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Fast Tracking of Cardiac Motion Using 3D-HARP
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Abstract—Magnetic resonance (MR) tagging is capable of
accurate, noninvasive quantification of regional myocardial func-
tion. Routine clinical use, however, is hindered by cumbersome
and time-consuming postprocessing procedures. We propose a
fast, semiautomatic method for tracking three-dimensional (3-D)
cardiac motion from a temporal sequence of short- and long-axis
tagged MR images. The new method, called 3-D-HARmonic Phase
(3D-HARP), extends the HARP approach, previously described
for two-dimensional (2-D) tag analysis, to 3-D. A 3-D material
mesh model is built to represent a collection of material points
inside the left ventricle (LV) wall at a reference time. Harmonic
phase, a material property that is time-invariant, is used to
track the motion of the mesh through a cardiac cycle. Various
motion-related functional properties of the myocardium, such as
circumferential strain and left ventricular twist, are computed
from the tracked mesh. The correlation analysis of 3D-HARP
and FINDTAGS + Tag Strain(E) Analysis (TEA), which are
well-established tag analysis techniques, shows that the regression
coefficients of circumferential strain (Ecc) and twist angle are
r?2 = 0.8605 and r> = 0.8645, respectively. The total time
required for tracking 3-D cardiac motion is approximately 10 min
in a 9 timeframe tagged MRI dataset and has the potential to be
much faster.

Index Terms—Cardiac motion tracking, MR tagging, phase time-
invariance, strain computation, 3-D-HA Rmonic Phase (3D-HARP).

1. INTRODUCTION

LTHOUGH ventricular mass, volume, and ejection frac-

tion (EF) represent the current standard for evaluating car-
diac global function, extensive research has shown that regional
function measures, such as wall-thickening, strain, and torsion,
may be both more specific in defining cardiac disease and more
sensitive in detecting subclinical markers of LV dysfunction and
myocardial diseases. For example, in patients who develop LV
dilation or hypertrophy, regional function may be depressed al-
though global function is preserved [1]. Quantification of the
regional deformation of myocardial tissue is, therefore, an im-
portant objective in the characterization of LV function. In the
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past, physical markers were surgically implanted into the my-
ocardium and their motion tracked using imaging. However, this
method is highly invasive and the markers tend to influence the
very motion that is being measured. MR tagging, proposed by
Zerhouni et al. in 1988 [2] and Axel et al. in 1989 [3], provides
noninvasive markers inside the myocardium which deform with
the motion of the myocardium and do not affect cardiac mo-
tion. Analysis of tag motion makes it possible to quantify true
regional myocardial function in a noninvasive fashion.

In general, tagged MR images are analyzed in two steps.
The first step requires the identification and tracking of tags in
the MR images, typically requiring a segmentation of the LV
wall through identification of its outer and inner contours. The
second step involves the reconstruction of three-dimensional
(3-D) cardiac motion and the computation of motion-related
variables, such as strain, displacement field, and torsion [4].
The first step is usually very time-consuming and relies heavily
on user interaction to guarantee proper segmentation and tag
tracking. For example, Guttman et al. [5] proposed a “template-
matching” method to detect tags and an active contour method
or “snake” to extract contours. Based on this approach, a soft-
ware package called FINDTAGS [6] has been one of the most
successful approaches for segmentation and tracking; however,
it still requires several hours to complete the processing of one
dataset. Denney [7], [8] used a maximum-likelihood/maximum
a posteriori (ML/MAP) method to estimate and detect the tags
without user-defined contours, and then compute LV strain. This
method reduces the occurrence of false tag detections and also
reduces the processing time to about 1 h.

To reconstruct 3-D cardiac motion, the second step in
analyzing tagged MR images, many 3-D-model-based ap-
proaches have been developed [9], [10]. O’Dell e al. [11]
used a displacement field fitting to reconstruct 3-D myocardial
deformation. Huang, Wang, and Deng et al. [12]-[14] proposed
different types of B-Spline model to perform spatiotemporal
motion tracking. Young [15] introduced the concept of “model
tags” and used a finite element model (FEM)-based method that
could reconstruct 3-D heart wall motion without prior identifi-
cation of ventricular boundaries and tag locations. Kerwin and
Prince [16] used a deformation model to track the intersection
points of tag surface or “MR markers.” The performance of
these methods depends entirely on the accuracy of the first step,
and the methods are often computational intensive as well.

Recently, the HARmonic Phase (HARP) method, was devel-
oped by Osman et al. [17], [18]. Rather than working on the
tagged images directly, HARP focuses on their Fourier trans-
forms, where tagged patterns produce an array of energy peaks.
By using a bandpass filter to isolate an off-center spectral peak
in the Fourier transform of a tagged image, zero padding it and
performing the inverse Fourier transform, a complex image is
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produced. The phase of this image is called the harmonic phase
and is directly related to the motion of the tag lines. The ad-
vantage of the HARP method is that the computation of motion
from the harmonic phase is direct and rapid, with no need for
prior segmentation or human interaction. However, the use of
HARP to date has been in large part restricted to the tracking
of two-dimensional (2-D) motion, typically on short-axis (SA)
image planes. This is a serious limitation given that the heart is,
of course, 3-D and has a significant component of motion in the
long-axis (LA) direction. Recently, Ryf ez al. [19] and Haber et
al. [20] proposed 3D extensions of HARP. In [19], the HARP
tracking method [17] was extended to 3-D by using a combined
3-D tagging and imaging approach. Extraction of spectral peaks
in 3-D Fourier space permitted point tracking using the HARP
approach throughout the volume of interest in a very natural,
appealing manner. The authors of [20] pursued an approach in
which a FEM was constructed within the LV wall and the HARP
phase computed on a sparse collection of image planes was used
to move this model throughout the cardiac cycle.

In this paper, we present a method that extends the HARP
method to 3-D while maintaining the primary gains of the
overall HARP approach, including both rapid processing time
and minimal human interaction. Also, the phase invariance
condition used in 2D-HARP tracking is extended and applied
in 3-D to guarantee accurate deformation results. The method
compares well to another validated technique, and provides
3-D motion quantities of practical interest in about 10 min with
very little human interaction.

II. THEORY
A. Basic Idea of HARP

HARP analysis concentrates on the Fourier transform of
tagged MR images. Fig. 1 shows a horizontally tagged MR
image [Fig. 1(a)] and its Fourier transform [Fig. 1(b)]. One dc
peak at the center of Fourier space and another two harmonic
spectral peaks can be seen in Fig. 1(b). A bandpass filter, shown
here as a circle, is applied to isolate a spectral peak, which can
be identified by the index k. The inverse Fourier transform of
this isolated region produces the complex image

[k(y7t) = Dk(y7t)6j¢'7”(y>t) (1)

where y is the location of a pixel on the image plane, £ is the
time, sampled in discrete steps and corresponding to one of the
timeframes, [, is the harmonic magnitude image, and ¢z, is
the harmonic phase (HARP) image. The harmonic magnitude
image reflects the geometrical change of the heart and the image
intensity change caused by fading, while the HARP image re-
flects the motion of the myocardium in the direction orthogonal
to the tags. Technically, however, only a “wrapped” value of har-
monic phase in the range of [—, +7) can be obtained, which
can be shown as

Ok (yv t) =W (¢k (y7 t)) 2
where W is a nonlinear wrapping function and ay, is the HARP
angle image. The harmonic magnitude image and the HARP
angle image are shown in Fig. 1 (c¢) and (d), respectively.

There are three main properties of the HARP image [17].
First, the locations of the wrapping transitions on the HARP
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Fig. 1. (a) An MR image with horizontal tags. (b) The magnitude of the Fourier
transform of the tagged MR image. The circle indicates a bandpass filter, which
is applied to extract the spectral peak. (c) Harmonic magnitude image. (d) HARP
angle image.
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Fig.2. The phase invariance property of material points in HARP. A sinusoidal
tag pattern and its corresponding harmonic phase [—# ) at reference time are
shown in (a). At a later time, shown in (b), the tags decay in amplitude due to
fading and increase in frequency because of “tissue”” compression. The range of
the phase in (b) is unchanged but the slope gets larger. Two material points, p
and q, located on the tagged image, move with the tags and keep the same phase
values at different time points.

angle image are closely coincident with the locations of the tag
lines during myocardial motion. Second, the phase values on the
HARP image are dense, providing more information than just
the locations of tags lines. Finally, the HARP value is a material
property of the underlying tagged tissue—i.e., the phase value
of a material point is fixed from the tagging instant and does not
change as long as the tags do not significantly fade. This phase
invariance property is the basis of HARP tracking.

The phase invariance property can be illustrated by a simple
1-D example in Fig. 2 [21]. Fig. 2(a) shows a sinusoidal pat-
tern and its corresponding (wrapped) harmonic phase. Fig. 2(b)
depicts the tag pattern and the phase of the same region of
the tissue at a later time. Although tissue compression and tag
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fading cause the tag frequency to increase and its amplitude to
decrease, the corresponding harmonic phase of a material point
keeps the same value at different time points—demonstrating
that the HARP value is a material property of the material point.
The slope of the phase is used to compute the local tissue strain
and the value of the phase is used for point tracking. Due to the
fact that the phase is wrapped, an assumption of small motion
between two adjacent timeframes is needed to guarantee that the
points can be uniquely associated.

B. Phase Invariance and Motion Tracking

HARP motion tracking uses the fact that the harmonic phase
value of a material point is time-invariant. To frame this concept
mathematically, consider a material point located at ,, € i3 at
time #,,. If z,,;; is the position of this point at time %,,;, then
the phase invariance condition states that

§b(mn+17 tn+1) = d)(fm tn)' 3)

In 2D-HARP, two tag orientations, and hence, two HARP
images, are sufficient to track 2-D apparent motion—i.e., the
projection of 3-D motion onto a 2-D plane. Therefore, $isa2-D
vector, i.e.,¢ = [p1 ¢o]” in 2D-HARP. In the 3-D approach
we present here, &,, and &, 1 are the actual 3D positions of a
material point at two different times, so that gb\ is a 3-D vector,
ie,¢ = [p1 ¢2 ¢3]L, where the subscripts represent the z:, y
and z directions, respectively.

Although the extension to 3-D appears to be mathematically
straightforward, there are a number of practical issues that make
it difficult. The first issue is the requirement for three tag direc-
tions to track 3-D motion, in contrast to the two tag orientations
required for 2D-HARP. A parallel “stack” of SA images with
both horizontal and vertical tags and a radial array of LA im-
ages with only horizontal tags are used in this study. The combi-
nation of these tag orientations yields 3-D motion information.
The images are acquired in 3 to 18 breath-holds, depending on
the protocol.

This acquisition protocol, however, reveals a second issue
that must be addressed. The combination of SA and LA im-
ages comprises a relative sparse 3-D coverage by tagged im-
ages. Because the images themselves are sparse, HARP phase
observations are not available for every point within the heart
volume. Finally, even when a point of interest does lie on an
image plane (SA or LA), there is typically only one or two tag
orientations providing HARP phase information at that point
(the exception being for points at the intersections of SA and LA
images). Therefore, both the image planes and the HARP phase
information are sparse in this image acquisition protocol. This
issue of sparsity has been addressed in the past by modeling the
motion of the entire volume in some way. A model, whether a
stochastic field fit [7] or a finite element model [15], [20], is
often specified according to the underlying heart anatomy to
provide connections between the sparse observations through
model-based interpolation. We also impose a model to bridge
information between image planes; however, our model is de-
liberately simple and data-driven, permitting both rapid initial-
ization and fast tracking, which is ideally suited to the direct
extension of the HARP tracking approach using phase invari-
ance on sparse data sets.
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C. The Material Mesh Model

‘We propose a material mesh model comprising a collection of
material points inside the myocardium approximating the mid-
wall of the LV. Let the material mesh at timeframe n be denoted by
the set M,,. The mesh should be allowed to move in 3-D through
the cardiac cycle in such a way that any point on the mesh, . €
M,,, maintains the same harmonic phase. We use the notation,

(s, t) to denote harmonic phase as a function of material points
(Lagrangian function) to distinguish it from¢(y, t), which is har-
monic phase that is a function of a spatial coordinate (Eulerian
function). Using this convention, the phase invariance condition

for points on the material mesh is written very simply as

P, tn) =¥ (1, to), (4)

where £ is the reference time, defined as the time when the tags
were imposed. The function<) (s, t ) represents the initial phase
values on the mesh. Note that the phase values, &(/1,7 tn),of a
material point are a 3-D vector representing the phase in three
linearly independent directions, i.e.,q/? = [1 92 ¥3]T.

Similar to the 2D-HARP method, phase invariance is used to
track motion. However, in the case of 3-D, we have only a lim-
ited number of observations of the phase during motion. Specif-
ically, the observations are directly obtained from the HARP
images acquired on the SA and LA image planes. The condi-
tion, therefore, can be applied only to those points where the
mesh intersects with the image planes—the so-called intersec-
tion points. Mathematically, let ¢+ € M,, be a material point on
the mesh and also located on an image plane (could be LA or
SA) at timeframe 7; it will, therefore, have a location, ¥, on the
local 2-D coordinate system of the image plane. The phase in-
variance condition then requires that

Vit tn) = Gy, ) { IZ z ;)727

for all ¢,

for SA images
for LA images

(&)

where 15 (11, t,,) is the phase value of the material point on the
mesh and ¢ (Y, t,,) is the observed phase value from the tagged
image at timeframe, 7. Notice that, on SA tagged images, two
components of HARP phase values (k = 1, 2) can be observed,
whereas on LA tagged images, only one component of HARP
phase values (£ = 3) can be observed. Combining (4) and (5),
we get

k=12,

for SA images
Vi to) = (Y, tn) { k=3 for LA imazes

(6)

which shows that, for the intersection point, the initial phase
value of the material point on the mesh should be the same as the
observed phase value obtained from the image planes at time-
frame, n. The method for tracking of the heart motion is ba-
sically to determine the mesh shape at different timeframes so
that the phase invariance is always satisfied at the intersection
points.

III. METHOD
A. The Algorithm

A block diagram of 3D-HARP is shown in Fig. 3. First,
the material mesh at the reference time—when the tagging se-
quence is applied—is built. The material properties of the mesh,
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[Initialize 3D material meshJ

'

4{ Find intersection pointsJ

Is phase time-invariance
condition satisfied?

Determine in-plane motion
using 2D-HARP

Go to next
timeframe

A 4

[ Deform 3D material mesh ]

Fig. 3. Block diagram of the algorithm of the material mesh model.

specifically the harmonic phase values, are also initialized at
the reference time. Because the tag patterns in the 3-D volume
are known at the reference time, the harmonic phase values can
be obtained for any material point on the mesh, not just those
intersecting the image planes. It is important, however, to state
that when tags deform at later timeframes, including even the
first timeframe, the HARP values will be unknown except for
certain orientations on the image planes. It is expected that the
material mesh will not satisfy the phase invariance condition
and a discrepancy between ¢y, (y, t,,) and ¥y, (1, ¢,,) will occur.

The phase difference between the initial phase and the
observed phase is used (by a 2D-HARP algorithm) to find the
apparent motion of all the intersection points where the mesh
intersects with the image planes. This apparent motion defines
a collection of displacement vectors at the intersection points,
and this collection is extended using interpolation to obtain a
displacement field on the entire mesh. This displacement field
is then used to deform the mesh. After deformation, the phase
invariance condition is checked at all intersection points, and if
not satisfied, the previous steps are repeated. This deformation
process is repeated until the phase invariance condition is
satisfied at all the intersection points. After the deformation of
the mesh is determined at that timeframe, the algorithm then
proceeds to the next timeframe. Having provided this brief
overview, we now give the details of each step in the algorithm.

B. Initializing the Material Mesh at the Reference Time

The mesh is constructed to resemble a half elliptical spheroid
composing latitude circles and longitude lines [see Fig. 4(a)]
where the harmonic phase values are specified. The latitude cir-
cles are defined on SA image planes and the longitude lines are
defined on LA image planes. The pole point is defined as the
junction of longitude lines at the apex. The node points are de-
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Fig. 4. (a) A material mesh built at the reference time. S; is an SA image

plane and L is an LA image plane. M is the material mesh. The material mesh
is initialized as latitude circles and longitude lines. (b) The latitude circles and
longitude lines are discretized into a collection of mesh points, connected by
straight lines. Node points are defined as the junction of latitude circles and
longitude lines.

fined as the junction of latitude circles and longitude lines. The
longitude lines and latitude circles are discretized into a collec-
tion of mesh points, connected by straight lines [see Fig. 4(b)].
Therefore, the material mesh is assumed to be a continuous ob-
ject represented by points with straight line between them. A
graphic user interface was built to assist users in this step.

The material mesh should be initialized with respect to the
reference time. However, tag application requires several tens of
milliseconds before acquisition of the first timeframe. Assuming
little heart motion during the tag application, it is feasible to
build the mesh using the images at the first timeframe.

After the mesh is built, the initial phase values of all points
on it are to be determined. In order to do this, the initial har-
monic phase at the reference time is estimated by assuming
the tags to be exactly rectilinear when they are applied before
any deformation. It is possible then to estimate the initial har-
monic phases from tagged images and to extend the estimated
phase values into a 3-D volume. We accomplish this by using
the tagged images at the first timeframe and estimating the har-
monic phases from only static tissues (not moving since the ref-
erence time)—since the tags within the myocardium will pre-
sumably have already moved. A region of interest (ROI) on
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static tissues (usually on liver) is selected on one slice of image.
The phase pattern of the tagged image inside this ROI is calcu-
lated and extended to 3-D volume. Mathematically, by a simple
1-D example, the phase value of any spatial points x at reference
time can be estimated by

¢ = W(wz + ¢o) )

where W is a nonlinear wrapping function, w and ¢ are tag
frequency and phase shift estimated from the tagged image of
static tissues, respectively. Therefore, the initial phase values of
all the points on the mesh can be estimated.

C. Finding the Intersection Points of the Deformed Mesh on
Image Planes

Let us assume that the mesh deformed into a certain shape
M, at timeframe n. We are interested then in finding the shape
of the mesh M,, 11 at the next timeframe 7.+ 1. First, we assume
the initial shape of the mesh at timeframe n 41 to be the same as
that of timeframe n, i.e., M, (0 >1 = M,,. This mesh, M,S +>1, then
intersects the image planes at timeframe n + 1. In particular, the
longitude lines intersect with SA image planes and the latitude
circles intersect with LA image planes (see Fig. 5).

D. Checking the Phase Invariance Condition

As shown in (6), the phase invariance condition must be sat-
isfied at all intersection points. The initial phase value, (1, to),
of the intersection point is obtained from the initial mesh at the
reference time. Since the mesh is discretized into a collection
of mesh points, it is possible that the intersection point is lo-
cated between two adjacent mesh points. We use linear interpo-
lation to obtain the initial phase value of the intersection point
from the neighboring material points on the mesh. On the other
hand, the observed phase value from the image planes can be
obtained from the corresponding HARP image. A 2-D phase
value ([¢1 ¢2]?) can be observed for the intersection point of
the longitude line and the SA image plane, whereas only a 1-D
phase value (¢3) can be observed for the intersection point of
the latitude circle and the LA image plane.

The phase invariance condition is then verified at the points
of intersection, and the observed phase values of intersection
points should agree with their initial phase values. If the condi-
tion is not satisfied, the algorithm proceeds to the next step to
determine the in-plane motion of intersection points. Otherwise,
the algorithm proceeds to the next timeframe.

We must point out the special case that exists at the first
timeframe. Since the material mesh is initialized on the image
planes, the node points (special case of mesh points) of M
are just those intersection points on M1<0>. The initial phases
of the mesh points on M, are initialized from static tissues
(without any deformation), whereas the phases of intersection
points on M. 1(()) are observed from HARP images inside my-
ocardium (with deformation). The small discrepancy between
the two phases enables us to determine the relatively small mo-
tion of the myocardium from the reference time to the first time-
frame. This motion is small for a normal heart, but in cases like
dobutamine stress test, a big motion can be observed—which
makes the detection of this motion crucial.
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Fig. 5. Diagram of the intersection of the material mesh and image planes,
as well as a description of the in-plane motion of intersection points in (a) SA
case and (b) LA case. In (a), the material mesh intersects with an SA image
plane, S;. The intersection point () is located on both the image plane and the
material mesh. ’ is the closest point to the intersection point () on the image
plane S; that has the same 2-D phase value, ¢z (y’,t.. ), as the initial phase
value, ¥, (p1,ta), of p. The displacement vector between ¢ and ¥ describes
the in-plane 2-D motion of the intersection point, y(x ). Similarly, in (b), the
material mesh intersects with an LA image plane, L, at the intersection point
y(ut), and ¥’ is the closest point to the intersection point y(x) on the image
plane L, that has the same 1-D phase value, ¢1.(y’, . ), as the initial phase
value, :/v (1, to ), of . The displacement vector between y and y’ describes the
in-plane 1D motion of the intersection point, ().

E. Determining In-Plane Motion of Intersection Points Using
2D-HARP

In the case where the phase invariance condition is not sat-
isfied, the difference between the two phase values, ¢ and ¢,
is used to find the in-plane apparent motion of the intersection
points using 2D-HARP. For the intersection point on SA planes,
we use the 2D-HARP tracking method to search around the in-
tersection point on the image plane to find the closest point, ¢/,
that has the same 2-D phase value as the initial phase value of
the intersection point, which means

1/’1«(#:750) = gbk(yl?tn) k= 172 (8)

are satisfied.

For the intersection point on LA planes, only a 1-D phase
value is available, and one more step is needed to use 2D-HARP
tracking. We create a synthetic HARP image that simulates
straight vertical tag lines applied on LA images. In this sense,
the 2D-HARP tracking is restricted to 1-D so that the new
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point, /', is either above or below the intersection point on the
LA image. This means that

V(i to) = r(y' tn) k=3 )

is satisfied, where in this case, 3’ is the closest point to the in-
tersection point on the LA image plane.

The displacement between the new point and the intersection
point describes the in-plane apparent motion of the intersection
point. It generates a displacement vector on the image plane at
the intersection point. The discrete displacement vectors gen-
erated on all the intersection points form a displacement field
that deforms the mesh. It should be noted that the displacement
vectors generated on the longitude lines are on SA planes, and
these vectors relate to the concentric contraction of the ventricle
and its twisting, while those generated on the latitude circles are
on the LA planes, and they relate to the longitude compression
of the ventricle—the motion of the base toward the apex. Fig. 5
shows what we have described in the above section.

F. Deforming the Mesh Using the Displacement

The displacement field generated on all the intersection
points is interpolated to obtain the displacements on all the
mesh points. Each displacement vector obtained by 2D-HARP
behaves like an impulse applied at the intersection point. There-
fore, the interpolation is implemented by applying a kernel at
intersection points to diffuse the estimated displacements de-
rived from 2D-HARP to other points on the mesh. The diffused
displacements from all the intersection points are superimposed
simultaneously to obtain the final 3-D displacements at all
the mesh points. The kernel used to diffuse the displacements
is designed as a Gaussian-function that influences the neigh-
boring points based on the distance on the mesh. The size of
the kernel affects the area through which the impulse spreads.
Therefore, the displacements on all the mesh points acquired
by interpolation deform the mesh to a new shape MT§21

G. Iterating Until the Phase-Time Invariance Condition is

Satisfied

The resulting deformed mesh, Mﬁzl intersects with image
planes and the new intersection points are obtained. The phase
invariance condition is checked again at the points of intersec-
tion to determine whether this condition is satisfied after defor-
mation. If the condition is not satisfied, the steps are repeated
and a sequence of meshes (M1§2+>1 ) MSZU ...) is generated until
the phase invariance condition is adequately satisfied.

Mathematically, to define the convergence condition of this it-
erative algorithm, we define ¢, and ¢,, as the initial phase vectors
and the observed phase vectors of all intersections points, respec-
tively, and also define the difference between these two vectors as

€k = |W(l‘/)k - ¢k)| k= 17273' (10)
The convergence condition is defined as
max(logiger) < =3 k=1,2,3. (11)

When the convergence condition, or the phase invariance con-
dition, is satisfied, the iterations are then terminated and the
most recent deformation is considered as the new shape of the
mesh at that timeframe. The algorithm then proceeds to the next
timeframe and the steps are repeated.
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IV. EXPERIMENTS AND RESULTS

A. Experiment

To demonstrate the ability of this method to track the 3-D mo-
tion of the heart, we performed experiments on a normal volun-
teer. The image dataset consists of two SA sets (6 parallel slices
with horizontal and vertical tag lines) and one LA set (6 radial
slices, 30° apart, with horizontal tag lines) of tagged images.
The images were acquired on a GE 1.5T Signa scanner (GE
Medical Systems, Milwaukee) after the subject gave written in-
formed consent. A SPAMM (SPAcial Modulation of Magneti-
zation) sequence was used to generate stripe tags. The imaging
parameters were: FOV = 360 mm, slice thickness = 7 mm,
matrix size = 256 x 128, tag spacing = 5.5 mm, flip angle =
12. The in-plane spatial resolution is 1.4 mm x 2.8 mm. All the
images were acquired at the end of exhalation. The cine image
sequence for each tagging direction on each slice was acquired
in one breath-hold and the complete dataset was acquired in 18
breath-holds. A total of nine timeframes, covering systole, were
acquired with a time interval of 33 ms.

The 3D-HARP algorithm was implemented on a 1.1-GHz Intel
Pentium III processor (with 512 Mbytes RAM) using MATLAB
(Mathworks, Inc.) in a software program with a graphic user
interface. Following the steps of the algorithm described previ-
ously, the initial 3-D mesh was manually created at only the first
timeframe (end-diastole) inside the myocardium—this is the
only step that requires human interaction. The subsequent steps
of mesh point tracking were totally automatic. The mesh was ini-
tialized as 6 latitude circles and 12 longitude lines. The apex was
specified on the LA images. Between each node point (junction
of latitude circles and longitude lines), four other mesh points
were initialized by interpolation. A total of 649 mesh points were
generated. On the SA image planes, the left ventricle was divided
into 12 segments (ordered clockwise, viewed from the apex) by
the intersection with the longitude lines, with five mesh points on
each segment. The starting point of the first segment was set on
the midseptum. The deformation of the mesh at each timeframe
converged to satisfy the phase invariance condition in less than
10 iterations per timeframe. The total time for building and
tracking the mesh was about 8 min.

Fig. 6(a) shows the deformation of the material mesh at dif-
ferent stages during systole, beginning with the initial mesh
at the reference time, built manually at end-diastole. As can
be seen, the tracked mesh shows the typical mechanics of the
normal left ventricle during systole: the compression of the heart
along the long-axis caused by the motion of the base toward the
apex, and the gradual change in twist pattern due to the different
rotation angles between the slices.

The observed deformation of the mesh was quantified from
the coordinates of the mesh points during systole. By measuring
the percentile change in segment length on the latitude circles,
we were able to measure the E¢c. Fig. 7 shows the Eq¢ strain
plots of the 12 segments on the left ventricle. Each plot shows
the K¢ strain by slices. As can be seen, the lateral systolic Eqc
strain (segs 6 and 7), ranging from 20 to 30 percent, is greater
than that of the septal strain (segs 1 and 12), which is around
10 to 20 percent. Another observation is that at the lateral side
(segs 7 and 8), the apical slices seem to have greater strain than
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Fig. 6. Mesh deformation at 4 timeframes. (a) Mesh deformation estimated by 3D-HARP. The reference time, at end diastole, is the time when the tags are
imposed and timeframe 9 is at end systole. (b) Mesh deformation estimated by FINDTAGS+TEA.
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Fig. 7.

Ecc strain plots of the 12 segments on the left ventricle. Each plot shows the Ecc strain by slice. The segmentation starts from the midseptum, and goes

around the left ventricle clockwise (viewed from the apex). Segs 1 and 12 can be considered septal segments and segs 6 and 7 can be considered lateral segments.
The order of SA slices is from base to apex (slice 1 to slice 6). All six slices were acquired at the midventricular position.

the basal slices. However, at the septal side (segs 1 and 2), this
relationship is reversed, i.e., the more basal slices have greater
strain than that of more apical slices. Fig. 8 shows the corre-
sponding 3-D E¢¢ strain map on 9 timeframes of deformed
material mesh. The color of each patch represents the averaged
strain of one segment at one SA slice level.

The twist angle of a specific slice is defined as the net rotation
angle of that slice from end-diastole to the current timeframe.
A counterclockwise rotation (viewed from apex) is defined as

positive. Fig. 9 shows the twist angle plots of the 12 segments
around the long axis. Each plot shows the twist angle by slice.
A gradual change of the twist pattern by slice and segment can
be clearly examined on the plot. To better observe the trend of
twist by slices, we took the average of the twist angles over 12
segments on each slice. From Fig. 10(a), we can observe that,
at early systole, all slices rotate counterclockwise (viewed from
the apex). Later in systole, basal slices reverse their rotation di-
rection and plateau at late systole, whereas more apical slices



1432 IEEE TRANSACTIONS ON BIOMEDICAL ENGINEERING, VOL. 52, NO. 8, AUGUST 2005

Fig. 8. The 3-D Ecc strain map in 9 timeframes of deformed material mesh. The color of each patch represents the averaged Ecc strain of one segment at one SA
slice level. 1 to 12 are the segment indices.
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Fig. 9. Twist angle plots of the 12 segments on the left ventricle. Each plot shows the twist angle by slices, ordered from base to apex (slice 1 to slice 6).
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(a) Average twist angles over 12 segments on the six slices, obtained by 3D-HARP. The reference time is the time of applying tags. (b) To compare

with FINDTAGS+TEA, a modified average twist angle plot is generated by 3D-HARP. The reference time is the first timeframe. (c) Average twist angle over 12
segments on the six slices, obtained by FINDTAGS+TEA. The reference time is the first timeframe.

maintain the trend of rotation throughout systole. This result is
consistent with what was reported by Lorenz et al. [22].

Note that both the twist angles and the E¢¢ strain do not begin
at zero at the first timeframe. This is because in 3D-HARP, we
use the time point when tags are applied as the reference time,
rather than the first timeframe. Thus, from the reference time to
the first timeframe (a 53.5-ms delay in this dataset), both a small
twist and a small strain are observed.

B. Validation

Since FINDTAGS [5], [6] and TEA [11] are considered to
be a gold standard in the estimation of 3-D cardiac motion
and strain, we used these two programs to validate our results.
FINDTAGS was used to perform the segmentation of endo- and
epicardium, as well as the identification of tag lines. TEA was
used to generate the mesh and the circumferential strain values.
For comparison, a mesh composed of 12 segments and 6 slices
was generated by TEA. The starting point of the first segment
was also set at the midseptum, which ensured that the mesh
generated by TEA had a similar initial mesh position as that of
3D-HARP. The series of deformed mesh in TEA was obtained

by displacement field fitting of the tracked tag lines. The pro-
cessing in FINDTAGS and TEA required approximately 4 h
and 1/2 h, respectively. Fig. 6(b) shows the 3-D deformed mesh
output by TEA. Visually, the motion pattern is similar to the
output of 3D-HARP, as shown in Fig. 5(a). Notice the similar
compression toward the apex and twist of different slices.

To quantify the comparison, we took the average of the twist
angles over 12 segments on each slice using 3D-HARP and
FINDTAGS+TEA, respectively. One thing we had to consider
was that, since 3D-HARP uses the time point of applying tags as
the reference time, which is different from FINDTAGS+TEA, in
which the first timeframe is used, we had to modify the output
of 3D-HARP by eliminating this factor of difference for com-
parison. The resulting measurements are called modified twist
angle. Thus, both methods now have twist angles starting from
zero, as shown in Fig. 10(b) and (c). Notice both methods have
very similar twist patterns on the same slices.

A statistical comparison was also performed for K¢ strain
values and twist angles. The regression coefficients between
3D-HARP and FINDTAGS+TEA were 72 = 0.8605 for Ecc
strain, with the regression equation y = 1.0247x — 0.0064 [see



1434

(a) Ecc STRAIN

-0[35 -0.25 0.15 | <04 .p5
y = 1.0247x - 0.0064
R? = 0.8605 841
a 0.1
M ‘e
£ -0.15 -
3
0.2
™
%
3 -0.25
o © 0.3
635
FINDTAGS+TEA
Fig. 11.

Fig. 11(a)]. For twist angles, the regression coefficients between
the two methods were 2 = 0.8645, with the regression equa-
tion as y = 0.8585z + 0.1512 [see Fig. 11(b)].

One fact should be stressed here: since 3D-HARP and FIND-
TAGS+TEA are two different techniques, the initial meshes are
generated differently. As for 3D-HARP, the mesh is initialized
on the image planes, whereas FINDTAGS+TEA generates the
initial mesh by tag surface fitting. Therefore, the initial mesh
points generated by the two methods are located at the same re-
gions but not the exact same positions. We would expect better
correlation between these two methods if the two initial meshes
were exactly the same.

V. DISCUSSION

In the proposed technique, the phase invariance condition was
used both to drive the deformation of the mesh and to guarantee
a proper termination. Since at each timeframe, the phase value is
checked to match the initial phase values at the reference time, it
limits the accumulation of error during tracking from one time-
frame to the other.

Several issues must be addressed and will be the subject of fu-
ture research. First, further investigation of the appropriate me-
chanical model for the material mesh is needed. In this paper,
we used interpolation to deform all the points of the mesh from
the displacement vectors at the points of intersection. However,
we would like to consider the displacement vectors as a discrete
force that deforms the mesh. In this case, we need to assume that
the mesh possesses certain mechanical properties same as that
of the heart tissue. A more realistic model can be derived so that
more accurate and faster convergence could be achieved. Second,
although the algorithm converged correctly in experiments we
have performed to date, further investigation is required to deter-
mine the necessary and sufficient conditions to guarantee conver-
gence. Third, a single-layer mesh inside the LV wall was created
in this example. This method could be easily extended to build
a multi-layer mesh that would enable the computation of trans-
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mural strain values and create a 3-D strain tensor map. Careful
considerations are required since meshes close to the epicardium
and the endocardium will be more prone to noise. Finally, the al-
gorithm is currently implemented in Matlab (Mathworks Inc.),
but we expect it to be much faster if implemented in C or C++.

VI. CONCLUSION

Three-dimensional-HARP (3D-HARP) is a fast, semiau-
tomatic analysis technique to track 3-D cardiac motion and
perform regional motion analysis. There are a number of advan-
tages to the proposed technique. First, required computations
are fast since segmentation is not necessary to track motion.
Initialization of the material mesh is the only step that requires
human interaction. Second, deformation is always checked
based on the phase invariance condition, which guarantees the
proper deformation. This condition-checking step eliminates
the accumulation of error from one timeframe to the next. Third,
the small amount of motion between the time of applying tags
and the first timeframe can be estimated, which is not possible
with FINDTAGS+TEA. Finally, the technique does not require
arigid form of the mesh, and a smaller, partial mesh that covers
only small regions in the LV could be used. This would allow
faster motion tracking of this region.
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