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ABSTRACT

Tracking the motion of the tongue, both its surface
and its bulk, is important in understanding how the
tongue muscles contribute to speech production and
control. In order to understand the motion in the inte-
rior of the tongue, tagged magnetic resonance imaging
(tMRI) has been used. Tags are distinctive features on
tMRI images that can be tracked to calculate various
indices of motion. The present methods of tracking
tags and extracting motion information are manually
intensive and time-consuming, however, typically lead-
ing only to coarse estimates of the tongues motion. In
this work, we have used harmonic phase magnetic res-
onance imaging (HARP-MRI) for measuring the mo-
tion of the tongue from sinusoidally tagged MR images.
HARP-MRI uses Fourier filtering and special process-
ing algorithms to calculate several measures of motion
like strains, displacements, and motion tracks of tissue
points. From these dense measures of tongue motion,
inferences can be drawn on the corresponding muscle
activity, which is important to understand speech con-
trol and related disorders.

1 INTRODUCTION

The human tongue has a complicated musculature that
undergoes local internal deformations which lead to
changes in the shape of the tongue surface. These sur-
face shape changes contribute to the production and
control of speech. Hence understanding the motion of
the tongue both on it surface and its interior is crucial
in understanding speech control and nature of speech
disorders. Imaging modalities are used both for mea-
suring surface shape changes — e.g. ultrasound, X-ray
microbeam, and electropalatography (EPG) [1] — and
for measuring internal strain patterns of the tongue
— e.g. tagged magnetic resonance imaging (tMRI) [2]
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1: (a) Tagged MR image of midsagittal section of

the lower part of the head, and (b) its Fourier
magnitude spectrum with HARP bandpass fil-
ter.

) shows tagged MR image of the midsagittal
y of the head. Tags are seen as vertical dark
on the image. Tags are temporary features pro-
y spatially modulating the longitudinal magne-
of the tissue before acquiring image data [4].
MRI has been used widely to study cardiac
tions and a variety of tag localization algo-

have been developed [5, 6]. In the context of the
tMRI has been used to predict tongue muscle

tion for rest-to-vowel motion, non-speech move-
7, 8, 9, 10] and for 3-D tracking of the tongue
he present methods of analyzing the tagged



images and extracting motion information from it are
still manually intensive and time consuming. Moreover
the present algorithms lead only to coarse estimates of
tongue motion.

In this paper we have used Harmonic Phase mag-
netic resonance imaging (HARP-MRI) to calculate
estimates of motion in the interior of the tongue
[12]. HARP-MRI was introduced as a fast automated
method for determining myocardial function from si-
nusoidally tagged MR images. Even though there are
differences in the motion of the heart and the tongue,
the premise of HARP-MRI that the harmonic phase
of a tissue point in a tagged image is directly propor-
tional to the motion of that point, still holds. HARP-
MRI uses Fourier filtering and special processing al-
gorithms to calculate different measures of motion.
HARP-MRI’s performance has been validated against
that of an extensively validated tag analysis method
(FINDTAGS) [13, 5]. In order to acquire tagged im-
ages with pure sinusoidal tags we acquire images using
the CSPAMM approach [14] and combine them using
MICSR (Magnitude Image CSPAMM reconstruction)
method [15]. We analyze these sinusoidally tagged im-
ages using HARP-MRI to get principal strains, motion
tracks of tissue points and Lagrangian strains in lines of
action of muscle. These measures of motion are dense
i.e. not restricted to the points of tag intersections.

The remainder of the paper is organized as fol-
lows. Section 2 gives an overview of HARP-MRI and
MICSR. Section 3 discusses about the subjects and the
speech materials used. We also discuss the methods of
calculating the measures of motion used in this paper.
Section 4 shows the results of the method and we corre-
late between the motion measures with muscle activity.

2 BACKGROUND

In this section we give a overview of HARP-MRI and
MICSR.

2.1 HARP-MRI
Fig. 1(a) shows a tagged MR image of a human tongue.
The tag lines are temporary features that fades gradu-
ally until it diminishes in a large fraction of a second.
The tag lines, which are straight when they are ap-
plied, are bent due to the local deformations in the
tongue. The magnitude of the Fourier transform of
this image is illustrated in Fig. 1(b). The spectrum
consists of a single DC peak and two harmonic peaks,
which appear because of the spatial modulation caused
by the SPAMM tagging [12]. A harmonic image can be
constructed by band pass filtering one of the harmonic
peaks, as shown in Fig. 1(b), and taking its inverse
Fourier transform. The resulting complex harmonic
image can be expressed as [12]

I(y, t) = D(y, t)ejφ(y,t) , (1)
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φ(y, t) = −ωTu(y, t) + ωTy , (2)

gives the orientation and frequency of the tag
in the image plane. The harmonic phase im-

refore contains information about the motion of
ue. In order to completely characterize motion
dimensions we use both horizontal and vertical

ICSR
ude Image CSPAMM Reconstruction (MICSR)
ecent method of combining complementary

(CSPAMM) images using only their magni-
ages to reconstruct pure sinusoidal tag patterns
erns that have no DC peak in their spectrum
he traditional CSPAMM reconstruction [14]
that was designed to eliminate the DC com-
requires subtraction of two complex datasets
s problematic. The MICSR method bypasses
of complex datasets by using only magnitude
that have improved contrast, tag persistence.
is also simple to implement and details are

elow.

represent the series of images obtained using
,+90o] tagging pulse. Let ‘B’ represent the

mentary acquisition, i.e those obtained using
90o] tagging pulse. Then the resulting MICSR

s given by

IMICSR = |A|2 − |B|2 . (3)

r to visualize these MICSR images, NessAiver
16] introduced a trinary display scheme, with
vel values of [-1, 0, 1] (Fig. 2). In this dis-
e tissue will always be black or white while the
und(air) will be gray. In Fig. 2 the tags in the
ntations have been multiplied and then thresh-
ven though this display method is not directly

to calculation of motion measures using HARP,
ful for visualization. In theory, MICSR images
mized for processing using HARP [15]. Because
produces sinusoidal tags with zero mean, the

ination of the required harmonic spectrum from
quencies and higher order harmonics is mini-

3 METHODS

BJECTS AND SPEECH MATERIALS
ear old male, non-native speaker of English
trated the application of the method. The sub-



Figure 2: MICSR image.

ject did not have any dental fillings that might interfere
with the MRI magnetic field. The speech materials
were bisyllables /i/-/a/, /a/-/u/ and /i/-/u/. Since
a tagged MR image of an utterance is a combination
of repeated utterances, the subject’s ability to repeat
the utterances precisely was critical to image quality.
Therefore the subject was pre-tested for temporal pre-
cision using a metronome that had the same acous-
tic characteristics as the MRI scanner pulse. Acoustic
analysis showed the subject had very little variabil-
ity. Three sagittal slices were imaged. This paper will
present data from the midsagittal slice.

3.2 INSTRUMENTATION AND DATA COL-
LECTION
Tagged MR images were collected on a 1.5T Mar-
coni Eclipse scanner. The subject lay supine in the
MR scanner with the TMJ (temporomandibular joint)
phased array coil positioned to image the area from
the lower nasal cavity to the upper trachea. Three
sagittal slices were collected with a temporal resolu-
tion of 66 msec and an interpolated spatial resolution
1.09mm × 1.09mm × 7 mm. For each time frame four
sets of data were collected: A-horizontal, A-vertical,
B-horizontal, and B-vertical. The ‘A’ sets and ‘B’ sets
are combined using MICSR method and are shown in
Fig. 2. The utterance was repeated twice, one for setup
and one for captured utterance. Thus, a tagged image
of a slice was composed of 4 repetitions.

3.3 COMPUTING MOTION MEASURES
We have computed three measures of motion: 1) Path
lines of tissue points, 2) principle directions and
strains, and 3) Lagrangian strain along the action of
specific muscles. We now describe how each measure
was calculated using HARP-MRI.

1. Path lines of tissue points: A point in the im-
age has two HARP values that can be tracked
through a CINE tMRI sequence using HARP
tracking [12]. Since phase is a material property
of the tissue, it can be tracked over time. The
result is an estimate of a motion map as shown
in Fig. 3. Note that in figs. 3, 4, and 5 we have
zoomed into the region around the tongue for
better visualization.

2. Lagrangian strain along the line of action of mus-
cle: Given the position of each point using HARP
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racking method Lagrangian strains is calcu-
ted between any pair of tissue points. Given
r aim to infer muscle activity from the tongue

sing these kinematic measurements, we mea-
red the strains along the directions given in
ig. 4(a).

rincipal strains: The left Cauchy-Green strain
nsor is calculated from the HARP values. Prin-
pal strains are the eigenvalues of this tensor.
nit elongation along the principal directions is
isplayed in Fig. 5 with principal directions su-
erimposed on it. Principal values in most of
e region outside the tongue have been masked
t because of loss of image intensity in those
gions.

RESULTS AND DISCUSSION

onstrate our results using the bisyllable /i/
In Fig. 3 we see the motion path of the tis-
nts in the midsagittal slice. The motion path
e nonlinear motion of the internal tongue tis-
nts. The black dots represent the position of
oint in the third time frame. We see that the
ries in the anterior tongue and the root are
mately linear. The trajectories in the posterior
are not linear showing the inhomogeneity of the
l tongue motion.
a) shows the lines of action for Genioglossus
Posterior (#1) through Anterior (#4), along
agrangian strains are calculated. In the mo-

m /i/ to /a/, the tongue surface lowers and the
oves posteriorly. The strain values in Fig. 4(b)
the large anterior compression of 30% and the
r expansion of 50% in the maximal /a/(time
). The motions of Fig. 3 and the strains of
re consistent with the known surface motions
gesture and internal tongue compressions seen
ious tMRI data [2, 17]. In addition, the com-

in the lines of action of GG is consistent with
not a proof of) reasonable GG activity in this

.

hows principal direction of strains and the elon-
along the principal direction for the frame be-
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Figure 4: (a) Lines along which Lagrangian strains are

calculated, and (b) Lagrangian strain.

fore maximum /a/. Substantial compression is seen
in the lower front and the tip which is consistent with
contraction of GG anterior.

5 CONCLUSION

We have used HARP-MRI to analyze sinusoidally
tagged MR images of the tongue. HARP-MRI uses
unique spectral properties of tagged image to calcu-
late various motion quantities. In particular, we calcu-
lated Lagrangian strains, principal strains, and motion
tracks of tissue points. These measures were inter-
preted to be consistent with internal tongue activity.
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