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(54) AUTOMATED MEASUREMENT SYSTEM AND METHOD FOR CORONARY ARTERY DISEASE 
SCORING

(57) Automated image analysis used in vascular dis-
ease characterization. Coronary vas-culature in particu-
lar is automatically characterized in some embodiments
for lesion complexity and related anatomical and/or func-
tional parameters related to disease state. In some em-
bodiments, a "virtual revascularization" model is used as
a reference in disease state determinations. In some em-
bodiments, disease parameters are determined for ap-
plication by a disease characterization tool such as a
SYNTAX Score calculator.
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Description

FIELD AND BACKGROUND OF THE INVENTION

[0001] The present invention, in some embodiments
thereof, relates to the field of heart care, and more par-
ticularly, to tools for characterizing heart disease.
[0002] Many people with cardiovascular disease suffer
from complex lesions, wherein a decision must be made
whether to perform percutaneous coronary intervention
(PCI), such as a stent, for example, or to perform coro-
nary artery bypass surgery (CABG). Generally, if only
one or two lesions are found, and these lesions are not
in the main coronary vessels, PCI is recommended. How-
ever, in cases of multiple lesions (three or more), or when
a lesion is found in the left main artery, the decision is
based on many factors which are weighed subjectively
by the interventional cardiologist and by the cardiac sur-
geon.
[0003] The SYNTAX Score is an angiographic tool
used to characterize the coronary vasculature disease
state and predict outcomes of coronary intervention
based on anatomical complexity. SYNTAX Score grades
the complexity of the coronary artery disease, which also
allows for comparison between patients and for more ef-
fective communication between the doctors. This scoring
calculation method has been recommended by profes-
sional societies of medical heart-care specialists as an
integral part of the decision making process in complex
cardiovascular cases.

SUMMARY OF THE INVENTION

[0004] According to an aspect of some embodiments
of the present invention, there is provided a method of
mammalian vascular state scoring, comprising: receiving
vascular image data; determining automatically a plural-
ity of subscore-related vascular metrics for each of a plu-
rality of vascular segments, based on the received image
data; determining subscores of a vascular state scoring
tool based on the plurality of vascular metrics; and oper-
ating a score calculator for the vascular state scoring tool
to calculate a score based on the subscores, the score
being applicable to surgical intervention decision-mak-
ing.
[0005] According to some embodiments of the inven-
tion, the determining of the subscore-related vascular
metrics comprises determination of a vascular width met-
ric function for the imaged state of the vascular segment,
and determination of a corresponding width metric func-
tion for a modeled state of the vascular segment distinct
from the imaged state.
[0006] According to some embodiments of the inven-
tion, the vascular metrics comprise a metric which is a
function of vascular segment position.
[0007] According to some embodiments of the inven-
tion, the function of vascular segment position describes
a vascular width metric.

[0008] According to some embodiments of the inven-
tion, the vascular image data is of the arterial vasculature
of the heart.
[0009] According to some embodiments of the inven-
tion, the vascular state scoring tool is SYNTAX Score.
[0010] According to some embodiments of the inven-
tion, the subscores comprise all image data-based sub-
scores comprised within the vascular state scoring tool.
[0011] According to some embodiments of the inven-
tion, the subscores comprise at least half of all image
data-based subscores comprised within the vascular
state scoring tool.
[0012] According to some embodiments of the inven-
tion, the determining of the vascular metrics comprises
mapping measurement values to positions within the plu-
rality of vascular segments.
[0013] According to some embodiments of the inven-
tion, the positions are examinable to determine position
relative to branch points among the plurality of vascular
segments.
[0014] According to some embodiments of the inven-
tion, the positions are associated with anatomically iden-
tifying vascular segment labels.
[0015] According to some embodiments of the inven-
tion, the vascular metrics comprise measurements of
vascular segment stenosis.
[0016] According to some embodiments of the inven-
tion, at least one of the subscores is based on the meas-
urements of vascular segment stenosis in association
with vessel branch points.
[0017] According to some embodiments of the inven-
tion, the mapping represents relative locations of vascu-
lar segment stenosis lesions along vessel segments.
[0018] According to some embodiments of the inven-
tion, distances between the relative locations are asso-
ciated with a local vascular segment width.
[0019] According to some embodiments of the inven-
tion, the mapping comprises representation of a vessel
segment stenosis lesion in association with a plurality of
post-lesion vessel widths.
[0020] According to some embodiments of the inven-
tion, the determining of vascular metrics comprises de-
termining a vascular model representation for the at least
one vascular segment based on the received imaged da-
ta.
[0021] According to some embodiments of the inven-
tion, the determining of vascular metrics comprises de-
termining an unstenosed model representation for the at
least one vascular segment based on the received image
data.
[0022] According to some embodiments of the inven-
tion, the determining of vascular metrics comprises de-
termining a severity of stenosis in the at least one vas-
cular segment based on differences between the uns-
tenosed model representation and the vascular model
representation.
[0023] According to some embodiments of the inven-
tion, the determining comprises binary segmentation of
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a vascular lesion contour region.
[0024] According to some embodiments of the inven-
tion, the vascular state scoring tool is a modification of
the SYNTAX Score scoring tool.
[0025] According to some embodiments of the inven-
tion, the vascular image data is 3-dimensional.
[0026] According to some embodiments of the inven-
tion, the vascular image data is 2-dimensional.
[0027] According to some embodiments of the inven-
tion, the operating comprises automatic parameter entry
to the scoring tool.
[0028] According to some embodiments of the inven-
tion, the determining automatically comprises determin-
ing a parameter describing an uncertainty of the at least
one morphology metric.
[0029] According to some embodiments of the inven-
tion, the vascular metrics include a measure of vascular
occlusion.
[0030] According to some embodiments of the inven-
tion, the vascular metrics include a measure of lesion
length.
[0031] According to some embodiments of the inven-
tion, the vascular metrics include a measure of vascular
tortuosity.
[0032] According to some embodiments of the inven-
tion, the vascular metrics include a measure of relative
lesion positioning.
[0033] According to some embodiments of the inven-
tion, the vascular metrics include a count of vascular
branches.
[0034] According to some embodiments of the inven-
tion, the vascular metrics include recognition of an area
of a thrombus.
[0035] According to some embodiments of the inven-
tion, the vascular metrics include recognition of a calci-
fication.
[0036] According to some embodiments of the inven-
tion, the vascular metrics include a measure of vascular
branch diameter beyond a lesion point.
[0037] According to some embodiments of the inven-
tion, the method comprises receiving an output from said
vascular state scoring tool; and determining to perform
percutaneous angioplasty in an imaged patient based on
said received output; wherein at the time of said deter-
mination, the patient remains catheterized from the im-
aging procedure producing said received vascular image
data.
[0038] According to an aspect of some embodiments
of the present invention, there is provided a system for
automatic determination of parameters for a mammalian
vascular state scoring tool, comprising: a subscore ex-
tractor functionally connectable to at least one vascular
image data source - configured to determine at least one
vascular disease-related metric based on vascular image
data received from the image data source, and determine
at least one parameter based on the at least one metric;
and a vascular state score calculator - configured to re-
ceive a plurality of parameters comprised in vascular

state subscores, at least from the subscore extractor,
and compose the subscores into a vascular state score;
the vascular state score being applicable to surgical in-
tervention decision-making.
[0039] According to some embodiments of the inven-
tion, the subscore extractor comprises a metrics extrac-
tor, operable to receive the vascular image data and ex-
tract from it the at least one vascular disease-related met-
ric.
[0040] According to some embodiments of the inven-
tion, the metrics extractor comprises a vascular tree re-
constructor, operable to reconstruct a data structure rep-
resenting a connected group of vascular segments from
the vascular image data.
[0041] According to some embodiments of the inven-
tion, the data structure represents three-dimensional
spatial relationships among the connected group of vas-
cular segments.
[0042] According to some embodiments of the inven-
tion, the data structure represents two-dimensional spa-
tial relationships among the connected group of vascular
segments.
[0043] According to some embodiments of the inven-
tion, the data structure represents branch connection re-
lationships among the connected group of vascular seg-
ments.
[0044] According to some embodiments of the inven-
tion, the metrics extractor comprises a stenosis deter-
miner, operable to determine a degree of stenosis within
vessels imaged by the vascular image data, based on a
data structure representing at least one vascular seg-
ment from the vascular image data.
[0045] According to some embodiments of the inven-
tion, the metrics extractor comprises a metrics module,
operable to determine for a vascular segment one or
more morphometric functions along the length of the seg-
ment.
[0046] According to some embodiments of the inven-
tion, the one or more morphometric functions produce
results selected from among the group of vessel diame-
ter, vessel radius, vessel cross-section, vessel curvature,
and vessel wall curvature.
[0047] According to some embodiments of the inven-
tion, the system is functionally connectable to a param-
eter data source for receiving at least one of the plurality
of parameters.
[0048] According to some embodiments of the inven-
tion, the parameter data source comprises a user inter-
face suitable for entering at least one of the plurality of
parameters.
[0049] According to some embodiments of the inven-
tion, the subscore extractor comprises a parameter com-
positor, operable to determine at least one parameter
based on the at least one metric.
[0050] According to some embodiments of the inven-
tion, the vascular state score calculator comprises a pa-
rameter finalizer, operable for at least one of correcting
and reviewing the plurality of parameters prior to an op-
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eration to compose the subscore into a vascular state
score.
[0051] According to some embodiments of the inven-
tion, the operability for at least one of correcting and re-
viewing comprises displaying annotations of the vascular
image data based on data produced during the determi-
nation of the at least one vascular disease-related metric.
[0052] According to an aspect of some embodiments
of the present invention, there is provided a method of
determining an unstenosed model of a mammalian vas-
cular tree, comprising: receiving image data of the vas-
cular tree; reconstructing a vascular model representa-
tion for at least one vascular segment based on the re-
ceived imaged data; determining an unstenosed model
representation for the at least one vascular segment
based on the reconstructed vascular model representa-
tion; and determining a severity of stenosis in the at least
one vascular segment based on differences between the
unstenosed model representation and the vascular mod-
el representation.
[0053] According to some embodiments of the inven-
tion, the determining of an unstenosed model represen-
tation comprises selecting a model representation by
minimizing deviation of the unstenosed model morphom-
etry from the vascular model morphometry according to
a weighting function.
[0054] According to some embodiments of the inven-
tion, the weighting function weights unstenosed model
vessel diameter deviations below the vessel diameter of
the vascular model more heavily than unstenosed model
diameter deviations thereabove.
[0055] According to some embodiments of the inven-
tion, the weighting function is iteratively recalculated after
determining a first or subsequent unstenosed model rep-
resentation, and the unstenosed model representation
recalculated accordingly, until a criterion of stability for
the unstenosed model representation is satisfied.
[0056] According to some embodiments of the inven-
tion, the weighting function weights locations in end por-
tions of the vascular segment more heavily than points
away from the end portions.
[0057] According to an aspect of some embodiments
of the present invention, there is provided a method of
determining an unstenosed model of a region of bifurca-
tion in a mammalian vascular tree, comprising: receiving
image data of the region of bifurcation; determining a
vascular model representation of the region of bifurca-
tion; generating an interpolated vascular representation
passing between two branches of the bifurcation based
on the vascular model representation; comparing the in-
terpolated vascular representation with the vascular
model representation to obtain an estimate of stenosis
through the region of bifurcation.
[0058] According to some embodiments of the inven-
tion, the determining of a vascular model representation
comprises selecting of at least one image plane inter-
secting the bifurcation.
[0059] According to some embodiments of the inven-

tion, the selecting comprises mapping three-dimensional
coordinates obtained from the received image data to
determine the image plane.
[0060] According to some embodiments of the inven-
tion, the vascular model representation comprises deter-
mination from a plurality of the image planes.
[0061] According to some embodiments of the inven-
tion, the interpolation is between at least one constraint
point selected from each of the branches.
[0062] According to some embodiments of the inven-
tion, the interpolation is between at least two constraint
points selected from each of the branches.
[0063] According to some embodiments of the inven-
tion, the interpolation comprises interpolation of at least
two vascular wall profiles between the constraint points.
[0064] According to an aspect of some embodiments
of the present invention, there is provided a method of
determining an unstenosed model of a mammalian vas-
cular tree, comprising: receiving an initial vascular seg-
ment model of a mammalian vascular tree; the initial mod-
el comprising functions of a vascular width metric for the
segments described therein; composing a long segment
function by an ordering of the vascular width metric func-
tions; updating the long segment function according to a
weighting function, the weighting function comprising at
least one constraint for the vascular width metric; and
updating the initial vascular segment model based on the
updated long segment function.
[0065] According to some embodiments of the inven-
tion, the updating of the long segment function occurs
iteratively.
[0066] According to some embodiments of the inven-
tion, the at least one constraint comprises a constraint
for a monotonic decrease in the vascular width metric
from a trunk portion of the long segment.
[0067] 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 invention pertains. Although methods and
materials similar or equivalent to those described herein
can be used in the practice or testing of embodiments of
the invention, exemplary methods and/or materials are
described below. In case of conflict, the patent specifi-
cation, including definitions, will control. In addition, the
materials, methods, and examples are illustrative only
and are not intended to be necessarily limiting.
[0068] Implementation of the method and/or system of
embodiments of the invention can involve performing or
completing selected tasks manually, automatically, or a
combination thereof. Moreover, according to actual in-
strumentation and equipment of embodiments of the
method and/or system of the invention, several selected
tasks could be implemented by hardware, by software or
by firmware or by a combination thereof using an oper-
ating system.
[0069] For example, hardware for performing selected
tasks according to embodiments of the invention could
be implemented as a chip or a circuit. As software, se-
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lected tasks according to embodiments of the invention
could be implemented as a plurality of software instruc-
tions being executed by a computer using any suitable
operating system. In an exemplary embodiment of the
invention, one or more tasks according to exemplary em-
bodiments of method and/or system as described herein
are performed by a data processor, such as a computing
platform for executing a plurality of instructions. Option-
ally, the data processor includes a volatile memory for
storing instructions and/or data and/or a non-volatile stor-
age, for example, a magnetic hard-disk and/or removable
media, for storing instructions and/or data. Optionally, a
network connection is provided as well. A display and/or
a user input device such as a keyboard or mouse are
optionally provided as well.

BRIEF DESCRIPTION OF THE DRAWINGS

[0070] Some embodiments of the invention 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 illus-
trative discussion of embodiments of the invention. In this
regard, the description taken with the drawings makes
apparent to those skilled in the art how embodiments of
the invention may be practiced.
[0071] In the drawings:

FIG. 1 is a block diagram illustrating a decision tree
based on the SYNTAX Score outcome and the type
of complex lesion, according to some exemplary em-
bodiments of the invention;
FIG. 2 is a block-diagram illustration of operations
of an algorithm for automated SYNTAX Score deter-
mination, according to some exemplary embodi-
ments of the invention;
FIG. 3 is a schematic illustration showing principles
of three-dimensional reconstruction by use of epipo-
lar geometry, according to some exemplary embod-
iments of the invention;
FIGs. 4A-4B schematically illustrate an example of
a stenotic determination, according to some exem-
plary embodiments of the invention;
FIG. 5 illustrates a three-dimensionally reconstruct-
ed stenotic area along a vessel segment, according
to some exemplary embodiments of the invention;
FIG. 6 is a simplified flow chart describing in outline
an exemplary vascular state score determination
from automatically calculated parameter values, ac-
cording to some exemplary embodiments of the in-
vention;
FIG. 7 is a simplified schematic of an automatic vas-
cular state scoring tool scoring system, according to
some exemplary embodiments of the invention;
FIG. 8 is a simplified flow chart of a method of de-
termining the presence and/or associated measure-
ments of stenotic lesions, according to some exem-

plary embodiments of the invention;
FIG. 9 is a simplified flow chart of a method of de-
termining the presence and/or associated measure-
ments of stenotic lesions in the region of a vessel
bifurcation, according to some exemplary embodi-
ments of the invention; and
FIG. 10 is a flowchart describing in broad outline a
method for refining a revascularized model of a vas-
cular segment using information from neighbor seg-
ments, according to some exemplary embodiments
of the invention.

DESCRIPTION OF SPECIFIC EMBODIMENTS OF THE 
INVENTION

[0072] The present invention, in some embodiments
thereof, relates to the field of heart care, and more par-
ticularly, to tools for characterizing heart disease.

Overview

[0073] An aspect of some embodiments of the inven-
tion relates to automated determination of parameters
based on vascular images, used to calculate a vascular
disease score. In some embodiments, the imaged blood
vessels are cardiac blood vessels.
[0074] In some embodiments of the invention, a cardi-
ac disease score is calculated according to the SYNTAX
Score calculation method. In some embodiments, a car-
diac disease score is calculated by a SYNTAX Score
alternative, derivative and/or successor vascular state
scoring tool (VSST). Alternative VSST approaches po-
tentially include, for example, a "Functional SYNTAX
Score" (integrating physiological measurements-for ex-
ample, vascular flow capacity, vascular elasticity, vascu-
lar autoregulatory capacity, and/or another measure of
vascular function-with a SYNTAX Score-like tool), or a
"Clinical SYNTAX Score" (integrating clinical variables-
for example, patient history, and/or systemic and/or or-
gan-specific test results-with a SYNTAX Score-like tool).
Examples also include the AHA classification of the cor-
onary tree segments modified for the ARTS study, the
Leaman score, the ACC/AHA lesions classification sys-
tem, the total occlusion classification system, and/or the
Duke and ICPS classification systems for bifurcation le-
sions.
[0075] In some embodiments of the invention, metrics
describing a vascular state are determined based on vas-
cular imaging data. In some embodiments, the metrics
are expressed, for example, as functions of vascular po-
sition (for instance, one-dimensional functions of position
along a vascular segment length). The metrics express,
in some embodiments, morphometric quantities such as
vascular width (optionally as a diameter, radius, or cross-
sectional area), vascular curvature, or another morpho-
metric quantity. In some embodiments, the metric is of
another morphological or functional measurement, such
as a determined flow capacity, vascular elasticity, and/or
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vascular wall composition. In some embodiments, vas-
cular state metrics determined from images comprise
identifying information relative to a standard vascular at-
las or other system of nomenclature.
[0076] In some embodiments, vascular state metrics
are converted automatically into sub-scores for a VSST
by a further operation, tailored, for example, to the spe-
cific requirements of a VSST such as SYNTAX Score. In
some embodiments, sub-scores are determined based
on vascular state metrics composed with operator- or
network-provided information related to a subject and/or
to vascular imaging data.
[0077] Potentially, automatic determination of VSST
parameters reduces subjectivity and/or training variabil-
ity affecting a VSST outcome. Potentially, automatic de-
termination reduces the time and/or training required to
determine a VSST score. Reducing the time and/or train-
ing required to effective determine a SYNTAX Score, for
example, potentially increases compliance with vascular
disease evaluation guidelines recommending using
SYNTAX Score as a basis for medical decision making
in cardiology. A potential advantage of reducing SYNTAX
Score and/or other VSST outcome variability is increased
reliability of score calculation, and/or of raw data availa-
ble for future versions of SYNTAX Score and/or another
VSST. A potential benefit of rapid automated or semi-
automated SYNTAX Score determination, for example,
is to allow a more rapid determination based on the score
of a vascular intervention treatment. Potentially, the de-
termination speed-up is sufficient to allow a single cath-
eterization procedure to be performed comprising both
diagnostic imaging and treatment intervention.
[0078] In some embodiments of the invention, the
VSST score is generated entirely automatically based on
provided image data and optionally other information. In
some embodiments, VSST scoring is guided by an op-
erator, for example, by selection of relevant image and/or
segment regions for VSST scoring analysis. In some em-
bodiments, operator guidance comprises segment iden-
tification, for example by providing a segment-identifying
label and/or by identifying key points on a segment per-
mitting machine identification thereof.
[0079] An aspect of some embodiments of the inven-
tion relates to the production and/or use of an astenotic
model of a mammalian vasculature, or "virtual revascu-
larization", usable, for example, in vascular disease state
scoring.
[0080] In some embodiments of the invention, an as-
tenotic vasculature model comprises a computer-gener-
ated and/or computer-stored data structure, for which rel-
atively undiseased portions of an imaged vasculature
have provided a framework for interpolating and/or ex-
trapolating across diseased vascular regions to describe
metrics relating to a relatively undiseased state therein.
In some embodiments of the invention, the difference
between an imaged state and a determined relatively un-
diseased state comprises one or more metrics of disease
state. In some embodiments, the astenotic model com-

prises blood vessel segments extending between vas-
cular branch points. In some embodiments, the astenotic
model comprises regions of branching, for example, bi-
furcations and/or trifurcations.
[0081] Some embodiments of the invention described
herein are contemplated for use with the SYNTAX scor-
ing method, described, for example, atwww.syntaxs-
core.com. However, the invention is also contemplated
for use with successor and/or alternative scoring meth-
ods, including future versions of SYNTAX and/or alter-
native scoring methods which make use of parameters
determinable as described hereinbelow. It should further-
more be understood that herein, wherever SYNTAX,
SYNTAX Score, SYNTAX Score calculation, and similar
terminology is used, there is implicit reference made to
all such successor and/or alternative scoring methods,
with changes as necessary as would be clear to one
skilled in the art working on the basis of descriptions here-
in.
[0082] Embodiments of the invention described herein
are described with particular reference to cardiac vascu-
lature. In some embodiments-additionally or alternative-
ly-the vasculature is of another organ, for example, a
kidney, a retina, and/or a brain. It should be understood,
where cardiac vasculature is described in particular, that
implicit reference is also made to embodiments relating
to the vasculature of another organ, with changes as nec-
essary as would be clear to one skilled in the art working
on the basis of descriptions herein.
[0083] To emphasize the breadth of scoring methods
and vascular targets contemplated for some embodi-
ments of the invention, the term VSST (Vascular State
Scoring Tool) is also used herein, without detracting from
the general meaning attributed to the phrase "SYNTAX
Score" and its derivatives.

Definitions and Abbreviations

[0084]

SYNTAX trial
Well-known prospective multi-site clinical trial to as-
sess PCI vs. CABG efficacy. Described, for example,
by Kappetein (2006).
SYNTAX Score
Diagnostic tool, developed in association with the
SYNTAX trial, for scoring complexity of coronary ar-
tery disease as an aid for planning treatment.
SYNTAX Score outcome
A value calculated using the SYNTAX Score calcu-
lation procedure. Also called a "SYNTAX score" (no
capitalization of "score") herein.
VSST
Vascular State Scoring Tool. Term used herein for
general reference to scoring tools, and in particular
image-based scoring tools, used for determining a
vascular state. The SYNTAX Score is an example
of a VSST, but versions and variants of and/or alter-
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natives to SYNTAX relying on parameters calculated
as described herein should also be understood to be
encompassed by this term.
VSST outcome
A value reflecting vascular disease state calculated
using a vascular state scoring tool. Also referred to
as a VSST score.
PCI
Percutaneous Coronary Intervention. Sometimes
known as coronary angioplasty or angioplasty. A
non-surgical procedure used to treat the stenotic cor-
onary arteries of the heart found in coronary heart
disease. PCI treatments include balloon-opening
and stent implantation.
CABG
Coronary Artery Bypass Graft. Sometimes known as
heart bypass or bypass surgery. Surgical procedure
in which blood vessels are grafted onto heart arteries
to bypass stenotic coronary arteries of the heart
found in coronary heart disease.
LMS
Left Main Stem. Arterial segment between the ostium
of the left coronary artery through bifurcation into left
anterior descending and left circumflex branches.
3VD
Three-vessel disease. Vascular lesion in three or
more vessels.

[0085] Before explaining at least one embodiment of
the invention in detail, it is to be understood that the in-
vention is not necessarily limited in its application to the
details of construction and the arrangement of the com-
ponents and/or methods set forth in the following descrip-
tion and/or illustrated in the drawings. The invention is
capable of other embodiments or of being practiced or
carried out in various ways. In other instances, well-
known methods, procedures, components and struc-
tures may not have been described in detail so as not to
obscure the present invention.

Exemplary VSST (SYNTAX Score)

[0086] Reference is now made to Figure 1, which is a
block diagram illustrating a decision tree based on the
SYNTAX Score outcome and the type of complex lesion;
according to some exemplary embodiments of the inven-
tion.
[0087] At block 110, a low SYNTAX score (≤ 22) com-
prises an indicator for either PCI or CABG treatment
(block 141). At block 130, a high SYNTAX score (≥ 33)
is an indicator for preferring CABG revascularization
treatment (block 144).
[0088] An intermediate SYNTAX score (23-32, block
120) comprises an indicator for either PCI or CABG (block
142) when the lesion is in the left main stem (LMS, block
120A), and is generally an indicator for CABG (block 143)
when the lesion is in three or more vessels, otherwise
known as 3-vessel disease (3VD, block 120B).

[0089] In calculating a SYNTAX score, a physician an-
swers a series of questions relating to the location and
size of lesions; including, for example: degree of occlu-
sion (for example, a threshold occlusion of >50% is pro-
vided for in the scoring instructions), shape and length,
presence of thrombus, and/or tortuosity of the blood ves-
sel. Herein, the answer to each such question is referred
to as a "parameter" of a scoring tool. Additionally or al-
ternatively, the answer to the question is referred to as
a "subscore" of a weighted score produced by such a
scoring tool Coronary vascular images are the basis on
which many of the questions are answered. Optionally,
a PCI treatment is undertaken immediately or on the
same day upon a decision to use this treatment. Typically,
the more invasive and potentially more complicated CA-
BG treatment is scheduled for a different patient visit. It
is a potential advantage to make a scoring decision quick-
ly, in order to release a patient and/or begin a treatment
option with reduced delay. In some embodiments, the
calculation of a SYNTAX Score is performed, for exam-
ple, within a minute of imaging, within 2-4 minutes, within
5-10 minutes, within 5-15 minutes, or within another pe-
riod of time suitable for allowing a patient to remain on a
procedure table while a clinical intervention decision is
determined.
[0090] A SYNTAX Score calculator is available for en-
tering answers manually on a website (www.syntaxs-
core.com). In some cases, evaluation is performed im-
mediately after imaging of a patient. Answering generally
takes several minutes (20-30 minutes is typical), with
speed and accuracy of answers based on the skill and/or
experience of the evaluating practitioner.
[0091] In some embodiments of the invention, one or
more parameters of a VSST are determined automati-
cally, using techniques of image processing and/or anal-
ysis. In some embodiments, the automatic determination
is based on two-dimensional or three-dimensional imag-
es from sources including, for example, angiographic im-
ages, CT, MRI, IVUS, and/or OCT.
[0092] In some embodiments, two-dimensional imag-
es from an angiographic procedure are converted into a
three-dimensional image, and lesions within the vessel
are identified and entered as VSST parameters to arrive
at a quick, objective SYNTAX score during the proce-
dure. In some embodiments, VSST parameters are de-
termined directly from two-dimensional images.
[0093] In some embodiments of the present invention,
automatically determined values are provided as param-
eters to a VSST such as SYNTAX Score in real-time dur-
ing a catheterization procedure, or following imaging.
[0094] Potentially, a reduced time of SYNTAX Score
calculation provides an advantage by allowing a patient
to be kept catheterized for a possible PCI treatment while
waiting for a shorter period, and/or by reducing the need
for recatheterization of a patient who has been tempo-
rarily released from a procedure room pending a treat-
ment decision. Potentially, a reduced time and/or effort
of scoring leads to increased use of a VSST such as
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SYNTAX Score as a tool for clinical decision-making.
[0095] In some embodiments of the invention, param-
eters of another VSST based on geometric, clinical, or
functional factors are determined.

VSST Parameter Algorithm

[0096] Reference is now made to Figure 2, which is a
block-diagram illustration of operations of an algorithm,
according to some exemplary embodiments of the stag-
es.
[0097] At block 202, in some embodiments, two-di-
mensional images comprising the coronary arteries are
obtained. In some embodiments, the two-dimensional
images comprise X-ray angiograms, sections of CT 3-D
imagery of the coronary arteries, or imagery obtained by,
for example, MRI, IVUS, or OCT.
[0098] At block 204, in some embodiments, image
processing and analysis and VSST score calculation is
performed. Block 204A describes these operations in
more detail.
[0099] At block 208, in some embodiments, a three-
dimensional reconstruction of the vessels of an individual
patient is performed, based on two-dimensional projec-
tions of the coronary arteries during a diagnostic cathe-
terization. In some embodiments, this occurs in real-time,
while the patient is undergoing catheterization together
with imaging. In some embodiments, two-dimensional
images are used directly in further image processing.
[0100] Reference is now made to Figure 3, which is a
schematic illustration showing principles of three-dimen-
sional reconstruction by use of epipolar geometry, ac-
cording to some exemplary embodiments of the inven-
tion. Figure 3 shows two exemplary image planes 310,
312 whereupon images of a target object point P3 are
projected to P1 and P2, respectively, from radiant sources
S1, S2. The relative positions of P1, P2, S1, and S2 are
known, while the position of P3 in space is to be deter-
mined from these known positions. P3 is between S1 and
P1, so it lies somewhere along the path between them.
This path in turn has a projection onto the image plane
of P2, (marked Epipolar Line), determinable from the in-
tersection of the Epipolar Plane defined by Si, S2, and
P1 with the image plane P2. The position of P2 along the
Epipolar Line provides the remaining information needed
to locate P3 in space. This concept is applicable to mul-
tiple image planes. Approaches which comprise three-
dimensional reconstruction of vascular information from
two-dimensional source data have been described (Pel-
lot, 1994; Sprague, 2006; Andriotis, 2008). Reference is
also made to U.S. Patent Application 61/752,526 by the
Applicant, which is incorporated herein in its entirety by
reference.
[0101] In some embodiments, based on reconstruction
performed, for example, as in Figure 3, a stereo recon-
struction of the coronary tree is performed, using a series
of spatially separated two-dimensional projections. Re-
construction produces a unified 3-D coronary tree. In

some embodiments, for each vessel the location (x,y,z)
and radius (R) is defined in the reconstruction. In some
embodiments, the hierarchy between vessels, for exam-
ple, the connections between vessel segments and/or
their position relative to vessel branching points is defin-
able with reference to a 3-D reconstruction.
[0102] Reference is now made to Figure 5, which illus-
trates a three-dimensionally reconstructed stenotic area
510 along a vessel segment 500, according to some ex-
emplary embodiments of the invention. The gray scale
indicates the radius along the vessel centerline (darker
is narrower). Such a segment can be extracted, for ex-
ample, from angiographic CT, MRI, PET, OCT, and/or
IVUS. Methods of coronary angiography imaging are re-
viewed, for example, in Youssef (2013).
[0103] MDCT (multi-detector computed tomography)
or CT (computed tomography) measures tissue and/or
contrast agent attenuation of source X-ray radiation. Typ-
ical resolution is 200-500 mm, depending on specifics of
the implementation.
[0104] MRI (magnetic resonance imaging) uses nucle-
ar magnetic resonance properties of an endogenous or
exogenously introduced contrast basis. Typical resolu-
tion may be 1 mm, down to 350 mm, depending on im-
plementation.
[0105] PET (positron emission tomography) uses de-
tection of emitted radiation from tracers. Typical resolu-
tion is 4-5 mm.
[0106] OCT (optical coherence tomography) meas-
ures backscattered light as a function of time (and/or, in
some implementations, frequency). Typical resolution is
4-20 mm.
[0107] IVUS (intravascular ultrasound) operates by
converting the intensity of backscattered sound signals
(which varies by target encountered) into image repre-
sentations. Typical resolution is about 150 mm.
[0108] In some embodiments of the invention, a two-
dimensional vascular tree is recreated from one or more
appropriate two-dimensional images or image sections.
In some embodiments, manual guidance is accepted for
determining which two-dimensional images comprise
useful targets for image analysis of one or more vascular
segments. A potential advantage of proceeding from a
two-dimensional image is a reduced complexity of imag-
ing procedure and/or a reduced computation time for vas-
cular reconstruction from the image data.
[0109] A potential advantage of developing a vascular
tree from a three-dimensional reconstruction is represen-
tation of depth information. This allows improved accu-
racy, for example, of measures of length and/or tortuos-
ity, which are potentially reduced in 2-D due to foreshort-
ening artifacts. Also for example, 3-D reconstruction po-
tentially resolves ambiguities due to structures which
cross over one another in 2-D images. Three-dimension-
al reconstruction also allows structural analysis from mul-
tiple angles, which potentially allows obtaining more ac-
curate metrics for vascular features such as occlusion
percentage and/or thrombus.
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[0110] In some embodiments of the invention, the out-
put of block 208 comprises a reconstruction of the com-
plete coronary artery tree, including the right coronary
artery and the left coronary arteries. In some embodi-
ments the first stage results in a partial sub-tree recon-
struction-the right coronary artery, the left coronary ar-
teries, and/or any sub-branch of them. In some embod-
iments, a number/name of at least one segment is pro-
vided, for example to allow orientation of the reconstruct-
ed tree relative to the segment labeling used by the
VSST.
[0111] In some embodiments of the invention, a hier-
archical tree, complete or partial, of arterial centerlines
is derived from the reconstructed artery tree. In some
embodiments, at points along these centerlines, vessel
radius, curvature and tortuosity are determined.
[0112] At block 210, in some embodiments, the tree
structure serves as for extracting the significant stenosis
areas, based on the analysis of the vessels’ radii. SYN-
TAX Score, for example, defines significant stenosis as
to moderate to severe stenosis having >50% lumen
blockage.
[0113] At block 212, in some embodiments, specific
parameters corresponding to each significant stenosis
located on the previous stage are determined, according
to the SYNTAX Score or other VSST specifications. In
some embodiments, determined parameters include one
or more of the following parameters (listed at block 212A):

• Sub-tree dominance.
• Anatomical identification (for example, branch posi-

tion) of the diseased segment. In some embodi-
ments, lesions in some segments are weighted more
heavily than in others.

• Recognition of total occlusion. In some embodi-
ments, total occlusions are further classified, for ex-
ample, according to known age, presentation of a
blunt stump, proximity to side branches, and/or
bridging by shunting vessels.

• Bifurcation-Medina classification.
• Bifurcation angulation.
• Trifurcation classification.
• Recognition of aorto-ostial proximity.
• Tortuosity evaluation.
• Length estimation.
• Calcification recognition.
• Thrombus recognition.
• Diffuse disease evaluation.

[0114] In some embodiments, most (for example, at
least seven) or all of the foregoing parameters are deter-
mined. Parameter calculations made based on automatic
image processing and analysis operations provide a po-
tential advantage in being not subject to subjective as-
sessments by a practitioner.
[0115] At block 214, the results are compiled into a
SYNTAX Score (or other VSST) outcome, and at block
206, the outcome is made available from the analysis.

System for Vascular State Scoring

[0116] Reference is now made to Figure 7, which is a
simplified schematic of an automatic VSST scoring sys-
tem 700, according to some exemplary embodiments of
the invention.
[0117] In Figure 7, broad white pathways (for example,
pathway 751) denote simplified paths of data processing
through the system. Broad black pathways (for example,
pathway 753) denote external data connections or con-
nections to the system user interface 720. Black pathway
data content is labeled by overlying trapezoidal blocks.
[0118] The vascular tree reconstructor 702, in some
embodiments of the invention, receives image data 735
from one or more imaging systems or a system-connect-
ed network 730. Stenosis determiner 704, in some em-
bodiments, determines the presence of stenotic vascular
lesions based on the reconstructed vascular tree. In
some embodiments, metrics module 706 determines ad-
ditional metrics related to the disease state of the vascu-
lar tree, based on the reconstructed vascular tree and/or
determined stenosis locations and other measurements.
[0119] In some embodiments, metrics extractor 701
comprises functions of vascular tree reconstructor 702,
stenosis determiner 704, and/or metrics module 706. In
some embodiments, metrics extractor 701 is operable to
receive image data 735, and extract from it a plurality of
vascular state metrics, suitable, for example, as input to
parameter compositor 708.
[0120] In some embodiments, parameter compositor
708 converts determined metrics into subscore values
(for example true/false values) which comprise parame-
ters that "answer" vascular state scoring questions,
and/or are otherwise are mapped to particular operations
of a VSST scoring procedure.
[0121] In some embodiments, subscore extractor 703
comprises functions of vascular tree reconstructor 702,
stenosis determiner 704, metrics module 706, and/or pa-
rameter compositor 708. In some embodiments, sub-
score extractor 703 comprises functions of metrics ex-
tractor 701. In some embodiments, subscore extractor
703 is operable to receive image data 735, and extract
from it one or more VSST subscores, suitable as input
for score calculator 713.
[0122] Parameter finalizer 710, in some embodiments,
ensures that parameter data provided is sufficiently com-
plete and correct to proceed to final scoring. In some
embodiments, corrections to automatically determined
parameters are determined at finalizer 710, optionally
under operator supervision through system user inter-
face 720. In some embodiments, lacunae in automatical-
ly provided parameter data are filled: for example, by
user input from system user interface 720; or by other
parameter data 725 provided, for example, from another
diagnostic system or a network providing access to clin-
ical data.
[0123] Score compositor 712, in some embodiments,
composes the finalized outputs into a weighted score out-
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put 715 based on the determined parameters for the
score. The score is made available, for example, over
the system user interface or to networked resources 730.
[0124] In some embodiments of the invention, score
calculator 713 comprises functions of the parameter fi-
nalizer 710 and/or score compositor 712. In some em-
bodiments, score calculator 713 is operable to receive
composited parameters and/or subscores (for example
from parameter compositor 708 and/or subscore extrac-
tor 703), and convert them to a VSST score output 715.
[0125] In some embodiments of the invention, interme-
diate results of processing (for example, the reconstruct-
ed vascular tree, various metrics determined from it, and
or parameter determinations) are stored in permanent or
temporary storage on storage devices (not show) of the
system 700, and/or on a network 730.
[0126] The scoring system 700 has been described in
the context of modules which, in some embodiments of
the invention, are implemented as programmed capabil-
ities of a digital computer. It should be understood that
the underlying system architecture may be implemented
in various ways comprising embodiments of the inven-
tion; for example, as a single or multiple-process appli-
cation and/or as client-server processes running on the
same or on different computer hardware systems. In
some embodiments of the invention, the system is im-
plemented in code for execution by a general purpose
processor. In some embodiments, part or all of the func-
tionality of one or more modules is provided by an FPGA
or another dedicated hardware component such as an
ASIC.
[0127] To provide one example of a client-server con-
figuration, a subscore extractor 703 is implemented as a
server process (or group of server-implemented proc-
esses) on one or more machines remote to a client com-
puter which implements modules such as the score cal-
culator 713 and user interface 720. It should be under-
stood that other divisions of modules described herein
(or even divisions within modules) are encompassed by
some embodiments of the invention. A potential advan-
tage of such a division may be, for example, to allow high-
speed dedicated hardware to perform computationally
intensive portions of the scoring, while providing an econ-
omy of scale by allowing the hardware to be shared by
multiple end-users. Such a distributed architecture po-
tentially also provides advantages for maintenance
and/or distribution of new software versions.

Stenosis Determination

[0128] Reference is now made to Figures 4A-4B, which
schematically illustrate an example of a stenotic deter-
mination, corresponding to the method a block 210, ac-
cording to some exemplary embodiments of the inven-
tion.
[0129] The plot 410 in Figure 4 shows radius (Vessel
Radius) along a vessel segment (Centerline Arc Length).
In some embodiments of the invention, measurements

required for the SYNTAX Score or other VSST score can
be extracted from such a one-dimensional function r =
f(s), where r is the vessel radius, and s is the arc-length.
[0130] In some embodiments of the invention, for ex-
ample, a severe stenosis 412 is automatically identified
by means of a high-pass filter. Plot 415 is the high-pass
filter result. Subtracting the plot 415 from plot 410 obtains
plot 414, which approximates the un-stenosed vessel
width. Plot 416 represents the half-width of plot 415, rep-
resenting, for some embodiments, the threshold between
a scored and an unscored stenosis. Inverted and super-
imposed on plot 415, a sufficiently severe stenosis re-
veals itself where the plot 415 crosses inverted plot 416.
Additionally or alternatively, a very positive and/or neg-
ative slope along a portion of plot 415 indicates a region
of abrupt change.
[0131] In some embodiments of the invention, a lesion
length is determined, for example by a metric such as
width at a percentage occlusion relative to the maximum
occlusion. In some embodiments, this percentage is 5%,
10%, 20%, or another percentage. In some embodi-
ments, a lesion length is determined by a slope inward
from the vascular wall above a threshold, for example, a
change of 1 part in 3 (occlusion depth-to-length), 1 part
in 5, 1 part in 10, or another slope. In some embodiments,
a second or higher slope derivative is the basis of a total
lesion length determination.

Stenosis Determination - Alternative Embodiments

[0132] Reference is now made to Figure 8, which is a
simplified flow chart of a method of determining the pres-
ence and/or associated measurements of stenotic le-
sions, according to some exemplary embodiments of the
invention.
[0133] In some embodiments of the invention, stenosis
in the imaged anatomy is determined relative to a "virtu-
ally revascularized" model of the anatomy. The virtual
revascularization, in some embodiments, comprises de-
termination of a vascular tree model which removes nar-
rowings and/or other obstructions which are determined
to comprise anatomical changes due to vascular pathol-
ogy.
[0134] At block 802, the flowchart starts, and each ves-
sel segment is converted to a one-dimensional function
f(s) of diameter vs. distance. Optionally, the function
yields vessel radius or another metric comprising infor-
mation about the vessel lumen cross-section, such as
area. In some embodiments, distance is obtained from
the Euclidean distance formula, integrated at points
along the vessel segment, for example: 

where s is the integrated distance at a point along the
vessel segment. The integral notation and other uses of
"integration" herein should be understood as potentially
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approximated by summation of finite elements and/or
other approximations appropriate for discrete image pixel
(2-D) or voxel (3-D) samples. Additionally or alternatively,
integration is potentially over a continuous, image-data
derived function, for example one obtained by spline fit-
ting and/or interpolation.
[0135] In some embodiments, the 3-D diameter of the
vessel at a given point comprises an average of the di-
ameters measured from a plurality (for example, all avail-
able) of 2-D projections visualizing that point. Optionally,
the diameter is instead calculated based on the open
area of the vessel, approximating the vessel lumen cross-
section as circular. Optionally, the lumen cross-section
area is used directly. Alternatively or additionally, radius
is used. In the discussion that follows, it is to be under-
stood that "diameter" is replaceable by another metric of
lumen openness, with the method changed as necessary
as would be understood by one skilled in the art making
reference to the descriptions disclosed herein.
[0136] In some embodiments of the invention, an iter-
ative process of virtual revascularization now begins for
each segment (looping over each segment is not shown).
[0137] At block 804, in some embodiments, an initial
reference diameter is chosen to comprise a statistical fit
(for example by a linear, least mean squares method,
optionally modified by a weighting function) to vessel di-
ameter along the vessel segment length. In some em-
bodiments, points near either end of the segment are
weighted more than other segments. It should be noted
that in some embodiments, determination of an unsten-
osed diameter at segment ends, for example, near a bi-
furcation, is carried out by a module specialized for bi-
furcation analysis, for example, as described hereinbe-
low in connection with Figure 9. It should also be noted
that in some embodiments, refinement of a determination
of an unstenosed diameter for one or more segments is
determined with reference to one or more constraints ap-
plied in consideration of a plurality of segments, for ex-
ample, as described hereinbelow in connection with Fig-
ure 10. Optionally, the point weightings are adjusted so
that best-fit deviations from wider (potentially less-dis-
eased) points along the segment are weighted as more
important than deviations from narrower points. This pro-
vides a potential advantage by allowing less-diseased
regions of the vessel to dominate the determination of
the virtually revascularized vessel width. The weighting
determinations are adjusted during subsequent revascu-
larization operations.
[0138] At block 806, in some embodiments, differenc-
es between fit and measured points are determined, and
statistics (for example, mean, standard deviation) are cal-
culated based on the determined differences.
[0139] At block 808, in some embodiments, weighting
adjustments are made, such that certain outliers from the
linear fit are reduced in weight. The outliers are, for ex-
ample, points which have statistically meaningful differ-
ences from the fit. Meaningful differences include, for ex-
ample, being more than two standard deviations away

from the best-fit line compared to the population of diam-
eters overall.
[0140] At block 810, in some embodiments, the best
fit (typically linear) is redetermined. It should be noted
that embodiments of the invention are not limited to a
linear fit, but linearity is a convenient model for capturing
the observation that vessels decrease in diameter more-
or-less monotonically along their length away from the
end proximal to the heart.
[0141] At block 812, in some embodiments, a test is
performed to see if the best fit line has converged within
some limit of stability. If not, processing continues with
another fitting round at block 806. If the best fit has con-
verged to a stable solution, processing continues with
block 814.
[0142] At block 814, in some embodiments, the best
fit function f(s) is used together with the original data func-
tion f(s) to determine stenosis, for example: 

[0143] At block 816, the segment function is evaluated
for additional metrics related to lesion depth, length, and
position, for example, as described in connection with
Figures 4A-4B. For example, an output of the process,
in some embodiments, comprises pairs of values s1, s2,
such that for s1 ≤ s ≤ s2, s is within a stenotic lesion. The
flowchart then ends.
[0144] Reference is now made to Figure 9, which is a
simplified flow chart of a method of determining the pres-
ence and/or associated measurements of stenotic le-
sions in the region of a vessel bifurcation, according to
some exemplary embodiments of the invention.
[0145] In some embodiments of the invention, diame-
ters determined along a blood vessel segment are po-
tentially ill-defined at a bifurcation (or trifurcation) where
abrupt changes in diameter occur, or where the definition
of a diameter, radius, or cross-sectional area is indeter-
minate. In some embodiments, a procedure is imple-
mented whereby diameters at such boundaries are de-
fined more clearly.
[0146] The flowchart begins, and at block 920, in some
embodiments, at least one image plane passing through
a bifurcation is selected as a reference plane for analysis.
In some embodiments, every image plane in which a bi-
furcation is identified as appearing is selected during
some iteration of the method. In some embodiments of
the invention, determination of these image planes in
turn, and/or of the region of the planes in which the bi-
furcation appears, proceeds from the relationship be-
tween image planes and a three-dimensionally recon-
structed vascular model, generated, for example, as de-
scribed in relation to Figure 3 and in associated referenc-
es given.
[0147] In some embodiments, the image section is
manually selected. In some embodiments, the image
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plane is selected to be a plane which includes vessel
center points of at least two vessels at a determined dis-
tance from the vessel (for example, 1 mm, 2 mm, 3 mm
or a greater or larger distance), and a point near the cent-
er of the region of bifurcation. Optionally a different plane
is selected for each pair of trunk and branch vessels
(trunk and a first branch, trunk and a second branch).
The method is described herein below with respect to
one plane of analysis selected for one branch point vas-
cular segment pair (a trunk and a branch), but it is to be
understood that the analysis is optionally carried out on
two more vascular segment pairs at a given segment
junction (three, for example, in the case of a trifurcation).
It is also to be understood that unstenosed diameter with-
in more than one plane is optionally determined, and re-
sults from this plurality of determinations composed into
one or more metrics describing unstenosed vascular
morphology. For example, in some embodiments, a plu-
rality of planes is selected, and an average or other sta-
tistically determined unstenosed vessel diameter select-
ed from the set of planes analyzed. In some embodi-
ments, unstenosed vessel widths determined in a variety
of directions corresponding to different image planes are
composed into an approximation of the shape of the ves-
sel lumen circumference at different locations along its
length.
[0148] At block 922, in some embodiments, for each
vessel segment in a pair (for example a pair comprising
a trunk vessel and a branch vessel), data sets describing
each of two vessel borders (xb,yb) falling within a selected
image plane are determined. The border data sets are,
for example, determined by the locations along the vessel
segment length which representing a transition from low
contrast to high contrast. The transition point is deter-
mined, for example, by a threshold, a peak rate of con-
trast change, by a simple edge detection convolution, by
a Frangi filter, or another appropriate boundary-finding
method available to one skilled in the art. For conven-
ience of exposition, the vessel border data sets (xb,yb)
are referred to hereinbelow as the "left" border and the
"right" border, it being understood that the designation
of left and right in this context is potentially arbitrary.
[0149] At block 924, in some embodiments, for each
of the trunk and branch segments chosen, a boundary
point away from the bifurcation is chosen as a reference
and/or spline interpolant termination point. The reference
point may be considered as a trusted and/or anchor point,
far enough from the point of a potentially lesioned bifur-
cation that it provides an unstenosed reference diameter
for the vessel at that point. In some embodiments, the
distance chosen is, for example, 1-2 mm, 2-4 mm, 1-5
mm, or another larger or smaller distance from the core
of the bifurcation. In some embodiments, the distance is
chosen as a function of a previously estimated vascular
width, for example, 2, 3, 4 or a greater or smaller multiple
of the previously estimated vascular width.
[0150] At block 926, in some embodiments, boundary
conditions are determined at each of the reference

points, comprising the point location. In some embodi-
ments, a first derivative up to a derivative of order n is
determined, for example by examination of border point
locations from 1 to n data nodes away from the selected
node point. The result, in some embodiments, is a set of
four boundary conditions-two for the left wall, and two for
the right; one of each wall pair being from the trunk vessel
segment, and one from the branch vessel segment.
[0151] At block 928, in some embodiments, a spline
interpolant is determined for each of the left and right
walls which runs between the boundary conditions de-
termined for each wall. Each such spline interpolant may
be considered as an "unstenosed" border data set (xi,yi)
corresponding in portions to one or the other of the orig-
inal image border data sets (xb,yb) for one wall of both
the trunk and branch vessel segments, and in a central
portion to the region of the bifurcation. Additionally or
alternatively, the left- and right-wall spline interpolants
may be considered as bounding the lumen of the open
or unstenosed vascular segment through the region of
bifurcation.
[0152] In some embodiments, the interpolants are op-
timized (while preserving the boundary conditions) to
maximize contrast differences across the surfaces of the
interpolants. This corresponds, ideally, to adjusting the
interpolant diameter to the diameter of the vascular wall,
and to adjusting the interpolant center position to the
center of the blood vessel. Contrast is determined, in
some embodiments, by a simple edge detector, by the
output of a Frangi filter, or by another means of edge
detection known in the art. In some embodiments, posi-
tions within the core of the bifurcation are ignored for
purposes of fit determination.
[0153] At block 930, in some embodiments, the lumen
bounded by the unstenosed border data sets (xi,yi) is
compared to the lumen bounded by the corresponding
data-derived border data sets (xb,yb), to determine an
absolute and/or relative degree of stenosis in the lumen
comprised within the region of bifurcation. Optionally, the
comparison is made, for example, after conversion of
relative border locations to diameters, radii, areas, or an-
other metric as a function of position along the vascular
segment length and/or away from the region of bifurca-
tion. Optionally, the two-dimensionally determined model
is referred back to a three-dimensional model by making
reference to 2-D to 3-D mappings determined during a
phase of 3-D vascular tree reconstruction. Optionally, the
degree of stenosis is analyzed as for stenotic regions in
Figure 8 and/or Figures 4A-4B. The flowchart ends.
[0154] Reference is now made to Figure 10, which is
a flowchart describing in broad outline a method for re-
fining a revascularized model of a vascular segment us-
ing information from neighbor segments, according to
some exemplary embodiments of the invention.
[0155] In some embodiments of the invention, a meth-
od is provided which takes into account constraints ap-
plicable to the morphometric relationships between vas-
cular segments in determining an unstenosed vascular
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model. Potentially, this allows more accurate determina-
tion of an unstenosed vascular model, and/or reduces
the occurrence of artifacts which do not reflect reasona-
ble anatomical situations.
[0156] The flowchart begins, and at block 1010, one
or more long segments are constructed by the concate-
nation of a plurality of interconnected shorter segments
into single functions. In some embodiments, the shorter
segments are defined by branch points, and the construc-
tion of long segments comprises trimming off different
branch alternatives for different long segments. In some
embodiments, each possible long segment implied by
the underlying vessel segment hierarchy is constructed.
[0157] At block 1012, in some embodiments, long seg-
ments are converted to functions, for example, to a one
dimensional function of arc-length. In some embodi-
ments of the invention, the function describes radius, di-
ameter, cross-sectional area, and/or another metric re-
lated to a degree of stenosis as a function of position
along the segment.
[0158] At block 1014, in some embodiments, a
smoothed function f(s) is fitted to the data of f(s). The
fitting, in some embodiments, is subject to a similarity
criterion, for example, minimization of |f(s) - f(s)|. The
fitting, in some embodiments, is subject to a smoothness
criterion, for example, minimization of |f"(s)|.
[0159] In some embodiments, the fitting further com-
prises the criterion of minimizing f’(s), for example, such
that this value is everywhere non-positive. A potential
advantage of this criterion is that it takes advantage of
an observed property of healthy vascular trees, which
are seen to narrow monotonically when moving from
trunk to branch. Thus, for example, a case may arise in
which an entire segment is narrowed, thus providing no
healthy region as an internal reference. In such a case,
a single undiseased downstream segment nevertheless
potentially signals that the unstenosed diameter of the
highly diseased upstream segment should be larger than
the observed vessel diameter.
[0160] At block 1016, in some embodiments, an ad-
justed unstenosed model of a vascular segment is re-
ferred back to the original vascular tree model.
[0161] At block 1018, in some embodiments, a degree
of stenosis is calculated from the adjusted unstenosed
vascular segments, for example as described herein
above with reference to Figure 8 and/or Figures 4A-4B.
The flowchart ends.

Total Occlusion and Thrombus

[0162] In some embodiments, features which connect
vessel walls and/or comprise non-vascular inclusions
within the vessel walls are determined by processing of
images and/or of the reconstructed vasculature.
[0163] In some embodiments of the invention, a total
occlusion of the vasculature is identified, for example, by
an abrupt border between lumen and background inten-
sities, for example, a complete break in the continuity of

blood-borne contrast agent imaged along a blood vessel
in the image data. In some embodiments, the occlusion
is determinable to be associated or not associated with
bridging (shunting) vessels. In some embodiments,
bridging vessels are distinguishable from the main artery
by, for example, an increase in tortuosity, a decrease in
vessel diameter, and/or a sharp change in vessel direc-
tion.
[0164] In some embodiments, one or both occlusion
boundaries (proximal/distal) are characterized by the
morphology of one or more occlusion/lumen boundaries.
For example, a degree of boundary curvature may be
assessed by a parabolic fit, a spline fit, or another fitting
function. In some embodiments, an occlusion morphol-
ogy is determined by a relative position of predefined
points along the occlusion curve (for example, center-
most point, compared in longitudinal position to points
within some radius percentage of the vessel wall), or an-
other characterizing feature of the occlusion morphology.
[0165] In some embodiments, thrombotic structures in
the vasculature are determinable from the presence of
certain relatively contrast agent-free, potentially ovoid or
spherical regions within the lumen of a blood vessel. In
some embodiments, a vessel cross-section potentially
containing a thrombus is identified by region comprising
a sharp drop in contrast agent density, visible as an in-
crease in brightness in some imaging modalities, or oth-
erwise distinguishable from its surroundings. The region
in the cross-section is potentially surrounded by a region
of differing (for example, higher) contrast density. In
some embodiments, vessel inclusions are identified, for
example, by a ratio of free (unconnected to a wall) surface
area, free circumference, and/or free angular arc to a
wall-connected portion of the inclusion. In some embod-
iments, vessel inclusions such as thrombi are identified
by being unconnected to a vessel wall on at least three
sides.

Determination of Other Metrics

[0166] In some embodiments of the invention, metrics
for conversion into VSST parameters are determined
from the three- or two-dimensional reconstruction of the
vasculature.
[0167] In some embodiments, metrics such as num-
bers and order of branching points are determined from
the branch points determined during vascular recon-
struction.
[0168] In some embodiments, metrics such as the size
of the lesion, arc-distances from nearby bifurcations
(points marked "Bifurcation location" in Figure 4A),
and/or distances between adjacent lesions are deter-
mined from the vascular reconstruction. In some embod-
iments, the radius, curvature and/or tortuosity of vessels
is extracted along the tree from the vascular reconstruc-
tion.
[0169] In some embodiments, metrics comprising dis-
tances between reference points on the vessel (for ex-
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ample, lesion lengths, relative positions, and/or segment
lengths) can be determined by integrating distance over
the length of a segment arc. This may be, for example,
according to integrated length in three dimensions: 

where s is the total distance traversed.
[0170] In some embodiments, a metric comprising a
measure of vessel segment tortuosity is determined by
integrating on angular deviations along a segment length.
[0171] In some embodiments, where bifurcations have
been identified during the phase of artery tree construc-
tion, lesions near the bifurcations are classified according
to the Medina classification of bifurcation lesion analysis.
[0172] In some embodiments, metrics comprising ab-
solute measurements of vessel diameter are obtained
from the 2D and/or 3D vessel data, for example, by mak-
ing measurements perpendicular to segment direction
along the vascular tree.

Conversion of Metrics into VSST Parameters

[0173] In some embodiments of the invention, one or
more VSST parameters are referred to a specific, ana-
tomically identified vessel segment as part of the scoring
procedure. In some embodiments, vessel segments are
automatically identified by registration of the vessel seg-
ment tree to an atlas comprising one or more standard
vascular morphology patterns. In some embodiments,
the determination is automatic and unguided, for exam-
ple by finding a best fit pattern between the atlas and the
acquired image data.
[0174] In some embodiments, deviations from an atlas
standard (for example, due to increases in tortuosity, total
occlusions, and/or development of shunting vessels) are
identified. In some embodiments, a vascular identifica-
tion of a segment comprising one or more metrics which
deviate significantly from an atlas standard value is iden-
tified as such for an operator or otherwise flagged as
uncertain. For example, a vessel which is longer, of a
different width, or more tortuous than a corresponding
atlas standard segment may be flagged according to a
threshold of 50%, 100%, or another percentage of differ-
ence. Additionally or alternatively, the segment may be
flagged according to a statistically unlikely (P < 0.05, P
< 0.001, or less than some other P value) morphology.
[0175] In some embodiments, identification is partially
guided, for example by prompting an operator to identify
one or more vascular segments, and then automatically
identifying remaining vessels by their relative position in
space and/or along branch points. In some embodiments
of the invention, automatic determination is displayed for
potential correction by an operator through a computer
user interface. In some embodiments, vascular seg-
ments where a lesion has been detected are presented
to an operator for manual identification.

[0176] In some embodiments of the invention, compo-
sition of metrics into VSST parameters/subscores pro-
ceeds from determined metrics according to the specific
requirements of the VSST. In the SYNTAX Score meth-
od, for example, a question requests determining which
of left or right dominance (two distinctive anatomical pat-
terns) applies to the vasculature being evaluated. In
some embodiments, the parameter corresponding to this
question is determined from automatic inspection of vas-
cular branching point number and order metrics.
[0177] In some embodiments of the invention, one or
more VSST questions concerns occlusive degree, vessel
diameter and/or relative locations of stenotic lesions de-
tected in received image data. In some embodiments of
the invention, one or more parameters describing the
number and extent of lesions are composed by applying
thresholds based on criteria supplied for a VSST to vas-
cular metric data. For example, in a SYNTAX Score eval-
uation, a coronary lesion is counted when it meets criteria
of vessel diameter being at least 1.5 mm, and a level of
stenosis being at least 50%. Also for example, relative
positions of lesions are relevant to the scoring of a lesion
as one or two lesions. Optionally, for example in SYNTAX
Score, an inter-occlusion distance threshold for scoring
as one or two lesions is a function of vessel diameter, for
example three vessel diameters. In some embodiments,
the number of segments that a lesion comprises is
scored.
[0178] In some embodiments, one or more VSST
questions concerns the presence of a total occlusion, its
curve morphology, depth, and/or position relative to near-
by branch points. In some embodiments, a parameter
describing the presence of shunting ("bridging") vessels
around a total occlusion is determined, for example, from
one or metrics describing an abrupt change in vessel
diameter, vessel direction, and/or vessel tortuosity.
[0179] In some embodiments, one or more VSST
questions requests an abstracted description of tortuos-
ity, which is extracted from determined metrics. For ex-
ample, a tortuosity metric may comprise a quantified de-
scription of integrated tortuosity along a segment. The
tortuosity parameter in the case of a SYNTAX Score, for
example, requests counting "One or more bends of 90°
or more, or three or more bends of 45° to 90° proximal
of the diseased segment" (www.syntaxscore.com). This
parameter may be abstracted from a tortuosity metric by,
for example, integrating accumulated curvature, and
counting the number of curves which reach each thresh-
old criterion.
[0180] In some embodiments of the invention, the
VSST parameter description of a lesion occlusion may
be more specific than "more than 50% occlusion". For
example, a SYNTAX Score requests: "Estimation of the
length of that portion of the stenosis that has ≥50% re-
duction in luminal diameter in the projection where the
lesion appears to be the longest" (www.syntaxs-
core.com). In some embodiments, occlusion is separate-
ly determined as a metric along two or more planes to
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which the lesion is projected. In some such embodi-
ments, the parameter determination uses the occlusion
length in the plane for which the lesion is longest. In some
embodiments, (for example, with stenosis opener mod-
eling) occlusion is determinable across any radial direc-
tion along the segment axis, continuously, or at any
number of discrete radial directions. In some embodi-
ments, conversion of a length to a parameter comprises
determining if a length (such as a lesion length) meets a
threshold criterion, for example, a SYNTAX Score distin-
guishes lesions more than 20 mm long. In another VSST,
the length is optionally longer or shorter, as specified.
[0181] In some embodiments of the invention, a VSST
parameter may comprise temporal information about a
lesion. For example, in a SYNTAX Score parameter,
"multiple persisting opacifications" (www.syntaxs-
core.com) along a vascular wall appearing before the
injection of contrast agent are potentially scored as
"heavy calcification". In some embodiments of the inven-
tion, temporal information from an angiogram or other
time-resolved image set is converted to a VSST param-
eter. In some embodiments, regions of opacity imaged
along vessel segments before contrast agent injection
are mapped to the full vascular tree by image feature
alignment or by another matching algorithm. In some em-
bodiments, an appropriate threshold function is previous-
ly determined such that a given total extent and/or
number of pre-contrast agent opacities are determined
to be "multiple persisting opacifications"; the parameter
is determined based on said threshold function.
[0182] In some embodiments of the invention, a VSST
parameter comprises a determination of the presence of
a thrombus. The SYNTAX Score, for example, defines a
thrombus as a lucency meeting a complex, informally
described list of criteria: "Spheric, ovoid or irregular in-
traluminal filling defect or lucency surrounded on three
sides by contrast medium seen just distal or within the
coronary stenosis in multiple projections or a visible em-
bolization of intraluminal material downstream"
(www.syntaxscore.com). In some embodiments of the
invention, thrombi are identified, for example, by a run of
"thrombus cross-sections" terminated on at least one
side by contrast running across the full width of the ves-
sel. In some embodiments the thrombus is identified as
an inclusion during vessel reconstruction. In some em-
bodiments of the invention, a library of image examples
wherein a thrombus has been identified by specialist
grading is used to train a machine learning algorithm (for
example, a neural network, Bayesian model, or other var-
iably weighted algorithm) for the identification of gradi-
ents and intensity statistics typical for thrombi, as well as
prior probabilities on shape characteristics, facilitating a
correct classification and identification of a thrombus in
the image.
[0183] In some embodiments of the invention, a VSST
parameter comprises a determination of diffuse disease.
The SYNTAX Score, for example, defines diffuse disease
as "Present when at least 75% of the length of any seg-

ment(s) proximal to the lesion, at the site of the lesion or
distal to the lesion has a vessel diameter of <2mm." In
some embodiments of the invention, the metrics com-
prising vessel diameters are automatically inspected rel-
ative to one or more identified lesion sites, and evaluated
for meeting the criterion of diameter (for example, <2
mm), and/or total relative length meeting this criterion
(for example 75%). It should be understood that the cri-
teria chosen can be altered to fit the criteria of the VSST;
the examples given are not limiting.
[0184] Examples hereinabove describe the conver-
sion of automatically determined vascular tree metrics
into VSST parameters, which are typically described in
natural language originally targeted for application to
non-automatic determination. The progression from im-
age data, to automatically determined morphological
metrics to automatically determined VSST parameter
comprises distinctive stages in vascular state score de-
termination which are not present as such or by implica-
tion in a VSST such as SYNTAX Score.
[0185] Some of the examples herein above are de-
scribed with particular reference to parameters of the
SYNTAX Score method. These examples illustrate to
someone skilled in the art a range of methods - comprised
in some embodiments of the invention - which are appli-
cable, suitably modified, to other VSST parameters. For
example, specific category-determining values (thresh-
old values in particular) are readily modified. Also, it may
be readily seen by someone skilled in the art that further
compositions into VSST parameters of metrics including
vascular anatomy distances, lengths, diameters, con-
nectivities, tortuosities, and/or angles are obtainable
based on the principles described hereinabove, to com-
prise embodiments of the present invention.
[0186] In some embodiments of the invention, one or
more VSST parameters covering substantially the same
morphometric determination are calculated. A VSST,
such as the SYNTAX Score, which is originally targeted
for manual determination, will often comprise questions
which elicit a response having a limited range of values,
often binary-presence or absence of a lesion, for exam-
ple. Nevertheless, an automatic parameter determina-
tion often arrives at a final yes/no parameter value after
first calculating a value in some continuous, or at least
multi-valued range. Some embodiments of the invention
make available both the formal VSST parameter value
and one or more quantified results from which it was di-
rectly taken. This is a potential advantage, for example,
to provide finer granularity for evaluation during later re-
finement of the recommendations made from a VSST
score result, and/or for refinement of the VSST scoring
method itself. For example, an occlusion score which in
a VSST score is formally cut off at 50% occlusion = 1
point, might be found upon further analysis to be more
predictive if a range of occlusions (for example, 40-60%
occlusion) were mapped to a corresponding range of par-
tial point values.
[0187] It should be noted that embodiments of the
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present invention are not limited to entirely automatic pro-
duction of all subscores of a given VSST score. Some
embodiments of the invention comprise functionality that
works together with data provided by other means for
determining VSST parameters. In some embodiments of
the invention, for example, parameters representing flow
function, patient history, and/or other clinical data, are
also converted into subscores for composition into a
VSST score. In some embodiments, manual and auto-
matic scoring relate interactively, for example to improve
accuracy of results and/or provide assurance to a prac-
titioner that the automatic scoring for a given case is gen-
erally accurate.

Composition of VSST Parameters into a Vascular 
State Score

[0188] Reference is now made to Figure 6, which is a
simplified flow chart describing in outline an exemplary
vascular state score determination from automatically
calculated parameter values, according to some exem-
plary embodiments of the invention.
[0189] At block 605, the flow chart starts, and, in some
embodiments of the invention, one or more parameters
automatically determined from an image dataset is re-
ceived by a vascular scoring module.
[0190] In some embodiments, provision is made for
the manual entry of parameter values, and/or correction
by feedback of automatically determined values.
[0191] At block 610, in some embodiments, a determi-
nation is made whether or not the provided data is com-
plete, or needs manual completion. If not, the flowchart
continues at block 620. Otherwise, the flowchart contin-
ues at block 615.
[0192] At block 615, in some embodiments, the oper-
ator is prompted to supply missing data. The data may
be, for example, ordinary clinical data such as patient
vital statistics. In some embodiments, the operator input
may be to supply vessel identifications. In some embod-
iments, one or more image-based parameters not sup-
ported by the specific embodiment of the invention is
prompted for.
[0193] At block 620, in some embodiments, the oper-
ator is provided, through a user interface (such as a
graphical user interface [GUI]), with the opportunity to
review and/or correct parameter determinations made
automatically and/or manually. In some embodiments of
the invention, automatic parameter determinations are
presented together with an automatically evaluated indi-
cation of confidence in parameter correctness. Such an
indication may be calculated, for example, based on im-
age signal-to-noise, the complexity of the anatomy en-
countered, the quality of matching of an anatomical re-
construction to a standard atlas, and/or other issues en-
countered during image processing which potentially in-
dicate reduced confidence in the quality of an automati-
cally determined result.
[0194] At block 625, in some embodiments, a determi-

nation is made for the issuance of a "correction" event
(issued, for example, from the user interface). If there is
such an event, the correction is made at block 630 in
some embodiments, optionally using additional interface
elements and/or another interface mode such as a dialog,
and the method continues at block 620. Otherwise, flow
continues to block 635.
[0195] At block 635, in some embodiments, a determi-
nation is made for the issuance of an "accept" event (is-
sued, for example, from the user interface). If this event
is not yet issued, flow returns to block 620. Otherwise,
the parameters are passed to the vascular state calcu-
lator module and the VSST score (for example, SYNTAX
Score outcome) is calculated at block 640 in some em-
bodiments, according to the specifications of the VSST.
The VSST may specify, for example, a parameter weight-
ing such that the parameters, composed for the score,
are reduced a single numeric score. In some embodi-
ments of the invention, parameters automatically or man-
ually flagged as uncertain are taken into account, and a
range of weighted scores provided based on possible
alternative values for the weighted parameters. In some
embodiments, a single value of the range is highlighted
as a best estimate of the VSST score for the provided
image data.
[0196] It should be noted that a VSST score, in some
embodiments, reduces to a recommendation to take one
of a small number of alternative treatment actions, for
example, one of two actions. In the case of a SYNTAX
Score, for example, the decision at stake is a choice be-
tween PCI and CABG. Thus, the exact or "true" SYNTAX
Score is potentially less important than consistency of
results. Furthermore, the potentially most-likely cases
wherein vascular anatomy is sufficiently abnormal as to
cause uncertainty for automatic determination are those
with the most disease complexity. Accordingly, uncer-
tainty of an automatically determined SYNTAX Score it-
self potentially comprises an indication of vascular state.
[0197] At block 645, the VSST score is provided at an
output (for example, to a user interface and/or a medical
records database server), and the flowchart ends.
[0198] It should be noted that the above-described
flowchart is for the purposes of illustration, and that the
actual ordering and branching of operations may be dif-
ferent without change to the essentials of the method.
For example, in some embodiments, the VSST score is
obtained not only at the end of the procedure, but also
updated upon initial parameter receipt, and upon each
change to the parameter data. In some embodiments,
one or more stages of user interaction (for example,
blocks 615-635) are removed or streamlined. In some
embodiments, all image-based VSST score parameters
are automatically determined. In some embodiments, all
VSST score parameters are automatically determined
and/or obtained, for example, from a database compris-
ing the patient’s medical records.
[0199] It is expected that during the life of a patent ma-
turing from this application many relevant vascular state
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scoring tools (VSSTs) will be developed and the scope
of the term VSST is intended to include all such new
technologies a priori.
[0200] As used herein the term "about" refers to 10%.
[0201] The terms "comprises", "comprising", "in-
cludes", "including", "having" and their conjugates mean
"including but not limited to".
[0202] The term "consisting of’ means "including and
limited to".
[0203] The term "consisting essentially of’ means that
the composition, method or structure may include addi-
tional ingredients, steps and/or parts, but only if the ad-
ditional ingredients, steps and/or parts do not materially
alter the basic and novel characteristics of the claimed
composition, method or structure.
[0204] 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.
[0205] Throughout this application, various embodi-
ments of this invention may be presented in a range for-
mat. 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 invention. Accordingly, the description of a range
should be considered to have specifically disclosed all
the possible subranges as well as individual numerical
values within that range. For example, description of a
range such as from 1 to 6 should be considered to have
specifically disclosed subranges such as from 1 to 3, from
1 to 4, from 1 to 5, from 2 to 4, 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.
[0206] Whenever a numerical range is indicated here-
in, it is meant to include any cited numeral (fractional or
integral) within the indicated range. The phrases "rang-
ing/ranges between" a first indicate number and a second
indicate number and "ranging/ranges from" a first indi-
cate number "to" a second indicate number are used
herein interchangeably and are meant to include the first
and second indicated numbers and all the fractional and
integral numerals therebetween.
[0207] It is appreciated that certain features of the in-
vention, which are, for clarity, described in the context of
separate embodiments, may also be provided in combi-
nation in a single embodiment. Conversely, various fea-
tures of the invention, which are, for brevity, described
in the context of a single embodiment, may also be pro-
vided separately or in any suitable subcombination or as
suitable in any other described embodiment of the inven-
tion. Certain features described in the context of various
embodiments are not to be considered essential features
of those embodiments, unless the embodiment is inop-
erative without those elements.
[0208] All publications, patents and patent applications
mentioned 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 indi-
cated to be incorporated herein by reference. In addition,
citation or identification of any reference in this applica-
tion shall not be construed as an admission that such
reference is available as prior art to the present invention.
To the extent that section headings are used, they should
not be construed as necessarily limiting.
[0209] Further Items according to the invention are list-
ed below:

Item 1: A method of mammalian vascular state scor-
ing, comprising:

receiving vascular image data;
determining automatically a plurality of sub-
score-related vascular metrics for each of a plu-
rality of vascular segments, based on said re-
ceived image data;
determining subscores of a vascular state scor-
ing tool based on said plurality of vascular met-
rics; and
operating a score calculator for said vascular
state scoring tool to calculate a score based on
said subscores, said score being applicable to
surgical
intervention decision-making.

Item 2: The method of item 1, wherein said deter-
mining of said subscore-related vascular metrics
comprises determination of a vascular width metric
function for the imaged state of said vascular seg-
ment, and determination of a corresponding width
metric function for a modeled state of said vascular
segment distinct from said imaged state.
Item 3. The method of item 1, wherein said vascular
metrics comprise a metric which is a function of vas-
cular segment position.
Item 4.The method of item 1, wherein said function
of vascular segment position describes a vascular
width metric.
Item 5.The method of item 1, wherein said vascular
image data is of the arterial vasculature of the heart.
Item 6.The method of item 1, wherein said vascular
state scoring tool is SYNTAX Score.
Item 7.The method of item 1, wherein said subscores
comprise all image data-based subscores com-
prised within said vascular state scoring tool.
Item 8.The method of item 1, wherein said sub-
scores comprise at least half of all image data-based
subscores comprised within said vascular state scor-
ing tool.
Item 9.The method of item 1, wherein said determin-
ing of said vascular metrics comprises mapping
measurement values to positions within said plurality
of vascular segments.
Item 10. The method of item 9, wherein said posi-
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tions are examinable to determine position relative
to branch points among said plurality of vascular seg-
ments.
Item 11. The method of item 9, wherein said posi-
tions are associated with anatomically identifying
vascular segment labels.
Item 12. The method of item 10, wherein said vas-
cular metrics comprise measurements of vascular
segment stenosis.
Item 13. The method of item 9, wherein said mapping
represents relative locations of vascular segment
stenosis lesions along vessel segments.
Item 14. The method of item 9, wherein said mapping
comprises representation of a vessel segment ste-
nosis lesion in association with a plurality of post-
lesion vessel widths.
Item 15. The method of item 1, wherein said deter-
mining of vascular metrics comprises determining a
vascular model representation for said plurality of
vascular segments based on said received imaged
data.
Item 16 The method of item 15, wherein said deter-
mining of vascular metrics comprises determining
an unstenosed model representation for said plural-
ity of vascular segments based on said received im-
age data.
Item 17. The method of item 16, wherein said deter-
mining of vascular metrics comprises determining a
severity of stenosis in said plurality of vascular seg-
ments based on differences between said unsten-
osed model representation and said vascular model
representation.
Item 18. The method of item 1, wherein said deter-
mining comprises binary segmentation of a vascular
lesion contour region.
Item 19. The method of item 1, wherein said vascular
state scoring tool is a modification of the SYNTAX
Score scoring tool.
Item 20. The method of item 1, wherein said oper-
ating comprises automatic parameter entry to said
scoring tool.
Item 21. The method of item 1, wherein said deter-
mining automatically comprises determining a pa-
rameter describing an uncertainty of said plurality of
subscore-related vascular metrics.
Item 22. The method of item 1, wherein said vascular
metrics include a measure of vascular occlusion.
Item 23. The method of item 1, wherein said vascular
metrics include a measure of lesion length.
Item 24. The method of item 1, wherein said vascular
metrics include a measure of vascular tortuosity.
Item 25. The method of item 1, wherein said vascular
metrics include a measure of relative lesion position-
ing.
Item 26. The method of item 1, wherein said vascular
metrics include a count of vascular branches.
Item 27. The method of item 1, comprising:

receiving an output from said vascular state
scoring tool; and
determining to perform percutaneous angi-
oplasty in an imaged patient based on said re-
ceived output; wherein
at the time of said determination, the patient re-
mains catheterized from the imaging procedure
producing said received vascular image data.

Item 28. A system for automatic determination of
parameters for a mammalian vascular state scoring
tool, comprising:

a subscore extractor functionally connectable to
at least one vascular image data source, con-
figured to:

determine at least one vascular disease-re-
lated metric based on vascular image data
received from said image data source, and
determine at least one parameter based on
said at least one metric; and

a vascular state score calculator, configured to:

receive a plurality of parameters comprised
in vascular state subscores, at least from
said subscore extractor, and
compose said subscores into a vascular
state score;

said vascular state score being applicable to sur-
gical intervention decision-making.

Item 29. The system of item 28, wherein said sub-
score extractor comprises a metrics extractor, oper-
able to receive said vascular image data and extract
from it said at least one vascular disease-related
metric.
Item 30. The system of item 29, wherein said metrics
extractor comprises a vascular tree reconstructor,
operable to reconstruct a data structure representing
a connected group of vascular segments from said
vascular image data.
Item 31. The system of item 30, wherein said data
structure represents branch connection relation-
ships among said connected group of vascular seg-
ments.
Item 32. The system of item 29, wherein said metrics
extractor comprises a stenosis determiner, operable
to determine a degree of stenosis within vessels im-
aged by said vascular image data, based on a data
structure representing at least one vascular segment
from said vascular image data.
Item 33. The system of item 29, wherein said metrics
extractor comprises a metrics module, operable to
determine for a vascular segment one or more mor-
phometric functions along the length of said seg-
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ment.
Item 34. The system of item 33, wherein said one or
more morphometric functions produce results se-
lected from among the group of vessel diameter, ves-
sel radius, vessel cross-section, vessel curvature,
and vessel wall curvature.
Item 35. The system of item 28, wherein said sub-
score extractor comprises a parameter compositor,
operable to determine at least one parameter based
on said at least one metric.
Item 36. The system of item 28, wherein said vas-
cular state score calculator comprises a parameter
finalizer, operable for at least one of correcting and
reviewing said plurality of parameters prior to an op-
eration to compose said subscore into a vascular
state score.
Item 37. The system of item 36, wherein said oper-
ability for at least one of correcting and reviewing
comprises displaying annotations of said vascular
image data based on data produced during said de-
termination of said at least one vascular disease-
related metric.
Item 38. A method of determining an unstenosed
model of a mammalian vascular tree, comprising:

receiving image data of said vascular tree;
reconstructing a vascular model representation
for at least one vascular segment based on said
received imaged data;
determining an unstenosed model representa-
tion for said at least one vascular segment based
on said reconstructed vascular model represen-
tation; and
determining a severity of stenosis in said at least
one vascular segment based on differences be-
tween said unstenosed model representation
and said vascular model representation.

Item 39. The method of item 38, wherein said deter-
mining of an unstenosed model representation com-
prises selecting a model representation by minimiz-
ing deviation of the unstenosed model representa-
tion morphometry from the vascular model represen-
tation morphometry according to a weighting func-
tion.
Item 40. The method of item 39, wherein said weight-
ing function weights unstenosed model vessel diam-
eter deviations below the vessel diameter of the vas-
cular model more heavily than unstenosed model
diameter deviations thereabove.
Item 41. The method of item 39, wherein said weight-
ing function is iteratively recalculated after determin-
ing a first or subsequent unstenosed model repre-
sentation, and said unstenosed model representa-
tion recalculated accordingly, until a criterion of sta-
bility for said unstenosed model representation is
satisfied.
Item 42. The method of item 39, wherein said weight-

ing function weights locations in end portions of said
vascular segment more heavily than points away
from said end portions.
Item 43. A method of determining an unstenosed
model of a region of bifurcation in a mammalian vas-
cular tree, comprising:

receiving image data of said region of bifurca-
tion;
determining a vascular model representation of
said region of bifurcation;
generating an interpolated vascular representa-
tion passing between two branches of said bi-
furcation based on said vascular model repre-
sentation;
comparing said interpolated vascular represen-
tation with said vascular model representation
to obtain an estimate of stenosis through said
region of bifurcation.

Item 44. The method of item 43, wherein said deter-
mining of a vascular model representation compris-
es selecting of at least one image plane intersecting
said bifurcation.
Item 45. The method of item 44, wherein said se-
lecting comprises mapping three-dimensional coor-
dinates obtained from said received image data to
determine said image plane.
Item The method of item 44, wherein said vascular
model representation comprises determination from
a plurality of said image planes.
Item 47. The method of item 43, wherein said inter-
polation is between at least two constraint points se-
lected from each of said branches.
Item 48. The method of item 47, wherein said inter-
polation comprises interpolation of at least two vas-
cular wall profiles between said constraint points.
Item 49 A method of determining an unstenosed
model of a mammalian vascular tree, comprising:

receiving an initial vascular segment model of a
mammalian vascular tree;
said initial model comprising functions of a vas-
cular width metric for the segments described
therein;
composing a long segment function by an or-
dering of said vascular width metric functions;
updating said long segment function according
to a weighting function, said weighting function
comprising at least one constraint for said vas-
cular width metric; and
updating said initial vascular segment model
based on said updated long segment function.

Item 50. The method of item 49, wherein said at least
one constraint comprises a constraint for a monot-
onic decrease in said vascular width metric from a
trunk portion of said long segment.
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Claims

1. An apparatus (700) for determining a vascular state
score of lesion anatomical complexity, the apparatus
comprising:

a stenosis determiner processor (704) config-
ured to:

receive a computerized model that is rep-
resentative of vascular segments of a pa-
tient,
determine locations of potential lesions in
the representation of the vascular segments
by analyzing a degree of narrowing of at
least one of a cross-sectional area, a diam-
eter, or a radius along the representation of
the vascular segments, and
create an unstenosed computerized model
from the computerized model by virtually
enlarging at least some locations of the vas-
cular segments of the computerized model
including the vascular segments at the de-
termined potential lesions;

a vascular state score calculator (713) commu-
nicatively coupled to the stenosis determiner
processor (704) and configured to, for each po-
tential lesion:

determine a vascular state scoring tool
("VSST") score based on at least two of (a)
a morphometric quantity of the potential le-
sion, (b) a distance of the potential lesion
from a branch point in the plurality of vas-
cular segments, (c) a sub-tree dominance
of the potential lesion, (d) a branch position
related to the potential lesion, (e) an indica-
tion of occlusion that is related to the poten-
tial lesion, (f) an indication of tortuosity that
is related to the potential lesion, (g) an es-
timated calcification that is related to the po-
tential lesion, (h) an estimated thrombus
that is related to the potential lesion, (i) a
bifurcation/trifurcation classification that is
related to the potential lesion, (j) a bifurca-
tion/trifurcation angulation that is related to
the potential lesion, or (k) a vascular posi-
tion of the potential lesion, and
determine a severity of stenosis, for each
of the potential lesions, based on a compar-
ison of a first blood flow parameter value of
the potential lesion in the computerized
model to a second blood flow parameter val-
ue of the potential lesion in the unstenosed
computerized model; and

a user interface (720) configured to display the
severity of stenosis in conjunction with the VSST
scores for the potential lesions.

2. The apparatus of Claim 1, wherein the stenosis de-
terminer processor (704) is configured to analyze
the degree of narrowing by identifying portions along
the vascular segments where at least one of the
cross-sectional area, the diameter, or the radius de-
crease below a threshold from an expected decrease
based on at least one of a cross-sectional area, a
diameter, or a radius of adjacent portions of the vas-
cular segments.

3. The apparatus of Claim 2, wherein the threshold for
identifying locations of potential lesions comprises
at least a 50% decrease of the at least one of the
cross-sectional area, the diameter, or the radius of
the vascular segment portion relative to the adjacent
portions of the plurality of vascular segments.

4. The apparatus of Claim 1, wherein the morphometric
quantity includes at least one of (i) the cross-section-
al area, the diameter, or the radius at the potential
lesion, (ii) a vascular width at the potential lesion, (iii)
a vascular curvature at the potential lesion, (iv) a flow
capacity related to the potential lesion, (v) a vascular
elasticity at the potential lesion, or (vi) a vascular wall
composition at the potential lesion.

5. The apparatus of Claim 1, wherein the computerized
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model includes a three-dimensional model or a one-
dimensional model that relates the at least one of
the cross-sectional area, the diameter, or the radius
to position along the representation of the vascular
segments.

6. The apparatus of Claim 1, wherein the computerized
three-dimensional model is based on vascular image
data recorded by a medical imaging device, and
wherein the vascular image data includes at least
one of X-ray angiograms, multi-detector computed
tomography ("MDCT") images, computed tomogra-
phy ("CT") images, magnetic resonance imaging
("MRI") images, positron emission tomography
("PET") images, optical coherence tomography
("OCT") images, and intravascular ultrasound
("IVUS") images.

7. The apparatus of Claim 1, wherein the stenosis de-
terminer processor (704) is configured to:

determine centerlines through the representa-
tion of the vascular segments in the computer-
ized model;
determine the at least one of the cross-sectional
area, the diameter, or the radius at points along
the determined centerlines; and
determine at least one of vessel curvature or
tortuosity for at least some of the points along
the determined centerlines.

8. The apparatus of Claim 1, wherein the stenosis de-
terminer processor (704) is configured to virtually en-
large the at least one of the cross-sectional area, the
diameter, or the radius of the vascular segments at
the locations of potential lesions using at least one
of a cross-sectional area, a diameter, or a radius of
adjacent upstream and downstream portions of the
plurality of vascular segments.

9. The apparatus of Claim 1, wherein the vascular state
score calculator (713) is configured to:

determine a first recommendation for a percu-
taneous coronary intervention action when at
least one of the VSST scores of the potential
lesions is within a first range; and
determine a second recommendation for a cor-
onary artery bypass surgery action when at least
one of the VSST scores of the potential lesions
is within a second range that is greater in value
than the first range, and
wherein the user interface is configured to dis-
play at least one of the first recommendation and
the second recommendation, and optionally,
wherein the vascular state score calculator
(713) is configured to determine at least one of
the first recommendation and the second rec-

ommendation while the patient is undergoing
catheterization.

10. The apparatus of Claim 1, wherein the vascular state
score calculator (713) is configured to:

relate the VSST scores for the potential lesions
to the corresponding potential lesions in at least
one of the computerized model or the unsten-
osed computerized model; and
relate the severity of stenosis for the potential
lesions to the corresponding potential lesions in
at least one of the computerized model or the
unstenosed computerized model, and
wherein the user interface (720) is configured to
display at least one of the computerized model
or the unstenosed computerized model with the
related VSST scores and severity of stenosis
shown adjacent to or overlaid on the corre-
sponding potential lesions within the represen-
tation of the vascular segments.

11. A method for determining a vascular state score, the
method comprising:

receiving, in a processor (700), a computerized
model that is representative of vascular seg-
ments of a patient;
determining, via the processor (700), locations
of potential lesions in the representation of the
vascular segments by analyzing a degree of nar-
rowing of at least one of a cross-sectional area,
a diameter, or a radius along the representation
of the vascular segments;
creating, via the processor (700), an unstenosed
computerized model from the computerized
model by virtually enlarging at least some loca-
tions of the vascular segments of the computer-
ized model including the vascular segments at
the determined potential lesions;
for each potential lesion:

determining, via the processor (700), a vas-
cular state scoring tool ("VSST") score
based on at least two of (a) a morphometric
quantity of the potential lesion, (b) a dis-
tance of the potential lesion from a branch
point in the plurality of vascular segments,
(c) a sub-tree dominance of the potential
lesion, (d) a branch position related to the
potential lesion, (e) an indication of occlu-
sion that is related to the potential lesion, (f)
an indication of tortuosity that is related to
the potential lesion, (g) an estimated calci-
fication that is related to the potential lesion,
(h) an estimated thrombus that is related to
the potential lesion, (i) a bifurcation/trifurca-
tion classification that is related to the po-
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tential lesion, (j) a bifurcation/trifurcation an-
gulation that is related to the potential le-
sion, or (k) a vascular position of the poten-
tial lesion, and
determining, via the processor (700), a se-
verity of stenosis, for each of the potential
lesions, based on a comparison of a first
blood flow parameter value of the potential
lesion in the computerized model to a sec-
ond blood flow parameter value of the po-
tential lesion in the unstenosed computer-
ized model; and

displaying, via a user interface (720) that is in
communication with the processor (700), the se-
verity of stenosis in conjunction with the VSST
scores for the potential lesions.

12. The method of Claim 11, wherein the representation
of the vascular segments correspond to arterial vas-
culature of the patient’s heart, and optionally,
wherein the computerized model, the unstenosed
computerized model, the determination of the VSST
scores for the potential lesions, and the determina-
tion of the severity of stenosis for the potential lesions
occur while the patient is undergoing catheterization.

13. The method of Claim 11, wherein the VSST scores
for the potential lesion include SYNTAX Scores, and
optionally,
wherein the computerized model includes a three-
dimensional model or a one-dimensional model that
relates the at least one of the cross-sectional area,
the diameter, or the radius to position along the rep-
resentation of the vascular segments.

14. The method of Claim 11, further comprising:

determining, via the processor (700), a first rec-
ommendation for a percutaneous coronary in-
tervention action when at least one of the VSST
scores of the potential lesions is within a first
range;
determining, via the processor (700), a second
recommendation for a coronary artery bypass
surgery action when at least one of the VSST
scores of the potential lesions is within a second
range that is greater in value than the first range;
and
displaying, via the user interface (720), at least
one of the first recommendation and the second
recommendation.

15. The method of Claims 11 or 14, further comprising:

relating, via the processor (700), the VSST
scores for the potential lesions to the corre-
sponding potential lesions in at least one of the

computerized model or the unstenosed compu-
terized model;
relating, via the processor (700), the severity of
stenosis for the potential lesions to the corre-
sponding potential lesions in at least one of the
computerized model or the unstenosed compu-
terized model; and
displaying, via the user interface (720), at least
one of the computerized model or the unsten-
osed computerized model with the related VSST
scores and severity of stenosis shown adjacent
to or overlaid on the corresponding potential le-
sions within the representation of the vascular
segments.
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