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ABSTRACT

Harmonic phase (HARP) is an image processing tech-
nique of MR-tagged images in frequency domain developed
to evaluate the regional tissue strain. The filtering stage is
a key point in this method because all information about the
deformation have to be included in the analysis. In this pa-
per we develop an automatic method to define the filter pa-
rameters in order to minimize errors in the strain evaluation
and to avoid operator related variability. A software model
is built to investigate the error in strain estimation caused
by filter parameters variability and to evaluate the developed
method. The automatic technique models each spectral peak
with a bidimensional Gaussian function and uses these infor-
mation to create an optimal elliptic filter. We validated the
automatic method on simulated data set. In real tagged MR
images analysis, the method achieved the same performance
as the manual analysis, considered the gold standard, elimi-
nating the inter-operator variability.

Index Terms— Automatic filter, image processing, mag-
netic resonance tagging, strain analysis, software model.

1. INTRODUCTION

Magnetic resonance tagging is a useful and noninvasive tech-
nique to evaluate the regional tissue motion and strain [1] in
normal and abnormal myocardium. Although the image ac-
quisition method has achieved good performance, the time-
consuming postprocessing has limited the tagging analysis in
clinical routine.

Harmonic phase technique (HARP) [2][3] has been de-
veloped to overcome the principal limits of image analysis.
It is based on the fact that SPAMM-tagged MR images pro-
duce an array of spectral peaks in the Fourier domain and each
spectral peak carries information about the motion in a certain
direction. The inverse Fourier transform of each individual
peak, extracted using a bandpass filter, is a complex image
whose phase is linearly related to a directional component of
the motion [4]. The filtering step is a key point in the HARP
method. In the original form, this technique uses a filter with
a constant elliptical bandpass region and a Gaussian rolloff
outside [5]. The most important parameter of this filter is the
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cut-off frequency. Indeed, the cardiac deformation causes the
changes in the Fourier spectrum of each acquired image [6].
From diastole to systole, the spectral peaks move away from
the origin and their size increases [5]. Therefore a too narrow
filter suppresses the tag modulation in areas with large defor-
mation, whereas a too wide filter introduces artifacts in the
strain evaluation.

In this paper, we propose an automatic method to define
the elliptical filter parameters for including in the filtered im-
ages all information about the cardiac deformation, and ex-
cluding other information that can introduce a large error in
the strain evaluation. We build a software model to simu-
late the MR-tagged images. We use this model to investigate
the error in strain estimation caused by filter parameters vari-
ability and to evaluate the developed algorithm. Finally, we
compare on real data the strain results obtained using both the
manual and the automatic method for elliptical filter parame-
ters definition.

2. MATERIALS AND METHODS

2.1. Phantom

We simulated SPAMM tagged images of a deforming and
incompressible cylinder [7][8][9] such that a material point
(R, O, Z) in the undeformed state displaces to (r,, z) in the
deformed state as the following equation:

r(R) V=0pR+O+~vZ+¢
WR+AZ+46 (1)

T =

z =

Due to incompressibility, the function r(R) is given by:

r(R) = \/2 + %(RQ ~R2) )

where R; and r; are the inner radii of the cylinder before
and after deformation. The kinematic parameters where cho-
sen similar to [7][8][9] to exaggerate the motion of the hu-
man heart: R — O shear ¢ = 0.556°/mm, rigid body rota-
tion e = 9.2°, longitudinal contraction A = 1, axial torsion
v = 0.6°/mm, R — Z shear w = 0.248 and rigid body dis-
placement § = 4.167 mm. In the undeformed state, at time
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Fig. 1. Simulated SPAMM tagged images of the first (a) and last
frame (b) and their schematic Fourier transform images in (c) and
(d) respectively.

phase 0, the cylinder has an inner radius R; = 15 mm, an
outer radius R, = 33 mm and a length Z7 = 100 mm. To
simulate short axis images, imaging planes were defined at
z = 20,30,40,50,60,70,80 mm. We considered the first
slice in short axis at z = 80 mm and the last slice at z = 20
mm. Moreover the temporal resolution was set at 33.33 ms
and phase number at 16, to achieve the maximum deforma-
tion at £ = 500 ms.

The strain in the direction e was calculated in the radial-
circumferential coordinate system using the following equa-
tion:

e=|[F-e|-1 (©)

where F is deformation gradient tensor with respect to the
undeformed state.

The image intensity modulation produced by the SPAMM
tagging pulse sequence was reproduced using the method in
[7] to produce two sets of images, the first one with horizontal
tag lines and the second one with vertical tag lines. Simulated
images parameters were defined: FOV was 100 x 100 mm?,
the image matrix was 256 x 256, the tag line distance was 5
mm and the tag line fading parameters was variable from 1 at
undeformed state to 0.7 at maximum state of deformation. An
example of synthetic images is shown in Fig. 1. In particular
the first (Fig. 1.a) and the last frames (Fig. 1.b) of the first
slice and a schematic representation of the respective Fourier
transforms (Fig. 1.c and Fig. 1.d) are presented to show the
peak displacement during the deformation.

2.2. Filter constraints

An important step in HARP analysis is the choice of the opti-
mal elliptic filter parameters. As in [3], we decided to model
the filter bandpass region with an ellipse because of its simple
geometry that adequately include most of the spectral peaks.
In particular, the cut-off frequencies are important to include
all information about the deformation and to limit the errors.
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We perform a simulation on the developed software model
to investigate the effect of filter design on circumferential
strain results obtained using HARP analysis. We defined an
elliptical filter centered on the peak corresponding to the un-
deformed image and we fixed the ellipse principal axis (PA)
in the displacement direction and the transversal axis (TA) in
orthogonal direction. We simulated the effect of PA and T A
parameters by evaluating the percentage errors between the
estimated and the true value of the circumferential strain cal-
culated at the mean radius and in the last frame. The results
of the simulation for PA and T'A ranging from 8 to 40 pixels
are shown in Fig. 2.a. Since no information is included in the
filter for axes size less than 8 pxs, we do not include them in
the simulation. From the Fig. 2.a we can observe two main
undesired situations that produce a large error in the strain
evaluation. In the first case the P A size is smaller than peaks
displacement and the information about last frame is not in-
cluded in the elliptic filter (Fig. 2.c). In the latter case, the T'A
size is big enough to overlap with the central peak (Fig. 2.b).
In this case a null strain is calculated and an error of 100%
occurred.

The acceptable percentage error range is shown in Fig. 2.d
corresponding to P A ranging from 26 to 40 and T'A from 5
to 14. In this range, the better result is obtained for PA =
35 and TA = 9 where an error of 0.04% occurred and the
worst result for PA = 26 and TA = 13 where the error is
15.3%. Indeed the range limits are the critical points because
the percentage error grows up very quickly. For example, for
PA = 35 and TA = 14 the percentage error is 4.24%, for
PA = 35and TA = 15 the percentage error is 52.33% and
the error diverges to value > 200% for PA = 35and TA =
16 because some information about central peak is included
in the filter. On the basis of these results, we can appreciate
the importance of filter design to ensure an acceptable error
in the estimation of the mechanical variables.

2.3. Automatic filter design

We developed an automatic method to define the filter param-
eters. This method uses the Fourier transform images of ev-
ery slice and frame in order to extract the information about a
spectral peak. This method is applied to both tag lines orienta-
tion to obtain two filters. We model each peak in the Fourier
spectrum with a bidimensional Gaussian function translated
and rotated with respect to the image reference frame:

1 _(af’f,;w,)Q _('y’i;;y/ﬁ
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In this expression 2’ and y’ represent the coordinates with
respect to the local reference frame defined by:
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Fig. 2. Representation of the percentage error variability depending
on the filter size.

where 6 is the angle rotation of the local reference frame and
B = [ftz; fty) is the center of the bidimensional Gaussian
function. In the Eq. 4, 0,+ and o, represent the standard
deviation values in the two orthogonal directions.

We use the nonlinear least squares fitting to determine the
vector parameters A = [0,/;0,;0] of each bidimensional
Gaussian function. In the fitting analysis, the vector parame-
ters has been initialized at Ag = [1;1;0] and the nonlinear
least square method is applied to an adaptive number of points
around the peak center depending on the current o, and o,
values. The automatic filter design method uses the following
steps to define the optimal elliptical filter parameters:

1. the center of the central peak is set at the position of the
maximum value of the first Fourier transform image;

2. we model the central peak using the first frame im-
age. The bidimensional Gaussian parameters Ag =
[crow,;aoy,;%] are determined using the method de-
scribed above. The central peak is modelled on the

image plane using an ellipse centered in pr = [f15; 1y]
(computed at step 1) and rotated of 6y angle. The el-
lipse axes size are defined as r = [4o,/;40,/] in order

to include most of central peak;

3. in all Fourier transform images, the pixel values in-
cluded in the central ellipse are set to zero. We place
the center of each peak to the position of the maximum
Fourier transform images value;

4. we model each lateral peak with a bidimensional
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Fig. 3. Filter position for vertical (a) and horizontal (b) tag lines.

Gaussian function and we find the vector parameters
A = [op,,:0p,,;0p]. Each peak is modelled on the im-
age plane using an ellipse centered in ptp = (11, ; 1y, ]
(computed at step 3) and rotated of ), angle. The el-
lipse axes size are defined as » = [f - 0,5 f - 0],
where the initial value of f parameter is 7 and the
optimal value is defined using an iterative algorithm
described in detail in the following step;

5. we build an ellipse with minimum area that includes
all lateral ellipses. In order to find the optimal f value
(introduced in the previous step), we check if the total
ellipse overlaps the central peak. We perform this con-
trol because, as demonstrated in Sec. 2.2, a large error
occurs when the central peak is included in the filter.
This check can produce two results:

(a) overlap: we decrease the value of the factor f and
we return to the step 4;

(b) non-overlap : we accepted the found f value and
we use the total ellipse to define the elliptical filter
parameters p = [centery; centery; vy Ty ;).
The iterative algorithm is stopped.

We applied the automatic method to the simulated images,
with both horizontal and vertical tag lines. We obtained the
filters shown in Fig. 3. In both cases the filter does not over-
lap with the central peak. In the elliptical filter, the standard
deviation of Gaussian rolloff outside is set to o = 0.05 [3].

3. RESULTS

The designed filter is used in HARP analysis to calculate the
circumferential strain measured at the mean radius of the sim-
ulated images. Fig. 4 depicts the true circumferential strain
and the results obtained using the designed filter in HARP
analysis. The different curves, each corresponding to a differ-
ent slice, show the same trend during the deformation. No-
tably we can observe that they are very close to the ‘true’
values.

We evaluated the developed method using real data from
a normal pig heart by comparing the results obtained using
manual definition of filter cut-off frequencies and the auto-
matic method. MR-Tagging images was acquired on a GE
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Fig. 4. Comparison between true and calculated circumferential
strain in simulated data.
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Fig. 5. Comparison between circumferential strain on real data ob-
tained using manual and automatic filter definition method.

1.5T scanner with a Fast GRadient Echo (FGRE) pulse se-
quence (TR = 8.0 ms; TE = 4.4 ms; slice thickness 8 mm with
no interslice gap; FOV 380 x 380; matrix size 256 x 256; view
per segment 4; flip angle 12°; NEX = 3). The tagging pulse
consisted of nonselective radio-frequency pulses separated by
spatial modulation of magnetization (SPAMM) encoding gra-
dients to achieve a parallel stripe tag pattern with a tag spacing
of 5 pixels. Two sets of short axis images was acquired with
the tag orientation of 45° and 135°.

Five independent operators utilized a manual definition of
the filter cut-off frequencies in HARP analysis to calculate
the circumferential strain. The same data have been also ana-
lyzed by using the automatic filter design technique proposed
in this paper. In order to compare the results obtained by the
two methods, the same mesh of endocardium, epicardium and
midwall of the left ventricle was applied during the analysis.
The segmental circumferential strain was estimated at mid-
wall, and the mean value across six segments was calculated,
thus obtaining a single value for each frame.

To analyze the inter-operator variability, we calculated the
mean value and the standard deviation of the real data ob-
tained using the manual method. The results are shown in
Fig. 5 where the circumferential strain determined by auto-
matic filter definition is also depicted. Again, the curves ex-
hibit the same trend but the variability inter-operator caused
by filtering step is suppressed using the automatic method.
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4. CONCLUSION

In this paper we presented an automatic method to define
the parameters of the bandpass filter used in HARP analysis.
This method allows to include in the filtering step all spec-
tral peaks that carry information about the deformation and to
avoid a large error in strain evaluation. Moreover the auto-
matic method eliminates the inter-operator variability caused
by differences in the choice of the cut-off frequencies and thus
in the definition of the filter size. Further work will include
comparison of the method performance with respect to the
other automated and semi-automated HARP methods.
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