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Abstract

In this work, we present a fully automated method for
tissue deformation estimation in tagged magnetic reso-
nance images (TMRI). Gabor filter banks, tuned indepen-
dently for each left ventricle level, provide optimally fil-
tered complex images which phase remains constant along
the cardiac cycle. This fact can be thought as the bright-
ness constancy condition required by classical optical flow
(OF) methods. Pairs of these filtered sequences, together
with a variational formulation are used in a second step
to obtain dense continuous deformation maps that we call
Harmonic Phase Flow.

This method has been used to determine reference val-
ues of ventricular torsion (VT) in a set of 8 healthy vol-
unteers. The results encourage the use of VT as a useful
parameter for ventricular function assessment in clinical
routine.

1. Introduction

The cardiac function is a complex mechanism, com-
posed mainly by contraction and rotation of the my-
ocardium, which is the precise result of the electromechan-
ical activation of the ventricular band. This band is double
twisted in a fashion that determines the two main cham-
bers of the heart: the left and the right ventricle. Although
any cardiovascular disease may only locally affect the my-
ocardial tissue, this could expand to the whole heart func-
tion, causing exercise tolerance impairment or even death.
Clinical assessment of patient symptoms passes through a
complete analysis of the global and also regional function
of the heart.

Tagged MRI [1] is the reference imaging modality for
regional assessment of the heart function. This technique
produces a grid-like pattern of saturated magnetization
over the myocardium that deforms by the underlying mo-
tion of the heart, allowing the visualization of transmural

deformation.

Since the appearance of Tagged MRI, in the late 80’s,
many analysis techniques have been developed in order
to extract motion data. We differentiate three main cate-
gories. The first one considers the dark stripes as target
features to be tracked [2]. One of their problems is due
to the so called fading effect, in virtue of which, contrast
between tissue and tags diminishes in time. Other authors
[3], use more robust techniques to avoid this negative ef-
fect. Nevertheless, they all share an additional problem.
They lead sparse displacement fields that have to be further
interpolated. The second category consists of OF-based
techniques [4] that overcome this last limitation, as they
provide dense motion fields. However, they are still sensi-
ble to the fading effect, as they are based on the brightness
constraint equation. For this reason, several authors have
either suppressed this effect [5] or modelled its brightness
variation [6]. On the third side, we have the spectral or har-
monic phase-based (HARP) methods [7] which are applied
in the frequency domain. They rely on the fact that phase is
property of the tissue that remains constant along the car-
diac cycle [7]. For this reason, they can be thought as an
optical flow technique in a domain where brightness con-
stancy is guaranteed. Although HARP methods are very
fast, they cannot deal with large tissue deformation such
those occurred at end-systole. Moreover, HARP-tracking
is performed individually on each point, leading to discon-
tinuous deformation maps. Hence, some authors have used
regularization methods, either in the spatial [8] or in the
frequency [9] domain.

Tagging studies are still not used in the clinical routine.
This is due to two factors: (/) lack of reference values
for new data derived from such imaging modality (stress,
strain, torsion) and (2) lack of a commercial software ca-
pable of dealing efficiently with the great amount of data
provided by the tagging studies.

In the present work we develop a regularized spectral
optical flow method, under a variational framework that



uses banks of Gabor filters. We call it Harmonic Phase
Flow and we apply it to the characterization of ventricular
torsion in healthy subjects.

2. HARP images and HARP-tracking

The SPAMM tagging protocol [1] “’prints” over the my-
ocardium, two sets of linearly independent tags with main
frequencies (wi,ws) that produce K spectral harmonic
peaks in the frequency domain, depending on the desired
profile of the tags. This fact makes any tagged frame to

have the form I(z,y;t) = Zle Iy (x, y; t) [7] with

Ik(x7yat) = Io(p(m;y;t))Ck(t)eiwkp(Iva?t) (1)

where p(x,y;t) is the reference map that relates a spatial
point (z, y) at time ¢ to its associated material point at time
t = 0; I is underlying ordinary MR image (without tags)
and ¢y, is a function of time that reflects the fading effect.

Each I}, corresponds to one of the mentioned harmonic
peaks and their phase, @ (z,y;t) = wip(z, y;t), is a sta-
ble property of the tissue, as it linearly depends on the ref-
erence map [7]. In practice, the phase cannot be retrieved,
instead its principal wrapped value, ar = Z(®;) €
[—7, ), is obtained. This is called HARP image and it
provides motion information in a direction close to wy. In
order to extract 2D motion, two HARP images, {a1, a2},
associated with linearly independent harmonic peaks are
required.

At each instant ¢, one can associate to each point
in the frame, a couple of angle values a(x,y;t) =
[a1(z,y;t), az(x,y;t)]. HARP tracking [10] is an algo-
rithm that estimates tissue motion assuming that if a mate-
rial point (z',y*;t) has [a1, as] values, this material point
in the next frame (z'*!, y**1:¢ 4+ 1) must have the same
angle values due to the phase constancy. Dense deforma-
tion maps (Fig. 1.a) are obtained by solving independently
for each point the following nonlinear system:

a(z,y, t+1) —a(z',y",t) =0 2)

When a tagged frame is given, all the I;;’s are mixed. In
order to isolate any of them, its associated harmonic peak
is filtered. In [7], they use elliptical bandpass regions with
a gaussian rolloff outside. Although this method is simple,
fast, and works well in early stages of systole, it may fail
if deformation of tissue is not homogenous or when large
deformations occur, as it is a relatively global operation.
Other authors ([11], [12]) have used banks of Gabor filters
aiming to overcome this drawback. Their potential relies
on the spatial domain, where the multiple parameters can
be tuned in order to fit the tissue, leading to more accurate
estimates of the HARP images.

3. Classical optical flow

Although there are many optical flow techniques, in this
section we will focus on that of [13] which can be defined
as a global differential method. It relies on the hypothe-
sis that intensity structures of local time-varying image re-
gions are approximately constant, which is formalized as
I(z,y;t) ~ I(x + dx,y + dy;t + ot). Taylor develop-
ment of the second term yields the optical flow constraint
equation:

VI-V+I;=0 3)

where VI = (I, I,)) is the image gradient and V' (z,y) =
(u(z,y),v(z,y)) is the image velocity. Notice that while
we have two unknowns (u and v), only one equation (3)
is available. This fact, that determines an infinity number
of solutions, is known as aperture problem. To overcome
this drawback, equation (3) is used in conjunction with a
regularization term in a variational framework:

€= //(a2€%eg + E?iata) d:z:dy (4)

where €. = (9%)% + (%)2 +(42)2 + (%Z)Q imposes
smoothness conditions and € gqtq = Izu+ I v+ 1} is given
by (3). The minimizer of equation (4) is the desired optical

flow field.

Figure 1. Estimated deformation map and detail for a)
HARP image + HARP-tracking, b) Gabor filters + in-
dependent estimation and c¢) Gabor filters + variational
framework (HPF), in a mid-systolic basal frame.

4. Harmonic phase flow

In general, constancy of brightness is not met in arbi-
trary sequences. This fact makes the previous OF method
not to be suitable in most cases. Thus, we propose not to
apply OF directly over the input Tagged MR sequences,
but over phase sequences derived from them and which
have been proven to maintain their values constant in time.



In order to obtain phase images ®; and ®o, first we have
to compute I; and I5. To do so, we use Gabor filters given
by:

_=DH2+0w)?

e (5)

nyy)

D(z,y) = CePmCF + 7%

where ' = xcos¢ + ysin¢ and y' = —xsin ¢ + y cos ¢
establish the rotation of the Gaussian envelope, o,/ and A
determine its size and degree of anisotrophy, W and H
are the width and the height of the image to be filtered
and finally 7; = (75,1,) is the frequency of the complex
sinusoid. If one takes o,/ to be () times the period of the
frequency, we get bank of filters governed by 5 parameters,
namely p = {¢, Q, \, 11z, 1, }. We have tuned 4 families of
Gabor filters for each of the main ventricular views shown
in TMRI images: long axis view and Base, Mid and Apex
regions in short axis views.

The Ij’s, k = {1,2} are given by assigning to each
pixel, the maximum response of the bank of filters.

Having the Ij’s, its true phase ®; cannot be retrieved,
but only its wrapped version a. Nevertheless, this is not a
big problem. If we have a look at equation (3), we realize
that this method only uses the spatio-temporal derivatives
of the target sequence, in our case, Py (z, y; t). Taking into
account that &5, = I'm{log(I})}, we can obtain its spatio-
temporal derivatives without wrapping effect as:

IR(Py)
or

1 OIm(dy)
AL [%(‘I”“) o1

where ¢ = {z,y,t} and Oy = agf.

Notice that now, the equation (3) becomes a fully deter-
mined system:

— Im(®y)

%)

e1=Vo, - V+&,;,=0
EQEV(I)Q-V+(I)2t:0

Although we could solve this system for each point, ther-
mal noise and other undesirable artifacts could lead to dis-
continuous deformation maps, as shown in figure 1.b. For
this reason we adopt a regularization scheme in the fash-
ion of (4) using two data terms instead of just one, and a
variable weighting function:

e = [ [ et r-ate )l +edny ©)

where « is designed to take values in [0, 1]:

a(z,y) =1- % Km;yjH'Il) * (mlfQH”IzHﬂ

We note that the above function favors smooth defor-
mation maps at image regions where noise or artifacts are
predominant, while maintaining original data otherwise.
Using the calculus of variations, we obtain:

K [Auu + Aov + Alj] = 20((0@’11@ + ayum) + V2u
K [Aglu + AQQU + Agg] = 20[(0@{[& + ayvm) + VQU

where K = (1 — «)?, V2 is the Laplacian operator and

Ay =02+ 02, Ay = Agp
Ay = q)lxq)ly + (I)Qx(bgy Aoy = (I)%y + (I)gy
A1z = D1,P1 + Pou Py Aoz = Py @i + Doy Poy

The solution of this equation is the smooth deformation
map that we call Harmonic Phase Flow (HPF). Figure 1.c
shows its performance.

s. Results

In order to evaluate the precision of our method, we have
tested its performance at the Base, Mid and Apex levels
from short axis view, and long axis. The reason for doing
this is that the three levels and both views present different
shape and motion properties. For instance, basal planes
suffer from through-plane motion, while apical ones re-
main almost still. Another example is that apical and basal
planes experiment significant rotational motion contrar-
ily to mid ones where radial contraction is predominant.
We also divided the systolic cycle in 4 time segments be-
cause the deformation of tissue becomes larger as systole
evolves. We took 5 Tagged MR sequences for each level
and 5 for long axis belonging to different patients and, at
each frame, we marked an uniformly spread set of points
inside the myocardium. An expert was asked to manually
actualize these points and results were compared to those
provided by our method. Mean error is plotted in figure
2.top.

We have applied the Harmonic Phase Flow method to
the calculation of systolic myocardial rotation over 8 dif-
ferent healthy volunteers (5 men, age: 27 4- 1), which stud-
ies were composed by 8 short axis tagged sequences ac-
quired by a Siemens Avanto 1.5T MR scanner.

Rotational data was obtained taking as reference the ini-
tial time of systole, and taking into account the centroid
of the left ventricle at each frame. From basal-most and
apical-most rotation data, we derived the ventricular tor-
sion as the difference of them. Mean obtained results
(Fig. 2.bottom), show that during the first 20% of sys-
tole, all myocardial levels experiment a counterclockwise
rotation (seen from apex to base) that ranges from 1.33°
at base, to 4.07° at apex (torsion: 2.74°). After this point,
base changes to clockwise rotation and reaches —3.58°,



while apex continues to 11.78°, at 90% of systole (torsion:
15.35°). Next, both base and apex change their rotation
direction and at end-systole, their values are —3.54° and
11.06° for base and apex respectively (torsion: 14.61°).

These results are consistent to those obtained by manu-
ally selecting points in [14]. This fact encourages the use
of ventricular torsion as useful parameter for ventricular
function assessment in clinical routine.
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Figure 2. Top: Mean error in pixels for Basal, Mid and
Apical levels of short axis view, and long axis. They are
grouped in 4 time segments of systole: 0-25%, 25-50%,
50-75% and 75-100%. Bottom: Mean basal and apical
rotation, and torsion in systole.

6. Discussion and conclusions

The key idea behind the method we developed here re-
lies on the fact that, although phase images derived from
tagged sequences are impossible to obtain without wrap-
ping artifacts, we can track phase values anyway due to
the fact that we employ a method that uses their spatio-
temporal derivatives only. We have obtained precise phase
sequences using bank of Gabor filters, which have been
tuned in order to fit tissue shape and adapt to its motion
at each left ventricle level and view. We have mixed all
these concepts in a variational framework where a variable
weighting function has allowed to find, at each point, a
proper tradeoff between smoothness and the ground truth.

This leads to fully regular deformation maps that extend
the tissue motion to zones that would be discontinuous oth-
erwise.
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