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Abstract

The human tongue is composed of multiple internal muscles that work collaboratively during the
production of speech. Assessment of muscle mechanics can help understand the creation of tongue
motion, interpret clinical observations, and predict surgical outcomes. Although various methods
have been proposed for computing the tongue's motion, associating motion with muscle activity in
an interdigitated fiber framework has not been studied. In this work, we aim to develop a method
that reveals different tongue muscles' activities in different time phases during speech. We use
four-dimensional tagged magnetic resonance (MR) images and static high-resolution MR images
to obtain tongue motion and muscle anatomy, respectively. Then we compute strain tensors and
local tissue compression along the muscle fiber directions in order to reveal their shortening
pattern. This process relies on the support from multiple image analysis methods, including super-
resolution volume reconstruction from MR image slices, segmentation of internal muscles,
tracking the incompressible motion of tissue points using tagged images, propagation of muscle
fiber directions over time, and calculation of strain in the line of action, etc. We evaluated the
method on a control subject and two post-glossectomy patients in a controlled speech task. The
normal subject's tongue muscle activity shows high correspondence with the production of speech
in different time instants, while both patients' muscle activities show different patterns from the
control due to their resected tongues. This method shows potential for relating overall tongue
motion to particular muscle activity, which may provide novel information for future clinical and
scientific studies.
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1. Introduction

The motor control of human tongue muscles has been of great interest to oral surgeons,
neurologists, and speech pathologists, but is challenging to understand because the tongue is
composed of orthogonal interdigitated muscles that interact with each other to create myriad
shapes critical for producing speechl?-3l. In a normal subject's speech, the tongue is highly
deformable and performs precise motion over short periods of time. However, for a patient
who has received glossectomy surgery to remove a cancerous section of the tongue, the
abnormal tongue morphology may result in defective muscle coordination and impaired
speech function[# 5. We are therefore interested in linking the activity of each internal
tongue muscle to different overall tongue motions.

Magnetic resonance (MR) imaging is a noninvasive technique that is capable of imaging
both anatomical structures and tissue motion. Tagged MR imaging places magnetic “tags”
within a region of tissue that deform together with the tongue. The motion information of
the tongue is captured in the deformed tags and can be extracted by processing a time
sequence of tagged MR images during speechl®l. However, tagged MR images provide only
low resolution anatomical information. Therefore, to reveal the internal tongue muscles and
their fiber direction, static high-resolution MR images are acquired in the same slice
locations when the tongue is in a resting state. These images have much better resolution
than tagged MR images and are used to manually segment tongue muscles and show their
anatomical structure.

There has been previous work focusing on computing the overall motion of the tonguel7-9.
The major goal has been to increase estimation accuracy while respecting the tongue's
incompressibility19. Meanwhile, strain derived from the estimated motion has been hard to
interpret. The challenge is mainly because various tongue muscles are interdigitated and
activate in different patterns to create a deformation, resulting in complex principal strain
directions that are difficult to visually and quantitatively assess. In the present work, we
tackle the problem by linking the estimated tongue motion with a fine segmentation of the
internal muscle structures from high-resolution images. Strain along the muscle fiber
directions can be computed after motion is related to individual muscles, yielding a result
that enables visual and quantitative assessment. The final goal is to trace the production of
speech and motion patterns back to the activation (compression) of specific muscles. Since
the proposed method needs both sources of information from tagged and high-resolution
MR images, various image analysis techniques are required to deal with the detailed
processing, such as the accurate estimation of motion, the reconstruction of image volumes
from slices, the segmentation of muscles, the generation of fiber direction, and the
computation of projected strain tensors. We describe these steps in the next section with a
focus on the method of computing strain in the line of action of muscle fibers.

2. Methods

During data acquisition, participants are asked to carry out a controlled speech task to
pronounce the utterance “a souk™ in repeated speech cycles while tagged MR images
(Figures 1(a) and 1(b)) are acquired in order to capture the tongue's motion as deformed
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tags. The utterance is captured in one second with 26 time frames, where the tongue is
expected to start from a speech-ready position at /o/, perform a forward motion to
pronounce /s/, move back into the /u/, and end with an upward motion to pronounce /k/.

Tagged image slices are processed by the harmonic phase algorithm[8] at every time frame.
The result is a sequence of two-dimensional (2D) motion fields at each slice location. These
2D motion slices are then combined by the enhanced incompressible deformation estimation
algorithml®] to get a dense three-dimensional (3D) motion field at every time frame that
reflects the tongue's incompressible motion (Figures 1(c) and 1(d)). We denote the
displacement field as u(x, t). Hereafter, we omit the variable t since we treat each deformed
time frame independently.

For every subject’s tongue, high-resolution MR images are acquired in a static state (Figure
2(a)). A super-resolution algorithm “SUPERV”[11] is used on the slices to generate a dense
3D high-resolution volume. Manual segmentation is performed on this volume to label all
muscles of the tongue (Figure 2(b)). We study the genioglossus (GG) muscle, a major
muscle of the tongue, which has fan-shaped fibers coursing from its origin at the inner
aspect of the mandible to its insertion along the entire upper surface of the midline tongue,
from front to back. We also focus on a second muscle called the transverse (T) muscle,
which courses from left to right across the tongue, with two halves divided by the midline
septum of the tongue. T interdigitates with GG for about 1 cm on either side of the midline
of the tongue. The muscle fiber directions are specified (rather than measured) on every GG
and T voxel (Figures 2(c) and 2(d)). We denote these directions by dgg(X) and dt(X),
respectively. Here we use X for the coordinates of the undeformed static time frame. The

. . . . dx du 1
deformation gradient tensor[12] is defined as F(a:)zﬁ:(f - %) and can be computed
from the 3D motion result. The muscle fiber direction at each deformed time frame can then
be propagated by dgg(X) = F(X)daa(X(X)) and dt(X) = F(X)dr(X(x)).

The Eulerian strain tensor(12], defined as E(m)zé(I — F(z) TF(z)™"), is widely used to
reveal local stretch or compression caused by tissue deformation. Its three principal
directions and eigenvalues show the direction and type of deformation, where positive value
means stretch and negative value means compression. In order to see the deformation along
the muscles, a projection of Eulerian strain to the fiber directions followed by computing the
2-norm is necessary. However, any negative value is going to be converted to positive by the
norm, losing its indication of compression. To solve this problem, we use the relationship
between the deformation gradient tensor and the Eulerian strain. Instead of using E(x), we
project F(x) to the fiber directions, i.e.,

ecc(m):”F(w)dGG(w)”m eT(w):HF(w)dT(w)HZ' (1)

At each voxel, the result is a scalar between the first and the third singular value of F(x),
indicating the ratio that a local tissue point deforms along a muscle fiber against its original
length. We refer to this quantity as a strain in the line of action (SLA). A value greater than 1
shows stretch and a value less than 1 shows compression. To show compression only (which
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could be an indication of activation), we threshold the ratio with a value T,0 < T< 1. The
result is a sequence of masks on the corresponding muscle that shows its potentially
activated region at each time frame, i.e.,

M, (x)=1,ife, (x)<T,M,,(x)=0,0.w.,
‘A’[T (m):l,ifeT (.’IZ)<T, ]‘IT (w)ZO,O.W. ©)

The method was evaluated on three subjects: one normal subject and two post-glossectomy
patients. For each subject, we computed SLA, and considered more than 2% compression to
be above the level of noise. The muscle masks after thresholding are shown in the bottom
rows of Figures 3, 4, and 5 for the control, the first patient, and the second patient,
respectively, while the top rows show their original muscle masks for comparison. These
figures visualize the part of the GG and T muscle that is compressed during different tongue
deformations. For example, GG shortens anteriorly during /o/, medially during /s/ and
posteriorly during /k/ for the control and patient 1, but not patient 2.

In addition, for numerical assessment, we computed the percentage of the compressed
muscle volumes relative to the whole volume. This value at critical time frames is shown in
Table 1 and reflects the portion of the GG and T muscle that is under more than 2%
compression.

4. Discussion

Results on a control and two post-glossectomy patients show great correspondence between
tongue muscle compression and speech production. In the control, the activated parts of GG
and T muscles at different time frames can be clearly interpreted. At time frame /o/ where
the tongue is at a speech-ready position, a small portion of anterior GG and T are both
compressed during the slight retraction of the tip of the tongue. Then the tip is moved
forward to pronounce /s/, compressing a larger region of anterior GG and a small portion of
T. During /s/, we also see that the middle portion of GG compresses in order to flatten the
mid-sagittal part of the tongue and create the center groove necessary to funnel the air across
the top of the tongue. Last, at the /k/ sound, anterior GG stops compressing, while posterior
GG and posterior T overlap in a highly compressed region at the bottom back part of the
tongue. This strong joint compression in this region is consistent with squeezing the tongue
both left-right and forward-backward, making it elongate upwards, which is necessary to
touch the palate and produce the /k/ sound.

On the other hand, the patients’ muscle activities are less predictable than the control subject
due to their resected tongues, which impair their regular motor functions. In the first patient,
the pronunciation of the /o/ sound and the /s/ sound appears normal with similar muscle
behavior to the control. But during the /k/ sound, posterior GG does not show strong activity
to compress the bottom of the tongue in forward and backward directions. The T muscle
only is responsible for pushing the tongue upward. This could cause improper /k/
pronunciation or muscle fatigue in normal speech. In the second patient, the compressed
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muscle part is less than the other two subjects by a large amount. The resection of the tongue
may be impeding its ordinary contracting abilities. Table 1 also provides similar
interpretation. We note that although the patients' tongues show special behaviors, their
general trend of motion is the same as that of the control, with strong GG activity at /s/ and
increasing T activity at /k/. This enables all three subjects to be able to legibly pronounce the
utterance “a souk”.

This method of strain analysis is still being developed. In the future, manual generation of
fiber directions should be replaced by the result from tongue DTI techniques. Manual
segmentation of the two GG and T muscles should be replaces by a complete set of internal
tongue muscles obtained from registration of a tongue atlas!*3l. Moreover, we are looking to
study the behavior of more muscles in more subjects during various speech patterns.

5. Conclusion

In this work we have described a method for analysis of motor control of internal tongue
muscles. The method combined both sources of information acquired from tagged and high-
resolution MR images, and used SLA along the muscle fibers to reveal tissue compression
consistent with muscle activation. Preliminary results on a small number of subjects were
obtained, which showed high correspondence between muscle activities and speech
production, demonstrating the method's potential to aid future motor control studies.
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Figure 1.
An example of tagged MR image in two directions is shown in (a) and (b). 3D motion

computed from tag deformation is shown in (c) at time frame /s/ for forward motion and (d)
at time frame /k/ for upward motion.
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Figure 2.
(@) A high-resolution MR mid-sagittal image slice. (b) Manual segmentation of the tongue

muscles in 3D. (c) Genioglossus muscle fiber direction. (d) Transverse muscle fiber
direction.
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Figure 3.

Strain in the line of action of muscle fibers of the control. The top row is the segmented

shape of GG (green) and T (blue) muscles at different time frames. In the bottom row, local
compression of genioglossus is shown in green, and compression of transverse is shown in

blue for the same time frames.
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Figure 4.
Strain in the line of action of muscle fibers of patient 1. The top row is the segmented shapes

and the bottom row is the local compression of muscles.
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Figure 5.
Strain in the line of action of muscle fibers of patient 2. The top row is the segmented shapes

and the bottom row is the local compression of muscles.

Proc SPIE Int Soc Opt Eng. Author manuscript; available in PMC 2015 July 09.



Page 12

Xing et al.

Author Manuscript

91 6'6 (004 L'6 T'9¢ V'eT ¢ Jualed
L6y €lLe ¥'9 L€ €6 Sve T Judled
€¢S €Tv vee ¥'0¢ o1 T0T |04u0Q

pljoWedd Wil /s/oWweld aWi]  /e/dWedd aWI]l Y/ dWedd dWIl]l  /S/dWeld dWIl  /e/ dwedd awil

(L) ajosn| asaaAsued | (99) ajasn| snssojboluss

.N0S ©,, 30Ue481IN BULIND SSLURAY SLUIY [BI111ID e S3]|9SNLU PaleAIlde Jo abejusdlad
T3alqelL

Author Manuscript Author Manuscript Author Manuscript

Proc SPIE Int Soc Opt Eng. Author manuscript; available in PMC 2015 July 09.



