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A new technique, tagged Cine-Magnetic Resonance ImagfividRl), was used to develop a
mechanical model that represented local, homogeneous, internal tongue deformation during speech.
The goal was to infer muscle activity within the tongue from tissue deformations seen on tMRI.
Measurements were made in three sagittal slidef, middle, righ} during production of the
syllable ka/. Each slice was superimposed with a grid of tag lines, and the approximately 40 tag line
intersections were tracked at 7 time-phases during the syllable. A local model, similar to a finite
element analysis, represented planar stretch and shear between the consonant and vowel at 110
probed locations within the tongue. Principal strains were calculated at these locations and revealed
internal compression and extension patterns from which inferences could be drawn about the
activities of the Verticalis, Hyoglossus, and Superior Longitudinal muscles, among othe2)0®©
Acoustical Society of America[DOI: 10.1121/1.134416G3

PACS numbers: 43.70.Aj, 43.70.BRL ]

I. INTRODUCTION allowed us to investigate tissue deformation patterns and in-
fer related muscle activity.

It is difficult to measure the movements of local regions  There is a small body of material detailing the activity of
within the human tongue during speech and determine theihe internal tongue using tagged Magnetic Resonance Imag-
effect on the tongue surface. It is useful to do so, howevering. These data have been used to predict tongue muscle
because the human tongue has a complicated musculatugentractions for rest-to-vowel motiofNiitsu et al, 1992;
that is not easily reconciled with the deformation patterndg<umadaet al, 1992; Dang and Honda, 19Pdnd nonspeech
seen on the tongue surface during speech. Moreover, the rBlovementgNapadowet al, 1999a, 1999b Some anatomi-
lationship between muscle activity and surface deformatiorf@l information on tongue muscles is also available from

is an important component in understanding how speech idisseéctions and histological studi¢abd-El Malek, 1939;

controlled and how it is disrupted in various disorders. As acarpentier and Pajoni, 1989; Doran, 1975; Miyawaki, 1974;
1984; Takemoto, 2001

first step, the model and data presented here are intended %_lpavgrertet al, hWEMG) dat h ;
add details about the local kinematics of the tongue durin(%nusclgC iﬁgﬁg{gg (K/I(iyawilki a i 967128. wche;ilzgng:ng
speech. By interpolating the deformation of the tongue be-Sholes 1964: Sauerland and, Mitchéll 197WVithin the
tween observed MRI tag-points in a referericensonant ' ' '

oo i tongue, however, EMG data are difficult to collect and inter-
and deformedvowe) state, detailed information on th2D) et que to substantial muscle interdigitation, cross-talk, dif-

strain and in-plane muscle contraction was obtained. Thi§,se fiber distribution of the muscle of intere€®eriman
et al, 1989 and fatigue(Faber and Raphael, 198%romis-
dElectronic mail: mstone@umaryland.edu ing work has used EMG to predict articulator movements
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from speech motor comman@donda and Kusakawa, 1997 until they have recovered a significant portion of th&ir
and has compared EMG to tongue configuratighdac-  magnetization. The process lasts on the order of a few ms,
Neilage and Sholes, 1964; Maeda and Honda, 1994; Niimproducing alternating regions of tissue that produce no signal
etal, 1994, and acoustic spectra in vowe{daeda and Or full signal. The number of bands, and hence the distance
Honda, 1994; Baeet al, 1988. Nonetheless, EMG is not a between dark stripes, is determined by the strength and du-
commonly used instrument, because it is unpleasant, invdation of the gradient between the two rf pulses. A dark grid
sive, and difficult to interpret. Tagged MRI could supple- is applied by first laying down horizontal linéz axis) fol-

ment EMG if it successfully represented tongue muscle conl@Wed by vertical linesy axis). Once these tag lines of little
traction or no signal have been created, a standard ¢metion)

Soft tissue such as tongue musculature is generally remading sequence can be used to track the motion and defor-

. mation of the tag lines.
garded as_ vo_lume preservmg:ung, 199)?& Therefore, Deformation models have been developed for the heart,
tongue motion is the result of local tissue distorti@ithout

. o o which include circumferential shortening and stretching of
volume Cha_ng)e Since muscle actlva'Flon is c_ontra<_:t|le inna- o ventricles, allowing tagged Cine-MRIMRI) to study
tgre, there is an assocated elongatlon of tissue in thg d're‘?ﬁyocardial deformatioricf. McVeigh, 1996; McVeigh and
tion transverse to the primary c_ontractmn. By measuring th%talar, 1992. tMRI of the heart provides displacement and
local tongue deformation, principal stretches and their assqygtion of discrete points, allowing computation of principal
ciated directions can be determined. Using our knowledge oftrains and directions. The heart differs from the tongue,
tongue anatomy, these directions can be compared with theowever, in important ways. The heart has relatively simple,
orientation of the musculature to deduce which muscles lorepetitive, kinematics that do not vary much with cardiac
cally are active during a particular phase of tongue motioncontractility, stroke volume, preload, or afterload. Conse-
These inferences can provide important information abouguently there is no regional variatigexcept in the case of
the neural control and muscle activation in both normal andnfarction). Heart beats are highly repeatable and are inde-
disordered speakers. In the present study, a simple model pendent of the rate of contractigidouglaset al,, 1997).
one plane of the tongue was developed based on a finitddeart beat cycles are easily synchronized temporally to the
element type mesh derived from the movement of taggeelectrocardiograntECG) because the heart produces a large
Cine-Magnetic Resonance ImagiritMRI) tag-points. The electrical depolarizatiofR-wave peakimmediately prior to
modeled plane could be probed at regions of any size angontraction.
principal strains could be calculated for that region. What is different about this study of the tongue is that it

Four concepts are necessary to keep in mind when ex@xamines a soft t.issue structure with_ highly varilable qnd
amining how MRI tagging is accomplished. First, only the complex defo_rmatmq caused by the dllfferentlal stimulation
spins aligned along th& axis can become excited by the of an anatomically highly completarchitecturally muscu-

applied rf energy. Second, only the spins on X&or trans- lature. The small rapid internal movements of the tongue

verse plane can produce an MRI signal. Third, the signal thalf.Sed in speech provide a challenge for the tMRI procedure,

corresponds to a single pixel in the image is actually the’'¢€ it has a fairly poor tempor&l8 Hz) and spatiak1.9

. . mmx1.9 mmx7.0 mm resolution. This study, therefore,
vector sum of more than 1015 spins. That signal can be . o
destroved by causing the spins in a sinale pixel 1o lose hasWas an experimental application of tMRI to speech, to deter-

h y g h tﬁ " P ? t?] ins t P i Hine the extent to which small speech movements could be
conerency. Fourtn, the time necessary 1or the Spins 10 realigfy. g \yeq. Measurements were made of the small deforma-
along theZ axis is measured in hundreds of milliseconds

] ¢ ) ’ tions internal to the tongue during CV syllables for evidence

(ms). Tag lines are stripes of tissue that have been tippeds regional activity that reflected specific muscle contrac-

onto the XY plane and then forced to become dephasedyjg,g.

temporarily destroying their ability to produce a coherent  Tpe goal of this study was to show the application of

signal. A simplified description of how this is accomplished {\R| and a fairly simple model of tongue deformation as a

follows. means of illustrating internal tongue stretch and inferring
First, apply an rf pulse that tips all spins in a plane bymuscle activity during speech. The tMRI procedure and local

45°. Next apply a linear magnetic gradient along one direcmodel presented here identified the direction and extent of

tion in the imaging plane, temporarily changing the reso-stretch at local tissue points. From the stretch and shear data

nance frequency of these excited spins, resulting in an accuecal principal strains were calculated and underlying muscle

mulation of phase along that direction, say ten completeontraction patterns were inferred. Because of the experi-

cycles across the field of vieWFOV). There are now ten mental nature of this method the model was applied only to

lines that have the same phasall it 0°) immediately after a limited, preliminary data set.

the 45° rf pulse and ten lines in between that are 180° out of

phase. Now apply a second rf pulse -6#5°. Those spins

with 0° phase will be tipped back up to tZeaxis, those with || METHODS

180° phase will be tipped a total f90° down onto theX'Y _ _

plane. Finally, another large gradient is applied that totaIIyA' Subject and speech materials

dephases all of the spins on tk& plane. These spins are no A 19-year-old male, native speaker of English demon-

longer producing a coherent signal and cannot be re-excitestrated the application of the model. The subject had no den-

2975 J. Acoust. Soc. Am., Vol. 109, No. 6, June 2001 Stone et al.: Modeling tongue motion 2975



Trigger

) Apply two
Audio Tone
Produced setI?nc;fstag Acquire MRI data for 7 images

) 392 msec
|

[(] (30 msec
—— Sl 1 e

1 2 4 5 7

Image #

FIG. 1. Procedure for producing a tag and measuring seven time-phases
during each repetition.

Speech

tal fillings that might interfere with the MRI magnetic field.

The speech materials were the syllalie// A standard MRI

head coil was used to record the MRI data and also positioﬁ'G_- 2. MRl image sequence of the first four frames i_n.the /kbtoviotion.

the head. There appeared to be no extraneous head motiSJP‘lls the /k/ and(d) is the &/. (b) and(c) are the transitional frames.

(see Sec. | D beloy Three tMRI slice sequences were col-

lected in the left, middle, and right sagittal planes. The syl- ) )

lable ka/ was repeated 32 times per slice, or 96 times induce sharp dark tag lines separated by a distance of 11 mm.

total. The spatial quality of the image depended on the ability! NiS complex rf pulse was applied sequentially to ttendy

of the subject to repeat the syllable accurately 96 times oRXis taking a total time of 30 ms, and resulting in a grid of

cue, at one per second. An ECG simulator triggered a tondlorizontal and vertical tag lines. Seven time-pha&sms

cue at theR-wave peak of the ECG simulator and created theeach were recorded during the succeeding 392 ms as the

tags 300 ms late(Fig. 1). At a later date, an audio recording tongue moved into the vowésee Fig. 1 Therefore, the one

was made as the subject repeated the syllable 16 times to tllecond repetition time is allotted to a time lag of 300 ms

beat of a metronome. Acoustic analysis showed that the /Kbetween the trigger and the tag, a period of tag onset and

release occurred a mean of 534 (agl. 37 after the acoustic  decay lasting about 420 ngwhich includes creating the tags

cue, suggesting that the first data frame was collected withiand the 7 time-phasgsand a final periodabout 280 mg

or before the stop, with the tongue pre-positioned in consogeyoted to looking for the next trigger.

nantal position. Visual inspection of the tMRI data during  Thjrty-two repetitions were needed for reconstruction of

collection indicated that the tongue began moving downwargy,, 7 time-phases in a single plane, because only 4 of the 128

in thg second or.third time—phase, with the maximum tongug; o< of k-space were acquired per repetitict28/4=32). It

position always in the first time-phase. should be noted that-space is Fourier or frequency-based

space. The third line in each group of four contained the high

frequency or edge definition material. By not collecting
A Picker 1.5 Tesla Edge System collected the data usingewer lines ofk-space at each sweep we sacrificed some edge

tagged Cine-MRI. The subject lay supine in the MRI scannegefinition and temporal resolution. The gain was reduced syl-

with the neck coil positioned to image the area from thejable repetitions and subject fatigue. A similar collection pro-

lower nasa_\l cavity to the upper trachea. Three sagittal_slice@ess was done without tagging by Masekl. (1999. That

left (L), middle(M), and right R), were collected. During  gyqy differed from the present one in three ways. First, their

each syllable repetition, 7 time-phases were recorded at 58 mnora) resolution was 25 ms and ours 56 ms. Second, their

ms per time-phase, or the equivalent of 18 samples per Segi'cquisition required 128 repetitions for each slice while ours

qnd (Fig. 1)..The s!gnal e'f”'“ed by the protons, in a smg_le used 96 repetitions for three slices. Third, they were only
time-phase in a single slice, was summed across multiple . ] )
repetitions of the same syllable producing a single imagegble to look at gross anatomical features; the use of tagging
sequence of 7 time-phases per syllable, i.e., a cyclic SeIi_nes in this paper enabled us to look at deformation of the
quence of the C-to-V motion. The first four time-phases ard®N9ue tissue with a resolution of roughly 2 mm.
displayed in Fig. 2, showing the movement from /k/ . / In tMRI images, the intersection of the tag lines are
A SPAMM-like procedure(Spatial Modulation of Mag- Material points that move with the tissue. Based on the mo-
netization prior to imaging (Axel and Dougherty, 1989a, tion of these discrete points, the motion of the entire tongue
1989h was used with the following parameters: a gradientvas interpolated using the same low-order polynomials that
echo with an echo time of 4.6 ms and a repetition time of 14are employed in finite element analysfSook et al, 1989.
ms, a phase encode group size of 4, a field of view of 24 cmMovement of the tongue normal to the sagittal plane was
and a slice thickness of 7 mm. A series of five rf pulses wasissumed to be insignificant at midline, and indeterminate in

used, with relative amplitudes ¢fr1-4+6—4+1] to pro- the parasagittal slices without 3D data.

B. Instrumentation and data collection
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FIG. 3. Time course of tag movement for first four
time-phases of the /k/ toa/ movement. Line color
progresses from light grayk/) to black(/a/) over time.
All MRI based figures are oriented with the tongue tip
on the left.

LEFT MIDLINE RIGHT

C. Internal measurement and modeling shapes, because the intervening movements were too small

The intersections of tag-lines with each other and witht0 rule out measurement error.

the tongue surface were measured for all time-phases be-
tween the consonant and vowel and storesyasoordinates.
There were about 40 intersections or “tag-points” in each1. Deformation model
image. The lowest anterior point of the tongue was defined
as the intersection of the inferior-posterior edge of the jaw
(black and the nearest horizontal tag line in the tonfig. f
2(a)]. The bone of the jaw is black and the marrow within the
jaw is light gray. It is possible that the black region anterior
to the tongue included air from the sublingual cavity. If the
black area were aiii.e., soft tissue unattacheohore motion
would be expected in the adjacent tongue region than if th
black were bonésoft tissue attachedAir cannot be distin-
guished from bone on MRI images, so the black area coul
not be better defined. Movement of the lower tongue, espe"21 - )
cially the anterior region, was quite sméfflig. 3) suggesting The o in-plane displacement components,
2 bon : - g u(X Y =xW=X; and v;=v(X;,Y))=y¥-Y,, were

y attachment. The lowest posterior point was defined IR ] j i~ IR i i
similarly as the intersection of the inferior—posterior surfacec@lculated at each node. A finite-element type mesh, made up
of the epiglottis with the nearest horizontal tag line. of triangular and quadrilateral elements, was created from

Once the anterior and posterior tag-points were specifieH“e_se nodes. The' details .of the node point identification gl-
at the base of the tongue, all the tags were tracked across tg8"thms and point-tracking procedures can be found in
sequence. We were consistent in the points chosen acroR@Vis (1999. Displacement of any arbitrary points within
time-phases. The experimenter was assisted in tracking tHjg€ tongue was calculated from the finite-element type basis

points by (1) observing tag position in the preceding and functions,#;(X,Y) and the displacements measure,t;)
following time-phases and?) digitally superimposing the at each associated node. These basis functions have the char-

reference tag-points on the current image. Measured poinfCteristic thaté;(X;,Y;)=4;;, where g; is the Kronecker
lifi=jandg;=0 if i#]j.

were within the tongue proper, that is, above the jaw-openin§€!ta defined by;; = _
muscles, which were brighter than the tongue. As the tags _ TSt the number of closest nodes, was found which
decayed, muscle distinctions became clearer. Therefore, aftdffined the quadrilateralN(=4) or triangular N=3) ele-
all the time-phases were measured, the base of the tong{f€Nt in which any generic point was located. Second)Nthe
was determined on the vowel imagE&ig. 2(d)]. Tags on closest nodes,X;,Y;), j=1,...N, were used to define the

previous time-phases were then added or deleted to equalif@Sis functionsg;(X,Y) in that elementCooket al, 1989.

the number of points on all images within a single imageThe displacement of any point in an element could then be

sequence. The vowel frame was defined as the last timdound using the known displacements, andv;, and the
phase before the posterior tongue surface changed directid?SiS functionsp;(X,Y) from
back toward the consonant, and was typically the third, N
fourth, or fifth time-phase. Different portions of the tongue B
do not reach maximum vowel position at the same time. Our U(X’Y)_le Uj $i(X.Y)
criterion was for the back of the tongue to reach maximum.
Due to the long time-phase, 56 ms, the entire tongue usually 1)
appeared to reach maximum in a single frame.
As the tongue moved between two sounds the tags de- N
formed, reflecting the internal tissue deformation. Principal U(X’Y):z’l vidi(X.Y).

The extreme consonanfreferencgé and vowel (de-
ormed tag-points were modeled using principal strains.
While these intersection points were treated as tissue points
in the plane, they actually represent the motion of a volume
with a depth of 7 mm perpendicular to the image plane.
Nodal motion therefore represented an average of the tongue

otion across that region. In the reference state the nodes
ad coordinatesX;,Y;). In the deformed statk (wherek
d——l,...,? indicating which of the time phases was being ex-

mined the nodes had coordinates{{,y{").

strains were calculated on the extreme consonant and vowel
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2. Computing deformation, stretch and strain Speaker contributions to error included temporal preci-

This principal strain model gives the simplest possibletSlon (_Ic_i;]smletfed in Sec. ”(f abdo)/:nd extr?rr:e(;us geac: Imo; d
kinematic interpretation to local tongue deformations. The lon. "nhe latter was considered, because the nead coll imite

tag displacements can be computed from @, and we can but did not preclude head motion. Six specific tag-points,

find the in-plane components of the displacement gradlerb ree verttlcal ??hd three hofrl;]ontal Weretmezsurele the
tensor,H, namely rain portion of the image of the consonant and vowel time-

phases. Five of the six points differed by one pixel, the sixth
au(X Y) N a¢,(x Y) differed by one in each direction. These differences were
Z within the measurement error indicating no evidence of

C-to-V head motion.

U= v

av(x Y) & a¢,(x Y)
27 N 2 I1l. DATA APPLICATION
N (2) A natural use of the principal strain model is to infer
- uXY) S d¢;(X,Y) activity of tongue muscles from regions of compression. This
aY =y is done by measuring the tag-points consistent with the
N muscles’ lines of action in the consonafreferenceé and
Hyy= 0 v (X Y) 2 ‘9¢J(X Y) vowel (deformed time-phases. A wire mesh of both data sets

is created by applying the deformation model and calculating
in-plane principal strains throughout the tongue. The patterns
of compression are then examined for patterns reflective of
dnuscle contraction.

where ¢;(X,Y) and the derivatives of;(X,Y) are known
everywhere in any element.

Principal strains and their directions can be compute
from the two eigenvalues;, and their associated eigenvec-

. . . A. Tag-point measurements
tors, N;, of the in-plane Lagrangian strain tenscE, gp

=4 HHT+HTH]. The stretch)y,, in any directionM, can Tag-points were measured in all four time-phases from
be computed from the relationshig,=V2M-EM+1 (Lai  /k/ to /a/ (Fig. 3). In all images the tongue tip is on the left.
etal, 1993, p. 134 The figures show time-lapse movement of the individual tags

with the first time-phasd/k/) in gray and the last/a/) in

black. The tag trajectories depict local differences in motion.
D. Measurement error and repeatability For example, the midsagittal slice shows directional differ-
ences; the top third moves downward and the central third
l:fackward The local motion also differed in range; the top
moved farther than the center.

Three possible sources of error affect the MRI measure;
ments. The first source is image quality, and includes spatia
and temporal resolution of the image, as well as magnetlc
distortion due to tagging. The second is human measureme
error, and the third is speaker variation, specifically speec
precision and head movement. Tag-point wire mesh grids for left, middle and right

Spatial resolution of the acquired MRI image, was basedlices of the /k/-tod/ deformation appear belovFig. 4).
on a 128<128 pixel grid. Resolution was increased to 256 This figure, and the derived straifiBig. 5), cannot be di-
X256 in the raw image by zero filled Fourier interpolation. rectly compared to Fig. 3. These figures present deforma-
Pixel to mm conversion was calculated by dividing the fieldtions of tag grid cell€four pointg, not single tag-points, and
of view (240 mm) by the number of pixel$256). One dis- are observed only at the extreme consonant and vowel posi-
played pixel, therefore, equaled 0.95 mm. Thus the minimuntion. The intervening time-phases are not considered. The
resolvable movement, absent gray scale, was 2 pixels or 1§rids are made by connecting with straight lines all the tag-
mm. points, including surface tag-points, which are the intersec-

The temporal resolution was reduced by the large timdions of the tag lines with the surface. This is why the sur-
window. The time window(56 ms/time-phagemeant that faces of Fig. 4 look angular. The in-plane grids for the /k/
tongue movement might cause blurring of the surface in amnd &/ contain the same tissue points; the differences are due
image. The magnetic disturbance of the tags caused framés changes in the shape of the tongue. For viewing conve-
with newly laid tags(consonantsto have better tag quality, nience, four cells have been shaded on each grid, indicating
and poorer surface clarity, than later franfeewels where  local deformation at the top, central, back, and bottom re-
the tags have decayddee Fig. 2. Poor image clarity in- gions. An uncompressed cell is 1.1 cm per side.
creases human measurement error. Human measurement er- In Fig. 4 the top lowered substantially in all three slices
ror was assessed by having a second judge re-measure tfggay to black. The posterior tongue moved backward about
tag-points in the midline /k/ anda/ time-phases. For the half that amount. The upper-back was lower for /k/-L,M than
consonant frame, the averagmaaximun) error value wax /k/-R (gray). The shaded cells in the center exhibit horizontal
=0.5(0.95 mm, andy=0.5 (1.9 mm. For the vowel frame expansion, shear, and vertical compression, especially on the
the average and maximum errors were larger:1.4 (4.8 right (black square The topmost cells compressed and low-
andy=1.8(6.6) mm. These numbers reflect human measureered vertically, while the upper-back rotated. The bottom
ment error, image resolution and speaker precision. showed some horizontal expansion.

E. Wire mesh deformation grids
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/ : N,
z &
FIG. 4. Wire mesh representations of (gfay) and &/
% (blacKk for left, middle, and right slices.
oy ——_’1 Ny
LEFT MIDLINE RIGHT
C. Principal strains et al. (1994 drew lines manually on midsagittal slices to

Once the model was developed, principal strains coulfonnect deformed tag-points. From these they inferred active

be calculated for any portion of the tongue, cover any sizé“_USCles' In the p_rt_asent study, princ_ipal strains modeled_ re-
area, and reflect the strain at that location. Principal strain§ional homogeneities and allowed inference of underlying

were computed at 110 locations in the tongue. The strain 4PUSCle contraction patterns. The second feature was the
each location was derived from the tag-based model. PrincEn0iC€ Of a consonant as the reference shape. The above

pal strains forlta/ appear in Fig. 5. Gray indicates extension studies used rest as the reference position, but rest position is
and black compression. variable, because it is not constrained by any acoustic re-

The lower third of the tongue compressed primarily uirements, and the starting position of the tongue affects
downward and backward accompanied by upward and back¥hat muscles are used to achieve the end position. The
ward extension. The middle tongue compressed verticallpresent study used /k/ because it is an extreme shape and
and extended horizontally a small amount; the top coml€quires a specific downward movement into the vowel. The
pressed inwardly. In all three slices the tip extended: forwardhird feature is that the present study used Cine-MRI, which
at midline, forward/upward at left and right. On the left a allowed us to choose the target frame from an actual motion
band of tags just below the tongue surface compresse®equence, rather than examine the deformation from one sus-
lengthwise, parallel to the tongue surfa@®ack lines. On  tained position to another.
the right the two sqrface tag rows also were distinct. from thep |nternal segments and muscle activity
deeper tags by being more greatly compregsee Fig. 5. ) o )

The location and direction of local compression could be ~ This study extracted principal strains for small local
compared to the anatomy seen in Fig. 6. tongue regions in an effort to expose compression patterns

consistent with lines of action of possible tongue muscle
contractions. The wire mesh grid8ig. 4) depict local defor-
mations; the principal straingFig. 5) reflect local tissue

The present study is the first to use tagged Cine-MRI tacompression and expansion. Muscle lengtheriégansion
mathematically model tongue muscle activity during speechimust always be passive, because active muscle contraction
although Napadowet al. (1999a, b used a similar procedure causes shortening. Muscle shortening, however, can be due
to study the midsagittal tongue during swallowing and nonto active muscle contraction, or to passive compression of
speech movements. Several features of the present study difie tissue. In addition, the tongue is globally and locally
fer from other speech studies. First, previous studies haveolume preserving, i.e., tissue cannot be increased or de-
examined the midsagittal plane and inferred muscle actiosreased, only relocated. Therefore, when both in-plane
through visual inspection. Niimet al. (1994 visually in-  strains at a single point indicate compression, extension must
spected midsagittal MRI tag line deformations and hypoth-have occurred orthogonally to the slice, i.e., in the cross-
esized muscle contraction. Kumadaal. (1992 and Niitsu  sectional, or lateral plane.

IV. DISCUSSION

FIG. 5. Principal strains for the /k/ ta/ deformation

for left middle and right slices. Black lines indicate lo-
cal tissue compression and gray indicate local expan-
sion.
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Intrinsic Muscles sistent with the small concavity often seendn /At the same
time, SL would compress the upper surface longitudinally.
This must be done without simultaneous compression of the
lower surface (Inferior Longitudina) or the tongue will
merely shorter{Kier and Smith, 1986 In the present data,
the tongue tip expanded horizontally at midline, and ob-
liquely on the sides, orthogonal to and consistent with SL
activity. This expansion, however, did not result in tongue
tip protrusion or elevatior{Fig. 4), because other muscles
pulled the entire tongue backward and downward. As a third
role for SL, we propose that contraction of the orthogonal SL
and Verticalis fibers might create a “belt” that stiffens the
tongue circumference and reduces its degrees of freedom. A
belt could be used to resist outward expansion. Resistance to
expansion was inferred from the strains in the back two rows
of the rear tongue, which rarely extended horizontally de-
spite the backward movement af//(Fig. 5. One cannot
FIG. 6. Muscles of the tongue: Superior Longitudif8L), Verticalis (V), completely discount, however, the possibility that this, or
GenioglossugGG), StyloglossusSG), and HyoglossusHG). From Dew  any of the other strains, is due to passive compression cre-
and JensonPhonetic Processingl977, pp. 92-93. ated indirectly by the contraction of other muscles or to the
supine position.

Genioglossus anteridilGGA) has long been associated

In Fig. 5, the principal strains isolated several local re- . . . .
gions: the lower third, the upper tongue and the Circumfer-W'th local depressions of the anterior tongue. For example, in

ence. These regions were used to predict the role of specifﬂyIRI images, Niimiet al. (1994 atributed downward mo-

muscles in the deformation. First, consider the lower third oﬁ“?” from rest-to/ to GGA. Their data exhibited a depres-

the tongue. The downward and backward compression seation posterior to the tip. 'Con'siderable ultrasound data has
in the lower third of the tonguéFig. 5) is consistent with shown the same depression i (cf. Stone and Lundberg,

P . 1996. More importantly, Daviset al. (1996 found that for
HyoglossugHG) muscle contractioriFig. 6). Next consider : . .
the upper tongue in Fig. 5. Compression here was almosstteady stated/ the local depression behind the tip could be

uniformly vertical, particularly at midline and right, consis- modgled:s a shear ((jjgforrT:aUOr? cor;sstcznthwnhGgi,?l;:on-
tent with Verticalis contractioriFig. 6). Verticalis fibers in- traction. Anatomy studies also have found that IDers

terdigitate completely with several other muscles and so Canqo not curve forward. or ext_end Into t.h € tlﬁ'ake_moto,_
not be isolated using EMG. As a result, the muscle does n 001). Contraction of fibers oriented vertically and inserting

always appear in tongue muscle modétd. Dang and ehind the tip will lower the surface immediately posterior to

Honda, 1997: Honda and Kusakawa, 1993r its role is the tip, facilitating tip elevation. Figure 4, in the current data,
based on ana’tomy not physiolog?/erkéll 1974: Wilhelms. Showed vertical compression behind the tongue tip that was

Tricarico, 1995. The vertical compression in the middle and in_;lgre_emlent with G_GAI_fibeEr_ direcrt]ion. Inspg%tion (()jf the
upper tongue was sharply separated spatially from the baci'dsagittal compression indig. 5, however, did not dis-

ward compression of the lower third. This spatial distinctionClose trajectories directly following the fibers of GGA. The

greatly reduces the likelihood that HG alone lowered andstrains did not distinguish the local depression from the gen-

backed the tongue, and strongly supports Verticalis contrac(?ral lowering of the upper surface, perhaps because the di-

tion as a part of a rapid tongue lowering gesture far// rection of action of Verticalis and GGA are virtually identi-

Contracting both muscles would increase the rate and dis(Eal in the midiine upper tongue. In the lower tongue, some

tance of surface lowering compared to HG alone support for GGA involvement was seen. Backward compres-
The third region that acted as a unit was the circumfer>'°": due to HG contraction, was less pronounced in the

ence of the tongue—the outer two rows of tags. On the lef r;;[erlodr t_\Nﬁ;th;_rds ofGt(t;eAIov:_er_tmldlmehtongue tha; tlhn' thEt’\
particularly, circumferential shortening of the tongue surfac eit and rignt sfices. activity may have causea this at-

was consistent with contraction of the Superior Longitudinalf[enuat'on' Measurement of additional tasks and subjects, and

muscle(SL), as can be seen in the strains of the left Sidemcreased tMRI resolution, will create a database of internal

(Fig. 5. SL (see Fig. 6 may have as many as three roles in tongue str_ains that can be interpolated and interpreted with
tongue movement. First, SL contraction shortens the tongué],10re confidence.

because it is a lengthwise musdl€ier and Smith, 198p
Since the tongue surface is curved in the sagittal plane, S
contraction should shorten tongue length circumferentially
from the tongue tip to the hyoid. Second, SL, in combination =~ The surface and tag movements of Fig. 3 were com-
with Genioglossus Anterior, can elevate the tongugNp-  pared. The tags tracked movement of specific tissue points at
padowet al, 1999b, p. 4; Smith and Kier, 1989; Thexton the surface and within the tongue. The upper surface of the
etal, 1998. To cause upward curling, GGA contraction tongue moved downward and the posterior surface moved
would locally stiffen the tongue behind the tip, which is con- backward. The internal tag movements of the upper tongue

. Does the tongue surface reflect internal tag
eformation patterns?
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Two characteristics of the internal tissue point motion

supplement the knowledge gained from 2D models. The first

characteristic was left-to-right asymmetry in the tag trajecto-

ries (Fig. 3). On the left, the upper tongue moved in a fairly _
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