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Abstract

We present a geometric surface parameterization algorithm and several visualization techniques
adapted to the problem of understanding the 4D peristaltic-like motion of the outflow tract (OFT)
in an embryonic chick heart. We illustrated the techniques using data from hearts under normal
conditions (four embryos), and hearts in which blood flow conditions are altered through OFT
banding (four embryos). The overall goal is to create quantitative measures of the temporal heart-
shape change both within a single subject and between multiple subjects. These measures will help
elucidate how altering hemodynamic conditions changes the shape and motion of the OFT walls,
which in turn influence the stresses and strains on the developing heart, causing it to develop
differently. We take advantage of the tubular shape and periodic motion of the OFT to produce
successively lower dimensional visualizations and quantifications of the cardiac motion.

1 Introduction

Cardiac development depends on genetic programs that are modulated by hemodynamic
forces and environmental factors. Since the heart starts pumping blood early during
embryonic development [10,20] cardiogenesis mainly occurs under blood flow conditions.
Blood flow is essential for proper cardiac development, with altered flow or absence of flow
leading to cardiac malformations [13,24,26].

At early stages of embryonic development the heart has a tubular structure that soon begins
pumping blood, and then bends and loops to form a looping tubular heart, and eventually the
four-chambered heart. Although it is known that altering blood flow causes heart defects
[9,21,23] exactly how this happens is not well understood. The focus of the analysis
techniques in this paper is understanding how the pumping tubular structure’s maotion,
specifically the Out Flow Tract (see Fig. 1), is altered by changing blood flow conditions, for
example, by comparing normal embryos to ones with bands placed around them.

The motion exhibited by the OF is both peristaltic-like (successive cross-sectional
contraction) and longitudinal (the tube lengthens and shrinks). The aortic sac end of the OFT
is relatively fixed in space, but the ventricular end moves — and, unfortunately, it moves in
and out of the segmented volume. This motion makes consistent parameterization of the tube
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over time non-trivial. For this reason, we first present an algorithm (Sect. 4) that defines the
parameterizations of the surfaces over time using domain-specific knowledge about how the
tissue is deforming and'the desired down-stream analysis.

Next, we extend the algorithm to support temporal alignment of multiple chick heart data
sets. Once data sets are consistently parameterized, we apply data reduction and analysis
techniques to examine OFT motion. Specifically, we employ area and volume analysis to
produce both qualitative and quantitative measurements of the OFT contraction rate and how
contraction travels along the OFT tube and derivative analysis to generate qualitative
visualizations of sowthe OFT contraction and expansion occur.

Contributions: We present a consistent parameterization algorithm suited for analysis of
cylindrical-like biological surfaces. Using these parameterizations, we develop analysis
techniques which map complex surface data to 2D images and video streams, and then use
standard image processing techniques to generate quantitative plots capturing global
behavior.

2 Related Work

Previous work has been performed in the areas of parameterization techniques, and
visualization approaches for biological data. Here we summarize previous works and their
relevance to our study.

2.1 Parameterization Approaches

There are a wide variety of techniques for creating consistent parameterizations of a related
collection of surfaces. The simplest approach is to map all the surfaces to a common domain
or base mesh [12]. Some parameterization techniques are ad-hoc, but most are based on the
minimization of a 2D surface metric, for example, conformal or area measures [2,4—
7,17,25], geodesics on a shape-space manifold [3,16], or strain [22]. Alternatively, one can
create a deformation of one shape to the other and minimize the 3D deformation energy
[14,28] or a statistical measure [1]. The techniques that come from the computer graphics or
vision literature primarily deal with surfaces that have distinctive features, and aim to map
those features on each surface [15]; unfortunately, we have no such features.

2.2 Visualization Approaches

For visualization purposes, the embryonic heart OFT is essentially a deforming tube.
Visualizing characteristics of the OFT tube (e.g. curvature or some measure of texture) can
be done by color-coding the tube surface and rotating the tube in order to view the tube from
all sides. An obvious approach for visualizing the whole tube in a single image is to cut the
tube surface open and lay it out flat in the plane, resulting in a 2D image that is easy to
inspect and understand. This technique has been used, for example, in virtual colonoscopies
[11,29], in which the primary challenge is to effectively recreate the relatively complex
geometry of the interior of the colon (e.g., polyps) while avoiding topology inaccuracies that
arise from the scanning process. To better visualize the OFT tube, we employ the same
unfolding technique.
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Because our data has a temporal element we need to extend this approach A simple
technique is to select several cross-sectional planes along the heart tube and plot either
cross-sectional contours or areas within the contours versus time [8,19]. This allows
examination of the wall motion along the heart tube and how this motion changes over time
and space. We extend this approach to visualize the entire temporal tube.

3 Data Acquisition

The data sets we use come from chick embryonic OFTs imaged using /in-vivo OCT imaging
(fully described in [18,19,27]). The final output from these procedures, which is used as
input for this study, is a set of three 3D surface meshes (outer and inner myocardium
surfaces and the lumen surface) at 195 time points over the entire cardiac cycle, which gives
a total of 3 x 195 = 585 surface meshes per embryo. At the embryonic stage studied here
(approximately 3 days of incubation, HH18), the period of the cardiac cycle is about 400 ms,
and thus the time span between consecutive meshes is about 2 ms. Note that these meshes
are notin correspondence. We have eight data sets (four normal and four banded) which we
use to validate our algorithms; we do not attempt to make strong biological claims from this
small sample size.

4 Consistent Parameterization

In this section we describe how we generate a consistent mesh parameterization of the heart
surfaces both temporally within one chicken embryonic OFT, and across multiple chicken
embryos. We are interested in tracking the motion of the OFT over time (Fig. 2).

Motivations and observations: While during the cardiac cycle the OFT tube moves in space,
it remains roughly C-shaped. The longitudinal geodesics (traced from one end of the tube to
the other) have a distinct minimum length along the inside of the C-shape (see Fig. 1 for side
view). Further, the myocardium can be assumed to be incompressible, which enables
estimation of tissue motion given that the aortic sac side of the OFT is fixed in space. Let M;
represent the set of surfaces extracted from the 4D images by the segmentation algorithm.
Informally, we want (A) a geodesic parameterization of these surfaces, (B) to use the curve
on the inside of the tube (shortest geodesic length) as a stable feature for alignment, and (C)
cross sections along the tube that do not intersect.

A. Let ¢, v € [0,1]1.X]0,1] be the parameterization of the surface at each time, and
let G;be the mapping from the domain [0,1].X]0, 1] to the surface M;at time €
[0, 1]. Specifically, vis the circumferential parameter (around the tube) and v is
the longitudinal parameter (along the tube). Then even increments in zand v
result in even (geodesic) increments along the surface.

B. For all time £ the curve G{0, v), v € [0, 1], corresponds to the shortest
longitudinal geodesic on the surface G By shortest longitudinal geodesic we
mean the shortest geodesic from the class of geodesics that connect a point on
the inlet boundary to a point on the outlet boundary.

C. Define a cross section at V/(v), v € [0, 1], by intersecting G;with the plane
defined by the three points G{0, v), G{1/3, v), and G{2/3, v) (essentially three
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equally-spaced points on the cross-section contour at v). Further we impose that
the family of cross sections V/for all v do not intersect inside of G;(see Fig. 3).

Recall that, at each time ¢, we have three surface meshes representing the OFT wall: the
outer and inner myocardial surfaces, and the lumen surface. Our algorithm creates a single,
deforming mesh G for each of those three surfaces such that the shape of G;matches the
original surface M;for each time step, but the parameterization of G has the properties given
above.

We represent G using a mesh that has a grid structure, with 7x /mmesh nodes, with 77 nodes
aligned around cross-sectional contours, and /72 nodes in the longitudinal direction, so that m
is also the number of cross-sectional intersecting planes selected for generating the mesh.
Note that cross-sectional planes are not necessarily perpendicular to the heart medial axis.
The mesh is created by minimizing differences in geodesic distances among neighboring
nodes, while ensuring that cross-sectional planes V/do not intersect within G;(see Fig. 3).

The minimization leading to the mesh parameterization should be done for each of the three
OFT surfaces so that the outer and inner myocardial surfaces, and lumen surface, remain in
correspondence. In practice, we parameterize the outer myocardial surface and then project
the parameterization to the inner myocardial surface (for each vertex we found the closest
point on the inner surface). Because the lumen surface folds, lumen parameterization must
be done separately (the projection is not unique); we align the end points of the shortest
lumen geodesic to the projection of the myocardial end points.

In what follows, we describe in more detail the algorithms for creating a deforming mesh for
a single chick heart OFT over time, and for aligning deforming meshes between two (or
more) chick heart OFTs. The parameterization itself provides geometric correspondence.

4.1 Single OFT Alignment Algorithm

Our input is a set of 195 surfaces, M;, consisting of outer myocardial meshes that are not
consistently parameterized. For each M;, we find the shortest geodesic connecting any two
end points on the tube boundary (see (B) above).

We cut the mesh along the shortest geodesic and map it to the unit square using Desbrun’s
parameterization [2] with area weighting. We place the cut line so that it aligns with =0,
satisfying (B) above. This mapping defines the parameterization G{v, v). It approximately
satisfies the desired geodesic constraint (A), in that the mapping attempts to preserve area.
(C) is satisfied by the construction of the planes from three equally-spaced points on the
contour with constant v, provided the original surface M;does not fold back on itself
longitudinally in space. Informally, if the curves G0, v), G{1/3, v), G{2/3, v) do not fold
back on themselves then the sequence of triangles defined by those points will not intersect
with each other.

To construct our deforming mesh from the parameterization we then place a uniformly-
spaced grid (80 nodes in the circumferential direction, 50 in the longitudinal) on the
flattened mesh and re-sample the mapped geometry to get the locations for the mesh at time
L
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Following this procedure, however, the shortest geodesic can “slide” on the surface between
time frames because of slight changes or noise in the tube geometry. To address this, we
stabilize the end-points of the v = 0 cut line from frame to frame.

The re-parameterization of the existing meshes is then used to create a single, deforming
surface that roughly maintains equal geodesic spacing and is temporally smooth. We next
discuss finding consistent temporal and spatial alignment between multiple chick OFTs.

4.2 Temporal Alignment (Multiple Hearts)

4.3 Between

Our goal is to define a starting point #= 0 that is at the same time in the cardiac cycle for all
chicks. The heart-cycle has distinct points of maximum contraction (minimum cross-
sectional surface area) and maximum expansion (maximum surface area). For each chick
heart we find the point of maximal contraction by finding the outer myocardial surface with
the minimum volume. We set this to be the #= 0 time point. While not perfect, this
alignment is enough for our purposes.

Chick Spatial Alignment

Exact structural alignment between multiple chicks is, in general, not possible. This is
because imaging varies from chick to chick. Although every effort has been made to
consistently image the same portion of the heart, there are no features to align the images.
This is compounded by imaging quality, which degrades as the OFT descends into the
embryo. Even though we were careful to measure embryos at the same stage of development
(HH18), the embryos do differ in size, which also influences how far into the embryo the
OFT descends.

Within these constraints our parameterization can be used to align the OFTs in the radial
direction, and provide roughly similar spacing in the longitudinal direction, even if the
starting and ending points are not the same. Specifically, we can compare the overall change
along and around the tube but we cannot guarantee that these plots image the exact same
portion of the tube.

5 Cardiac Motion Visualization and Analysis

In this section we describe several visualization and quantification techniques for analyzing
the motion of the heart OFT. OFT wall motion can be described as a peristaltic-like
contraction wave that starts at the ventricular end and travels towards the aortic sac. Central
to analyzing wall motion along the OFT is the ability to extract cross-sections of the OFT
tube as outlined in Sect. 4.

Specific questions we are interested in answering are: Does the contraction wave travel at a
uniform speed? Do contraction and later expansion happen in a similar fashion along the
tube, or do they vary from one end to the other? How does the band affect contraction
waves?

Using the parameterized meshes, we calculate the internal area of each cross-sectional
contour (50 cross-sections at each of the 195 time points, using contours from the three OFT
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surfaces; see Fig. 3). Because for each surface the cross-sectional areas change both in time
(9 and space (v), areas can be mapped into a 2D image of v (vertical direction) versus ¢
(horizontal direction), mapping areas to colors (blue is smallest, red is largest) and plotting
each contour’s area as a pixel in the 2D image (see Fig. 4A). From these images, we can
readily visualize that areas in the ventricle end (bottom) are larger than at the aortic sac end
(top), clearly demonstrating that the OFT is a tapered tube. Further, these images enable
visualization of the contraction wave that travels through the OFT.

The 2D area images described above can be analyzed to extract characteristics of the OFT
cardiac motion, such as peristaltic wave speed, contraction and expansion rates. Our
approach to visualize and quantify cardiac motion is described next.

Peristaltic Wave Visualization

We extracted, for each OFT cross-section, the point at which the area reaches a maximum
(the middle black line of Fig. 4A). These data can be further summarized as 2D plots
showing the maximal area along the OFT medial axis (Fig. 4B). These plots are useful for
comparing OFT sizes and how cross-sectional area changes along the OFT.

Contraction and Expansion Motion

Contraction

Our next measure examines how long the OFT expansion/contraction lasts, as a percentage
of the cardiac cycle. For this measure we tried two approaches, which yielded quantitatively
similar results. Our first approach was to use the cross-sectional area data over time (for
each position along the OFT), and fit a Gaussian curve centered on the maximum expansion
time for that cross-section. We verified that the data was Gaussian-shaped by visually
examining a plot of the data with the fitted Gaussian. Then, we found the time at which the
area was one standard deviation from the maximum area (see Fig. 4A, stars). Our second
approach was to use the same data but directly find the time at which the area is 75% of the
maximum (see Fig. 4A, crosses). These data were plotted together with maximum area
along the OFT (Fig. 4B). Further, we generated 2D plots showing the time span over which
area is expanded, by plotting the percentage of time the area is either above 75% of
maximum or above one standard deviation from the maximum (e.g. Fig. 4C). Of course, we
can also chose to plot the percentage time in which the OFT area is contracted. These data
are useful for comparing whether contraction/expansion timings change from heart to heart
and along the OFT length.

and Expansion Rates

As one final visualization we can show the change in area by taking the image derivative of
the 2D area images. The image derivative calculates the gradient of the area, which results in
a vector field (vector components are the derivative of area with respect to time, ¢ and the
derivative of area with respect to the circumferential direction, ¢). We map the angle of the
gradient vector to hue and the magnitude of the vector to intensity (Fig. 4D). From these
data, maximum cardiac expansion and contraction rates can also be extracted.
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6 Conclusion

In this paper we have presented an algorithm for producing consistent spatial
correspondence for the deforming heart OFT and extending this correspondence (both
temporally and spatially) to multiple embryos, within the limitations of the imaging data.
This algorithm is suitable for aligning other tubal surfaces undergoing deformation.

The primary purpose of the correspondence algorithm is to enable comparison within the
cardiac cycle (single embryo) and between embryos. We have presented several
visualization and analysis approaches that can be used to reduce the dimensionality of the
data and quantify some aspects of the overall motion (e.g., peristaltic wave speed and cross
sectional shape change).
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Fig. 1.

Hgart outflow tract (OFT) surfaces reconstructed from OCT data: (a) Original OCT data
with contours to illustrate the myocardial walls (external ring-like structure, with the outer
and inner myocardium surfaces delineating the myocardium) and lumen-wall interface
(bluish line). OFT surfaces depicted when the ventricular end of the OFT is (b) fully closed,
(c) opening, (d) fully opened, and (e) closing (Color figure online).
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Outer Myocardium

Fig. 2.
Producing a consistent parameterization of the OFT tube at four time points (74 - minimum,

Tc- maximum, 7gand 7pare mid-way between the two). The geodesic constraint results in
a relatively uniform geodesic spacing of the grid lines. The inner curve of the tube (darkest
line) is used to align the grid radially between time points and to prevent “twisting” of the
parameterization.
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Fig. 3.

Figding consistent cross-sectional planes that do not intersect. (a) Sketch of the OFT mesh
with the geodesics highlighted. (b) Three equally spaced points along a circumferential
geodesic, which define a cross-sectional plane. (c) Intersection of cross-sectional planes with
the surface mesh at three locations along the OFT. (d) Cross-sectional contours for the three
surfaces in a cross-sectional plane. (e) Using the centerline of the mesh results in planes that
self-intersect within the OFT.
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Fig. 4.
Two-dimensional cross-sectional area images and derived quantifications. (A) Cross-

sectional area (color coded) as it changes over the cardiac cycle (horizontal direction) and
along the OFT (vertical direction). We overlay on the 2D area image the point of maximum
area (maximum OFT expansion) along with the points at which the cross-sectional area
reaches 75% of the maximum (crosses) or one standard deviation from the maximum (stars).
(B) 2D plot showing, for each cross-section, maximum area along the OFT. The plot also
shows the area that is one standard deviation from the maximum in comparison with 75%
maximal area along the OFT length. (C) 2D plot showing the percentage of time the OFT is
expanded, that is OFT cross-sectional area is above 75% of the maximal area or above one
standard deviation from the maximum. (D) The derivative of the cross-sectional area image,
with angle mapped to hue and magnitude mapped to intensity.
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