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AUTOMATED QUANTIFICATION OF MITRAL VALVE DYNAMICS WITH REAL-TIME
3D ULTRASOUND

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] The present application claims priority to U.S. Provisional Patent
Application No. 61/308,127, filed February 25, 2010, the content of which is hereby
incorporated by reference in its entirety.

GOVERNMENT SUPPORT

[0002] The present invention was supported by the National Institutes of Health
under Grant Numbers NIH R0-1 HL-073021 (J.H. Gorman) and NIH R0O-1 HL-063954
(R.C. Gorman), and NIH R0O-1 HL-076560 (J.H. Gorman) and by the American Heart
Association Established Investigator Award 0840121N (J.H. Gorman). The government

may have certain rights in the invention.

FIELD OF THE INVENTION

[0003] The present invention relates to methods and computer processing
devices for quantifying mitral valve dynamics using real-time 3D ultrasound, thus
enabling, for example, prediction of the degree of recurrent ischemic mitral regurgitation
(IMR) and comprehensive assessments of leaflet tethering and “tenting” for the entire

mitral valve.

BACKGROUND OF THE INVENTION

[0004] Mitral valve repair has become the treatment of choice for patients with
mitral regurgitation (MR) due to myxomatous leaflet degeneration and post-infarction
ventricular remodeling (ischemic mitral regurgitation (IMR). In this condition, the mitral
leaflets are structurally normal but valve geometry is grossly disturbed due to a variable
combination of leaflet tethering and annular dilation. However, recent long-term studies
have indicated that the recurrence rate of significant MR after repair is much higher than
previously thought, particularly in patients with IMR. Precise three-dimensional (3D)

modeling of the mitral valve has the potential to improve the understanding of valvular
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mechanics and to allow for an optimized patient —specific approach to mitral valve
surgery. Recent technological advancement in real-time three-dimensional
echocardiography (rt-3DE) overcomes the limitations of two-dimensional
echocardiography by facilitating through-plane motion analysis and three-dimensional
reconstruction of valve geometry. Current commercial rt-3DE software packages
provide visual representations of the mitral valve but enable only simple mitral valve
quantification, such as manual segmentation and user-guided measurement of the
valve dimensions. It is desired to apply automated image processing methods to rt-3DE
image data to provide a means of quantitatively assessing mitral valve geometry and
function. Such practical, quantitative tools would have the potential to assist in clinical
decision-making, to guide therapeutic intervention, to examine the outcome of
prevention and treatment strategies, and to develop research models and tools for study
of the function of the mitral valve.

[0005] IMR is a common clinical phenomenon that results from complex 3D
changes in valve anatomy. IMR increases mortality even when mild, with a strong
graded relationship between severity and reduced survival. The current surgical
treatment for IMR is undersized ring annuloplasty. Results of this approach are
suboptimal. Automated rt-3DE analysis has the potential to enhance the understanding
of the mechanism of IMR and to improve the therapeutic result. Preclinical and clinical
studies have demonstrated that IMR results from two distinct anatomic disturbances: 1)
subvalvular remodeling that promotes leaflet tethering, and 2) annular dilation that
produces central malcoaptation in the annular plane. Although annuloplasty effectively
treats annular dilation, it does not improve and may even exacerbate leaflet tethering.
Moreover, it has been demonstrated that commonly used annuloplasty devices
significantly reduce leaflet curvature, thereby increasing valvular stress and further
compromising repair durability. Leaflet augmentation techniques have the potential to
improve repair results by alleviating leaflet tethering and flattening. However, using
automated rt-3DE analysis of the mitral valve, it is believed that combining posterior
leaflet augmentation with ring annuloplasty in an ovine model of IMR will decrease
leaflet tethering and improve the efficacy of repair compared to undersized annuloplasty
alone.

[0006] A number of imaging modalities have been utilized for qualitative and
quantitative analysis of mitral valve function. These include 2D and 3D
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echocardiography (2DE and 3DE), magnetic resonance imaging (MRI), multidetector
computed tomography (MDCT), sonomicrometry, and biplane radiation with tantalum
markers. Traditionally, assessment of the mitral valve has been achieved by 2D
ultrasound image analysis, which derives structural and dynamic information from one
cross-sectional view of the valve. With the advent of 3D ultrasound, the possibility of
obtaining a full 3D assessment of cardiac structures was introduced. This early 3D
technology, however, was considerably limited by poor spatial and temporal resolution.
With recent advances in transducer design and super-computed signal processing,
high-resolution 3D ultrasound images of the heart can now be acquired at 20-30 frames
per second. This capability, combined with the advancement of transesophageal
probes, opens a previously unexplored avenue for the study of mitral valve architecture
and mechanics. Although current software packages allow for manual segmentation
and user-guided measurement of valve dimensions in rt-3DE datasets, the
quantification is time-consuming and labor-intensive. To address this issue, it is
desirable to develop a tool for comprehensive, semi-automated analysis of the mitral
valve using the latest rt-3DE technology. The invention addresses these needs in the
art.

SUMMARY OF THE INVENTION

[0007] Given a series of rt-3DE images of the mitral valve, the methods and
systems described herein are used to quantitatively analyze the resulting images. The
methods include three primary steps. First, the rt-3DE images are registered with
symmetric diffeomorphism to obtain information about how the mitral valve deforms
over time. Second, the mitral valve is segmented with the level sets or comparable
segmentation method at each time point in the cardiac cycle with minimal user
interaction. Third, the information about mitral valve structure is reduced into a 3D
medial model, a compact representation of shape. In other words, a volumetric
segmentation of the valve is condensed to a form that is amenable to clinically relevant
morphometry.

[0008] In an exemplary embodiment, a processor-implemented method is
provided for quantifying dynamic movement of a mitral valve using 3 dimensional
images of the mitral valve. For example, rt-3DE images may be used. The method
includes the steps of:
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a processor obtaining a series of N 3-dimensional images of the mitral valve over
time;

the processor registering each pair of consecutive 3-dimensional images using
symmetric diffeomorphism to obtain information about how the mitral valve deforms
over time;

segmenting the mitral valve in the N 3-dimensional images using landmark points
on the mitral valve in the N 3-dimensional images at predetermined time points in the
cardiac cycle;

the processor using the information about how the mitral valve deforms over time
(described by a 4D shape prior) to fit a 3 dimensional medial model to the segmented
mitral valve at each of the predetermined time points in the cardiac cycle; and

outputting the medial representations of the mitral valve as a quantification of the
dynamic movement of the mitral valve over time.

[0009] In further exemplary embodiments, the method is characterized in that
segmenting the mitral valve includes user-initialization of landmark points on the mitral
valve in the N 3-dimensional images to extract a pertinent region of interest (ROI) and
then segmenting the mitral valve in this ROl using a level sets or comparable
segmentation method. Segmenting the mitral valve may also include warping the
initialized points on the mitral leaflets using deformation fields obtained from the image
registration to obtain the initialization image for segmentation at any of the
predetermined time points in the cardiac cycle and then segmenting the initialized
image using the level sets or comparable segmentation method.

[0010] In still further exemplary embodiments, the method may include the
processor building a 3D medial template for initialization and the processor creating a
4D shape prior of the mitral valve to guide 3D medial template fitting to either mitral
valve segmentations created in the segmenting step or directly to the 3 dimensional
images so as to produce a medial representation of the mitral valve at each
predetermined time point in the cardiac cycle. The clinically relevant parameters may
include tenting volume of mitral leaflets of the mitral valve, tenting index of the mitral
leaflets of the mitral valve at mid-systole, regurgitant orifice area of the mitral valve,
annular area of the mitral valve, and/or annular and leaflet displacement and velocity
over time. The method may also include the processor creating a moving video image
depicting the mitral valve throughout the cardiac cycle from the medial representations
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of the mitral valve and outputting the moving video image and a set of clinically relevant
parameters derived from the medial representation of the mitral valve at each the
predetermined time point in the cardiac cycle in the outputting step.

[0011] The invention also includes a computer system having a processor
programmed by computer readable instructions to implement means for performing the

steps of the method described herein.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The above and other features and advantages of the invention will be
apparent from the following detailed description of the figures, of which:

[0013] Figure 1 illustrates a two-dimensional diagram of the medial geometry of
a mitral valve where the curve through m represents the medial surface (skeleton) m,
the circle has radius R, given by the radial scalar field on m, and the boundary, shown
by the other curves, consists of two parts, b* and b~, derived from the skeleton and
radial scalar field by inverse skeletonization.

[0014] Figure 2 illustrates an approximate medial axis of the mitral valve in two
dimensions.

[0015] Figure 3(A) illustrates an annular segmentation technique, while Figure
3(B) illustrates the leaflet segmentation technique where the intercommissural axis,
which bisects the anterior commissure (AC) and posterior commissure (PC), is shown
along with each of the septolateral long-axis measurement planes.

[0016] Figure 4 illustrates two views of a manually segmented mitral valve, one
of the atrial side and one of the ventricular side, where the surface rendering on the left
shows the valve from an atrial perspective, and the surface rendering on the right shows
the valve from a ventricular perspective.

[0017] Figure 5 illustrates the results of semi-automated mitral valve
segmentation, where the surface rendering on the left is shown from an atrial
perspective, and the surface rendering on the right is shown from a ventricular
perspective.

[0018] Figure 6 illustrates application of a semi-automated segmentation
technique to each image volume in the dataset of a mitral valve at nine time points in

the cardiac cycle.
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[0019] Figure 7 illustrates the computation of the mitral valve tenting index as
the volume enclosed by a surface fitted through the annular curve and a surface fitted
through the leaflets, divided by the area of the valve orifice.

[0020] Figure 8 outlines the image processing pipeline for generating medial
representations of the mitral valve from rt-3DE datasets in accordance with the

invention.

DETAILED DESCRIPTION OF THE EXEMPLARY EMBODIMENTS

[0021] Certain specific details are set forth in the following description with
respect to Figures 1-8 to provide a thorough understanding of various embodiments of
the invention. Certain well-known details are not set forth in the following disclosure,
however, to avoid unnecessarily obscuring the various embodiments of the invention.
Those of ordinary skill in the relevant art will understand that they can practice other
embodiments of the invention without one or more of the details described below. Also,
while various methods are described with reference to steps and sequences in the
following disclosure, the description is intended to provide a clear implementation of
embodiments of the invention, and the steps and sequences of steps should not be
taken as required to practice the invention.

[0022] The methods and systems of the invention will be described below in
connection with three image processing strategies applied in accordance with the
invention. Data will be provided comparing manual and semi-automated valve
segmentation techniques, and the image processing pipeline used for automated
guantitative valve assessment in accordance with the invention will be described.

[0023] It will be appreciated by those skilled in the art that the embodiments
described herein are preferably implemented in software that is executed by a
processor that is in operative communication with a memory component that stores the
software for execution. The processor may include a standardized processor, a
specialized processor, a microprocessor, or the like. The processor may execute
instructions including, for example, instructions that are executed by the processor to
provide “means” for implementing the functions described in more detail below. The
memory component may include a tangible computer readable storage medium in the
form of volatile and/or nonvolatile memory such as random access memory (RAM), read
only memory (ROM, cache, flash memory, a hard disk, or any other suitable storage
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component. In one embodiment, the memory component may be a separate
component in communication with the processor. According to another embodiment,
the memory component may be integrated into the processor and the processor may be
part of a special purpose chip or chip set. Those skilled in the art will also appreciate
that the instructions for implementing the method described herein may be stored on
such a memory device to create a computer readable storage medium for implementing
the method of the invention. All such processing environments are contemplated by the
following description.

IMAGE PROCESSING STRATEGIES

A. Image Reqistration with Symmetric Diffeomorphism

[0024] The goal of image registration is to estimate the displacement between
an image volume V; acquired at time t and an image Vi+1 acquired at time t+1. In the
methods described herein, an extension of the Lagrangian diffeomorphic registration
technique developed by Avants et al. in “Symmetric Diffeomorphic Image Registration:
Evaluating Automated Labeling of Elderly and Neurodegenerative Cortex and Frontal
Lobe,” Biomedial Image Registration: Springer Berlin / Heidelberg; 2006. p. 50-7, is
used to register rt-3DE images of the mitral valve. Briefly, a diffeomorphism is a
differentiable map with a differentiable inverse. Shortest paths between elements in this
space are termed geodesic. In general, a diffeomorphism is produced by integrating a
time-dependent velocity field. Avants’ formulation has symmetry properties required for
a geodesic connecting two images, Vi and Vi.4, in the space of diffeomorphic
transformations. It guarantees that the path from V; to Vi is the same as that computed
from Vi1 to V4, regardless of the similarity metric or optimization parameters. Driving
forces may derive from a number of probabilistic measures of appearance relationships,
which permits the flexibility to incorporate knowledge of ultrasound speckle
characteristics. Importantly, the method is efficient on single-processor machines for
large datasets.

B. Mitral Valve Segmentation using Level Sets

[0025] The goal of segmentation is to delineate an object, such as the mitral
valve, in an image. Segmentation by the level sets approach described by Sethian in
“‘Level set methods and fast marching methods: Evolving interfaces in computational
geometry, fluid mechanics, computer vision and material science,” Cambridge:
Cambridge University Press; 1999, is formulated as follows. Suppose that I is the
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surface of a spherical seed that the user identifies within a mitral leaflet in an rt-3DE
image volume. It is desired that the initialized surface evolve and align with the leaflet
boundary, represented by the sharp intensity gradient between the hypoechoic
ventricular or atrial chamber and the hyperechoic leaflet. In the level sets formulation,
['(t) is a propagating interface, or front, that is embedded in a higher-dimensional
function @(x,t). Here, x is the path of a point on the propagating front and ¢ is the level
set function. At any time t, the level set function represents the front I'(t) as @(x(t),t) = 0.
The front evolves according to:

ari)
5 —fn

where F is the speed vector of the front and n is normal to the front. Given ¢(x(0),0), it
can be shown that the level set function evolves as:

dip
— 4 FIVg| =0
ge FFvel=0

The formulation of the speed function, which is composed of ballooning, curvature, and
advection terms, depends on the specific application. Solutions for the level set function
are computed using finite difference approximations for derivatives, and a narrow-band
implementation of the level sets method can be employed to decrease computation
time. As explained further below, the level sets or other comparable segmentation
method can be effectively used to obtain a binary segmentation of the mitral valve from
rt-3DE datasets.

C. Medial Representation

[0026] In order to represent the 3D geometry of the mitral valve in a compact
manner suitable for statistical shape analysis, 3D medial modeling is incorporated into
the automated processing approach. A medial model represents the shape of a
structure by explicitly defining its skeleton and deriving the boundary geometry from the
medial axis. Here, the term skeleton refers to the Blum skeleton, where the Blum
skeleton of a geometric object in R is a surface or set of surfaces produced by thinning
the object uniformly, or evolving the boundary at uniform speed along the inward

normal, until the object becomes infinitely thin. As described by Yushkevich et al in
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“Continuous Medial Representation for Anatomical Structures,” IEEE Transactions on
Medical Imaging 25(12): 1547-1564, 2006, the 3D medial modeling approach utilizes
the idea of inverse skeletonization, whereby the object is defined first by its medial axis
and the object boundary is constructed analytically from its skeleton. The skeleton is
described as a combination of medial manifolds m in R® and a positive-valued radial
thickness field R in R* where m and R can be a user-specified mesh, surface, or
function. The equations used to derive the object’s boundary b* from the medial
manifold represented by m are the following:

Ut = -VyuR £ f1— VRPN, |
where N:». is the unit normal vector to the manifold at point m, and %= is the Riemannian
gradient of R on the manifold m. Figure 1 illustrates a two-dimensional diagram of the
medial geometry. The curve through m represents the medial surface (skeleton) m. The
circle has radius R, given by the radial scalar field on m. The boundary, shown by the
other curves, consists of two parts, b* and b~, derived from the skeleton and radial
scalar field by inverse skeletonization. The vector ¥«# lies in the tangent plane of m
and points in the direction of greatest change in R. These models represent shape
compactly and provide local and global shape features, like surface curvature.
Additionally, this representation establishes points of correspondence between different
instances of an object, which facilitates statistical shape comparison.

[0027] The medial model for a particular object, in this case a mitral valve, is
defined by fitting a deformable medial template to a binary segmentation of the object.
Thus, a deformable template must be generated prior to fitting the model to a new
instance of the object. The medial model described by {m, R } represents shape
compactly and provides local and global shape features, like surface curvature.
Additionally, this representation establishes points of correspondence between different
instances of an object, which facilitates statistical shape comparison. The incorporation
of 3D medial modeling in the image analysis strategy described below has the following
application-specific advantages in that it enables automated detection of the annulus, it

corrects for errors in segmentation, particularly in noisy ultrasound data; and it enables
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reliable measurement of leaflet curvature - not the jagged curvature of the actual leaflet
surface, but the curvature of a manifold fitted through the center of the leaflet.

[0028] Figure 2 illustrates an approximate medial axis of the mitral valve in two
dimensions. Figure 2(A) shows a cross-sectional slice of a binary segmentation of the
mitral valve at mid-systole. The image data used for this segmentation was acquired
from a patient with ischemic mitral regurgitation, as evidenced by malcoaptation of the
leaflets. In Figure 2(B), a skeletonization of the binary valve segmentation is depicted.
With appropriate pruning, an approximate medial axis can be extracted from this
skeleton, shown in dark lines in Figure 2(C). Figure 2(C) illustrates an approximate two-
dimensional medial axis. The arrows indicate to annular points automatically detected
by skeletal pruning. The line spans the regurgitant orifice of the valve. The pruning
provides automatic identification of two points on the mitral annulus, indicated by the
arrows, and the size of the regurgitant orifice spanned by the line can be automatically
detected and measured. While Figure 2 is shown for illustrative purposes, it is
important to note that deformable medial modeling is distinctly different than
skeletonization, where the skeleton of an object is deterministically derived from its
boundary representation. Such skeletonization has limited utility in morphometric
analysis because the number and configuration of the branches in the skeleton are
highly sensitive to boundary noise. In contrast, deformable modeling ensures that the
topology of the skeletal representation remains the same for all subjects in a study.
COMPARISON DATA

[0029] A manual image analysis strategy for mitral valve morphometry in rt-
3DE datasets is used to collect a first set of data. Mitral valve tenting index, a measure
of subvalvular remodeling, is one example of a clinically relevant parameter that can be
extracted with this image analysis strategy. Derived from a 3DE dataset, the
measurement of tenting index is not influenced by viewing plane selection and is
independent of mitral annular dilation. Preclinical studies indicate that this index can be
used to quantify the extent of leaflet tethering and act as a surrogate measure for the
degree of subvalvular remodeling in the setting of IMR. This manual image analysis
strategy developed to segment the mitral valve in an rt-3DE image volume will be
described and then an alternative semi-automated segmentation strategy will be
described that more rapidly produces a higher-resolution rendering of the mitral valve
from the same dataset. This efficient, semi-automated approach is a significant

-10 -
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component of the image processing pipeline outlined further below. Finally, the
computation of mitral valve tenting index, one example of how these segmentations can
be used for clinically relevant morphometry, will be illustrated.

Mitral Valve Segmentation Strategies

[0030] The following two valve segmentation techniques were applied to a
transesophageal rt-3DE dataset acquired with the Philips iE33 platform. This dataset
was obtained from an adult male with congestive heart failure and IMR prior to mitral
valve repair with annuloplasty. A single 3DE image volume depicting the mitral valve at
mid-systole was selected for analysis.

Manual Segmentation

[0031] Figure 3(A) illustrates an annular segmentation technique. A rotational
template consisting of 18 long axis planes evenly spaced at 10° increments and
centered at the valve orifice is constructed. The mitral valve orifice (MVO), left ventricle
(LV), anterior (AML) and posterior (PML) mitral valve leaflets, left atrium (LA), left
ventricular outflow track (LVOT) and aortic valve (AoV) are labeled. Anterior (AA) and
posterior (PA) annular points are marked. Figure 3(B), on the other hand, illustrates the
leaflet segmentation technique where the intercommissural axis, which bisects the
anterior commissure (AC) and posterior commissure (PC) is shown along with each of
the septolateral long-axis measurement planes. Each measurement plane is separated
by a 1Tmm interval along the intercommissural axis. Freehand curves tracing the valve
leaflets across the atrial surfaces are constructed for each leaflet, in each long-axis
cross-section.

[0032] For manual segmentation, the 3DE image volume was exported to an
Echo-View 5.4 (Tomtec Imaging Systems, Munich, Germany) software workstation for
image analysis. Image Analysis Echo-View allows for interactive manipulation including
rotation, translation, surface rendering, and measurement of a fully three-dimensional
echocardiographic dataset. First, the plane of the mitral valve orifice was rotated into a
short-axis view. The geometric center was translated to the intersection of two long-axis
planes which corresponded to the intercommissural and septolateral axes of the mitral
valve orifice. A rotational template consisting of 18 long-axis cross-sectional planes
separated by 10° increments was then superimposed on the 3DE image volume (Figure
3(A)). Second, the two annular points intersecting each of the 18 long-axis rotational
planes were identified and interactively marked by means of orthogonal visualization of

-1 -
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each plane. Third, measurement planes were marked at fixed 1-mm intervals along the
entire length of the intercommissural axis (Figure 3(B)). Free-hand curves, each
consisting of between 5 and 15 data points, connecting the juxtaposed anterior and
posterior annulus across the atrial surfaces of the leaflets were constructed for each
leaflet in each long-axis cross-section, resulting in an 800-point dataset for the valve.
Two views of the manually segmented mitral valve, one of the atrial side and one of the
ventricular side, are presented in Figure 4. In Figure 4, the surface rendering on the left
shows the valve from an atrial perspective, and the surface rendering on the right shows
the valve from a ventricular perspective. The posterior leaflet (PL), anterior leaflet (AL),
and area of leaflet coaptation are indicated. The shading in this figure indicates the
relative depth of points on the valve surface. It is noted that the regurgitant orifice area
visible in the 3DE image volume was not segmented in this example. The total time for
an experienced expert to perform this manual segmentation was over 4 hours.
Semi-Automated Segmentation

[0033] For semi-automated segmentation of the same mitral valve, the 3DE
image volume was imported into MATLAB (Mathworks, Inc.) and initialized using a
custom user-interactive program. First, the user identified the location of the mitral
valve in two maximum intensity projections of the pyramidal image volume. The first
projection was a long-axis view, in which the user selected two points identifying the
location of the mitral valve along the axial dimension. The second projection was a
short-axis view, in which the user roughly traced the valve orifice. A masked image was
automatically generated, in which the image intensity outside of the initialization
boundaries was set to zero. Second, the masked image volume was exported from
MATLAB to ITK-SNAP, an interactive segmentation toolkit, to perform a three-
dimensional level sets segmentation based on intensity regions. The image was first
preprocessed by thresholding and Gaussian smoothing, and then two spherical seeds
were initialized on the preprocessed image, one on each leaflet. Next, the level sets
algorithm was allowed to propagate for 400 iterations at a step size of 1 until the entire
valve was segmented. Third, the binary image volume of the segmented valve was
exported from ITK-SNAP to MATLAB where an approximate medial surface, including
the annulus and leaflets, was extracted. Figure 5 illustrates the results of semi-
automated mitral valve segmentation. The surface rendering on the left is shown from
an atrial perspective, and the surface rendering on the right is shown from a ventricular
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perspective. The posterior leaflet (PL), anterior leaflet (AL), and regurgitant orifice (RO)
are labeled. The annulus was identified as the rim of the medial surface.

[0034] On a 3GHz quad-core machine with 4GB RAM, this entire semi-
automated processing algorithm, including user-initialization, took less than three
minutes. The segmentation identified 2800 points on the mitral valve, and the
regurgitant orifice area was automatically delineated. In contrast, manual segmentation
required 4 hours for identification of 800 points on the valve and did not automatically
delineate the regurgitant orifice area. Moreover, the semi-automated segmentation
technique was applied to each image volume in the dataset and efficiently segmented
the valve at each time point in the cardiac cycle as shown in Figure 6. Figure 6
illustrates segmentations of the mitral valve shown at nine time points in the cardiac
cycle. The shadings indicate the relative depth of points on the valve surface. Subtle
differences in the renderings presented in Figures 4 and 5 may be the result of the
difference in segmentation spatial resolution of the two approaches. In addition, the
atrial surface was delineated in the manual approach, whereas an approximate medial
surface was extracted with the semi-automated approach.

Mitral Valve Tenting Index

[0035] To demonstrate how valve segmentations can be used for clinically
relevant morphometry, a custom MATLAB program was used for computation of the
mitral valve tenting index using the results of the manual and semi-automated
segmentations. This analysis involved several processing steps. First, a least-squares
plane was fitted through the annular curve. A transform was subsequently applied to all
points of the valve segmentation such that the geometric center of the annular orifice
was located at the origin of the Cartesian coordinate system and the least-squares
plane was aligned in the x,y plane (z = 0). This transformation was applied to ensure
that the computation of tenting index was independent of orientation. Second,
continuous cubic piecewise functions were fitted to the annular curve and leaflet surface
as shown in Figure 7. The mitral valve tenting index was computed as the volume
enclosed by these surfaces divided by the area of the valve orifice. The resulting mitral
valve tenting index was 2.05 for manual segmentation and 1.94 for semi-automated
segmentation. Previous studies of human subjects with IMR indicate that these values

are consistent with mild leaflet tethering.
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[0036] The preliminary results suggest that, compared to manual valve
segmentation, semi-automated segmentation with minimal user interaction can produce
accurate measurement of clinically relevant parameters like mitral valve tenting index.
This will be validated against manual image analysis and sonomicrometric array
localization. The inventors believe that the incorporation of 4D shape priors for the
mitral valve based on medial representation, described below in connection with the
Image Processing Algorithm, will ensure the consistency of morphometric analysis in
both human and ovine subjects.

IMAGE PROCESSING ALGORITHM

[0037] Figure 8 outlines the image processing pipeline for generating medial
representations of the mitral valve from rt-3DE datasets in accordance with the
invention. Prior to processing rt-3DE image data with this pipeline, the inventors
propose to: 1) build a 3D medial template for initialization, and 2) create a 4D shape
prior to help guide the fitting of the template to new instances of the mitral valve. The
shape prior and medial template need only be generated once; thereafter, this
information can be used to generate medial representations of the mitral valve in any
new rt-3DE dataset. The following sections describe template building, creation of the
4D shape prior, and details of the image processing pipeline outlined in Figure 8.
Template Building for Initialization

[0038] As described above, the medial model for the mitral valve is defined by
fitting a deformable medial template to a binary segmentation of the valve. In order to
generate this medial template, a template construction technique similar to that
employed in other 3D medial modeling applications is used.

[0039] First, 40 to 50 pre-existing rt-3DE datasets of the human mitral valve are
collected, including a combination of subjects with and without valve pathology. The
valve is segmented at each time point in each dataset, and the sequences of valve
segmentations are referred to as training data. The valve segmentations are efficiently
generated and manually adjusted using ITK-SNAP, an open-source software package for
user-interactive level sets segmentation. The segmentation approach will be the same as
that described above.

[0040] Second, a volumetric template is generated from these segmentations

using an iterative unbiased averaging algorithm.
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[0041] Third, a pruned Voronoi Skeleton of the binarized volumetric template is
obtained. The Voronoi Skeleton is obtained using ghull (www.ghull.org) and simple

heuristics are used to prune away the least salient branches of the skeleton. The
skeleton will also be flattened under constraints that minimize local distortion. This
flattening will be achieved with the Maximum Variance Unfolding technique, which finds a
two-dimensional embedding of the skeleton’s vertices that minimally distorts the distances
between neighboring vertices.

[0042] Fourth, a manifold is fitted to the pruned skeleton by fitting low-degree
polynomial surfaces to the data. A Delaunay triangulation of the template is acquired by
controlled sampling of this surface. The resulting template appears similar to the mitral
valve segmentation depicted in Figure 5.

[0043] Since 3D medial modeling is used for characterization of both human
and ovine subjects, the same procedure for human valve template construction is
performed using pre-existing image data of the ovine mitral valve. The resultis an
initialization template of the ovine valve.

Creation of a 4D Shape Prior

[0044] With the training data used for template construction, a 4D shape prior
(3D + time) for the mitral valve is created based on the medial representation. This
shape prior will indicate how mitral valve 3D geometry changes over time and will help
guide the fitting of the medial template to new instances of the mitral valve in rt-3DE
datasets.

[0045] To create this shape prior, the medial template is deformed to the
sequence of binary valve segmentations in each training dataset. The deformation
process is framed as an optimization problem based on a Bayesian framework, wherein
the volumetric overlap between the medial model and binary segmentation is
maximized and the penalty terms required for inverse skeletonization are minimized. By
deforming the medial template to match all segmentations in the training data, a
probability distribution on the values of the model coefficients {m;, R;} is acquired at
each time point in the cardiac cycle. Principal component analysis can then be used to
obtain eigenmodes that describe the spatio-temporal variation in the medial model. A
shape prior is subsequently formulated that can be incorporated in the Bayesian
objective function and used to guide template deformation in new rt-3DE datasets.

Image Processing Pipeline
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[0046] Once obtaining the 4D shape prior and medial template, the following
image processing steps outlined in Figure 8 can be used to acquire clinically relevant
information about mitral valve dynamics from new rt-3DE datasets. Generally speaking,
the rt-3De images are first registered to obtain information about how the mitral valve
deforms over time. Second, the mitral valve is segmented at each time point in the
cardiac cycle with minimal user interaction. Third, the information about mitral valve
structure is reduced into a medial model, a compact representation of shape. In other
words, a volumetric segmentation of the valve is condensed to a form that is amenable
to clinically relevant morphometry. Figure 8 outlines the image processing pipeline, and
the sections below provide an explanation of each step:

[0047] Step 1: The input to the algorithm is a series of N rt-3DE post-scan-
converted images with echo envelope signals in Cartesian coordinates. Each dataset
consists of a series of image volumes I{t = 1, 2, ..., N} acquired from one subject
throughout the cardiac cycle. The user identifies a subvolume of the image data in
which the mitral valve is located. This region of interest is extracted from each image
volume in the dataset, and the valve is initially segmented at a single time point. The
purpose of subvolume extraction is to reduce the input data for image registration and to
identify boundaries for automated valve segmentation.

[0048] Step 2: Each pair of consecutive subvolumes, V: and V.4, is registered
using the Advanced Normalization Tools (ANTS) framework for symmetric
diffeomorphism which provides open-source functionality for deformable normalization.
The goal of image registration is to estimate the displacement between an image
volume V; acquired at time t and an image Vs acquired at time t+7. In an exemplary
embodiment, an extension of the Lagrangian diffeomorphic registration technique
developed by Avants et al. and noted above is used to register rt-3DE images of the
mitral valve.

[0049] Step 3: The user initializes pertinent landmark points on the mitral valve
to extract a pertinent region of interest (ROI) (valve location) in the first image volume V4
and then segments the mitral valve in this ROI using a level sets or comparable
segmentation method.

[0050] Step 4: For each image volume V. in the time series {t = 2,3,...,N}, the
valve segmentation from Step 1 is warped using the deformation fields acquired by
image registration to obtain segmentations of the valve at each of the remaining time

-16 -



WO 2011/106622 PCT/US2011/026208

points. The use of the deformation fields saved in Step 2 enables automated
initialization of the valve segmentation in each image volume.

[0051] Step 5: The medial template described above in connection with
Template Building for Initialization is deformed to match the binary valve segmentation
at each time point. Similar to the matching process described above in Creation of a 4D
Shape Prior, the medial model coefficients {m;, R} are deformed to minimize a Bayesian
objective function. This objective function includes the following components: the
volumetric overlap error between the medial model and binary segmentation; penalty
terms for the inequality and equality constraints required by inverse skeletonization;
regularization terms that control the quality of the medial mesh and enforce
correspondence of the medial surfaces; and probabilistic terms based on the 4D shape
prior that help guide fitting of the medial model. The result of this step is medial
representations of the valve at each time point.

[0052] Step 6: Once a series of medial representations of the mitral valve are
obtained from an rt-3DE dataset, many clinically relevant parameters of 3D mitral valve
geometry and function can be extracted. One such example is presented above. The
output of the algorithm includes a movie of the mitral valve throughout the cardiac cycle,
maps of leaflet curvature at each time point, and a list of clinically relevant parameters.
These parameters include, but are not limited to, the following: tenting volume and
tenting index at mid-systole, regurgitant orifice area, annular area, and annular and
leaflet displacement and velocity over time. Brief descriptions of each parameter are
listed below:

Leaflet curvature (surrogate measure of valvular stress): derived from regional
Gaussian curvature of the medial manifold;

Tenting volume (measure of valve remodeling): volume enclosed by continuous
piecewise surfaces fitted through the valve leaflets and annular curve;

Tenting index (measure of subvalvular remodeling): tenting volume divided by the
annular area;

Annular area (measure of annular dilatation): area of a continuous piecewise surface
fitted through the annular curve; and

Annular and leaflet displacement and velocity (assessment of valve function):
displacement and velocity of control points on the medial representation of the valve

throughout the cardiac cycle.
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ALTERNATIVE APPROACHES

[0053] Several alternative strategies to this image processing pipeline can be
explored. For example, in the event that the image registration is inadequate even with
the incorporation of an appropriate ultrasound noise model, the user can initialize the
valve segmentation at each time point (Step 4), instead of the initialization points being
warped by the deformation fields obtained from image registration in Step 2. In this
case, motion tracking will still be achieved since the medial model establishes points of
correspondence on the valve at each time point. As an alternative to Steps 3 through 5,
the 4D medial template of the valve can be fitted directly to the ultrasound image data,
rather than a binary segmentation of the valve. In this case, deformable modeling can
be used for both shape representation and segmentation, which places less emphasis
on the level sets segmentation algorithm and symmetric diffeomorphic image
registration. The information contained in the 4D shape prior can be used to obtain a
4D segmentation, which would consist of simultaneous segmentation of the mitral valve
at each predetermined time point in the cardiac cycle.

[0054] The techniques described herein also may be applied to the left
ventricle to provide automated maps of surface curvature, wall thickness, and
measurement of clinically relevant parameters such as those listed above. The
techniques described herein also may be used to design and assess surgical repair
techniques such as annuloplasty and ventricular restraint as well as to study
postinfarction remodeling.

[0055] Those skilled in the art also will readily appreciate that many additional
modifications are possible in the exemplary embodiment without materially departing
from the novel teachings and advantages of the invention. For example, the
embodiments above contemplate that the techniques applied to rt-3DE images are
equally applicable to images acquired using other 3D imaging technologies. Also, those
skilled in the art will appreciate that the methods described herein may be used for the
design and development of mitral valve annuloplasty rings and models of same, as a
research tool for the comparison of the efficacy of various annuloplasty ring designs in
animal models, design and development of computer based virtual surgery techniques
for the planning and training for surgical procedures, and as a tool for improved and
earlier diagnosis of mitral valve disease. Accordingly, any such modifications are
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intended to be included within the scope of this invention as defined by the following

exemplary claims.
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In the Claims:

1. A processor-implemented method of quantifying dynamic movement of a mitral
valve using 3 dimensional images of a mitral valve, comprising:

a processor obtaining a series of N 3-dimensional images of the mitral valve over
time;

the processor registering each pair of consecutive 3-dimensional images using
symmetric diffeomorphism to obtain information about how the mitral valve deforms
over time;

segmenting the mitral valve in the N 3-dimensional images using landmark points
on the mitral valve in the N 3-dimensional images at predetermined time points in the
cardiac cycle;
the processor using the information about how the mitral valve deforms over time to fit a
3 dimensional medial model to the segmented mitral valve at each of the predetermined
time points in the cardiac cycle; and

outputting the medial representations of the mitral valve as a quantification of

said dynamic movement of said mitral valve over time.

2. The method of claim 1, wherein segmenting the mitral valve comprises initializing
a region of interest in the N 3-dimensional images containing the mitral valve and then

segmenting the mitral valve from the region of interest.

3. The method of claim 2, wherein segmenting the mitral valve further comprises
warping segmented mitral leaflets with deformation fields obtained in said registering
step at a time point in the cardiac cycle to initialize the mitral valve segmentation at

other time points in the cardiac cycle and then segmenting the initialized mitral valve.

4. The method of claim 1, further comprising the processor building a 3D medial
template for initialization and the processor creating a 4D shape prior of the mitral valve
to guide 3D medial template fitting to either mitral valve segmentations created in said
segmenting step or directly to the 3 dimensional images so as to produce a medial
representation of the mitral valve at each predetermined time point in the cardiac cycle.
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5. The method of claim 4, further comprising the processor creating a moving video
image depicting the mitral valve throughout the cardiac cycle from said medial

representations of the mitral valve and outputting said moving video image and a set of
clinically relevant parameters derived from the medial representation of the mitral valve

at each said predetermined time point in the cardiac cycle in said outputting step.

6. The method of claim 5, wherein the clinically relevant parameters comprise at
least one of tenting volume of mitral leaflets of the mitral valve, tenting index of the
mitral leaflets of the mitral valve at mid-systole, regurgitant orifice area of the mitral
valve, annular area of the mitral valve, and annular and leaflet displacement and

velocity over time.

7. The method of claim 1, wherein the 3-dimensional images are rt-3DE images.

8. The method of claim 1, wherein the information about how the mitral valve
deforms over time is represented as a 4D prior for the mitral valve based on the 3-

dimensional medial model.

9. A computer system for quantifying dynamic movement of a mitral valve using 3
dimensional images of a mitral valve, comprising:

means for providing a series of N 3-dimensional images of the mitral valve over
time;

means for registering each pair of consecutive 3-dimensional images using
symmetric diffeomorphism to obtain information about how the mitral valve deforms
over time;

means for enabling segmentation of the mitral valve in the N 3-dimensional
images using landmark points on the mitral valve in the N 3-dimensional images at
predetermined time points in the cardiac cycle;

means for using the information about how the mitral valve deforms over time to
fit a 3 dimensional medial model to the segmented mitral valve at each of the
predetermined time points in the cardiac cycle; and

means for outputting the medial representations of the mitral valve as a

quantification of said dynamic movement of said mitral valve over time.
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10.  The computer system of claim 9, wherein the means for enabling segmentation
comprises means for initializing a region of interest in the N 3-dimensional images
containing the mitral valve and then segmenting the mitral valve from the region of

interest.

11.  The computer system of claim 10, wherein the means for enabling segmentation
further comprises means for warping segmented mitral leaflets with deformation fields
obtained by said registering means at a time point in the cardiac cycle to initialize the
mitral valve segmentation at other time points in the cardiac cycle and means for

segmenting the initialized mitral valve.

12.  The computer system of claim 9, further comprising means for building a 3D
medial template for initialization and means for creating a 4D shape prior of the mitral
valve to guide 3D medial template fitting to either mitral valve segmentations created by
said means for enabling segmentation or directly to the 3 dimensional images so as to
produce a medial representation of the mitral valve at each predetermined time point in

the cardiac cycle.

13.  The computer system of claim 12, further comprising means for creating a
moving video image depicting the mitral valve throughout the cardiac cycle from said
medial representations of the mitral valve and said outputting means outputs said
moving video image and a set of clinically relevant parameters derived from the medial
representation of the mitral valve at each said predetermined time point in the cardiac

cycle.

14.  The computer system of claim 13, wherein the clinically relevant parameters
comprise at least one of tenting volume of mitral leaflets of the mitral valve, tenting
index of the mitral leaflets of the mitral valve at mid-systole, regurgitant orifice area of
the mitral valve, annular area of the mitral valve, and annular and leaflet displacement

and velocity over time.
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15.  The computer system of claim 9, wherein the means for providing 3-dimensional

images provides rt-3DE images.
16.  The computer system of claim 9, wherein the information about how the mitral

valve deforms over time is represented by the registering means as a 4D prior for the

mitral valve based on the 3-dimensional medial model.
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