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SYSTEMS AND METHODS FOR AUTOMATICALLY DETERMINING
MYOCARDIAL BRIDGING AND PATIENT IMPACT

PRIORITY

[001] This application claims the benefit of priority to U.S. Nonprovisional
Patent Application No. 14/535,755, filed November 7, 2014, and to U.S. Provisional
Application No. 62/043,841, filed August 29, 2014, which is incorporated herein by

reference in its entirety.

TECHNICAL FIELD

[002] Embodiments of the present disclosure include methods and systems
for modeling of fluid flow and, more particularly, methods and systems for patient-

specific modeling and evaluation of blood flow.

BACKGROUND

[003] Myocardial bridging is a congenital coronary abnormality in which a
coronary segment runs through the myocardium intramurally (e.g., a segment of a
coronary artery tunnels through the myocardium instead of lying on top of it),
resulting in systolic compression of the tunneled segment. The frequency of
myocardial bridging has been reported to be 1.5% to 16% in coronary angiography
and as high as 80% in autopsy series. Myocardial bridging can cause cardiac-
related complications such as ischemia and acute coronary syndromes, and
coronary spasms.

[004] Coronary artery disease, in turn, may cause the blood vessels
providing blood to the heart to develop lesions, such as a stenosis (abnormal
narrowing of a blood vessel). As a result, blood flow to the heart may be
restricted. A patient suffering from coronary artery disease may experience chest

pain, referred to as chronic stable angina during physical exertion or unstable angina
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when the patient is at rest. A more severe manifestation of disease may lead to
myocardial infarction, or heart attack.

[005] Myocardial bridging may occur partially or completely. For example, a
segment of a coronary artery of a patient may be completely surrounded by the
patient’s myocardium (e.g., 100% tunneling of the vessel into the myocardium).
Alternatively, the abnormality may occur as partial myocardial bridging — e.g., 30%-
99% of the circumference of a segment of a coronary artery of the patient is
surrounded by the myocardium, with tapering and/or reduction of cross-sectional
area of the coronary artery.

[006] Typically, myocardial bridging may be diagnosed by coronary
angiography or intravascular ultrasound imaging (IVUS) based on one or more of
several features, including significant percent lumen diameter narrowing, persistent
diastolic diameter reduction, a “milking effect” in angiography, and/or a “half moon”
phenomenon in IVUS. Besides morphological evaluation, intracoronary Doppler may
show increased flow velocity, retrograde systolic flow, and reduced coronary flow
reserve in myocardial bridging. The functional significance of myocardial bridging
may be evaluated using fractional flow reserve (FFR) with the use of inotropic agents.
FFR may be defined as the ratio of the mean blood pressure and/or flow
downstream of a location, such as a lesion or location of myocardial bridging, divided
by the mean blood pressure and/or flow upstream from the location, under conditions
of increased coronary blood flow, e.g., when induced by intravenous administration
of adenosine.

[007] However, traditionally, these methods are invasive procedures and
may involve the use of inotropic agents such as dobutamine to induce maximal

myocardial contraction. In some cases, diastolic FFR may be more relevant than the
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conventional FFR to the evaluation of myocardial bridging due to overshooting of
systolic pressure, which may lead to underestimation of severity when assessed by
the conventional FFR.

[008] As these physiologic and hemodynamic conditions of myocardial
bridging may hamper the use of conventional invasive FFR, it would be useful to
differentiate patients with fixed stenosis from those with myocardial bridging for an
accurate blood flow simulation in assessing the hemodynamic significance of lesions.

[009] Itis to be understood that both the foregoing general description and
the following detailed description are exemplary and explanatory only and are not

restrictive of the disclosure.

SUMMARY

[010] In accordance with an embodiment, a computer-implemented method
for reporting the presence of myocardial bridging in a patient includes receiving
patient-specific anatomical image data regarding a geometry of the patient’s heart;
creating a patient-specific model representing at least a portion of the patient’'s heart
based on the patient-specific anatomical image data; detecting, within the patient-
specific model, a segment of an epicardial coronary artery at least partially
surrounded by the patient’'s myocardium to determine the presence of myocardial
bridging; and computing, using at least one computer processor, at least one
physical feature of the myocardial bridging to identify the severity of the myocardial
bridging.

[011] In accordance with another embodiment, a system for reporting the
presence of myocardial bridging in a patient includes a data storage device storing
instructions for reporting the presence of myocardial bridging in a patient; and a

processor configured to execute the instructions to perform a method for reporting
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the presence of myocardial bridging, the method including: receiving patient-specific
anatomical image data regarding a geometry of the patient’s heart; creating a
patient-specific model representing at least a portion of the patient’s heart based on
the patient-specific anatomical image data; detecting, within the patient-specific
model, a segment of an epicardial coronary artery at least partially surrounded by the
patient’s myocardium to determine the presence of myocardial bridging; and
computing, using at least one computer processor, at least one physical feature of
the myocardial bridging to identify the severity of the myocardial bridging.

[012] In accordance with another embodiment, a non-transitory computer
readable medium for use on at least one computer system contains computer-
executable programming instructions for performing a method for reporting the
presence of myocardial bridging in a patient, the method comprising: receiving
patient-specific anatomical image data regarding a geometry of the patient’s heart;
creating a patient-specific model representing at least a portion of the patient’'s heart
based on the patient-specific anatomical image data; detecting, within the patient-
specific model, a segment of an epicardial coronary artery at least partially
surrounded by the patient’'s myocardium to determine the presence of myocardial
bridging; and computing, using at least one computer processor, at least one
physical feature of the myocardial bridging to identify the severity of the myocardial
bridging.

[013] In accordance with another embodiment, a computer-implemented
method for assessing risk and hemodynamic significance of myocardial bridging in a
patient includes obtaining a patient-specific model representing at least a portion of
the patient’s heart based on patient-specific anatomical image data regarding a

geometry of the patient’s heart; obtaining at least one estimate of at least one
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physiological and/or phenotypic parameter of the patient; defining at least one
physiologic condition and/or at least one boundary condition of the patientin a
physiologic stress state using the patient-specific model and the at least one
estimate of at least one physiological and/or phenotypic parameter of the patient;
evaluating a degree of myocardial bridging in the patient by identifying systolic
compression of a coronary artery of the patient using the patient-specific model;
performing computational fluid dynamics analysis on a myocardial bridging segment
under simulated and/or dobutamine challenge conditions using the degree of
myocardial bridging in the patient and the at least one physiologic condition and/or
the at least one boundary condition of the patient; and computing at least one
hemodynamic quantity of the myocardial bridging segment to evaluate risk based on
the computational fluid dynamics and/or structural mechanics analysis.

[014] In accordance with another embodiment, a system for assessing risk
and hemodynamic significance of myocardial bridging in a patient includes a data
storage device storing instructions for reporting the presence of myocardial bridging
in a patient; and a processor configured to execute the instructions to perform a
method including: obtaining a patient-specific model representing at least a portion of
the patient’s heart based on patient-specific anatomical image data regarding a
geometry of the patient’s heart; obtaining at least one estimate of at least one
physiological and/or phenotypic parameter of the patient; defining at least one
physiologic condition and/or at least one boundary condition of the patientin a
physiologic stress state using the patient-specific model and the at least one
estimate of at least one physiological and/or phenotypic parameter of the patient;
evaluating a degree of myocardial bridging in the patient by identifying systolic

compression of a coronary artery of the patient using the patient-specific model;
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performing computational fluid dynamics analysis on a myocardial bridging segment
under simulated and/or dobutamine challenge conditions using the degree of
myocardial bridging in the patient and the at least one physiologic condition and/or
the at least one boundary condition of the patient; and computing at least one
hemodynamic quantity of the myocardial bridging segment to evaluate risk based on
the computational fluid dynamics analysis.

[015] In accordance with another embodiment, a non-transitory computer
readable medium for use on at least one computer system contains computer-
executable programming instructions for performing a method for assessing risk and
hemodynamic significance of myocardial bridging in a patient, the method including:
obtaining a patient-specific model representing at least a portion of the patient’s
heart based on patient-specific anatomical image data regarding a geometry of the
patient’s heart; obtaining at least one estimate of at least one physiological and/or
phenotypic parameter of the patient; defining at least one physiologic condition
and/or at least one boundary condition of the patient in a physiologic stress state
using the patient-specific model and the at least one estimate of at least one
physiological and/or phenotypic parameter of the patient; evaluating a degree of
myocardial bridging in the patient by identifying systolic compression of a coronary
artery of the patient using the patient-specific model; performing computational fluid
dynamics analysis on a myocardial bridging segment under simulated and/or
dobutamine challenge conditions using the severity of myocardial bridging in the
patient and the at least one physiologic condition and/or the at least one boundary
condition of the patient; and computing at least one hemodynamic quantity of the
myocardial bridging segment to evaluate risk based on the computational fluid

dynamics analysis.
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[016] In accordance with another embodiment, a computer-implemented
method for reporting the presence of myocardial bridging in a patient includes
detecting, within a patient-specific model representing at least a portion of the
patient’s heart based on patient-specific anatomical image data regarding a
geometry of the patient’s heart, a segment of an epicardial coronary artery at least
partially surrounded by the patient’'s myocardium to determine the presence of
myocardial bridging; and computing, using at least one computer processor, at least
one physical feature of the myocardial bridging to identify the severity of the
myocardial bridging.

[017] In accordance with another embodiment, a system for reporting the
presence of myocardial bridging in a patient includes a data storage device storing
instructions for reporting the presence of myocardial bridging in a patient; and a
processor configured to execute the instructions to perform a method including:
detecting, within a patient-specific model representing at least a portion of the
patient’s heart based on patient-specific anatomical image data regarding a
geometry of the patient’s heart, a segment of an epicardial coronary artery at least
partially surrounded by the patient’'s myocardium to determine the presence of
myocardial bridging; and computing, using at least one computer processor, at least
one physical feature of the myocardial bridging to identify the severity of the
myocardial bridging.

[018] In accordance with another embodiment, a non-transitory computer
readable medium for use on at least one computer system contains computer-
executable programming instructions for performing a method for reporting the
presence of myocardial bridging in a patient, the method includes: detecting, within a

patient-specific model representing at least a portion of the patient’s heart based on
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patient-specific anatomical image data regarding a geometry of the patient’s heart, a
segment of an epicardial coronary artery at least partially surrounded by the patient’s
myocardium to determine the presence of myocardial bridging; and computing, using
at least one computer processor, at least one physical feature of the myocardial
bridging to identify the severity of the myocardial bridging.

[019] Additional embodiments and advantages will be set forth in part in the
description which follows, and in part will be obvious from the description, or may be
learned by practice of the disclosure. The embodiments and advantages will be
realized and attained by means of the elements and combinations particularly

pointed out below.

BRIEF DESCRIPTION OF THE DRAWINGS

[020] The accompanying drawings, which are incorporated in and
constitute a part of this specification, illustrate several embodiments and together
with the description, serve to explain the principles of the disclosure.

[021] FIG. 1A is an exemplary diagram depicting a normal coronary artery,
partial myocardial bridging, and full myocardial bridging;

[022] FIG. 1B shows an exemplary patient's cCTA images showing
myocardial bridging, with the arrows indicating a segment of a coronary artery
tunneling into a patient’s myocardium;

[023] FIG. 2 is a schematic diagram of a system for providing various
information relating to coronary blood flow in a specific patient, according to an
exemplary embodiment;

[024] FIG. 3is a flow chart of a method for reporting the presence of

myocardial bridging, according to an exemplary embodiment;
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[025] FIG. 4 is a flow chart of a method for assessing the risk and
hemodynamic significance of myocardial bridging, according to an exemplary
embodiment;

[026] FIG. 5is a flow chart of a method for evaluating therapeutic options
for treating myocardial bridging, according to an exemplary embodiment;

[027] FIG. 6is a flow chart of a method for reporting the presence of
myocardial bridging, according to an exemplary embodiment;

[028] FIG. 7 is a flow chart of a method for assessing the risk and
hemodynamic significance of myocardial bridging, according to an exemplary
embodiment;

[029] FIG. 8is a flow chart of a method for evaluating therapeutic options
for myocardial bridging, according to an exemplary embodiment; and

[030] FIG. 9is a block diagram of an exemplary computer system in which

embodiments of the present disclosure may be implemented.

ESCRIPTION OF THE EMBODIMENTS

[031] Reference will now be made in detail to exemplary embodiments,
examples of which are illustrated in the accompanying drawings. Wherever
possible, the same reference numbers will be used throughout the drawings to refer
to the same or like parts.

[032] The present disclosure describes a non-invasive method to identify the
presence of myocardial bridging in patients and assess the functional significance of
myocardial bridging using a blood flow simulation under a simulated inotropic state of
the myocardium. In doing so, the present disclosure provides a method to prescribe
specific boundary conditions by modeling the systolic compression of a coronary

artery observed in the tunneled segment. The methods described herein thus
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involve improvements in the diagnosis of the physiologic consequences of
myocardial bridging and the prediction of the potential benefits or risks associated
with alternate treatment strategies to correct the bridge or relieve ischemia.

[033] The methods and systems disclosed herein use patient imaging to
derive a patient-specific geometry of the blood vessels and myocardium, and
combine this geometry with the patient-specific physiological information and
boundary conditions to perform blood flow simulation for patients with myocardial
bridging. For instance, the present disclosure provides systems and methods for: (i)
reporting the presence of myocardial bridging; (ii) assessing the risk and
hemodynamic significance of myocardial bridging under different physiologic states;
and (iii) evaluating therapeutic options for treating myocardial bridging. Non-limiting,
exemplary methods and systems for each category are described herein. Moreover,
the systems and methods disclosed herein may optionally comprise determining at
least one blood flow characteristic, such as FFR, of the myocardial bridging segment
during systole and/or diastole using patient-specific model representing at least a
portion of the patient’s heart.

. Report of Myocardial Bridging

[034] FIG. 1A shows a normal coronary artery with no bridging, partial
myocardial bridging of a coronary artery, and full myocardial bridging of a coronary
artery. In FIG. 1A, “RV” indicates the right ventricle, “LV” indicates the left ventricle,
and “S” indicates the septum. FIG. 1B depicts an exemplary patient's cCTA images
showing myocardial bridging. The arrows point to a segment of a coronary artery
encased in the patient’'s myocardium. The left image is a cross-sectional view of the

area shown in the right image.
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[035] FIG. 3 shows aspects of a method 2000 for reporting the presence of
myocardial bridging, according to an exemplary embodiment. Systems and methods
for reporting the presence of myocardial bridging may include, for example, obtaining
patient-specific anatomical data, such as cardiac images of the patient (step 2001).
Patient-specific anatomical data may be obtained non-invasively — e.g., via coronary
computed tomographic angiography (cCTA) and/or magnetic resonance imaging
(MRI). Moreover, patient-specific anatomical data may include data regarding the
geometry of at least a portion of the patient’s heart, e.g., at least a portion of the
patient’s aorta, a proximal portion of the main coronary arteries (and the branches
extending therefrom) connected to the aorta, and the myocardium. Patients-specific
anatomical data may be obtained via any of the methods described in U.S. Patent
No. 8,315,812, filed January 25, 2011, and issued November 20, 2012 (“the '812
patent”), the entire contents of which are incorporated herein by reference.

[036] Using the patient-specific anatomical data, method 2000 may
comprise constructing a patient-specific model of at least a portion of the patient’s
heart, such as geometry of the patient’s coronary arteries and the patient’s
myocardium (step 2002). In at least one embodiment, the patient-specific model
may be chosen from a lumped-parameter model, a one-dimensional model, and a
three-dimensional model. Patient-specific modeling may be performed, for example,
using any of the methods described in the '812 patent. Fig. 2 shows aspects of a
system for providing various information relating to coronary blood flow in a specific
patient, according to an exemplary embodiment. A three-dimensional model 10 of
the patient’'s anatomy may be created using data obtained noninvasively from the
patient as will be described below in more detail. Other patient-specific information

may also be obtained noninvasively. In an exemplary embodiment, the portion of the

11
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patient’s anatomy that is represented by the three-dimensional model 10 may
include at least a portion of the aorta and a proximal portion of the main coronary
arteries (and the branches extending or emanating therefrom) connected to the
aorta.

[037] Various physiological laws or relationships 20 relating to coronary
blood flow may be deduced, e.g., from experimental data as will be described below
in more detail. Using the three-dimensional anatomical model 10 and the deduced
physiological laws 20, a plurality of equations 30 relating to coronary blood flow may
be determined as will be described below in more detail. For example, the equations
30 may be determined and solved using any numerical method, e.g., finite
difference, finite volume, spectral, lattice Boltzmann, particle-based, level set, finite
element methods, etc. The equations 30 may be solvable to determine information
(e.g., pressure, velocity, FFR, etc.) about the coronary blood flow in the patient’s
anatomy at various points in the anatomy represented by the model 10.

[038] The equations 30 may be solved using a computer 40. Based on the
solved equations, the computer 40 may output one or more images or simulations
indicating information relating to the blood flow in the patient’'s anatomy represented
by the model 10. For example, the image(s) may include a simulated blood pressure
model 50, a simulated blood flow or velocity model 52, a computed FFR (cFFR)
model 54, etc., as will be described in further detail below. The simulated blood
pressure model 50, the simulated blood flow model 52, and the cFFR model 54
provide information regarding the respective pressure, velocity, and cFFR at various
locations along three dimensions in the patient’'s anatomy represented by the
model 10. cFFR may be calculated as the ratio of the blood pressure at a particular

location in the model 10 divided by the blood pressure in the aorta, e.g., at the inflow

12
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boundary of the model 10, under conditions of increased coronary blood flow, e.g.,
conventionally induced by intravenous administration of adenosine.

[039] In an exemplary embodiment, the computer 40 may include one or
more non-transitory computer-readable storage devices that store instructions that,
when executed by a processor, computer system, etc., may perform any of the
actions described herein for providing various information relating to blood flow in the
patient. The computer 40 may include a desktop or portable computer, a
workstation, a server, a personal digital assistant, or any other computer system.
The computer 40 may include a processor, a read-only memory (ROM), a random
access memory (RAM), an input/output (1/0O) adapter for connecting peripheral
devices (e.g., an input device, output device, storage device, etc.), a user interface
adapter for connecting input devices such as a keyboard, a mouse, a touch screen,
a voice input, and/or other devices, a communications adapter for connecting the
computer 40 to a network, a display adapter for connecting the computer 40 to a
display, etc. For example, the display may be used to display the three-dimensional
model 10 and/or any images generated by solving the equations 30, such as the
simulated blood pressure model 50, the simulated blood flow model 52, and/or the
cFFR model 54.

[040] Method 2000 may also comprise detecting a segment of an epicardial
coronary artery at least partially surrounded by the patient’s myocardium, to
determine the presence of myocardial bridging (step 2003). In at least one
embodiment, the epicardial coronary artery may be a major epicardial coronary
artery. Step 2003 may include, for example, computing a signed distance map of the
myocardial surface (inside: negative; outside: positive) and a signed distance map of

the major epicardial coronary arteries, using the coronary and myocardium model

13
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from step 2002. Step 2003 may also include determining whether segments of
epicardial coronary arteries belong to the negative distance map of the myocardial
surface (i.e., inside the myocardium). If so, each such segment may be labeled as a
myocardial bridging segment. Partial myocardial bridging may be measured by the
following metrics: proportion of the surface area of the coronary artery that is inside
the myocardium over the surface area of the total myocardial bridging segment;
and/or proportion of the volume of the coronary artery that is inside the myocardium
over the volume of the total myocardial bridging segment.

[041] Method 2000 further may comprise reporting the presence of
myocardial bridging and providing its severity by measuring one or more of the
following severity metrics: location of myocardial bridging (e.g., start and end
distance to the ostium); length and/or depth of the tunneled segment(s); eccentricity
of the compressed segment(s) (such as in systolic image); and degree of systolic
compression (when multi-phase images are available) (step 2004). The severity of
the myocardial bridging may be “scored” based on one or more of these severity
metrics. For example, a higher myocardial bridging score may result from any of the
following: more proximal myocardial bridging, deeper myocardial bridging, more
eccentric myocardial bridging, and/or more systolic compression. The proximity of
the myocardial bridging may be measured using the length and/or depth of the
myocardial bridging segment. The depth of the myocardial bridging may be
measured based on the eccentricity of the myocardial bridging segment cross-
section measured by short axis length over long axis length. The eccentricity of the
myocardial bridging, in turn, may be measured based on the degree of systolic

compression (when multiphase images are available).

14
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[I.  Assessment of Risk and Hemodynamic Significance of Myocardial Bridging

[042] FIG. 4 shows aspects of a method 3000 for assessing risk and the
hemodynamic significance of myocardial bridging, according to an exemplary
embodiment. Method 3000 may comprise obtaining patient-specific physiologic
information and boundary conditions (step 3001). Patient-specific physiologic
information and boundary conditions may be obtained, for example, using any of the
methods described in the ‘812 patent.

[043] The severity of myocardial bridging may be evaluated (step 3002),
using, for example, one or more of the metrics described above with respect to step
2004 of method 2000. Method 3000 may further comprise performing computational
flow dynamics analysis under simulated hyperemic and/or dobutamine challenge
conditions (e.g., increase in heart rate and/or systolic BP) (step 3003).

[044] Method 3000 also may comprise evaluating the hemodynamic
significance of one or more lesions associated with myocardial bridging by
computing one or more of volumetric flow rate, averaged pressure gradient over
cardiac cycles, systolic and diastolic pressure gradients, fractional flow reserve
(FFR), and diastolic Pd/Pa ratios (“Pd” is coronary pressure distal to a myocardial
bridging segment; “Pa” is coronary pressure proximal to a myocardial bridging
segment) from simulation at the myocardial bridging segment (step 3004).

[045] Optionally, method 3000 may further comprise evaluating the effect of
dynamic changes of one or more lesions due to cardiac contraction at the myocardial
bridging segment by solving, for example, for blood flow through a deformable artery
model subject to external compression (optional step 3005). For example, optional
step 3005 may include solving stress-equilibrium equations for a computational

model of the coronary artery and external myocardium structures using fluid-
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structure interaction modeling techniques. The solution of structural mechanics of
the coronary geometry in response to myocardial contraction may be solved
iteratively along with the computational fluid dynamics (CFD). Alternatively, the fluid-
structure interaction equations may be solved in a coupled manner using an arbitrary
Lagrangian-Eulerian framework.

. Evaluation of Therapeutic Options for Myocardial Bridging

[046] FIG. 5 shows aspects of a method 4000 for evaluating therapeutic
options for treating myocardial bridging, according to an exemplary embodiment.
Method 4000 may comprise evaluating the effectiveness of pharmacologic therapy
on myocardial bridging (step 4001). Method 4000 may also or alternatively comprise
evaluating the effectiveness of percutaneous coronary intervention (PCI) using
virtual PCI (step 4002). Method 4000 may further or alternatively comprise
evaluating the effectiveness of coronary artery bypass grafting surgery (CABG) (step
4003). Method 4000 additionally or alternatively may comprise evaluating the effect
of surgical correction of the bridge, i.e., removing tissue over the bridge, which may
be termed “unroofing” (step 4004). Method 4000 also or alternatively may comprise
suggesting an optimal treatment protocol (step 4005).

V. Exemplary Embodiment

[047] A non-limiting exemplary embodiment of a method and system for
reporting a myocardial bridge and patient impact is provided below.

Reporting the Presence of Myocardial Bridging

[048] FIG. 6 shows additional aspects of method 2000 for reporting the
presence of myocardial bridging, according to an exemplary embodiment. Method
2000 may comprise, for example, acquiring, for one or more patients, a digital

representation (e.g., the memory or digital storage [e.g., hard drive, network drive] of
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a computational device such as a computer, laptop, DSP, server, etc.) of a patient-
specific model of the geometry for at least a portion of the patient’s heart, such as
the patient’s ascending aorta, coronary artery tree, and myocardium (step 2002).
This geometry may be represented as a list of points in space (possibly with a list of
neighbors for each point) in which the space can be mapped to spatial units between
points (e.g., millimeters), for example. This model may be derived, for example, by
performing a cardiac computerized tomography (CT) scan in the end diastole phase
of the cardiac cycle or using Magnetic Resonance Imaging (MRI). The image(s) may
be segmented manually or automatically to identify voxels belonging to the lumen of
the coronary arteries and myocardium. Inaccuracies in the geometry extracted
automatically may be corrected by a human observer who compares the extracted
geometry with the images and makes corrections as needed. Once the voxels are
identified, the geometric model can be extracted (e.g., using marching cubes
technigues). In at least one embodiment, the patient-specific model may be chosen
from a lumped-parameter model, a one-dimensional model, and a three-dimensional
model.

[049] Using the constructed coronary and myocardium patient-specific
model, method 2000 may comprise automatically detecting a segment of a epicardial
coronary artery surrounded by the myocardium as exhibiting myocardial bridging
(step 2003) and computing one or more features of myocardial bridging (step 2004).
In at least one exemplary embodiment, the epicardial coronary artery may be a
major epicardial coronary artery.

[050] In at least one exemplary embodiment, step 2004 comprises
computing one or more features of the detected myocardial bridging (step 2004A)

and further computing one or more myocardial bridging metrics (step 2004B). Step
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2004A, for example, may comprise computing a signed distance map of a
myocardial surface, wherein the inside is negative and the outside is positive. Step
2004A may also comprise computing a signed distance map of one or more
epicardial coronary arteries. In at least one embodiment, the one or more epicardial
coronary arteries may be one or more major epicardial coronary arteries. Step
2004A may further comprise determining one or more segments of epicardial
coronary arteries that belong to the negative distance map of the myocardial surface
(i.e., inside the myocardium).

[051] Step 2004B may comprise computing one or more of the following
myocardial bridging metrics: the location of the myocardial bridging segment (e.qg.,
start and end distance to the ostium); the length of the myocardial bridging segment;
the depth of the myocardial bridging segment; the eccentricity of a cross-section of
the myocardial bridging segment, which may be measured, for example, by short
axis length over long axis length; and the degree of systolic compression (when
multiphase images are available).

[052] Method 2000 may further comprise storing the results of the computed
presence and features of myocardial bridging with images (step 2004C). For
example, the results may be saved as a digital representation (e.g., the memory or
digital storage [e.g., hard drive, network drive] of a computational device such as a
computer, laptop, DSP, server, etc.). Step 2004C may also comprise transmitting or
making the results available to a health care provider, such as a physician.

Assessment of risk and hemodynamic significance of Myocardial Bridging

[053] FIG. 7 shows additional aspects of method 3000 for assessing the risk
and hemodynamic significance of myocardial bridging, according to an exemplary

embodiment. The methods and systems described herein may employ, for example,
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computational fluid dynamics, fluid-structure interaction analysis, and/or machine-
learning based estimations of systolic compression of coronary and physiologic
boundary conditions to simulate hyperemic coronary flow and the inotropic state of
the myocardium.

[054] Method 3000 may comprise, for example, acquiring, for one or more
patients, a digital representation (e.g., the memory or digital storage [e.g., hard drive,
network drive] of a computational device such as a computer, laptop, DSP, server,
etc.) of: (a) a patient-specific model of the geometry of at least a portion of the
patient’s heart, such as the patient’s ascending aorta, coronary artery tree, and
myocardium, for each time point and (b) a list of estimates of physiological or
phenotypic parameters of the patient for each time point (step 3001A).

[055] The geometry of at least a portion of the patient’s heart, such as the
patient’s ascending aorta, coronary artery tree, and myocardium, may be
represented as a list of points in space (possibly with a list of neighbors for each
point, for example) in which the space can be mapped to spatial units between
points (e.g., millimeters). The patient-specific model may be derived by performing a
cardiac CT imaging of the patient in the end diastole phase of the cardiac cycle. The
image then may be segmented manually or automatically to identify voxels belonging
to the aorta and the lumen of the coronary arteries. Given a 3-D image of coronary
vasculature, any method for extracting a patient-specific model of cardiovascular
geometry may be used, including, for example, any of the methods described in
the 812 patent. Inaccuracies in the geometry extracted automatically may be
corrected by a human observer who compares the extracted geometry with the
images and makes corrections as needed. Once the voxels are identified, the

geometric model can be derived (e.g., using marching cubes). In at least one
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embodiment, the patient-specific model may be chosen from a lumped-parameter
model, a one-dimensional model, and a three-dimensional model.

[056] As non-limiting, exemplary examples, the list of estimates of
physiological or phenotypic parameters of the patient may include one or more of:
blood pressure; resting heart rate; hematocrit level; patient age and/or gender;
myocardial mass, e.g., as derived by segmenting the myocardium in the image,
calculating the volume in the image, and using an estimated density of 1.05g/mL to
estimate the myocardial mass; and general risk factors of coronary artery disease
(e.g., smoking, diabetes, family history, weight, etc.).

[057] Method 3000 may also comprise defining at least one physiologic
condition and/or at least one boundary condition of the patient in a physiologic stress
state (step 3001B). This stress state may be, for example, either one induced during
a diagnostic test, e.g. using dobutamine, or simulated, e.g., using mild, moderate, or
intense exercise. The at least one physiologic condition and/or at least one
boundary condition of the patient under hyperemic conditions may be defined using
the methods described in the ‘812 patent. Alternatively, the at least one physiologic
condition and/or at least one boundary condition of the patient after treatment may
be defined using the methods described in U.S. Patent No. 8,249,815, filed
November 7, 2011, issued August 21, 2012, the contents of which are incorporated
herein by reference. The at least one physiologic condition and/or at least one
boundary condition of the patient under an inotropic condition of the myocardium
may be defined using the effect of dobutamine on the patient’s physiology, such as
an increase in heart rate and/or an increase in systolic pressure.

[058] Method 3000 may comprise determining or estimating systolic

compression of a coronary artery (step 3002). Step 3002 may be accomplished, for
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example, using multiphase (e.g., diastole, systole) images to measure the degree of
systolic compression of tunneled segments. For instance, the degree of systolic
compression may be measured by computing cross-sectional areas of myocardial
bridging segments of the coronary surface meshes derived from the multiphase
images. As another non-limiting example, step 3002 may be accomplished using
literature data to estimate the systolic compression of a coronary artery at the
tunneled segments at rest. For instance, literature data may teach a 71% +/- 16%
reduction of diameter within myocardial bridging as compared to a proximal/distal
segment in systole, and a 35% +/- 13% reduction of diameter in diastole. The
patient geometry thus may be perturbed such that the myocardial bridging segments
have a 71% reduction in diameter in systole and a 35% reduction in diastole.
Specifically, the mesh coordinates of an identified myocardial bridging segment may
be transformed in the perpendicular direction of the centerline with the proportions of
71% +/- 16% and 35% +/- 13% for systolic and diastolic phases, respectively.

[059] Step 3002 may also be accomplished using machine-learning based
methods to estimate the systolic compression of a coronary artery at tunneled
segments from noninvasive images acquired at rest. Examples of machine learning
methods are described, for example, in U.S. Patent Application Nos. 13/895,893,
filed May 16, 2013, 13/895,871, filed May 16, 2013, and 14/011,151, filed August 27,
2013, the contents of all of which are incorporated herein by reference.

[060] An exemplary embodiment of a machine learning method is disclosed
herein. The machine learning method may comprise a training mode and a
prediction mode. In a training mode, the machine learning method may comprise
creating a feature vector of the bridged artery from cCTA data. An exemplary

feature vector may contain, for example: age, sex, heart rate, systolic and diastolic
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pressure, and/or epicardial fat volume; myocardial mass, regional density of
myocardium, ejection fraction, and/or myocardial contractility; depth of coronary in
relation to epicardium surface; and/or the length of the bridged segment. The
machine learning method also may comprise associating this feature vector with
invasive measurements of the bridged segment from imaging methods, such as
angiography, intravascular ultrasound (IVUS), and optical coherence tomography
(OCT). Non-limiting examples of invasive measurements include the depth and
length of the bridged artery and the degree of systolic compression measured by
change in diameter, area, and eccentricity of cross-sectional lumen. The machine
learning method also may comprise training a machine learning algorithm (e.g., a
linear Support Vector Machine) to the degree of systolic compression from the
feature vectors obtained. The machine learning method further may comprise
saving the results of the machine learning algorithm as a digital representation (e.g.,
memory or digital storage [e.g., hard drive, network drive] of a computational device
such as a computer, laptop, DSP, server, etc.).

[061] In the prediction mode, the machine learning method may comprise
creating a feature vector of the bridged artery from cCTA data. The feature vector
may be the same as the quantities used in the training mode. The machine learning
method also may comprise using the saved results of the machine learning algorithm
produced in the training mode (e.g., feature weights) to produce estimates of the
degree of systolic compression. These estimates may be produced using the same
machine learning technique used in the training mode. The machine learning
method may comprise saving the estimated degree of systolic compression to a
digital representation (e.g., memory or digital storage [e.g., hard drive, network drive]

of a computational device such as a compute, laptop, DSP, server, etc.). The
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machine learning method further may comprise using the predicted degree of
compression for a fluid-structure interaction simulation or reporting it to a health care
provider, such as a physician.

[062] Method 3000 may also comprise performing computational fluid
dynamics analysis and/or structural mechanics simulation. This analysis may be
performed using, for example, a three-dimensional finite element, finite volume,
lattice Boltzman, level set, particle based method to solve the full equations of blood
flow and pressure, and/or a fluid-structure interaction method to solve for at least one
of blood flow, pressure and vessel wall motion, and deformation of the bridged
segment (step 3003).

[063] Method 3000 further may comprise computing at least one
hemodynamic quantity of the myocardial bridging segment. For example, method
300 may comprise computing at least one of blood flow rate, averaged pressure
gradient over cardiac cycles, systolic and diastolic pressure gradients, FFR over an
entire cardiac cycle, and Pd/Pa over diastolic phase (step 3004). Step 3004 may
also comprise computing wall shear stress at the myocardial bridging segment
and/or the pressure gradient at the myocardial bridging segment.

[064] Method 3000 may also comprise storing the results of the computed at
least one hemodynamic quantity representing the risk of myocardial bridging with
images (step 3006). For example, the results may be saved as a digital
representation (e.g., the memory or digital storage [e.g., hard drive, network drive] of
a computational device such as a computer, laptop, DSP, server, etc.). Step 3006
may further comprise transmitting or making the results available to a health care

provider, such as a physician.
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Evaluation of Therapeutic Options for Myocardial Bridging

[065] FIG. 8 shows additional aspects of method 4000 for evaluating
therapeutic options for myocardial bridging, according to an exemplary embodiment.
The methods and systems for guiding treatment options disclosed herein may use a
machine-learning based risk predictor established in previous steps by evaluating
several therapeutic options for myocardial bridging.

[066] In at least one embodiment, method 4000 may comprise evaluating the
effectiveness or risk of pharmacologic therapy (e.g. beta-blockers, calcium channel
blockers, and/or nitrates) on myocardial bridging (step 4001). For example, step
4001 may comprise iteratively updating the patient-specific model to simulate use of
one or more pharmacologic therapies and evaluating the results. Modeling one or
more pharmacologic therapies may be accomplished, for example, using any of the
methods described in the ‘812 patent.

[067] Method 4000 may also comprise evaluating the effectiveness of PCI
using virtual PCI (step 4002). For example, step 4002 may comprise updating the
patient-specific model to simulate insertion of one or more stents and evaluating the
results. Modeling insertion of one or more stents may be accomplished, for example,
using any of the methods described in the 812 patent.

[068] In addition, method 4000 may comprise evaluating the effectiveness of
coronary artery bypass grafting surgery (CABG) (step 4003). For example, step
4003 may comprise updating the patient-specific model to simulate surgically
inserting at least one bypass and evaluating the results. Modeling bypass grafting
surgery may be accomplished, for example, using any of the methods described in

the '812 patent.
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[069] Method 4000 may further comprise evaluating the effectiveness of
surgical unroofing of the bridged segment (step 4004). The effect of surgical
unroofing of the bridged segment can be realized by lessening the external
compression of the artery on the epicardial side of the coronary artery while
maintaining the compressive force on the endocardial side and lateral walls. For
example, this effect can be modeled by prescribing external compression varying
around the circumference of the artery along the length of the bridged segment.
Method 4000 may also comprise suggesting an optimal treatment protocol (step
4005).

[070] FIG. 9 provides a high-level functional block diagram illustrating an
exemplary general-purpose computer 7000. Computer 7000 may be used to
implement, for example, any of the methods described above. Itis believed that
those skilled in the art are familiar with the structure, programming, and general
operation of such computer equipment and as a result, the drawings should be self-
explanatory.

[071] In an example, computer 7000 may represent a computer hardware
platform for a server or the like. Accordingly, computer 7000 may include, for
example, a data communication interface for packet data communication 7600. The
platform may also include a central processing unit (CPU) 7200, in the form of one or
more processors, for executing program instructions. The platform typically includes
an internal communication bus 7100, program storage, and data storage for various
data files to be processed and/or communicated by the platform such as ROM 7300
and RAM 7400, although the computer 7000 often receives programming and data
via network communications 7700. The hardware elements, operating systems, and

programming languages of such equipment are conventional in nature, and itis
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presumed that those skilled in the art are adequately familiar therewith. Computer
7000 also may include input and output ports 7500 to connect with input and output
devices such as keyboards, mice, touchscreens, monitors, displays, etc. Of course,
the various server functions may be implemented in a distributed fashion on a
number of similar platforms, to distribute the processing load. Alternatively, the
servers may be implemented by appropriate programming of one computer
hardware platform.

[072] Any aspect set forth in any embodiment may be used with any other
embodiment set forth herein. Every device and apparatus set forth herein may be
used in any suitable medical procedure, may be advanced through any suitable body
lumen and body cavity, and may be used for imaging any suitable body portion.

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

indicated by the following claims.
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WHAT IS CLAIMED 1S:

1. A computer-implemented method for reporting the presence of
myocardial bridging in a patient, the method comprising:

detecting, within a patient-specific model representing at least a portion of the
patient’s heart, a segment of an epicardial coronary artery at least partially
surrounded by the patient’'s myocardium to determine the presence of myocardial
bridging; and

computing, using at least one computer processor, at least one physical

feature of the myocardial bridging to identify the severity of the myocardial bridging.

2. The method of claim 1, further comprising storing the detected
presence of myocardial bridging and the at least one physical feature of the

myocardial bridging.

3. The method of claim 1, wherein the patient-specific model is based on
patient-specific anatomical image data regarding a geometry of the patient’s heart
including geometry of the patient’s ascending aorta, coronary artery tree, and

myocardium.

4, The method of claim 1, wherein computing at least one feature of the
myocardial bridging comprises at least one of computing a signed distance map of a
myocardial surface, computing a signed distance map of one or more epicardial

coronary arteries, determining one or more segments of one or more epicardial

27



WO 2016/032825 PCT/US2015/045910

coronary arteries inside the myocardium, and computing at least one myocardial

bridging severity metric.

5. The method of claim 4, wherein the at least one myocardial bridging
severity metric is chosen from location of the myocardial bridging segment, length of
the myocardial bridging segment, depth of the myocardial bridging segment,
eccentricity of a cross-section of the myocardial bridging segment, and degree of

systolic compression.

6. The method of claim 5, wherein the location of the myocardial bridging

segment is based on start and end distance to the ostium.

7. The method of claim 5, wherein the eccentricity of a cross-section of
the myocardial bridging segment is measured by short axis length over long axis

length.

8. The method of claim 1, wherein the patient-specific model is chosen
from a lumped-parameter model, a one-dimensional model, and a three-dimensional

model.

9. The method of claim 1, further comprising determining at least one

blood flow characteristic of the myocardial bridging segment during systole and/or

diastole using the patient-specific model.
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10. A system for reporting the presence of myocardial bridging in a patient,
the system comprising:
a data storage device storing instructions for reporting the presence of
myocardial bridging in a patient; and
a processor configured to execute the instructions to perform a method
including:
detecting, within a patient-specific model representing at least a portion
of the patient’s heart, a segment of an epicardial coronary artery at least partially
surrounded by the patient’'s myocardium to determine the presence of myocardial
bridging; and
computing, using at least one computer processor, at least one
physical feature of the myocardial bridging to identify the severity of the myocardial

bridging.

11.  The system of claim 10, wherein the patient-specific model is based on
patient-specific anatomical image data regarding a geometry of the patient’s heart
including geometry of the patient’'s ascending aorta, coronary artery tree, and

myocardium.

12.  The system of claim 10, wherein computing at least one feature of the
myocardial bridging comprises at least one of computing a signed distance map of a
myocardial surface, computing a signed distance map of one or more epicardial
coronary arteries, determining one or more segments of one or more epicardial
coronary arteries inside the myocardium, and computing at least one myocardial

bridging severity metric.
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13.  The system of claim 12, wherein the at least one myocardial bridging
severity metric is chosen from location of the myocardial bridging segment, length of
the myocardial bridging segment, depth of the myocardial bridging segment,
eccentricity of a cross-section of the myocardial bridging segment, and degree of

systolic compression.

14.  The system of claim 13, wherein the location of the myocardial bridging

segment is based on start and end distance to the ostium.

15.  The system of claim 13, wherein the eccentricity of a cross-section of
the myocardial bridging segment is measured by short axis length over long axis

length.

16. The system of claim 10, wherein the patient-specific model is chosen
from a lumped-parameter model, a one-dimensional model, and a three-dimensional

model.

17.  The system of claim 10, wherein the method further comprises

determining at least one blood flow characteristic of the myocardial bridging segment

during systole and/or diastole using the patient-specific model.

18. A non-transitory computer readable medium for use on at least one

computer system containing computer-executable programming instructions for
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performing a method for reporting the presence of myocardial bridging in a patient,
the method comprising:

detecting, within a patient-specific model representing at least a portion of the
patient’s heart, a segment of an epicardial coronary artery at least partially
surrounded by the patient’'s myocardium to determine the presence of myocardial
bridging; and

computing, using at least one computer processor, at least one physical

feature of the myocardial bridging to identify the severity of the myocardial bridging.

19.  The non-transitory computer readable medium of claim 18, wherein the
patient-specific model is based on patient-specific anatomical image data regarding
a geometry of the patient’s heart including geometry of the patient’'s ascending aorta,

coronary artery tree, and myocardium.

20.  The non-transitory computer readable medium of claim 18, wherein
computing at least one feature of the myocardial bridging comprises at least one of
computing a signed distance map of a myocardial surface, computing a signed
distance map of one or more epicardial coronary arteries, determining one or more
segments of one or more epicardial coronary arteries inside the myocardium, and

computing at least one myocardial bridging severity metric.
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2000\/_\
2001 | NONINVASIVELY OBTAIN PATIENT-SPECIFIC ANATOMICAL IMAGE
DATA REGARDING A GEOMETRY OF THE PATIENT'S HEART
2002 | CONSTRUCT A PATIENT-SPECIFIC MODEL REPRESENTING AT LEAST
APORTION OF THE PATIENT'S HEART BASED ON THE PATIENT-SPECIFIC DATA
A 4
2003 | DETECT A SEGMENT OF AN EPICARDIAL CORONARY ARTERY
SURROUNDED BY THE MYOCARDIUM

A 4

REPORT THE PRESENCE OF MYOCARDIAL BRIDGING (MB) AND PROVIDE THE
DEGREE OF MB BY MEASURING AT LEAST ONE OF THE FOLLOWING METRICS:

2004
\ -LOCATION OF MB
-LENGTH AND/OR DEPTH OF TUNNELED SEGMENT
-ECCENTRICITY OF COMPRESSED SEGMENT (FOR INSTANCE IN SYSTOLIC IMAGE)
-DEGREE OF SYSTOLIC COMPRESSION (WHEN MULTI-PHASE IMAGES ARE AVAILABLE)

FIG. 3
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3001 Y NONINVASIVELY OBTAIN PATIENT-SPECIFIC PHYSIOLOGIC INFORMATION
AND BOUNDARY CONDITIONS

A 4

3002
N EVALUATE THE DEGREE OF MYOCARDIAL BRIDGING (MB)

A 4

30031 PERFORM COMPUTATIONAL FLOW DYNAMICS ANALYSIS UNDER SIMULATED HYPEREMIC
AND/OR DOBUTAMINE CHALLENGE CONDITIONS (E.G., INCREASE IN HEART RATE AND
SYSTOLIC BLOOD PRESSURE)

A 4

3004\ EVALUATE THE HEMODYNAMIC SIGNIFICANCE OF LESION(S) ASSOCIATED WITH MB BY
COMPUTING AT LEAST ONE OF VOLUMETRIC FLOW RATE, MEAN, SYSTOLIC AND
DIASTOLIC PRESSURE GRADIENTS, FRACTIONAL FLOW RESERVE (FFR), AND
DIASTOLIC Pd/Pa RATIOS FROM SIMULATION AT THE MB SEGMENT

30051: EVALUATE THE EFFECT OF DYNAMIC CHANGES OF THE LESION(S) DUE TO :
: CARDIAC CONTRACTION AT THE MB SEGMENT BY SOLVING FORBLOOD FLOW
+  THROUGH A DEFORMABLE ARTERY MODEL SUBJECT TO EXTERNAL COMPRESSION |

___________________________________________________
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4000\/_\
4001~ _ EVALUATE THE EFFECTIVENESS OF PHARMACOLOGIC THERAPY
ON MYOCARDIAL BRIDGING (MB)
4002~ EVALUATE THE EFFECTIVENESS OF PERCUTANEOUS CORONARY
INTERVENTION (PCI) USING VIRTUAL PC|
A 4
4003~ EVALUATE THE EFFECTIVENESS OF CORONARY ARTERY BYPASS

GRAFTING SURGERY (CABG)

Y

4004~ EVALUATE THE EFFECT OF SURGICAL CORRECTION OF THE BRIDGE, I.E.
REMOVING TISSUE OVER THE BRIDGE ("UNROOFING’)

Y

40051 SUGGEST OPTIMAL TREATMENT PROTOCOL

FIG. 5
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2002 FOR ONE OR MORE PATIENTS, ACQUIRE A DIGITAL REPRESENTATION OF A
\{ PATIENT-SPECIFIC MODEL OF THE GEOMETRY FOR THE PATIENT'S ASCENDING AORTA,
CORONARY ARTERY TREE, AND MYOCARDIUM

\ 4

2003 ~\ AUTOMATICALLY DETECT A SEGMENT OF AN EPICARDIAL CORONARY ARTERY
SURROUNDED BY THE MYOCARDIUM FOR MYOCARDIAL BRIDGING (MB)

COMPUTE FEATURES OF MB: v

COMPUTE SIGNED DISTANCE MAP OF MYOCARDIAL
SURFACE (INSIDE: NEGATIVE; OUTSIDE: POSITIVE)

2004A v
N
COMPUTE SIGNED DISTANCE MAP OF EPICARDIAL CORONARY ARTERIES

\4

DETERMINE SEGMENTS OF EPICARDIAL CORONARY ARTERIES THAT BELONG TO
NEGATIVE DISTANCE MAP OF MYOCARDIAL SURFACE (1.E., INSIDE MYOCARDIUM)

COMPUTE MB METRICS: v

LOCATION OF MB SEGMENT (E.G,, START AND END DISTANCE TO OSTIUM)

A 4

2004B LENGTH AND/OR DEPTH OF MB SEGMENT

\4

ECCENTRICITY OF CROSS-SECTION MEASURED BY
SHORT AXIS LENGTH OVER LONG AXIS LENGTH

A 4

DEGREE OF SYSTOLIC COMPRESSION (WHEN MULTIPHASE IMAGES ARE AVAILABLE)

A

2004C L STORE THE RESULTS OF COMPUTED PRESENCE AND FEATURES OF MB
WITH IMAGES AND TRANSMIT THEM TO A PHYSICIAN

FIG. 6
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EVALUATE THE EFFECTIVENESS OR RISK OF PHARMACOLOGIC THERAPY (E.G,,
BETA-BLOCKERS, CALCIUM CHANNEL BLOCKERS, NITRATES) ON MB

A

y

EVALUATE THE EFFECTIVENESS

OF PERCUTANEQUS CORONARY

INTERVENTION (PCI) USING VIRTUAL PC

EVALUATE THE EFFECTIVEN

ESS OF CORONARY ARTERY

BYPASS GRAFTING SURGERY (CABG)

A

y

EVALUATE THE EFFECTIVENESS OF SURGICAL UNROOFING OF THE BRIDGED SEGMENT

FORCE ON THE ENDOCARDIAL Sl
CIRCUMFERENCE OF THE ARTERY ALONG

LESSEN THE EXTERNAL COMPRESSION OF THE ARTERY ON THE EPICARDIAL
SIDE OF THE CORONARY ARTERY WHILE MAINTAINING THE COMPRESSIVE

DE AND LATERAL WALLS (E.G, BY

PRESCRIBING EXTERNAL COMPRESSION VARYING AROUND THE

THE LENGTH OF THE BRIDGED SEGMENT)

3

y

SUGGEST OPTIMAL TREATMENT PROTOCOL

FIG. 8

10/11




WO 2016/032825

7000

7400
RAM 'S

7100

7300
ROM 'S

\J

\d

7200
CPU 'g

\ 4

11/11

w
o

7600
—

y
CO

7500
J

A 4
/

PCT/US2015/045910

FIG. 9



INTERNATIONAL SEARCH REPORT

International application No

PCT/US2015/045910

A. CLASSIFICATION OF SUBJECT MATTER

INV. A61B5/02 A61B6/00
ADD. AG1B5/00 A61B5/026

According to International Patent Classification (IPC) or to both national classification and IPG

B. FIELDS SEARCHED

A61B

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

EPO-Internal, WPI Data

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category*

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

X JEONG Y H ET AL:

myocardial bridge",

NL,
vol. 143, no. 3,

243-248, XP027275426,
ISSN: 0167-5273
[retrieved on 2009-03-27]
the whole document

"A head-to-head
comparison between 64-slice multidetector
computed tomographic and conventional
coronary angiographies in measurement of

INTERNATIONAL JOURNAL OF CARDIOLOGY,
ELSEVIER SCIENCE PUBLISHERS, AMSTERDAM,

3 September 2010 (2010-09-03), pages

1-20

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"Q" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

22 October 2015

Date of mailing of the international search report

28/10/2015

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswik

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Loveniers, Kris

Form PCT/ISA/210 (second sheet) (April 2005)




INTERNATIONAL SEARCH REPORT

International application No

PCT/US2015/045910

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

X SO YEON KIM ET AL: "Evaluation of 1-5
Myocardial Bridge With Multidetector 7-1
Computed Tomography", 15-
CIRCULATION JOURNAL,

vol. 74, no. 1,

5 December 2009 (2009-12-05), pages
137-141, XP055221699,

JP

ISSN: 1346-9843, DOI:
10.1253/circj.CJ-09-0407

the whole document

X US 2012/041318 Al (TAYLOR CHARLES A [US]) 10-14,
16 February 2012 (2012-02-16) 16-20
cited in the application
Y paragraphs [0003] - [0010] 15
paragraphs [0121] - [0204]

N We

0

X EP 2 690 598 A2 (SAMSUNG ELECTRONICS CO 10-14,
LTD [KR]) 29 January 2014 (2014-01-29) 16-20
abstract

paragraphs [0043] - [0054]
Y US 2007/274579 Al (CATI WENLI [US] ET AL) 15
29 November 2007 (2007-11-29)
paragraphs [0002] - [0003]
paragraph [0008]

paragraphs [0059] - [0062]

A US 20137197881 Al (MANSI TOMMASO [US] ET 4,12,20
AL) 1 August 2013 (2013-08-01)
paragraphs [0055], [0066], [0087]
X,P US 20157112182 Al (SHARMA PUNEET [US] ET 1,10,18
AL) 23 April 2015 (2015-04-23)
abstract

paragraph [0031]

Form PCT/ISA/210 (continuation of second sheet) (April 2005)



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2015/045910
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2012041318 Al 16-02-2012 AU 2011289715 Al 07-03-2013
CA 2807586 Al 16-02-2012
CN 103270513 A 28-08-2013
DE 202011110672 Ul 02-07-2015
DE 202011110673 Ul 02-09-2015
DE 202011110674 Ul 02-07-2015
DE 202011110676 Ul 02-07-2015
DE 202011110677 Ul 02-07-2015
DE 202011110678 Ul 02-07-2015
DE 202011110679 Ul 02-07-2015
DE 202011110680 Ul 02-07-2015
EP 2499589 Al 19-09-2012
EP 2538361 A2 26-12-2012
EP 2538362 A2 26-12-2012
EP 2845537 A2 11-03-2015
EP 2849107 Al 18-03-2015
JP 5769352 B2 26-08-2015
JP 5784208 B2 24-09-2015
JP 2013534154 A 02-09-2013
JP 2014079649 A 08-05-2014
JP 2015044036 A 12-03-2015
JP 2015044037 A 12-03-2015
JP 2015044038 A 12-03-2015
JP 2015057103 A 26-03-2015
KR 20130138739 A 19-12-2013
KR 20140071495 A 11-06-2014
KR 20150070446 A 24-06-2015
US 2012041318 Al 16-02-2012
US 2012041319 Al 16-02-2012
US 2012041320 Al 16-02-2012
US 2012041321 Al 16-02-2012
US 2012041322 Al 16-02-2012
US 2012041323 Al 16-02-2012
US 2012041324 Al 16-02-2012
US 2012041735 Al 16-02-2012
US 2012041739 Al 16-02-2012
US 2012053919 Al 01-03-2012
US 2012053921 Al 01-03-2012
US 2012059246 Al 08-03-2012
US 2012150516 Al 14-06-2012
US 2013054214 Al 28-02-2013
US 2013064438 Al 14-03-2013
US 2013066618 Al 14-03-2013
US 2013151163 Al 13-06-2013
US 2013211728 Al 15-08-2013
US 2014107935 Al 17-04-2014
US 2014148693 Al 29-05-2014
US 2014155770 Al 05-06-2014
US 2014207432 Al 24-07-2014
US 2014222406 Al 07-08-2014
US 2014236492 Al 21-08-2014
US 2014243663 Al 28-08-2014
US 2014247970 Al 04-09-2014
US 2014249791 Al 04-09-2014
US 2014249792 Al 04-09-2014
US 2014348412 Al 27-11-2014
US 2014355859 Al 04-12-2014
US 2015073722 Al 12-03-2015

Form PCT/ISA/210 (patent family annex) (April 2005)




INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/US2015/045910
Patent document Publication Patent family Publication

cited in search report date member(s) date
US 2015088015 Al 26-03-2015
US 2015088478 Al 26-03-2015
US 2015150530 Al 04-06-2015
US 2015161326 Al 11-06-2015
US 2015161348 Al 11-06-2015
US 2015201849 Al 23-07-2015
WO 2012021307 A2 16-02-2012

EP 2690598 A2 29-01-2014  EP 2690598 A2 29-01-2014
KR 20140015984 A 07-02-2014
US 2014029835 Al 30-01-2014

US 2007274579 Al 29-11-2007  EP 1697858 Al 06-09-2006
US 2007106402 Al 10-05-2007
US 2007274579 Al 29-11-2007
WO 2005055076 Al 16-06-2005
WO 2005055126 Al 16-06-2005
WO 2005055137 A2 16-06-2005
WO 2005055496 A2 16-06-2005

US 2013197881 Al 01-08-2013  NONE

US 2015112182 Al 23-04-2015 US 2015112182 Al 23-04-2015
WO 2015058044 Al 23-04-2015

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - wo-search-report
	Page 46 - wo-search-report
	Page 47 - wo-search-report
	Page 48 - wo-search-report

