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Abstract— In this paper, we present a novel method for
automatically extracting the tagging sheets in tagged cardiac
MR images, and tracking their displacement during the heart
cycle, using a tunable 3D Gabor filter bank. Tagged MRI is a
non-invasive technique for the study of myocardial deformation.
We design the 3D Gabor filter bank based on the geometric
characteristics of the tagging sheets. The tunable parameters
of the Gabor filter bank are used to adapt to the myocardium
deformation. The whole 3D image dataset is convolved with
each Gabor filter in the filter bank, in the Fourier domain.
Then we impose a set of deformable meshes onto the extracted
tagging sheets and track them over time. Dynamic estimation
of the filter parameters and the mesh internal smoothness are
used to help the tracking. Some very encouraging results are
shown.

I. INTRODUCTION

Tagged cardiac magnetic resonance imaging is a well-

known technique for non-invasively visualizing the detailed

myocardial motion and deformation. It has the potential of

early diagnosis and analysis of cardiovascular disease. This

technique generates a set of parallel tagging planes within the

myocardium as temporary markers at end-diastole by spatial

modulation of magnetization. As in Figure 1, the imaging

planes are perpendicular to the tagging planes, so that the

tagging planes appear as a set of parallel dark stripes in the

MR images and deform with the underlying myocardium

during the cardiac cycle in vivo. This provides the motion

information of the myocardium in the normal direction of

the tagging stripes. However, finding an efficient and robust

method to automatically extract and segment out these tags

and track their deformation over time is still a challenging

task. Based on the spatial and frequency characteristics of

the tag pattern, several researchers have employed different

Fourier-based filtering methods to this problem, such as

HARP [1], [2], which is basically a band pass filter; and

a 2D Gabor Filter bank [3], [4], which is a set of 2D Gabor

filters with a bank of tunable parameters that represent the

variant spacing and orientation of the tagging lines. Gabor

filtering achieves optimal localization in both the spatial

and the frequency domains, which makes it more suitable

for the tag analysis. In [3] a method that combined each

filter’s response in a filter bank and segmented the 2D

tagging lines was presented. By finding optimal parameters

that maximize the Gabor filter response at each location in

the MR image, researchers in [4] extracted deformation and
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motion information in a 2D simulated model. However, these

2D approaches have limitations. They track the tagging lines’

displacement only in a single spatial slice, while the tagging

lines are actually the intersections of the tagging sheets and

the imaging planes. Thus observation of the 3D tagging sheet

deformation is more desirable in heart wall motion modeling

and analysis. Because of the shearing and out of image-plane

motions of the heart wall, the initial tagging planes are no

longer true planes but turn to curved, bend or even twisted

tagging sheets. Finding the tagging lines’ correspondence

across the imaging slices, i.e., which set of tagging lines

belong to the same tagging sheet, is essential to recovering

the deformed tagging sheets. A 3D tracking approach is

necessary in finding this tagging line correspondence.

(a) (b)

Fig. 1. (a) shows tagging lines are intersections of the tagging sheets and
the imaging planes. (b) shows a 3D tagged MR image dataset.

In this paper, we extend our 2-D Gabor filter bank

method [3], [4] to employ a 3-D Gabor filter bank in order

to extract and track the deformed tagging sheets. The filter’s

scale, orientation, and shape are specified according to the

geometric pattern of the tagging sheets. We convolve the 3D

Gabor filter bank with the 3D tagged MRI data, which are

in a time sequence. For each set of the 3D data, we extract

the tagging sheets by combining the strong outputs from the

filter bank at each voxel. Then we impose a deformable 3D

mesh onto each of the tagging sheet to capture the tagging

sheet deformation. In the following section, we first outline

our theory and then some promising experiment results are

presented.

II. BASIC DEFINITIONS: 3-D GABOR FILTER

The 1-D Gabor filter was first introduced by D. Gabor in

1946 [5]. It is basically a product of a Gaussian window and

a complex sinusoid. 3-D Gabor filter is a 3D extension of its

1-D form and has been used in many image processing and
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computer vision fields, such as 3-D texture segmentation [6],

[7], [8], motion analysis [9], and object recognition [10]. If

we extend the 1-D function to 3-D, we get

h(x, y, z) = g(x′, y′, z′) · s(x, y, z) (1)

where g(x′, y′, z′) is a 3-D Gaussian envelope, and

s(x, y, z) is a complex sinusoid function, i.e.,

g(x′, y′, z′) =
1

(2π)
3
2 σx′σy′σz′

e
− 1

2 [( x′
σ

x′ )2+( y′
σ

y′ )2+( z′
σ

z′ )2]

(2)

s(x, y, z) = exp[−j2π(Ux + V y + Wz)] (3)

In Equation 2: (x′, y′, z′)T = R × (x, y, z)T are the

rotated spatial coordinates of the Gaussian envelope. R is

a rotation matrix. Note that σx′ , σy′ and σz′ may not

be the same. Thus the shape of this Gaussian envelope

can be an ellipsoid. In Equation 3, (x, y, z) is non-rotated

spatial coordinates, which means the Gaussian envelope and

the sinusoid could have different orientations. However, for

normalization purposes. We set these two coordinates to

the same value. (U, V,W ) are the 3D frequencies of the

complex sinusoid. They determine a Gabor filter’s orientation

and spacing in the spatial domain. As shown in Fig 2, a

3D Gabor filter has sets of iso-surfaces such that all those

voxels on the same iso-surface have a constant value, for

instance, in Fig 2(a), all the same colored voxels are on a

same set of iso-surfaces; in Fig 2(b), one set of the iso-

surfaces is drawn as the yellow pancakes. The parallel iso-

surfaces are geometrically similar with the 3D MR tagging

sheets in the local regions. This makes it suitable for tagging

sheet extraction and segmentation. The normal of these iso-

surfaces is a constant and set by:

�Nisosurface = (U, V,W ) (4)

At the same time, the spacing between two neighboring

iso-surfaces is also a constant and set by:

Sisosurface =
1√

U2 + V 2 + W 2
(5)

(a) (b)

Fig. 2. (a) A slice view of a 3D Gabor filter. (b) An iso-surface view
of a 3D Gabor filter. Here σx′ = σy′ = σz′ , which makes the Gaussian
envelope symmetric and the iso-surfaces in (b) circle-shaped; the normal of
these iso-surfaces are (1,1,1), because U = V = W .

III. METHODOLOGY

A. 3D Gabor filters design

Tagging sheets are initialized and appear as a set of parallel

and equally spaced dark planes in the myocardium at the end

of diastole. During systole, tagging sheets deform with the

underlying heart tissue so that the spacing and orientation

of these tag sheets change over time. For short axis (SA)

cardiac MR images, for instance, see Figure 3(a), a tag sheet

T is initially perpendicular to the imaging plane I . For T ,

there are three possible rotation angles, φ, ψ, and ϕ with

respect to the three rotation axes. ϕ is the rotation angle

w.r.t. the axis that is perpendicular to the tagging sheets.

Thus ϕ measures the in-tagging-sheet rotation, which is not

observable from the motion of the tagging sheet. So for SA

images, we only consider the other two possible rotation

angles: φ is the rotation angle w.r.t. the z axis, and ψ is for

the rotation w.r.t. the intersection line of the tagging sheet

and the imaging plane.

(a) (b)

Fig. 3. (a) Tagging sheet’s rotation has three possible orientations. But
only φ, ψ are observable. The in-plane rotation ϕ is ignored. (b) The y
axis is set to parallel to the initial tagging lines.

Since the initial tagging planes are perpendicular to the

imaging planes, we set the x−y plane parallel to the imaging

planes, i.e., the 2D image slices. In the x − y coordinates,

we rotate the 2D image so that the y axis is parallel to the

initial tagging lines. See Figure 3(b).

In Equation 3, the Gabor sinusoid is specified by

(U, V,W ). However, when we design the Gabor filter to

extract the tagging sheets, we are more interested in certain

meaningful parameters, such as the spacing S between the

tagging sheets, and the sheets’ observable orientations φ and

ψ. Actually from Equation 4 and 5, we are able to use S, φ,

and ψ to represent (U, V,W ):

V =
S√

(1 + tan2(φ)) · (1 + tan2(ψ))
(6)

U = V · tan(φ) (7)

W = tan(ψ) ·
√

U2 + V 2 (8)

In Equation 2, we use an ellipsoid-shaped 3D Gaussian

envelope, which is more adaptable to the myocardial geome-

tries and the tag patterns. The long axis of the 3D Gaussian

is set to the same as the x axis so that it can cover more tag
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patterns. We experimentally define the σ’s in Equation 2 as

follows.

σx =
1
S

, σy =
1

4S
, σz =

1
4S

(9)

The rotation matrix of the Gaussian envelope is given by:

R = Rz × Rxy

=

⎡
⎣

1 0 0
0 cos(φ) −sin(φ)
0 sin(φ) cos(φ)

⎤
⎦ ×

⎡
⎣

cos(ψ) −sin(ψ) 0
sin(ψ) cos(ψ) 0

0 0 1

⎤
⎦(10)

This rotation step is to make the Gaussian envelope have

the same orientation as the complex sinusoid, which is

important for the normalization purpose.

Fig. 4. A Slice view of a 3D Gabor Filter used in our experiment.

B. Interpolation and Parameter Tuning
Usually, the 3D MRI data have different sampling rates in

each coordinate. For instance, in our dataset, in the x and

y coordinates, the pixel size equals 1.3 mm, while in the z
coordinate, the spacing between two neighboring slices is 5.2

mm. This means the in-plane sampling rate is about 3 times

higher than the inter-plane rate. To solve this discrepancy,

we consider our 3D image as a set of data that is contracted

by 4 times in the z direction. Thus contraction in the spatial

domain will lead to an expansion in the Fourier domain.

We set the new W ′ = W × 4 , which represents that the

frequency in z direction is expanded by 4 times. And at

the same time, the Gaussian envelope is also contracted in

the z direction. We set the new σ′
z = σz/4 and the new

ψ′ = arctan(tan(ψ) × 4), which is the new rotation angle

for the Gaussian. See Figure 4 for an example of the Gabor

filter in our case.
The tunable parameters of the 3D Gabor filter bank are φ,

ψ and S. The initial φ0 and S0 are obtained by solving the

inverse of the Equations 6 and 7. The (U, V ) are obtained

by finding the frequencies of the fundamental harmonic of

a 2D image slice at the beginning of the systole from the

3D dataset [3]. The initial ψ0 is set to zero, since the initial

tagging sheets are perpendicular to the imaging plane. In

our experiments, we modulate the parameters φ, ψ and S
based on the possible deformations of the myocardium. For

example, the spacing between two tagging sheets may likely

increase to double width or decrease to half width during

myocardial deformation, thus we tune S so that S0/2 ≤ S ≤
2S0. The bank of Gabor filters is made up of all possible

filters whose parameters are in the tuning range.

(a) (b)

Fig. 5. a) A slice view of the 3D Segmentation result. b) The two tagging
sheets that are tracked along time sequences. Tracking results of the sheets
are shown in Fig 7.

IV. EXPERIMENTAL DETAILS AND RESULTS

We tried our method on four 4D datasets, whose resolution

are 96x96x18 pixels and consist of 6 time sequences, i.e.,

each dataset contains 108 2D images. All our experiments

were coded in Matlab on a P4 1.5G desktop computer.

The analysis of each dataset took approximately 15mins.

Figure 5(a) shows an extraction result at time 6. This result

is a combination of all the responses of the Gabor filter bank.

The combination and normalization method is as follows: we

assume that using Gabor filters, the total number of voxels

within the tag sheets is a constant. First, this total number is

estimated in an initialization step. Then using different Gabor

filters, we pick out for each filter the 90% number of pixels

with the highest values. The final result is a combination of

all the results from each Gabor filter. As shown in Figure 5(a)

it is a binary image cube where the extracted tagging sheets

have the value of one and the else places are zero.

Fig. 6. The rotation angle ψ at time t + 1 is constrained by the angle ω
and θ at time t, which prevents tagging sheets aliasing.

The binary image does not give the tagging lines’ corre-

spondences across the image slices. In the tracking step, we

impose a set of deformable meshes onto the initial tagging

planes and let them deform according to the extracted tagging

sheet results over time. The above binary image cube gives

the possible locations where the tagging sheets may move to.

And as in Figure 6, the range of ψ at time t+1 is constrained

by the angle ω and θ, which equal � acb and � acd, where a
and b are the middle points between the current tagging line

and its neighboring tagging lines in the same image slice at

time t, c is the neighboring tagging line which is in the same

tagging sheet as the current tagging line at time t, and d is

the left hand side tagging lines on the neighboring slice. The

deformable mesh is also smoothed with an internal spring

force.
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Figure 7 shows the results of tracking the tagging sheets.

Groups (a) and (b) depict the tracking results of two different

tagging sheets. The tag sheet in (a) is located near the RV and

the tag sheet in (b) is located near the LV (See Figure 5(b)).

The tagging sheets cover the hole heart, from the atria to the

ventricle apex. The lower parts of the both tagging sheets are

relatively smooth and of big displacement. This is because

these two areas correspond to the left ventricle, which is

thicker and deforms more than the right ventricles and the

atria. From the right hand side portion of the result images in

(a) we observe a thin layer whose displacement is relatively

big. This corresponds to the right ventricle. Between the

right ventricle and the left ventricle we observe the mesh

relatively smooth and of small displacement. This is because

the tagging sheets are flushed out in the blood pool soon after

the systole begins, thus the mesh deforms passively in this

region. We also observe relatively irregular meshes in the top

portion of both tagging sheets, which is because the atria is

very thin and the tagging sheets are not observable. We find

visual observation of the two tracking results fits very well

with the cardiac anatomy.

V. CONCLUSIONS AND FUTURE WORK

Analysis of the tagged MR images in 3D gives us a

concrete framework to incorporate information from the

neighboring slices. We have developed a novel 3D Gabor

filter bank method to segment and track the 3D tagging sheets

over time. In our experiments, some promising tag extraction

and tracking results were shown. In future work we will

do further analysis based on the Gabor filter parameters.

These parameters can be used to extract useful deformation

information of the myocardium, such as contraction and

twisting. For example, by finding φ and ψ that maximizes

the Gabor response, we are able to get the orientation of the

tagging sheets; by finding the S that maximizes the Gabor

response, we can get the spacing between two neighboring

tagging sheets. These parameters may let us conduct 3D

myocardial strain analysis directly. Accurate estimation of

the tagging sheets deformation will also lead to a more

dense deformation field which can facilitate the finite element

modeling of the heart wall, and ultimately lead to a better

understanding of the heart wall motion.
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