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a location of interest in the patient-specific coronary arterial
tree based on the extracted geometric features using a
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FIG. 2
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FIG. 3
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FIG. 8
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1
METHOD AND SYSTEM FOR PURELY
GEOMETRIC MACHINE LEARNING BASED
FRACTIONAL FLOW RESERVE

This application claims the benefit of U.S. Provisional
Application No. 62/079,641, filed Nov. 14, 2014, and U.S.
Provisional Application No. 62/083,373, filed Nov. 24,
2014, the disclosures of which are incorporated herein by
reference in their entirety. This application also claims
priority to U.S. application Ser. No. 14/804,609, filed Jul.
21, 2015, and U.S. application Ser. No. 14/876,852, filed
Oct. 7, 2015, the disclosures of which are incorporated
herein by reference in their entirety.

TECHNICAL FIELD

The present invention relates to non-invasive functional
assessment of coronary artery stenosis, and more particu-
larly, to machine learning based non-invasive functional
assessment of coronary artery stenosis from medical image
data.

BACKGROUND OF THE INVENTION

Cardiovascular disease (CVD) is the leading cause of
deaths worldwide. Among various CVDs, coronary artery
disease (CAD) accounts for nearly fifty percent of those
deaths. Despite significant improvements in medical imag-
ing and other diagnostic modalities, the increase in prema-
ture morbidity and mortality for CAD patients is still very
high. The current clinical practice for diagnosis and man-
agement of coronary stenosis involves the assessment of the
diseased vessel either visually or by Quantitative Coronary
Angiography (QCA). Such assessment provides the clini-
cian with an anatomical overview of the stenosis segment
and parent vessel, including the area reduction, lesion
length, and minimal lumen diameter, but does not provide a
functional assessment of the effect of the lesion on blood
flow through the vessel. Measuring the fractional flow
reserve (FFR) by inserting a pressure wire into the stenosed
vessel has been shown to be a better option for guiding
revascularization decisions, since the FFR is more effective
in identifying ischemia causing lesions, as compared to
invasive angiography. QCA only evaluates the morphologi-
cal significance if the stenosis and has a number of other
limitations. Pressure wire based FFR measurements involve
risks associated with the intervention necessary to insert the
pressure wire into the vessel, and for a very narrow stenosis,
the pressure wire may induce an additional pressure drop.

Recently, mechanistic models have been proposed that
use mathematical equations to model the physics of the
blood flow in a three-dimensional anatomical model of the
coronary vessels of a patient extracted from medical images.
Such approaches rely on physics-based mathematical equa-
tions to model the physiology at rest and at hyperemia,
thereby allowing one to numerically solve the equations on
a computer and determine the flow and pressure drop for an
individual patient. The most widely used physics-based
model is the Navier-Stokes equation, which is a non-linear
partial differential equation that is based on principles of
mass, momentum, and energy conservation and is used to
characterize the flow of blood in the coronary arteries. This
is often coupled with mathematical equations that model the
physiology of the upstream (heart, aorta) and downstream
(myocardium) regions of the anatomy. Depending on the
complexity and clinical use case, these methods can be used
to incorporate physiological models at various scales.
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Although various types of physics-based models, boundary
conditions, and physiological assumptions have been pro-
posed for blood flow, a common theme of mechanistic
models is their use of mathematical equations to model the
various physiological interactions explicitly. However, a
drawback of such mechanistic models is the high computa-
tional cost and complexity of associated with the model
preparation and numerical solution of the physics-based
equations.

BRIEF SUMMARY OF THE INVENTION

The present disclosure provides methods and systems for
machine learning based assessment of hemodynamic indices
based purely on geometric features extracted from medical
image data. Recently proposed machine learning based
methods for estimating patient-specific coronary hemody-
namics rely on a large database of patient-specific geom-
etries and physiological measurements, which are used to
train a surrogate model against patient-specific computa-
tional fluid dynamics (CFD) computations. The features are
based on patient-specific measurements (blood pressure,
heart rate, geometry, and hematocrit), reduced-order hemo-
dynamic computations, and physiological assumptions. All
methods that have been proposed are dependent on the
availability of patient-specific measurements in addition to
medical imaging for a large number of datasets. Because of
this dependency, such methods are not suitable for imple-
mentation as a fully automated solution running as a service
on an imaging scanner or workstation. No solution is cur-
rently available that allows the estimation of fractional flow
reserve (FFR) based purely on patient-specific geometric
features extracted from medical imaging data.

Embodiments of the present invention calculate coronary
artery diagnostic indices, such as FFR and other hemody-
namic measurements of interest, using a machine learning
data driven approach applied to an exhaustive set of features
which are exclusively based on the geometry of the coronary
arterial trees. The training phase does not rely on patient-
specific data, such as medical images and/or FFR measure-
ments, but instead uses a database of synthetically generated
geometries for training a machine learning based surrogate
model.

In one embodiment of the present invention, medical
image data of a patient is received. Patient-specific coronary
arterial tree geometry of the patient is extracted from the
medical image data. Geometric features are extracted from
the patient-specific coronary arterial tree geometry of the
patient. A hemodynamic index is computed for one or more
locations of interest in the patient-specific coronary arterial
tree based on the extracted geometric features using a
trained machine-learning based surrogate model trained
based on geometric features extracted from synthetically
generated coronary arterial tree geometries.

In another embodiment of the present invention, a plu-
rality of synthetic coronary arterial trees having anomalous
regions with varying geometries are generated. Blood flow
simulations are performed in the plurality of synthetic
coronary arterial trees. Hemodynamic index values are com-
puted at a plurality of locations in each of the plurality of
synthetic coronary arterial trees based on the blood flow
simulations. Geometric features are extracted from the plu-
rality of synthetic coronary arterial trees. A surrogate model
is trained to map the geometric features extracted from the
plurality of synthetic coronary arterial trees to the hemody-
namic index values computed at the plurality of locations in
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each of the plurality of synthetic coronary arterial trees using
a machine learning algorithm.

These and other advantages of the invention will be
apparent to those of ordinary skill in the art by reference to
the following detailed description and the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 illustrates a machine learning based method for
determining patient-specific hemodynamic indices of coro-
nary arteries from geometric features extracted from medical
image data of a patient according to an embodiment of the
present invention;

FIG. 2 illustrates a method for calculating ischemic
weights for a coronary arterial tree according to an embodi-
ment of the present invention;

FIG. 3 illustrates an example of a coronary artery tree
with a generation number assigned to each coronary artery
segment;

FIG. 4 illustrates calculation of an ischemic contribution
score for a non-anomalous length of coronary artery;

FIG. 5 illustrates calculation of an ischemic contribution
score for a partially diseased vessel segment;

FIG. 6 illustrates calculation of ischemic contribution
scores for a bifurcation stenosis;

FIG. 7 illustrates exemplary results for generating a
patient-specific anatomical model of the coronary artery
tree;

FIG. 8 illustrates a method for expanding the synthetic
training database and updating the trained surrogate model
according to an embodiment of the present invention; and

FIG. 9 is a high-level block diagram of a computer
capable of implementing the present invention.

DETAILED DESCRIPTION

The present invention relates to methods and systems for
machine-learning based assessment of hemodynamic indi-
ces for coronary artery stenosis, such as fractional flow
reserve (FFR). Embodiments of the present invention are
described herein to give a visual understanding of the
method for assessing coronary artery stenosis. A digital
image is often composed of digital representations of one or
more objects (or shapes). The digital representation of an
object is often described herein in terms of identifying and
manipulating the objects. Such manipulations are virtual
manipulations accomplished in the memory or other cir-
cuitry/hardware of a computer system. Accordingly, it is to
be understood that embodiments of the present invention
may be performed within a computer system using data
stored within the computer system.

Embodiments of the present invention utilize a data-
driven, statistical method to calculate one or more hemody-
namic indices based purely on geometric features extracted
from medical image data of a patient. Embodiments of the
present invention employ machine-learning algorithms to
learn the complex mapping between such geometric features
and the output quantity of interest (e.g., FFR). Unlike
mechanistic model based methods, embodiment of the pres-
ent invention do not rely on an a priori assumed model
describing the relationship between the inputs and the out-
put. Instead, embodiments of the present invention deter-
mine the optimal mapping via a statistical approach using
machine-learning algorithms to learn the mapping from
synthetically generated training data. According to an
advantageous embodiment of the present invention, instead
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4

of using patient-specific geometries as training data, syn-
thetically generated geometries that are not based on patient-
specific data are exclusively used as training data to train
data driven surrogate models to predict hemodynamic diag-
nostic indices. Such synthetic geometries may be generated
by varying the shape, severity, location, and number of
stenoses, together with the radius and locations of main and
side branches in a generic model of a coronary arterial tree.
In one possible example of a synthetically generated geom-
etry, a straight tube can be used to represent a coronary
artery with a narrowing to represent a stenosis or other
anomalies in the coronary artery. Multiple CFD simulations
can be performed by varying the synthetic geometry (e.g.
minimum radius of the stenosis, entrance angle, exit angle)
and varying the inflow or outflow boundary conditions to
compute hemodynamic diagnostic indices, such as FFR
values. One advantage of using synthetically generated
geometries is that it does not require the collection and
processing of patient-specific data for completing the train-
ing phase, thereby saving both time and cost. Further, there
is no limit on the type of synthetic geometries that can be
generated, thereby covering a wide spectrum of vessel
shapes and topology. Using this approach, the entire training
phase can be performed without any patient-specific geom-
etry or image data.

FIG. 1 illustrates a machine learning based method for
determining patient-specific hemodynamic indices of coro-
nary arteries from geometric features extracted from medical
image data of a patient according to an embodiment of the
present invention. The method of FIG. 1 can be applied to
compute hemodynamic indices, such as FFR, in order to
provide a functional assessment of stenosis regions or other
anomalous regions in the coronary arteries. In an advanta-
geous embodiment, the method of FIG. 1 is used to calculate
FFR, but the present invention is not limited thereto and the
method can be applied to compute other hemodynamic
indices as well.

The method of FIG. 1 includes a training phase 100 and
a prediction phase 120. The training phase 100 is an offline
process, in which one or more data driven surrogate models
for predicting hemodynamic indices are trained based syn-
thetically generated coronary artery geometries using a
machine learning method. The prediction phase 120 is an
online process, whereby one or more patient-specific hemo-
dynamic indices are computed based purely on geometric
features extracted from input medical image data of a patient
using the trained data driven surrogate model from the
training phase 100. Once the training phase 100 is com-
pleted, the trained surrogate model is stored, for example in
memory or storage of a computer system, and the prediction
phase 120 can be repeatedly performed for various patients
using the trained surrogate model.

The training phase 100 includes steps 102-110. At step
102, a set of synthetic coronary arterial trees is generated.
Instead of using patient-specific geometries as training data,
synthetically generated geometries of coronary arterial trees
that are not based on patient-specific data are generated and
exclusively used as training data. The synthetic coronary
arterial trees may be generated by varying the shape, sever-
ity, location, and number of stenoses, together with the
radius and locations of main and side branches in a generic
model of a coronary arterial tree. In an exemplary embodi-
ment, the synthetically generated coronary arterial trees can
be implemented using straight tubes to represent coronary
arteries with narrowings in the tubes to represent stensoses
or other anomalies in the coronary arteries. Other more
complex models of coronary artery and stenosis geometry
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may be used as well. The synthetic coronary arterial trees
can include bifurcation stenoses that span the bifurcation of
coronary artery branches. The synthetic coronary arterial
trees may be generated in silico, i.e., on a computer, using
computer models to generate the synthetic coronary arterial
trees. In this case a database of synthetic coronary arterial
trees having variations in the shape, severity, location, and
number of stenoses, as well as varying coronary artery
geometries, can be generated and stored on a computer
system. It is also possible that the synthetic coronary arterial
trees may be generated in vitro using a variety of physical
coronary arterial tree models having varying geometries. For
example, such physical models can be designed on a com-
puter and generated using 3D printing techniques.

At step 104, blood flow simulations are performed for the
synthetic coronary arterial trees. For in silico (computer
based) synthetic coronary arterial tree models, computa-
tional fluid dynamic (CFD) computations are used to simu-
late blood flow in the various synthetic coronary arterial
trees. Multiple CFD blood flow simulations can be per-
formed for the synthetic coronary arterial trees having
varying geometries by varying the inflow and/or outflow
boundary conditions. For example, CFD simulations repre-
sent resting state blood flow and hyperemic state blood flow
may be performed. Well known CFD techniques can be
utilized to perform such CFD simulations. Examples of such
CFD computations are described in United States Published
Patent Application No. 2014/0024932, which is incorpo-
rated herein by reference. For in vitro (physical) synthetic
coronary arterial tree models, physical flow experiments can
be used to perform the blood flow simulations. For example,
flow experiments representing resting state and hyperemic
state blood flow through the physical synthetic coronary
arterial models may be performed.

At step 106, hemodynamic diagnostic indices are calcu-
lated for the synthetic coronary arterial trees from the blood
flow simulations. In an advantageous embodiment, frac-
tional flow reserve (FFR) can be calculated for multiple
sampling points along the coronary artery centerline in each
of the synthetic coronary arterial trees. FFR is a functional
measure for determining the hemodynamic significance of a
coronary stenosis. FFR is defined as the fraction of the flow
in the stenosed vessel to the flow in a normal vessel, both of
which are determined at maximal hyperemia. FFR can be
approximated using pressure data from the blood flow
simulations as

Pe-Py Py

FFR = =—),
Pag =Py Py

where P, and P, are the average distal pressure and aortic
pressure, respectively, over the cardiac cycle, and P, is the
venous pressure (P, ~0). FFR varies in the range [0, 1], with
0.80 typically being the cut-off value below which a stenosis
is deemed hemodynamically significant (i.e., ischemic). In
addition to or instead of FFR, other hemodynamic indices,
such as pressure-drop, coronary flow reserve (CFR), instan-
taneous wave-free ratio (IFR), hyperemic stenosis resistance
(HSR), basal stenosis resistance (BSR), and index of micro-
circulatory resistance (IMR), can be calculated at multiple
sampling points in each of the synthetic coronary arterial
trees. In an advantageous embodiment, wall sheer stress
(WSS) is calculated at multiple sampling points in each of
the synthetic coronary arterial trees. The WSS values can be
used as an index to represent a risk of plaque rupture at a
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given point. A risk score representing a risk of plaque
rupture may also be calculated for each sampling point
based on the WSS value.

At step 108, geometric features of the synthetic coronary
arterial trees are extracted. As shown in FIG. 1, step 108 may
be performed in parallel with steps 104 and 106, but the
present invention is not limited thereto. A centerline tree is
constructed for each given synthetic coronary arterial tree.
The points in the centerline tree are then classified as a start
point, ramification points, end points, and interior points.
The start point is the first point of the centerline tree
corresponding to a coronary ostium. A ramification point is
a point where the centerline bifurcates into two or more
centerline segments. An end point is a point for which no
further downstream centerline point exists. An interior point
is a point lying between the start point and a ramification
points, two ramification points, or a ramification point and
the end point. Each segment of the coronary arterial tree is
classified as a root segment, branch segment, or leaf seg-
ment. A root segment is a segment delimited by a start point
and a ramification point. A branch segment is a segment
delimited by two ramification points. A leaf segment is a
segment delimited by a ramification point and an end point.
Each coronary artery segment (root/branch/leaf) is then
divided into one or more segments characterized as anoma-
lous (non-healthy) or non-anomalous (healthy) segments.
An anomalous (non-healthy) segment is a segment which
has an abnormal luminal narrowing or dilation. A non-
anomalous (healthy) is a segment which has no abnormal
luminal narrowing or dilation.

The features extracted for the sampling points of each
synthetic coronary arterial tree are entirely based on geom-
etry. In an advantageous embodiment, such features include
an ischemic weight w and an ischemic contribution score s.
The ischemic weight w is an ischemic weight value asso-
ciated with each coronary artery segment (i.e., root, interior,
or leaf segment). The ischemic contribution score s is
computed for specific finite length segments of coronary
artery geometry comprising one or more branches. The
ischemic contribution score is computed from a series of
geometric properties and from ischemic weights of the
particular segments.

Regarding the ischemic weight, w, it can be assumed that
the ischemic weight value of each coronary segment corre-
sponds to the ischemic weight values of all downstream
segments. FIG. 2 illustrates a method for calculating isch-
emic weights for a coronary arterial tree according to an
embodiment of the present invention. The method of FIG. 2
can be used to calculate the ischemic weights for the
synthetic coronary arterial trees in step 108 of the training
phase 100 of FIG. 1 and to calculate ischemic weights for the
patient-specific coronary arterial tree in step 126 of the
prediction phase 120 of FIG. 1. To compute the ischemic
weights, the method of FIG. 2 uses a three stage local-to-
global-to local approach. In a first local stage (Stage I of
FIG. 2), a separate ischemic weight is computed for each
coronary artery segment. As these ischemic values are
computed independently, there is no guarantee that the
original assumption holds (e.g., the sum of the ischemic
weights of two daughter segments is not necessarily equal to
the ischemic weight of the parent segment). Accordingly, in
a global stage (Stage 11 of FIG. 2), a global ischemic weight
of the entire coronary arterial tree is computed by averaging
the weight of different segments in different generations. In
a final local stage (Stage III of FIG. 2), the global ischemic
weight is distributed to the individual segments in a way that
satisfies the original assumption.
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Referring to FIG. 2, stage 1 is implemented by step 202.
At step 202, a local ischemic weight is independently
calculated for each coronary artery segment. In particular,
for each root segment, branch segment, and leaf segment,
the local ischemic weight value can be calculated using:

_ n
w=ky Tref s

M
where 1, is the reference radius of the segment, k, is a
proportionality constant, and n is a power coefficient. In
exemplary implementations, the power coeflicient n may
take values between 2 (for large arteries) and 3 (for small
arteries). Since, regularly, the radius along the centerline of
a segment, r(x), is continuously varying, a mathematical
operator f; is applied to calculate the reference radius value
r,.rfor each coronary artery segment:

Tref F1(1(3))- @

where r(x) is the radius of the coronary artery segment and
x is a position along the centerline of the coronary artery
segment. In a possible implementation, the operator f; can
calculate an average value of healthy radiuses along the
entire length of the segment or a part of the segment. When
used herein, “healthy radiuses” refer to radiuses of healthy
(non-anomalous) portions of a segment. In another possible
implementation, the operator f; can calculate an average
value of the healthy radiuses along the entire length of the
segment or a part of the segment, excluding the largest x %
and the smallest y % of the healthy radius values. In another
possible implementation, the operator f; can calculate the
maximum or minimum value of healthy radiuses along the
entire length of the segment or a part of the segment. It is to
be understood that the operator f; is not necessarily limited
to these operations and other possible calculations can also
be used to estimate the reference radius of a segment.

In stage IT of FIG. 2, a global ischemic weight value for
the entire coronary arterial tree (left or right coronary arterial
tree) is computed based on the local ischemic weights
calculated in stage I (step 202). Stage II is implemented by
steps 204 and 206. At step 204, a respective global ischemic
weight for the coronary arterial tree is calculated from each
generation of segments based on the local ischemic weights
of the segments calculated in step 202. FIG. 3 illustrates an
example of a coronary artery tree 300 with a generation
number assigned to each coronary artery segment. As shown
in FIG. 3, the root segment 302 of the coronary artery tree
300 has a generation number 0, and at each bifurcation the
generation number increases by one. A separate estimate for
the global ischemic weight of the coronary artery tree can be
estimated from segments of each generation number. The
global ischemic weight estimate for the coronary tree cal-
culated using the branches with the generation number g is
calculated as follows. Before estimating the global ischemic
weight from generation number g, a confidence value ¢; is
assigned to each segment representing a confidence in the
correctness of the estimated reference radius for that seg-
ment. The segments can be weighted based on the length of
the segment and/or the percentage of the branch that is
diseased (anomalous). Accordingly, short segments, such as
the bottom segment 304 with the generation number equal to
1 in FIG. 3, or entirely diseased segments, such as the
diffusely diseased segment 306 with the generation number
equal to 2 in FIG. 3, are assigned low confidence values,
while long segments without radius irregularities are
assigned large confidence values. The confidence values
may be normalized to range between 0 (minimum confi-
dence) and 1 (maximum confidence). A global ischemic
weight for the entire coronary artery tree is then estimated
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based on the segments from generation g using the local
ischemic weights w, calculated for the segments from gen-
eration g and the confidence values ¢, assigned to those
segments using a mathematical operator f5:

)
where the index 1 refers to all segments from generation g
and all leaf segments with a generation number smaller than

g. For example, (W), for each generation g can be
calculated as:

Wetonad)g™/2(CW),

@

A plurality of global ischemic weight estimates are cal-
culated by calculating respective a global ischemic weight
estimate based on segments from each generation g between
2 and g . In an advantageous implementation, the
minimum generation level g, .. can be 0, but can also be
larger than 0 if the root node is very short. The maximum
generation level can be set to determine how many genera-
tions are used in calculating the total rest flow rate of the
coronary artery tree. In advantageous implementations, the
value for the maximum generation level g, may be set to
3 or 4. Branches of higher generations become increasingly
smaller, which makes an accurate estimation of the reference
radius and corresponding local ischemic weights using the
higher generation branches more difficult. Furthermore,
when the coronary arterial tree geometry is reconstructed
from medical image data (in the prediction phase 120), small
side branches may not be accounted for in the model. Hence,
the higher the generation number, the higher the number of
side branches not been considered will be, leading to a larger
error in the flow rate estimation.

Returning to FIG. 2, at step 206, a final global ischemic
weight of the entire coronary arterial tree is calculated from
the global ischemic weight estimates calculated from the
various generations of segments. To improve accuracy of the
final global ischemic weight of the coronary arterial tree, the
global ischemic weight estimates calculated from multiple
different segment generations are used to calculate the final
total global ischemic weight value. In particular, the global
ischemic weight estimates calculated from each generation
ghbetweeng . andg __areused to calculate the final global
ischemic weight value for the coronary arterial tree. Before
estimating the final global ischemic weight of the entire
coronary arterial tree, a confidence value d; is assigned to
each generation number, representing a confidence in the
correctness of the global ischemic weight estimate calcu-
lated from the segments with the corresponding generation
number. Low generation numbers can be assigned large
weights, while large generation numbers can be assigned
low weights as smaller side branches may be missed in
patient-specific coronary arterial tree geometry (in the pre-
diction phase 120) as the generation number increases. For
example, the confidence values d;, can have an inverse
relationship to the generation number. The confidence val-
ues d; may be normalized to range between 0 (minimum
confidence) and 1 (maximum confidence). The final global
ischemic weight value is estimated as a function of the
global ischemic weight estimates for the various generations
(Warorat); and the corresponding confidence values d;
assigned to the generations using a mathematical operator f;:

‘ = .
\ngobal)g_zzci Wy

&

where the index j refers to a generation between g,,;, and
2. For example, the global ischemic weight for the
coronary arterial tree can be calculated as a weighted mean:

Wetobar S5 (Wetobar);):
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Zjdj+ (Wetobat) ;
Ld;

Welobal =

In stage III of FIG. 2, final local ischemic weight values
for the segments of the coronary arterial tree are computed
by distributing the global ischemic weight calculated in
stage II to the individual coronary artery segments. Stage I11
is implemented by steps 208 and 210. At step 208, the final
local ischemic weight is calculated for each of the leaf
segments of the coronary arterial tree based on the global
ischemic weight of the coronary arterial tree. The local
ischemic weights for the leaf segments of the coronary
arterial tree can be calculated by distributing the global
ischemic weight of the coronary arterial tree over all of the
leaf segments based on the reference ratios or the initial
ischemic weight values individually calculated for leaf seg-
ments. In particular, the local ischemic weight for the each
of coronary leaf segments can be calculated as:

(6)

(rref )Z
Zylryer)}

Wi = Walobal»

where k refers to the leaf segments of the coronary arterial
tree.

At step 210, the final local ischemic weight values of the
remaining segments of the coronary arterial tree are calcu-
lated based on the final local ischemic weights of the leaf
segments. The final ischemic weight values of the branch
segments and the root segment are calculated as a sum of the
downstream leaf segments. That is, for each remaining
coronary artery segment (root segment and branch seg-
ments), the final local ischemic weight is calculated as:

w2 Vi

™M
where 1 refers to a current coronary artery segment and k,
refers to all leaf segments lying downstream from the
current segment 1.

The ischemic contribution score can be computed for any
non-zero finite length coronary artery segment or segments
which may or may not contain ramifications. The ischemic
contribution score is computed differently for non-anoma-
lous (healthy) and anomalous (non-healthy) segments. Non-
anomalous segments will have low ischemic contribution
scores. FIG. 4 illustrates calculation of an ischemic contri-
bution score for a non-anomalous length of coronary artery.
For a non-anomalous length of coronary artery, such as the
multi-segment coronary artery length 400 shown in FIG. 4,
the ischemic contribution score can be calculated using the
formula:

L
S:sz
0

where L is the total length of the segment(s), k, is a
proportionality constant, n is a power coeflicient, r(x) is the
radius which varies along the centerline, and w(x) is the
ischemic weight, which can vary along the centerline if
ramifications are present, as shown in FIG. 4. As shown in
FIG. 4, the length 400 of coronary artery has ramifications
and is thus divided into three segments 402, 404, and 406.
Segment 402 has an ischemic weight of w, (calculated using
the method of FIG. 2) and a radius r,(x) that may vary along
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the centerline. Segment 404 as an ischemic weight of w, and
a radius r,(x) that may vary along its centerline. Segment
406 as an ischemic weight of w5 and a radius r;(x) that may
vary along its centerline. The ischemic contribution score of
the entire multi-segment length 400 of coronary artery can
be computed using equation (9).

Anomalous (non-healthy) segments (e.g., stenosis seg-
ments) have higher ischemic contribution scores, whereas
the higher the severity of the lesion (e.g., stenosis), the
higher the ischemic contribution score will be. The calcu-
lation of the ischemic contribution score is described herein
for the non-healthy stenosed segments, but may be similarly
applied for other types of pathologies (e.g., aneurysm) as
well. FIG. 5 illustrates calculation of an ischemic contribu-
tion score for a partially diseased vessel segment. As shown
in FIG. 5, a coronary artery segment 500 two healthy
segments 502 and 506 and a stenosis segment 504. For a
stenosis that stretches along a single root, branch, or leaf
segment, such as stenosis 504 of FIG. 5, the ischemic
contribution score is calculated using the formula:

SIS, (10)

where f, and f; are mathematical operators applied to the
longitudinally varying radius of the stenosis segment and w,
is the ischemic weight of the segment. Various mathematical
operators can be used for f, and f;. In an exemplary
implementation, f, uses mean of the radius along the steno-
sis, such that £,(r(x))=k;1(x), where 1(x) is the mean of the
radius over the stenosis segment and k; is a proportionality
constant. In another exemplary implementation, f, uses
integral of the inverse of the radius, such that

L1
Jalr(x)) = kg - [; o

)

wherein k,, is a proportionality constant, L is the length of the
stenosis segment, and n is a power coeflicient. f; may be
calculated using the radius at the top and bottom of the
stenosis. In one exemplary implementation, fs is calculated
as

1 1
[5r(x) = ks (2— - —]

2
botiom  Ttop

where ks is a proportionality constant, r,,, refers to the
healthy radius at the proximal end of the stenosis segment,
andr, . refers to the healthy radius at the distal end of the
stenosis segment. In another exemplary implementation, f
is calculated as

1 Z
- k)
Thottom

1
5(r(x) = ks '(r

min

where ks is a proportionality constant, r,,, refers to the
minimum radius of the stenosis segment, andr, . refers to
the healthy radius at the distal end of the stenosis segment.
In addition to the ischemic score computed using equation
(10), the two components of equation (10) may also be
separately used as training features for training the surrogate
model, and each component may also be divided into

subcomponents which can then be used as features as well.
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As shown in FIG. 5, separate ischemic contribution scores
$,, S, and s, are calculated for healthy segment 502, stenosis
segment 504, and healthy segment 506, respectively. For the
healthy segments 502 and 506, the ischemic scores are
respectively calculated as s,=a,-w, and s,=a;"w;, where w,
and w; are the ischemic weights of segments 502 and 506,
respectively, and a, and a; refer to the result of applying a
mathematical operator to the longitudinally varying radius
of segments 502 and 506, respectively, such as the math-
ematical operator of

L1
ky- f —dx,
o rx)

which is applied in equation (9). For the stenosis segment
504, the ischemic score is calculated as 5,=a,, " Wy+ay,(Wo)%,
where w, s the ischemic weight of segment 504 and a,, and
a,, refer to the respective results of applying mathematical
operators f, and f5 to the longitudinally varying radius of the
stenosis segment 504 using equation (10).

In the case of bifurcation stenoses, i.e., stenoses which
stretch over a bifurcation along multiple root, branch, or leaf
segments, a separate ischemic contribution score is com-
puted using equation (10) for each root, branch, or leaf
segment of the stenosis pertaining to either the parent or the
daughter segments. FIG. 6 illustrates calculation of ischemic
contribution scores for a bifurcation stenosis. As shown in
FIG. 6, a stenosis 600 stretches over a bifurcation along
coronary artery segments 602, 604, and 606. Separate isch-
emic contribution scores s, s,, and s; are calculated using
equation (10) for the respective portions of the stenosis 600
in segments 602, 604, and 606, respectively. The ischemic
contribution score s, for the portion of the stenosis in
segment 602 is calculated as s,=a, W, +a,,"(w,)*, where w,
is the ischemic weight of segment 602 and a, and a,, refer
to the respective results of applying mathematical operators
f, and f; to the longitudinally varying radius of the stenosis
in segment 602 using equation (10). The ischemic contri-
bution score s, for the portion of the stenosis in segment 604
is calculated as sy=a,,"W,+a,,(W,)*, where w, is the isch-
emic weight of segment 604 and a,, and a,, refer to the
respective results of applying mathematical operators f, and
f; to the longitudinally varying radius of the stenosis in
segment 602 using equation (10). The ischemic contribution
score sy for the portion of the stenosis in segment 606 is
calculated as s,=a,, 'w,+a,,"(w,)>, where w, is the ischemic
weight of segment 606 and a;, and a,, refer to the respective
results of applying mathematical operators f, and {5 to the
longitudinally varying radius of the stenosis in segment 606
using equation (10).

Based on the ischemic contribution scores of individual
segments, multiple features representing cumulative isch-
emic contribution scores can be computed at any location in
the coronary arterial tree. Cumulative ischemic contribution
scores of multiple segments can be calculated by adding the
ischemic contribution scores of the segments together. For a
current location in a coronary arterial tree (e.g., a sampling
point in a synthetically generated coronary arterial tree),
multiple ischemic contribution score features can be calcu-
lated including one or more of the following features:

Cumulative ischemic contribution score computed from

all segments lying between the root segment and the
current location;
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Cumulative ischemic contribution score computed from
the non-anomalous (healthy) segments lying between
the root segment and the current location;

Cumulative ischemic contribution score computed from
the anomalous (non-healthy/pathological/stenosis) seg-
ments lying between the root segment and the current
location;

Cumulative ischemic contribution score computed from
all segments lying between the current location and a
leaf segment. The path from the current location to the
leaf segment can for example be determined by choos-
ing at each ramification the path along the main daugh-
ter segment, as determined from a combination of
properties, such reference radius, total length down-
stream, total number of generations downstream, etc.;

Cumulative ischemic contribution score computed from
the non-anomalous (healthy) segments lying between
the current location and a leaf segment; and/or

Cumulative ischemic contribution score computed from
the anomalous (non-healthy/pathological/stenosis) seg-
ments lying between the current location and a leaf
segment.

In addition to the ischemic weight and ischemic contri-
bution score features described above, other geometric fea-
tures can be extracted from the coronary arterial trees as
well. For example, for each stenosis (anomalous segment) in
the coronary arterial tree the following geometric features
are extracted: proximal radius of the stenosis, distal radius of
the stenosis, minimum radius of the stenosis, percentage
diameter of the stenosis computed from the proximal radius
and minimum radius, percentage diameter of the stenosis
computed from the distal radius and the minimum radius,
total stenosis length, entrance length of the stenosis (length
from start of stenosis to location with minimum radius), exit
length of the stenosis (length from location with minimum
radius to end of stenosis), and minimum radius length
(length of the stenosis in the region of minimum radius—a
tolerance can be used for detecting the region around the
location with minimum radius). Furthermore, various com-
binations obtained through algebraic, integration, or deriva-
tion operations applied to proximal, distal, and minimum
radii of the stenosis can also be used as features. The
ischemic contribution scores and the other geometric fea-
tures described above can be computed separately for all
pathologic segments lying upstream and downstream from
the current location. Then they can be ordered based on a
chosen criterion (ischemic contribution score or some other
feature) and used as an ordered list of features.

Returning to FIG. 1, at step 110, a data-driven surrogate
model is trained based on the extracted geometric features to
predict the hemodynamic diagnostic indices using a machine
learning method. Once the hemodynamic indices for various
sampling points in the synthetic coronary arterial trees are
determined from the blood flow simulations and the geo-
metric features are extracted from the synthetic coronary
arterial trees, a surrogate model that provides mapping
between the input geometric features and the hemodynamic
indices is determined by using a machine learning algo-
rithm. The type of machine learning algorithm used to train
the surrogate model may be a supervised, semi-supervised,
transductive, or reinforcement based learning algorithm. For
example, machine learning algorithms, such as regression
algorithms (linear, non-linear, or logistic), decision trees or
graphs, association rule learning, artificial neural networks,
support vector machines, inductive logic programming,
Bayesian networks, instance-based learning, manifold learn-
ing, sub-space learning, deep learning, dictionary learning,
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etc., may be used to train the machine-learning based
surrogate model. According to an advantageous embodi-
ment, the trained surrogate model is a learned data-driven
surrogate model that combines the extracted features with
various learned weights. A separate surrogate model may be
trained for each hemodynamic index or measurement of
interest. For example, separate surrogate models can be
trained to compute FFR, WSS, and other hemodynamic
indices such as IFR, HSR, BSR, and IMR.

In the prediction phase 120 (steps 122-130) of FIG. 1, the
trained surrogate model (or models) is used to predict a
patient-specific hemodynamic index (such as FFR) based
purely on geometric features extracted from medical image
data of a patient. In the prediction phase 120, at step 122,
medical image data of a patient is received. Medical image
data from one or multiple imaging modalities can be
received. For example, the medical image data can include,
computed tomography (CT), Dyna CT, magnetic resonance
(MR), Angiography, Ultrasound, Single Photon Emission
computed Tomography (SPECT), and any other type of
medical imaging modality. The medical image data can be
2D, 3D, or 4D (3D+time) medical image data. The medical
image data can be received directly from one or more image
acquisition devices, such as a CT scanner, MR scanner,
Angiography scanner, Ultrasound device, etc., or the medi-
cal image data may be received by loading previously stored
medical image data for a patient. In an advantageous
embodiment, 3D coronary CT angiography (CTA) images
are acquired on a CT scanner. The CTA images ensure that
the coronary vasculature, including the vessel(s) that contain
the stenosis, is adequately imaged using a contrast agent that
is injected into the patient.

At step 124, patient-specific coronary arterial tree geom-
etry is extracted from the medical image data of the patient.
The patient-specific coronary arterial tree geometry can be
patient-specific geometric measurements for a full coronary
artery tree of the patient or patient-specific geometric mea-
surements for any portion less than the full coronary artery
tree of the patient. In a possible implementation, the patient-
specific coronary arterial tree geometry can be patient-
specific anatomical measurements of only a left coronary
artery (LCA) tree or a right coronary artery (RCA) tree.

In an advantageous embodiment, the patient-specific
coronary arterial tree geometry is extracted by segmenting a
patient-specific anatomical model of the coronary arterial
tree from the medical image data, but the present invention
is not limited thereto. The patient-specific anatomical model
may be a patient-specific anatomical model of any portion of
the full coronary artery tree of the patient. In order to
generate the patient-specific anatomical model of the coro-
nary artery tree, the coronary arteries can be segmented in
the 3D medical image data using an automated coronary
artery centerline extraction algorithm. For example, the
coronary arteries can be segmented in a CT volume using the
method described United States Published Patent Applica-
tion No. 2010/0067760, which is incorporated herein by
reference. Once a coronary artery centerline tree is
extracted, cross-section contours can be generated at each
point of the centerline tree. The cross-section contour at each
centerline point gives a corresponding cross-section area
measurement at that point in the coronary artery. A geomet-
ric surface model is then generated for the segmented
coronary arteries. For example, methods for anatomical
modeling of the coronary arteries are described in U.S. Pat.
Nos. 7,860,290 and 7,953,266, both of which are incorpo-
rated herein by reference. FIG. 7 illustrates exemplary
results for generating a patient-specific anatomical model of
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the coronary vessel tree. Image 700 of FIG. 7 shows
coronary CTA data. Image 710 shows a centerline tree 712
extracted from the CTA data. Image 720 shows a cross-
section contours 722 extracted at each point of the centerline
tree 712. Image 730 shows a 3D surface mesh 732 of the
coronary arteties, the aortic root, and the proximal part of the
aorta. It is to be understood that the anatomical model of the
coronary tree of the patient can be output and displayed, for
example on a display screen of the computer system.

In an altemative embodiment, the patient-specific coro-
nary arterial tree geometry can be extracted by extracting
geometric measurements of the coronary arterial tree
directly from the image data without segmenting a full
patient-specific anatomical model of the coronary arteries.
For example, a coronary artery centerline can be detected in
the image data as described above, and then a radius of the
coronary artery can be automatically detected at each cen-
terline point. These geometric measurements can then be
used to calculate the geometric features in step 126.

Anomalous (e.g., stenosis) regions of the coronary arter-
ies are identified. For example, stenosis regions can be
automatically segmented in the medical image data or in the
patient-specific anatomical model of the coronary artery
tree. In one embodiment, a machine-learning based method
can be used to automatically detect stenosis regions in the
medical image data. Such a method for automatic detection
of coronary artery stenosis is described in United States
Published Patent Application No. 2011/0224542, which is
incorporated herein by reference. In another embodiment,
stenosis regions may be automatically detected from the
extracted coronary artery centerline and radius values of the
centerline points by detecting centerline points in which the
radius decreases and the increases again beyond a tolerance
value. In another embodiment, user input identifying the
stenosis regions can be received, for example, by a user
clicking on stenosis regions of the medical image data or
segmented coronary artery tree on a display device of a
computer system using a user input device.

Returning to FIG. 1, at step 126, geometric features are
extracted from the patient-specific coronary arterial tree. In
particular, the features described above in connection with
step 108 of the training phase 100 are extracted for the
patient-specific coronary arterial tree. Such features include
the ischemic weights of the various segments of the patient-
specific coronary arterial tree, the ischemic contribution
scores (including multiple cumulative ischemic contribution
scores), and geometric measurements of the anomalous/
stenosis regions in the patient-specific coronary arterial tree.
The calculation of such features purely from the geometry of
the patient-specific coronary arterial tree is performed as
described above in connection with step 108.

At step 128, patient-specific hemodynamic diagnostic
indices are computed based on the geometric features using
the trained surrogate model. The trained surrogate model is
a data driven model trained exclusively from synthetic
(non-patient-specific) training data. The trained surrogate
model inputs the extracted geometric features and calculates
hemodynamic indices (such as FFR) for particular locations
in the patient-specific coronary arterial tree based on the
extracted geometric features. The trained surrogate model
computes the patient-specific hemodynamic indices based
purely on the geometric features extracted from the medical
image data and does not consider any other features from
patient-specific physiological measurements, such as blood
pressure or heart rate. In order to compute a hemodynamic
index for a particular location in the patient-specific coro-
nary arterial tree, the trained surrogate model can be trained
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to consider geometric features (e.g., ischemic contribution
scores, ischemic weights, geometric measurements)

extracted upstream and downstream of the current location,
in addition to features extracted at that location. In one
embodiment, the trained surrogate model can automatically
compute the hemodynamic indices for a plurality of loca-
tions without any user input. For example, the trained
surrogate model can automatically compute hemodynamic
indices for all centerline points of the patient-specific coro-
nary artery centerline, a plurality of locations automatically
sampled from the centerline points of the patient-specific
coronary artery centerline (e.g., skip every n centerline
points), or at locations corresponding to each of the stenosis
regions in the patient-specific coronary artery centerlines. In
another embodiment, the user may input a location, for
example by clicking on the location on a display device of
computer system, and the trained surrogate model can
compute the patient-specific hemodynamic index (e.g.. FFR,
WSS, etc.) at the input location in real time in response to
receiving the user input. Multiple trained surrogate models
may be used to compute multiple hemodynamic indices at
locations in the patient-specific coronary arterial model. For
example, separate trained surrogate models may be used for
computing FFR, WSS, and other hemodynamic indices such
as [FR, HSR, BSR, and IMR.

At step 130, the patient-specific hemodynamic indices
computed by the trained surrogate model are output. For
example, values for such indices may be displayed on a
display device. When a hemodynamic index is computed by
the trained surrogate model in response to a user input
identifying a location, the value for the hemodynamic index
can be displayed in real time to the user. In a possible
implementation, the values for a hemodynamic index for
one or more locations can be displayed by overlaying those
values at their corresponding locations on a displayed image
of the patient-specific coronary arterial centerline or on the
displayed medical image data of the patient. When hemo-
dynamic indices for multiple locations are automatically
computed using the trained surrogate model an image show-
ing the locations and the corresponding values for the
hemodynamic indices may be automatically displayed. In a
possible implementation a color-coded visualization of the
patient-specific coronary arterial centerline may be dis-
played in which locations on the coronary arterial centerline
are color coded based on a severity of the hemodynamic
index (e.g., FFR). In an embodiment in which WSS is the
hemodynamic index, high wall sheer stress values can
correspond to locations with high risk of plaque rupture, and
amap showing locations with high risk of plaque rupture can
be displayed.

The method of FIG. 1 can be used to provide real-time
FFR computation in the prediction phase 120. As the trained
surrogate model is trained exclusively on synthetically gen-
erated coronary arterial trees, the method of FIG. 1 does not
need matched CTA and FFR data for training. The synthetic
training data can cover all types of pathologies and anoma-
lous cases, including various combinations of coronary
artery pathology types (e.g., single segment stenosis, bifur-
cation stenosis with either one or all parent and daughter
branches being affected, diffuse disease, aneurysms, serial
lesions, collateral circulation, etc.) and various seventies.
The method of FIG. 1 can also be expanded to address other
diseases (e.g., aortic stenosis, cerebral stenosis, peripheral
stenosis) by appending the training data with synthetic cases
characterizing the geometric scale of these vessels.

According to an advantageous embodiment, since syn-
thetic training data is used to train the data-driven surrogate
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model, the training database can be vastly expanded at little
additional cost. Although a very large number of synthetic
cases can be generated for training the machine-learning
based surrogate model, these cases may not cover all patient-
specific cases. Hence, when applying the trained surrogate
model to predict results for patient-specific data in the
prediction phase, some features computed for the patient-
specific data may have values which are outside of the range
of values covered by the synthetic database. FIG. 8 illus-
trates a method for expanding the synthetic training database
and updating the trained surrogate model according to an
embodiment of the present invention. The method of FIG. 8
can be applied to enrich the database of synthetic cases so as
to increase the range of feature values covered by the
synthetic database, and thus to also cover feature values
computed for the patient-specific data that are outside the
range of the feature values covered by the synthetic training
database. At step 802, a patient-specific coronary arterial
centerline geometry with one or more geometric features
outside a range of the features extracted from the synthetic
training database is identified. In particular, in the prediction
phase (120 of FIG. 1) when the geometric features (e.g.,
ischemic weights, ischemic contribution scores, geometric
measurements of stenoses) are extracted for a patient-spe-
cific coronary arterial tree (step 126 of FIG. 1), the geomet-
ric features are compared to a range of features extracted
from all of the synthetic coronary arterial centerlines in the
synthetic training database to determine if any of the fea-
tures from the patient-specific coronary arterial tree fall
outside the range of the corresponding features in the
synthetic training database. At step 804, new synthetic
coronary arterial trees are generated having feature values
similar to the features of the identified patient-specific
coronary arterial tree. For example, multiple new synthetic
coronary arterial trees may be generated to span feature
values between the previous range of features in the syn-
thetic training database and the new feature outside of the
previous range. At step 806, the data-driven surrogate model
is re-trained on the entire expanded synthetic training data-
base using a machine learning algorithm. This results in an
updated ad improved trained surrogate model that can then
be used to perform the prediction phase to predict the
hemodynamic indices.

The real-time performance of the method of FIG. 1, as
well as the fact that it relies on a synthetically generated
training database, which can be expanded on-demand and
virtually without limit, makes this method advantageous for
therapy planning applications. One of the therapies widely
used for treating arterial stenosis is stenting, i.e. the place-
ment of a metal or polymer stent in the artery to open up the
lumen, and hence facilitate the flow of blood. When dealing
with coronary stenosis, the stenting therapy is referred to as
PCl—Percutaneous Coronary Intervention. This is an
example of an intervention that aims at restoring the healthy
function of the arterial tree by altering its geometry, and as
such can be naturally described based on the geometric
features used by our method. For example, any system for
the virtual placement of the stent in an anatomical geometri-
cal model extracted from medical images can be coupled
with the machine-learning based surrogate model. The
trained surrogate model can compute all hemodynamic
quantities of interest that would result from each candidate
therapy option, therefore predicting the outcome of PCI, and
allowing the planning of an optimal PCI procedure. A
particularly relevant example is the use of this method to
plan therapy in multi-vessel disease scenarios, in terms of
which stenosis to stent to achieve the optimal outcome.
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According to an advantageous embodiment, instead of
performing a virtual placement of the stent in the anatomical
model extracted from medical images, the features used by
the machine learning algorithm may be directly adapted to
account for the effect of the treatment. Thus, first the features
are determined for the original patient-specific anatomical
model, next they are adapted, either automatically or by
using information input by the user (for example, the user
may specify different levels for the success of the treatment:
partially successful treatment of the stenosis region, fully
successful treatment of the stenosis region, etc.), and finally
the machine learning based trained surrogate model is
applied to compute the post-treatment hemodynamic metric.
For example, the features may be directly adapted to account
for the effect of the treatment by adjusting the ischemic
contribution scores. In a possible implementation, the isch-
emic contribution scores may be adapted by using different
formulations for the mathematical operators f, and fs, which
would lead to smaller ischemic contribution scores. In terms
of the machine learning algorithm based trained surrogate
model, either the same trained surrogate model used for the
pre-treatment predictions may be used, or a different
machine learning trained surrogate model may be trained on
synthetic cases representative for post-treatment geometries
and used for predicting post-treatment hemodynamic indi-
ces.

In a possible extension to the method of FIG. 1, the
hemodynamic index (e.g., FFR) estimated at a location
upstream from a current location using the trained surrogate
model can also be used as a feature for computing the
hemodynamic index at the current location by the trained
surrogate model. In another possible extension to the
method of FIG. 1, the ischemic contribution scores can
include information about known associations between
geometry features and pathology severity, for instance based
on literature evidence (e.g. for coronaries, proximity to a
bifurcation (plaque stability); this also applies to different
diseases, e.g. for aneurysms: aspect ratio; etc.).

According to an advantageous embodiment of the present
invention, the sensitivity of the hemodynamic index with
respect to one or more of the geometric features may be
determined by using the trained machine learning based
surrogate model by varying the features in a certain range.
It is also possible that the sensitivity of the hemodynamic
index with respect to one or more of the geometric features
may be predicted using a different trained surrogate model
trained using a different machine learning algorithm. The
sensitivity of the hemodynamic diagnostic index with
respect to one or more of the geometric features is computed
and visualized for the patient-specific data during the pre-
diction phase by varying the one or more geometric features
within a predetermined range and computing the hemody-
namic index with the trained surrogate model. This infor-
mation can be used to inform the user and/or the machine
learning algorithm of which geometric features are more
relevant to the accuracy of the prediction of the hemody-
namic index.

The above-described methods for training a machine-
learning based surrogate model data and determining hemo-
dynamic indices based purely on geometric features using a
trained machine-learning based surrogate model can be
implemented on a computer using well-known computer
processors, memory units, storage devices, computer soft-
ware, and other components. A high-level block diagram of
such a computer is illustrated in FIG. 9. Computer 902
contains a processor 904, which controls the overall opera-
tion of the computer 902 by executing computer program
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instructions which define such operation. The computer
program instructions may be stored in a storage device 912
(e.g., magnetic disk) and loaded into memory 910 when
execution of the computer program instructions is desired.
Thus, the steps of the methods of FIGS. 1, 2, and 8 may be
defined by the computer program instructions stored in the
memory 910 and/or storage 912 and controlled by the
processor 904 executing the computer program instructions.
An image acquisition device 920, such as a CT scanning
device, MR scanning device, Ultrasound device, etc., can be
connected to the computer 902 to input image data to the
computer 902. It is possible to implement the image acqui-
sition device 920 and the computer 902 as one device. It is
also possible that the image acquisition device 920 and the
computer 902 communicate wirelessly through a network.
In a possible implementation, the computer 902 may be
located remotely from the image acquisition device and may
perform one or more of the method steps as a cloud-based
or server-based service. The computer 902 also includes one
or more network interfaces 906 for communicating with
other devices via a network. The computer 902 also includes
other input/output devices 908 that enable user interaction
with the computer 902 (e.g., display, keyboard, mouse,
speakers, buttons, etc.). One skilled in the art will recognize
that an implementation of an actual computer could contain
other components as well, and that FIG. 9 is a high level
representation of some of the components of such a com-
puter for illustrative purposes.

The foregoing Detailed Description is to be understood as
being in every respect illustrative and exemplary, but not
restrictive, and the scope of the invention disclosed herein is
not to be determined from the Detailed Description, but
rather from the claims as interpreted according to the full
breadth permitted by the patent laws. It is to be understood
that the embodiments shown and described herein are only
illustrative of the principles of the present invention and that
various modifications may be implemented by those skilled
in the art without departing from the scope and spirit of the
invention. Those skilled in the art could implement various
other feature combinations without departing from the scope
and spirit of the invention.

The invention claimed is:
1. A method for determining a hemodynamic index for
one or more locations of interest in coronary arteries of a
patient, comprising;
receiving medical image data of the patient;
extracting patient-specific coronary arterial tree geometry
of the patient from the medical image data;

extracting geometric features from the patient-specific
coronary arterial tree geometry of the patient; and

computing a hemodynamic index for one or more loca-
tions of interest in the patient-specific coronary arterial
tree using a trained machine-learning based surrogate
model and based purely on the extracted geometric
features without considering features from patient-
specific physiological measurements, the trained
machine-learning based surrogate model trained based
on geometric features extracted from synthetically gen-
erated coronary arterial tree geometries.

2. The method of claim 1, wherein the trained machine-
learning based surrogate model is trained on geometric
features extracted exclusively from synthetically generated
non-patient-specific coronary arterial tree geometries.

3. The method of claim 1, wherein extracting geometric
features from the patient-specific coronary arterial tree
geometry of the patient comprises:
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calculating ischemic weights for coronary artery seg-
ments based on the patient-specific coronary arterial
tree geometry; and

calculating ischemic contribution scores for coronary

artery segments based on the ischemic weights.
4. The method of claim 3, wherein calculating ischemic
weights for coronary artery segments based on the patient-
specific coronary arterial tree geometry comprises:
individually calculating initial local ischemic weights for
each of a plurality of coronary artery segments based
on a respective reference radius value calculated for
each of the plurality of coronary artery segments;

calculating a global ischemic weight for the patient-
specific coronary arterial tree based on the initial local
ischemic weights for the plurality of coronary artery
segments; and

calculating final local ischemic weights for each of the

plurality of coronary artery segments by distributing
the global ischemic weight over the plurality coronary
artery segments.

5. The method of claim 4, wherein calculating a global
ischemic weight for the patient-specific coronary arterial
tree based on the initial local ischemic weights for the
plurality of coronary artery segments comprises:

calculating a plurality of global ischemic weight estimates

for the patient-specific coronary arterial tree, wherein
each of the plurality of global ischemic weight esti-
mates is calculated from initial local ischemic weights
of coronary artery segments from a respective one of a
plurality of generations of coronary artery segments;
and

calculating the global ischemic weight of the patient-

specific coronary arterial tree based on the plurality of
global ischemic weight estimates.

6. The method of claim 5, wherein calculating a plurality
of global ischemic weight estimates for the patient-specific
coronary arterial tree, wherein each of the plurality of global
ischemic weight estimates is calculated from initial local
ischemic weights of coronary artery segments from a respec-
tive one of a plurality of generations of coronary artery
segments comprises, for each of the plurality of generations
of coronary artery segments:

assigning a weight to each of the coronary artery seg-

ments in that generation of coronary artery segments
and leaf coronary artery segments with a generation
number smaller than that generation of coronary artery
segments; and

calculating the estimate for the global ischemic weight of

the patient-specific coronary arterial tree as a function
of the initial ischemic weights of coronary artery seg-
ments in that generation of coronary artery segments
and the leaf coronary artery segments with a generation
number smaller than that generation of coronary artery
segments and the weights assigned to each of the
coronary artery segments in that generation of branches
and the leaf coronary artery segments with a generation
number smaller than that generation of coronary artery
segments.

7. The method of claim 5, wherein calculating the global
ischemic weight of the patient-specific coronary arterial tree
based on the plurality of global ischemic weight estimates
comprises:

calculating the global ischemic weight of the patient-

specific coronary arterial tree as a function of the
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8. The method of claim 4, wherein calculating final local
ischemic weights for each of the plurality of coronary artery
segments by distributing the global ischemic weight over the
plurality coronary artery segments comprises:

calculating the final local ischemic weights of a plurality

of leaf coronary artery segments by distributing the
global ischemic weight over the leaf coronary artery
segments based on the initial local ischemic weights of
the leaf coronary artery segments; and

calculating the final local ischemic weight for each

remaining one of the plurality of coronary artery seg-
ments as a sum of the final local ischemic weights of
leaf segments downstream from that coronary artery
segment.

9. The method of claim 3, wherein calculating ischemic
contribution scores for coronary artery segments based on
the ischemic weights comprises:

dividing coronary artery segments into non-anomalous

portions and anomalous portions;

calculating the ischemic contribution scores for each

non-anomalous portion based on a spatially varying
radius of the non-anomalous portion and the ischemic
weight of the coronary artery segment in which the
non-anomalous portion is located; and

calculating ischemic contribution scores for each anoma-

lous portion based on a first product of the ischemic
weight of the coronary artery segment in which the
anomalous portion is location and a first mathematical
operator applied to a spatially varying radius of the
anomalous portion and a second product of a squared
ischemic weight of the coronary artery segment in
which the anomalous portion is located and a second
mathematical operator applied to the spatially varying
radius of the anomalous portion.

10. The method of claim 9, wherein extracting geometric
features from the patient-specific coronary arterial tree
geometry of the patient further comprises:

for each of the one or more locations of interest, calcu-

lating one or more of a cumulative ischemic contribu-
tion score from all coronary segments lying between a
root segment and a current location, a cumulative
ischemic contribution score from the non-anomalous
portions of coronary artery segments lying between the
root segment and the current location, a cumulative
ischemic contribution score from the anomalous por-
tions of coronary artery segments lying between the
root segment and the current location, a cumulative
ischemic contribution score from all coronary artery
segments lying between the current location and a leaf
segment, a cumulative ischemic contribution score
from the non-anomalous portions of coronary artery
segments lying between the current location and a leaf
segment, or a cumulative ischemic contribution score
from the anomalous portions of coronary artery seg-
ments lying between the current location and a leaf
segment.

11. The method of claim 3, wherein extracting geometric
features from the patient-specific coronary arterial tree
geometry of the patient further comprises:

extracting a plurality of geometric measurements for one

or more stenosis regions in the patient-specific coro-
nary arterial tree geometry of the patient.

12. The method of claim 1, wherein the one or more
locations of interest correspond to one or more stenosis

plurality of global ischemic weight estimates and 65 locations, and computing a hemodynamic index for one or

weights corresponding to the plurality of generations of
coronary artery segments.

more locations of interest in the patient-specific coronary
arterial tree using a trained machine-learning based surro-
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gate model and based purely on the extracted geometric
features without considering features from patient-specific
physiological measurements comprises:

automatically computing the hemodynamic index for the

one or more stenosis locations in the patient-specific
coronary arterial tree using the trained machine-learn-
ing based surrogate model and based purely on the
extracted geometric features without considering fea-
tures from patient-specific physiological measure-
ments.

13. The method of claim 1, wherein computing a hemo-
dynamic index for one or more locations of interest in the
patient-specific coronary arterial tree using a trained
machine-learning based surrogate model and based purely
on the extracted geometric features without considering
features from patient-specific physiological measurements
comprises:

computing the hemodynamic index for the one or more

locations of interest in the patient-specific coronary
arterial tree in response to a user input identifying the
one or more locations of interest.
14. The method of claim 1, wherein the hemodynamic
index is fractional flow reserve (FFR).
15. The method of claim 1, wherein the hemodynamic
index is wall stress.
16. The method of claim 15, further comprising deter-
mining a risk of plaque rupture at the one or more locations
of interest based on the wall stress computed for the one or
more locations of interest using the trained machine-learning
based surrogate model.
17. The method of claim 1, wherein computing a hemo-
dynamic index for one or more locations of interest in the
patient-specific coronary arterial tree using a trained
machine-learning based surrogate model and based purely
on the extracted geometric features without considering
features from patient-specific physiological measurements
comprises:
computing a plurality of hemodynamic indices for each of
the one or more locations of interest in the patient-
specific coronary arterial tree using a respective one of
a plurality of trained machine-learning based surrogate
models and based purely on the extracted geometric
features without considering features from patient-
specific physiological measurements.
18. The method of claim 1, further comprising:
determining that at least one of the geometric features
extracted from the patient-specific coronary arterial
tree geometry is outside a range of corresponding
features in a synthetic training database including the
synthetically generated coronary arterial tree geom-
etries used to train the machine-learning based surro-
gate model;
generating one or more new synthetic coronary arterial
tree geometries based on the features extracted from the
patient-specific coronary arterial tree geometry to
expand the synthetic training database; and

re-training the machine-learning based surrogate model
based on geometric features extracted from the syn-
thetic coronary arterial tree geometries in the expanded
synthetic training database using a machine learning
algorithm.

19. A method of training a data-driven surrogate model for
predicting a hemodynamic index purely from geometric
features of a coronary arterial tree, comprising:

generating a plurality of synthetic coronary arterial trees

having anomalous regions with varying geometries;
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performing blood flow simulations in the plurality of

synthetic coronary arterial trees;
computing hemodynamic index values at a plurality of
locations in each of the plurality of synthetic coronary
arterial trees based on the blood flow simulations;

extracting geometric features from the plurality of syn-
thetic coronary arterial trees; and

training a surrogate model to map the geometric features

extracted from the plurality of synthetic coronary arte-
rial trees to the hemodynamic index values computed at
the plurality of locations in each of the plurality of
synthetic coronary arterial trees using a machine learn-
ing algorithm and based purely on the extracted geo-
metric features without considering features from
patient-specific physiological measurements.

20. An apparatus for determining a hemodynamic index
for one or more locations of interest in coronary arteries of
a patient, comprising:

a processor; and

a memory to store computer program instructions, the

computer program instructions when executed on the
processor cause the processor to perform operations
comprising:
receiving medical image data of the patient;
extracting patient-specific coronary arterial tree geom-
etry of the patient from the medical image data;
extracting geometric features from the patient-specific
coronary arterial tree geometry of the patient; and
computing a hemodynamic index for one or more
locations of interest in the patient-specific coronary
arterial tree using a trained machine-learning based
surrogate model and based purely on the extracted
geometric features without considering features from
patient-specific physiological measurements, the
trained machine-learning based surrogate model
trained based on geometric features extracted from
synthetically generated coronary arterial tree geom-
etries.

21. The apparatus of claim 20, wherein the trained
machine-learning based surrogate model is trained on geo-
metric features extracted exclusively from synthetically gen-
erated non-patient-specific coronary arterial tree geometries.

22. The apparatus of claim 20, wherein extracting geo-
metric features from the patient-specific coronary arterial
tree geometry of the patient comprises:

calculating ischemic weights for coronary artery seg-

ments based on the patient-specific coronary arterial
tree geometry; and

calculating ischemic contribution scores for coronary

artery segments based on the ischemic weights.

23. The apparatus of claim 22, wherein extracting geo-
metric features from the patient-specific coronary arterial
tree geometry of the patient further comprises:

extracting a plurality geometric measurements for one or

more stenosis regions in the patient-specific coronary
arterial tree geometry of the patient.

24. The apparatus of claim 20, wherein the hemodynamic
index is fractional flow reserve (FFR).

25. The apparatus of claim 20, wherein the hemodynamic
index is wall stress.

26. The apparatus of claim 20, wherein computing a
hemodynamic index for one or more locations of interest in
the patient-specific coronary arterial tree using a trained
machine-learning based surrogate model and based purely
on the extracted geometric features without considering
features from patient-specific physiological measurements
comprises:
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computing a plurality of hemodynamic indices for each of
the one or more locations of interest in the patient-
specific coronary arterial tree using a respective one of
a plurality of trained machine-learning based surrogate
models and based purely on the extracted geometric
features without considering features from patient-
specific physiological measurements.
27. A non-transitory computer readable medium storing
computer program instructions for determining a hemody-
namic index for one or more locations of interest in coronary
arteries of a patient, the computer program instructions
defining when executed by a processor cause the processor
to perform operations comprising:
receiving medical image data of the patient;
extracting patient-specific coronary arterial tree geometry
of the patient from the medical image data;

extracting geometric features from the patient-specific
coronary arterial tree geometry of the patient; and

computing a hemodynamic index for one or more loca-
tions of interest in the patient-specific coronary arterial
tree using a trained machine-learning based surrogate
model and based purely on the extracted geometric
features without considering features from patient-
specific physiological measurements, the trained
machine-learning based surrogate model trained based
on geometric features extracted from synthetically gen-
erated coronary arterial tree geometries.

28. The non-transitory computer readable medium of
claim 27, wherein the trained machine-learning based sur-
rogate model is trained on geometric features extracted
exclusively from synthetically generated non-patient-spe-
cific coronary arterial tree geometries.

29. The non-transitory computer readable medium of
claim 27, wherein extracting geometric features from the
patient-specific coronary arterial tree geometry of the patient
comprises:

calculating ischemic weights for coronary artery seg-

ments based on the patient-specific coronary arterial
tree geometry; and

calculating ischemic contribution scores for coronary

artery segments based on the ischemic weights.
30. The non-transitory computer readable medium of
claim 29, wherein calculating ischemic weights for coronary
artery segments based on the patient-specific coronary arte-
rial tree geometry comprises:
individually calculating initial local ischemic weights for
each of a plurality of coronary artery segments based
on a respective reference radius value calculated for
each of the plurality of coronary artery segments;

calculating a global ischemic weight for the patient-
specific coronary arterial tree based on the initial local
ischemic weights for the plurality of coronary artery
segments; and

calculating final local ischemic weights for each of the

plurality of coronary artery segments by distributing
the global ischemic weight over the plurality coronary
artery segments.

31. The non-transitory computer readable medium of
claim 29, wherein calculating ischemic contribution scores
for coronary artery segments based on the ischemic weights
comprises:

dividing coronary artery segments into non-anomalous

portions and anomalous portions;

calculating the ischemic contribution scores for each

non-anomalous portion based on a spatially varying
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radius of the non-anomalous portion and the ischemic
weight of the coronary artery segment in which the
non-anomalous portion is located; and

calculating ischemic contribution scores for each anoma-

lous portion based on a first product of the ischemic
weight of the coronary artery segment in which the
anomalous portion is location and a first mathematical
operator applied to a spatially varying radius of the
anomalous portion and a second product of a squared
ischemic weight of the coronary artery segment in
which the anomalous portion is located and a second
mathematical operator applied to the spatially varying
radius of the anomalous portion.

32. The non-transitory computer readable medium of
claim 29, wherein extracting geometric features from the
patient-specific coronary arterial tree geometry of the patient
further comprises:

for each of the one or more locations of interest, calcu-

lating one or more of a cumulative ischemic contribu-
tion score from all coronary segments lying between a
root segment and a current location, a cumulative
ischemic contribution score from the non-anomalous
portions of coronary artery segments lying between the
root segment and the current location, a cumulative
ischemic contribution score from the anomalous por-
tions of coronary artery segments lying between the
root segment and the current location, a cumulative
ischemic contribution score from all coronary artery
segments lying between the current location and a leaf
segment, a cumulative ischemic contribution score
from the non-anomalous portions of coronary artery
segments lying between the current location and a leaf
segment, or a cumulative ischemic contribution score
from the anomalous portions of coronary artery seg-
ments lying between the current location and a leaf
segment.

33. The non-transitory computer readable medium of
claim 29, wherein extracting geometric features from the
patient-specific coronary arterial tree geometry of the patient
further comprises:

extracting a plurality of geometric measurements for one

or more stenosis regions in the patient-specific coro-
nary arterial tree geometry of the patient.

34. The non-transitory computer readable medium of
claim 27, wherein the hemodynamic index is fractional flow
reserve (FFR).

35. The non-transitory computer readable medium of
claim 27, wherein the hemodynamic index is wall stress.

36. The non-transitory computer readable medium of
claim 27, wherein computing a hemodynamic index for one
or more locations of interest in the patient-specific coronary
arterial tree using a trained machine-learning based surro-
gate model and based purely on the extracted geometric
features without considering features from patient-specific
physiological measurements comprises:

computing a plurality of hemodynamic indices for each of

the one or more locations of interest in the patient-
specific coronary arterial tree using a respective one of
a plurality of trained machine-learning based surrogate
models and based purely on the extracted geometric
features without considering features from patient-
specific physiological measurements.
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