameter data at the plurality
of linked 2-D locations in the frame of reference of the
first 2-D angiographic image and overlaid on the first
2-D angiographic image;

wherein the processor is configured to display the vascu-
lar parameter data at each of the linked 2-D locations
based on a plurality of accessed parameter data ele-
ments; and

wherein the processor is configured to cause wherein the

same or a different data structure to link at least a third
2-D angiographic image not registrable to consistently
align with the first and second 2-D angiographic images
by an invertible 2-D geometrical transform, where at
least some values of the accessed parameter data ele-
ments are derived from processing of a plurality of
linked 2-D locations of the third 2-D angiographic
image.

18. The system of claim 17, wherein the visual elements
are displayed away from the linked 2-D locations based on
the first 2-D angiographic image.

19. The system of claim 17, wherein the linking comprises
association in common to an identifying tag.

20. The system of claim 17, wherein the linking comprises
association in common within a list.
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