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Felton SM, Gaige TA, Reese TG, Wedeen VJ, Gilbert RJ.
Mechanical basis for lingual deformation during the propulsive phase
of swallowing as determined by phase-contrast magnetic resonance
imaging. J Appl Physiol 103: 255-265, 2007. First published March
29, 2007; doi:10.1152/japplphysiol.01070.2006.—The tongue is an
intricately configured muscular organ that undergoes a series of rapid
shape changes intended to first configure and then transport the bolus
from the oral cavity to the pharynx during swallowing. To assess the
complex array of mechanical events occurring during the propulsive
phase of swallowing, we employed tongue pressure-gated phase-
contrast MRI to represent the tissue’s local strain rate vectors. Vali-
dation of the capacity of phase-contrast MRI to represent local
compressive and expansive strain rate was obtained by assessing
deformation patterns induced by a synchronized mechanical plunger
apparatus in a gelatinous material phantom. Physiological strain rate
data were acquired in the sagittal and coronal orientations at 0, 200,
400, and 600 ms relative to the gating pulse during 2.5-ml water bolus
swallows. This method demonstrated that the propulsive phase of
swallowing is associated with a precisely organized series of com-
pressive and expansive strain rate events. At the initiation of propul-
sion, bolus position resulted from obliquely aligned compressive and
expansive strain, vertically aligned compressive strain and orthogonal
expansion, and compressive strain aligned obliquely to the styloid
process. Bolus reconfiguration and translocation resulted from a
combination of compressive strain occurring in the middle and pos-
terior tongue aligned obliquely between the anterior-inferior and the
posterior-superior regions with commensurate orthogonal expansion,
along with bidirectional contraction in the distribution of the trans-
versus and verticalis muscle fibers. These data support the concept
that propulsive lingual deformation is due to complex muscular
interactions involving both extrinsic and intrinsic muscles.

tongue; lingual deformation

THE HUMAN TONGUE IS A VERSATILE and structurally complex
muscular organ that is of paramount importance for the per-
formance of swallowing. During the oropharyngeal swallow, a
highly synchronized series of events results in the manipulation
and transport of ingested food from the mouth to the esopha-
gus. Following ingestion, food is physically modified through
a complex set of actions to constitute a shaped bolus of
semi-solid or fluid consistency (11, 22, 31), a process that
incorporates tethered motions of the tongue, hyoid bone, and
jaw (10, 27, 32-34). Once the bolus has been configured, the
tongue participates in the creation and optimization of the
accommodating cavity by patterned deformation, followed by
retrograde propulsion (6). On delivery of the bolus, the phar-
ynx displaces in a superior direction while the laryngeal aper-

ture occludes, producing a cylinder-like flow chamber (5).
Propagating pharyngeal contractions then combine with ante-
rior pharyngeal displacement to produce an orderly flow of the
bolus from the pharynx, past the occluded airway, and into the
esophagus (13, 15, 23).

The tongue consists of a complex three-dimensional (3D)
network of skeletal muscle fibers and fiber bundles, involving
both intrinsic fibers, i.e., those fibers possessing no direct connec-
tion to bony surfaces, and extrinsic fibers, i.e., those fibers pos-
sessing connections to bony surfaces (Fig. 1). The intrinsic mus-
culature consists of a core region of orthogonally aligned fibers,
contained within a sheath-like tract of longitudinally oriented
fibers. The intrinsic fibers are delicately merged with extrinsic
muscles that modify shape and position from a superior (palato-
glossus), posterior (styloglossus), and inferior direction (genio-
glossus and hyoglossus). Considering the tongue as a continuous
material, we have previously used diffusion-based MRI tech-
niques to characterize both local (intravoxel) (7, 16, 19, 36) and
regional (intervoxel) (8, 9) variations in myofiber alignment.

From a mechanical perspective, the tongue is generally
considered to be a variation of a muscular hydrostat, an organ
whose musculature both creates motion and supplies skeletal
support for that motion (18). As such, it capitalizes on its high
water content, and hence incompressibility, to modify its form,
without change in volume. Accordingly, our approach consid-
ers that lingual tissue mechanics can best be conceived as a set
of discretely coupled units of compression and expansion,
whose behavior is predicted by its underlying fiber organiza-
tion. We have previously employed tagged magnetization
MRI, a method analyzing the deforming patterns of an arbi-
trarily defined set of intramural elements, to assess lingual strain
during swallowing (17) and by these results created a model of
lingual deformation based on the presence of several fundamental
synergisms (20) involving both the intrinsic and extrinsic muscle
fibers. This model suggests, for example, that during bolus pro-
pulsion the act of retrograde displacement of the tongue is due to
contraction of the extrinsic styloglossus and hyoglossus muscles
combined with hydrostatic expansion due to bidirectional contrac-
tion of the intrinsic transversus and verticalis muscles. Muscular
hydrostats so conceived optimize speed and flexibility during
deformation by such synergistic activity while sacrificing force
production. By comparison, force production may be maximized
in nonhydrostatic systems by large moment arms about a joint
supported by a bony skeleton.

To better resolve the 3D resolved mechanical interactions
occurring during the propulsive phase of the swallow, we
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Fig. 1. Anatomy of lingual musculature. Anatomical drawings of the tongue derived from Gray’s Anatomy. A: midsagittal plane demonstrating complex
three-dimensional (3D) network of interwoven skeletal muscle fibers involving the intrinsic muscles (transversus, verticalis, and longitudinalis) and the extrinsic
muscles (principally the styloglossus, genioglossus, and hyoglossus). B: coronal plane (lateral half) obtained through the mid-portion of the tongue displays the
core of transversus and verticalis muscles, surrounded by the styloglossus and hyoglossus (lateral) and the longitudinalis (superior and inferior).

employed gated phase-contrast (PC) MRI to map strain rate
tensor arrays (3, 4, 12, 37). This method derives strain rate
(directional change of the extent of compression or expansion
per unit time by determining the difference between velocity
vectors of adjacent voxels distributed throughout the deform-
ing tissue). This approach provides a basis to assay local and
regional mechanics during the highly dynamic deformative
changes of the tissue and resolves the complete strain rate
function for the deforming tongue during the course of liquid
bolus propulsion.

METHODS

Subjects (n = 18) were chosen for this study who possessed no
history or current abnormalities of speech or swallowing. Water bolus
(2.5 ml) swallows were performed by the subjects, and MRI was
performed in association with each swallow. The timing of image
acquisition and retrospective image alignment was gated by lingual
pressure applied to the hard palate to visualize the propulsive phase of
the swallow. The study was approved by the Massachusetts Institute
of Technology Committee on the Use of Humans as Experimental
Subjects.

Derivation of local strain rate from PC MRI. Specialized MRI
methods exist that derive material motion in tissues from the displace-
ment of MRI-visible patterns (spatial modulations) inscribed on the
material’s spin distribution. Tagged magnetization employs radiofre-
quency and gradient pulses to modulate longitudinal magnetization in
a manner that results in two-dimensional (2D) bands of saturated
magnetization that may be tracked during deformation (17, 18, 20). In
contrast, PC MRI determines the local (single voxel) velocity function
by applying a phase gradient followed by a canceling (decoding)
phase gradient, then deriving local motion by phase shift exhibited by
the resulting magnetic resonance images along the gradient vector (3,
24, 37). During PC MRI, velocity encoding is typically applied in four
quadrilateral directions (x, y, z; —x, —y, z; X, =¥, —2; —X, ¥,—z) and
strain rate determined by the difference in velocities between adjacent
voxels distributed throughout the sampled slices of tissue. The strain
rate tensor is over specified by taking measurements in four quadri-
lateral directions, thus canceling out artifacts and other effects on the
phase unrelated to velocity. During deformation, strains near each
point in the material can be linearly approximated by the strain tensor,
given by a 3 X 3 matrix. There are several advantages to the use of

PC methods to assay material strain during rapid physiological mo-
tions: /) PC MRI provides motion sensitivity that can be set to high
values by adjusting the gradient pulse intensities. Thus PC data have
near perfect motion specificity and may be analyzed by automated
schemas. Combining PC with single-shot image acquisition signifi-
cantly strengthens the quality, sensitivity, and specificity of PC data
by excluding the influence of variable motion across multishot acqui-
sitions that otherwise would be amplified by strain calculation. 2) In
contrast to tagged magnetization, PC MRI provides a basis for the
acquisition and analysis of 3D strain. This, however, requires an
increase in the number of strain encoding axes and thus requires
slightly longer acquisition times (due to reduced sensitivity) and
exhibits some algorithmic fragility. Although magnetic susceptibility
artifacts resulting in spatial distortions may occur during the course of
oral cavity imaging due to the fact that acquisitions must be performed
at air-tissue interfaces (25), these effects appear to be relatively small
at the edges of the lingual tissue (6) imaged in vivo and are not
detectable in the interior of the tissue (17-19) where strain rate
measures are performed. Individual PC images were determined to
have a signal-to-noise ratio of 48.5.

Strain was calculated by employing an unsupervised and objective
algorithm developed in Mathematica. In this paper, all strains are
represented as Lagrangian. To determine strain rate per voxel, the
difference of phase between voxels at location (i, j) was calculated:

da;; _ (ai+l‘/+1 - au+1) + (aH-l,j — a;;
dx 2
da;; _ (ai+l,j+1 - aHl,j) + (ai,jﬂ - ai,j)
ady 2

where a;; is the phase at voxel (i, j), and x and y are the principal
orthogonal directions oriented longitudinally and vertically, respec-
tively. Four voxels were used instead of two so that x-strain tensors
and y-strain tensors would be calculated for the same location.

The signal-to-noise ratio was improved by averaging over 10 data
sets and weighting the strain rate data by the strength of the magnitude
in the following manner:

10
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where m;; is the magnitude at voxel (i,j), and k is the designator for
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one of the 10 sets being averaged. Weighted averaging ensured that
noise from images with weak signals was removed from the data.
To determine the difference in velocity, the phase difference must
be processed with the velocity encoding, VENC. The difference in
velocity over the length of the voxels (L) defines the strain rate de/ot.

da
—+VENC
dg,, dp
at L
Ju,
€)=
ap ap

where p represents any principal vector x, y, or z, and u, is the material
displacement along vector a.

The relation between the four equilateral gradient vectors, a, b, c,
and d, and the two principal vectors, x and y, is

9g,, (asu,,
A s
ot ot ot ot ot

9, _ (asap 08, N 9y asf,p> N
4

at at ot at at

The orthogonal dimensions were translated into principal strain vec-
tors with no shear strain. First, rotational strain was removed by separat-
ing the symmetric and asymmetric strain tensors, as follows (39):

av, 09g,
daq ot
vV, av,

dx  dy
av, av,

dx  dy

where V is the local velocity vector field of the material, and p and ¢
represent any principal vectors. The strain rate tensor field (7) can be
separated into symmetric (S) and anti-symmetric (A) components:

T+71" T-T"
T=S+A= +
2
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The symmetric tensor represents stress and strain, whereas the anti-
symmetric tensor represents local rigid body rotation. The principal
strain vectors were then found using Mohr’s circle.

e, t+e g —¢€
2

£ ———" 0820 + €, sin20

— &,

€, = — sin20 + €,, cos20

To represent the local strain rate tensor for each voxel, the principal
strain rates for the tissue contained in each voxel were rendered as 2D
icons (Fig. 2). For this study, strain rate was represented graphically
using rhombi with their long dimension parallel to a strain rate
eigenvector and the length proportional to its magnitude. The width of
each rhombus was arbitrarily set proportional to the length for the
purpose of visualization. For each voxel, two orthogonally aligned
rhombi were generated representing the primary strain rate vector,
0€1/dt, defined as that vector with the greatest magnitude, and the
secondary strain rate vector, d€,/dt, whose magnitude was smaller and
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Fig. 2. Icon depicting two-dimensional (2D) strain rate tensor. The orthogonal
principal strain rates, reflective of the material strain in each voxel, are
displayed in the form of 2 orthogonal rhombi. In each instance, the length and
orientation of the larger rhombus is defined by the magnitude and direction of
the primary strain rate d€;/0t (width is arbitrarily displayed proportional to the
length for improved visualization). The smaller rhombus is overlaid orthogonal
to the larger rhombus and possesses length and orientation defined by the
secondary strain rate d€2/dz. By convention, if a rhombus is blue, the strain rate
represented is positive (expansion), and if a rhombus is red, the strain rate is
negative (compression). In the example shown in this figure, the primary strain
rate tensor is compressive and represented as a red rhombus, whereas the
secondary strain rate tensor is expansive and represented as a blue rhombus
possessing a magnitude of 60% as large as the primary strain rate tensor.

aligned orthogonal to the primary strain rate vector. In the current
study, we employed the convention that blue indicates a positive
principal strain rate, consistent with expansion, and that red indicates
a negative principal strain rate, consistent with compression. It should
be noted that compressive and expansive principal strain rates present
in a given voxel may or may not be equivalent in magnitude, although
the hydrostatic condition requires that their sum be zero if there is no
strain in through plane direction. Each rhombus was overlayed in the
correct position on the magnitude images of the tongue during the
propulsive image sequence.

Although each voxel constitutes a unique strain rate tensor, me-
chanical analysis of mean deformation of voxel arrays was also
performed. This approach provides adequate signal to noise to allow
quantitative comparisons to be made between subjects as a function of
location and temporal position in the swallow. Regions of the tongue
were delineated from sagittal PC images and comparisons made of
mean magnitude of compressive and expansive strain rates. The
regions consisted of the following: region 1, superior-posterior
tongue, comprising the distributions of the posterior genioglossus,
verticalis, and transversus muscles, and points of insertion for the
styloglossus and hyoglossus; region 2, superior-middle tongue, com-
prising the middle genioglossus, verticalis, and transversus muscles;
region 3, superior- anterior tongue, comprising the anterior genioglos-
sus and verticalis and transversus muscles; and region 4, inferior-
middle tongue, comprising largely the distributions of the inferior
genioglossus and hyoglossus muscles. The image sizes defined by
regions 1, 2, and 3 were ~100 voxels, whereas the image size
defined by region 4 was ~50 voxels. The explicit boundaries of
these regions were arbitrarily defined, acknowledging the contin-
uous nature of lingual fiber myoarchitecture. Comparisons were
made of the mean = SD of strain rate amplitude between regions
within each time point of duration 54 ms (0, 200, 400, and 600 ms
following application of the lingual trigger) and between time points
for a single region. Statistical comparisons were obtained employing
the Student’s 7-test, with significance assigned at P < 0.05.
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Validation of PC MRI for deriving local tissue strain rate. To
validate the method for deriving local strain rate from PC MRI, we
tested the current MRI pulse sequence and method of analysis during
deformation induced by a synchronized mechanical plunger apparatus
(24) in a phantom gelatinous material (4% Agar). This system assays
local compression and expansion in the phantom following forced
compression of the material by the plunger at varying rates of
displacement. Similar to the case of the tongue, the gel density is
constant, i.e., the material is incompressible, and thus the trace of the
strain tensor must always be zero. However, the gelatinous material is
different from the tongue since it is a purely isotropic material, and
thus all local compression will be balanced by expansion in the case
of each voxel. The deformation of a hydrostatic muscle, such as the
tongue, is controlled by local anisotropic elements, i.e., muscle fibers
and fiber arrays, which by their combined contraction and relaxation
produce local compression and expansion. Nonetheless, this method
provides a way to verify the basic tenets by which local phase shifts
are translated into material properties, i.e., local compression and
expansion. The experiment was run on a 1.5-T Siemens Avanto
magnet with an echo time of 80 ms, a repetition time of 650 ms, and
VENC of 0.2 cm/s. Voxels were 5 X 5 X 5 cm?. The plunger
apparatus has a sinusoidal period of 750 ms and a stroke length of
0.6 cm. The motor sends a 5-V trigger impulse to a single arbitrary
point during its cycle. Single acquisitions are taken in 25-ms intervals

MECHANICAL IMAGING OF LINGUAL MUSCLE

for a total of 30 strain rate images. The data in Fig. 3 display the
localized strain rate of the gel at three times during the plunger’s
cycle. When the plunger is not in contact with the gel, no significant
strain rate patterns are measured. This is consistent with the assump-
tions of a static system. The line of vertical compression on the right
side of the plunger is probably due to edge effects between the gel and
the air. During the downward-moving portion of the cycle, a consis-
tent strain pattern of vertically oriented compression underneath the
plunger occurs, along with orthogonal expansion due to the isov-
olemic properties of the gel. During the upward-moving portion, an
equal but opposite pattern of vertically oriented expansion occurs
under the plunger, accompanied by orthogonal compression. These
observations substantiate that the strain rate derived from PC MRI, as
defined above, is representative of the local compressive and expan-
sive events associated with local material deformation.
Physiological gating of MRI. Given the spatial and temporal
complexity of the mechanical events associated with swallowing and
the one-dimensional nature of conventional PC data, gating is needed
to temporally align the resulting mechanical information. Although
superior temporal precision would result from cine magnetic reso-
nance (MR) image acquisition (29), obtaining multiple PC MR images
following a single gating pulse was not feasible. Owing to the fact that
propulsion is principally reflexive once initiated, we elected to tether
MR image acquisition to lingual pressure applied to the hard palate

A B

\

C

1

Fig. 3. Validation of PC MRI as a method to derive local strain rate. To validate the method by which local strain rate tensors are derived from PC MRI, we
employed a mechanical plunger apparatus to induce compressive or expansive deformation in a gelatinous phantom material. The plunger consists of
hemispherical plastic device whose position is controlled by a stepper motor, which can be lowered or raised relative to the gel at a rate of 1 Hz and a stroke
length of 1.2 cm. Strain rate was derived from local PC as described in METHODS, and the resulting primary and secondary strain rate tensors are depicted as
rhomboid icons for each voxel. The diagrams displayed in the top row depict the plunger’s position relative to the gel before contact (A), during a downward
stroke (compression) (B), and during an upward stroke (expansion) (C). The images displayed in the bottom row depict the strain rate vectors within the gel
before contact (D), during the downward stroke (E), and during the upward stroke (F). A consistent field of vertical compression can be seen below the
plunger during the downward stroke, accompanied by orthogonal expansion due to the gel’s isovolemic nature. An analogous field of vertical expansion
can be seen below the plunger during the upward stroke, accompanied by orthogonal compression. The strain rate icon displayed for scale in the bottom

left of each image represents 0.20 s 1.
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through a pressure-sending bulb at the approximate outset of the
propulsive phase (21, 28). The device configuration is portrayed in
Fig. 4. A small (3-cm length) tongue bulb [Iowa Oral Performance
Instrument (14), Blaise Medical] was placed immediately behind the
front teeth and on the tip of the subject’s tongue. The bulb was
connected via 15 m of 1/16-in. ID tubing to a pressure sensor, from
which output was acquired and analyzed by Labview software. The
peak pressure occurring secondary to tongue pressure against the bulb
was recorded, and a 5-V output signal was triggered when a threshold
pressure (~0.35 PSI) was achieved. Acknowledging that there is
likely to be variation between subjects in the pressure applied by the
tongue during swallow initiation, the exact pressure threshold was
derived for each subject by determining the voltage threshold imme-
diately preceding the swallow in four to eight test swallows, then
setting the voltage threshold to 0.01 V below the smallest peak
achieved in the test swallows. Although the interval between the time
of initial tongue contact with the sensor and the achievement of
threshold pressure varied slightly between subjects, the interval be-
tween the time at which threshold pressure was obtained and the
initiation of lingual displacement (and the coordinated initiation of
MR scanning) was <0.1 s and highly reproducible. It is conceivable
that the presence of the bulb in the oral cavity may cause a deviation
from the natural positioning of the tongue and thus induce compen-
satory mechanical actions. In addition, the resistance provided by the
bulb may modify the natural strain patterns exhibited by the tissue
during the course of swallowing. Although in preliminary experiments
the bulb was easily positioned by subjects by placing one edge of the
bulb against the teeth, resulting in tongue-tip displacement, there was
a small amount of accommodative lingual deformation and superior
hyoid displacement as a function of bulb positioning in the anterior
oral cavity (Fig. 4C). The effect of this preswallow accommodative
effect could not be systematically assessed in the current protocol
since the presence of the intra-oral device was essential to the
acquisition of MR data.

MRI data acquisition. Each subject swallowed 2.5 ml of water four
times to compile a complete set of strain data at one time interval in
two slices. The water was delivered via a subject-controlled syringe
attached to rubber tubing that inserted into the side of the subject’s
mouth. Ten sets of strain data were then averaged together in each
image, and four different time intervals were sampled, resulting in a
total of 160 swallows per subject to create complete data set of four

C T-1 Weighted Images

a:without bulb b:with bulb
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time intervals and two adjacent slices. We also point out that our
method incorporates an internal control for subject fatigue, that is, the
magnitude of the pressure applied to the intra-oral bulb during the
course of the swallow. Interestingly, by this measure, our subjects did
not demonstrate any evidence of fatigue during the course of these
trials. In these experiments, the volume observed was comprised by
two slices; each is made up of a set of 3 X 3 X 3 mm? voxels located
adjacent to and on the left and right of the midsagittal plane. The
application of each velocity encoding pulse was elicited by a 5-V
electrical signal triggered by tongue pressure on the hard palate.
Acquisitions occurred at 0, 200, 400, and 600 ms from the elicitation
of the trigger point. The pulse sequence is similar to the one used by
Tseng et al. (35). Specific imaging parameters included echo time of
54 ms, repetition time of 274 ms, and VENC of 0.67 cm+s ™ '-cycle '
One acquisition was performed in each slice per swallow, and acqui-
sitions alternated between the two slices. The effective repetition time
for a particular slice was never <3 s and determined by the speed at
which the subject could comfortably swallow repeatedly. The tech-
nique was validated over 13 subjects, whereas quantitative gated PC
data was obtained in 5 subjects (3 men, 2 women). Data was acquired
using a 1.5-T Siemens Avanto whole body scanner equipped with two
custom-built surface coils, ~150 mm? in area, placed on each cheek
and gently secured with tape.

RESULTS

Experiments were performed to assess the local strain rate
function occurring in the tongue musculature during the pro-
pulsive phase of swallowing. Strain rate was derived from the
phase differences recorded within temporally sequenced MR
images, and the resulting strain rate tensors superimposed in
the form of quantifiable icons on the magnitude images of the
tongue during deformation. Inasmuch as strain rate values are
provided in Lagrangian terms, they have units of s~!. Thus
zero defines an absence of strain, whereas a strain rate that
would increase the length of the material by 100% per second
may be represented as 1 s~ !. We demonstrate in Fig. 5 the
prototypical bulk motion of the tongue during the propulsive
phase of a 2.5-ml water bolus swallow. The image sequence
shown depicts the magnitude images acquired during a period

Fig. 4. Mechanism for gating PC MR image
acquisition. A swallow-based MR acquisi-
tion gating system was developed to provide
a basis for precise temporal sequencing and
spatial registration based on the pressure
applied by the tongue to a sensing bulb
(Blaise Medical) situated against the hard
palate at the outset of late accommodation.
On achieving threshold pressure, a 5-V sig-

D

nal is elicited, which triggers MR acquisi-
tion. A: photograph of system components,
consisting of a small (3-cm length) tongue
l\ bulb in series via 1/16-in. ID tubing with a

B . § \ pressure transducer whose output is directed
Analo Penetration g =4 to Labview hardware/software and a pres-
g Wall & s A, A A, jL o sure driven 5-V trigger signal elicited.
output MRI Iy ' > B: block diagram of system components.
NI-USB  voltage : o — 10 C: magnitude MR images of the tongue in
6008 Ty Machine the absence of (a) and the presence of the
. sV gating bulb (b), indicating accommodative
Labview lingual deformation and hyoid displacement
software Pressure as a function of bulb position. D: pressure
Analog Sensor tracing (fop) induced by the tongue applied
input 1OPI Tongue to the hard palate via the sensing bulb and
USB It Bulb ov the threshold for eliciting an electrical trig-

cable VOIage  pregsure ] Time (5) 10 ger pulse (bottom).
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Fig. 5. Demonstration of lingual pattern of deformation during bolus propulsion. Sequence of magnitude MR images intended to demonstrate the characteristic
pattern of lingual deformation associated with propulsion of the liquid bolus from the oral cavity to the pharynx. Eighty magnitude images were acquired per
time point and averaged together to create an image of the tongue at four time points during swallowing: 0, 200, 400, and 600 ms following trigger pulse
application. The pocket of low signal located in the anterior-superior oral cavity is the tongue bulb employed for recording lingual pressure applied to the hard
palate, whereas the pocket of low signal in the posterior-superior oral cavity represents the approximate position of the liquid bolus (shown with an asterisk in

each image).

of time sufficient to complete the propulsive action (generally
600 ms). The images display the averaged intensity of the
complete set of magnitude images at each time point for a
representative subject, with brightness proportional to signal
intensity. The position of the pressure-sensing bulb is shown as
a signal void in the anterior oral cavity, whereas the approxi-
mate position of the water bolus is detected as a signal void in
the posterior oral cavity. An example of raw magnitude and phase
data for a single time point (0 ms in the image sequence shown in
Fig. 5) is displayed in Fig. 6. In the top row are shown the four
individual magnitude images taken with the four encoding
gradients (at the same spatial resolution as the phase images
below). The bottom row displays the corresponding phase
images, with white representing a phase shift of +180° and
black representing a phase shift of —180°. The shading gradi-
ent is proportional to the change in strain in the direction of the
phase gradient. The tongue exhibits varying levels of phase
contrast, consistent with varying strain rates, whereas the
relatively small gradient within the brain indicates minimal to

Encoding

Vectors (1-11)

(1.1,1)

Magnitude
Images

Phase
Images

no strain rate. The snowy pattern around the head is indicative
of random phase data and is consistent with a low signal area.
It should be noted that the region of the middle tongue in which
black borders on white does not indicate a steep phase gradient
but suggests that the phase has “rolled over” from +180° to
—180°, a condition assumed by the strain rate algorithm to
possess the smallest possible phase difference.

The strain rate tensors were calculated from the PC data and
overlayed on the magnitude images as icons during a 2.5-ml
water bolus swallow. We display in Fig. 7 (single subject) and
Fig. 8 (all sagittal subjects combined) the strain rate sequence
at 0, 200, 400, and 600 ms following the application of the
gating pulse. The data at each time point was measured in 54
ms, but acquisitions were limited to four time points and
200-ms resolution to allow sufficient averaging without over-
exerting the subject. We employ throughout a convention of
blue icons representing expansive strain and red icons repre-
senting compressive strain (see METHODS), with the orientation
of each strain rate icon aligned with the primary and secondary

(-1,1,-1) (-1,-1,1)

Fig. 6. Raw phase data for generating a single set of unaveraged strain rate tensors. Shown are a set of 4 magnitude (fop) and associated 4 phase images (bottom)
specific for each gradient direction in the case of a single time point (O ms, trigger point). Each strain rate tensor image requires four scans, encoded with four
different gradient vectors, embodying a magnitude image and a phase image. The four one-dimensional strain rate arrays are combined into one two-dimensional
strain-rate array. Note the contrast between the high strain phase images of the tongue, characterized by gradual shade gradients, the low strain phase images
of the brain, characterized by little or no shade gradients, and the low signal areas outside of the head, characterized by the random, snowy phase.
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strain rate vectors and the length of each strain rate icon
proportional to the magnitude. This approach allows us to
quantify strain rate per voxel and for designated voxel arrays.
Acknowledging the continuous nature of the tongue muscula-
ture, individual strain rate icons are displayed, although the
association of the icons with the distribution of known mus-
cles, i.e., genioglossus, styloglossus, etc., is also noted when
appropriate.

The pattern of strain rates occurring during lingual propul-
sion exhibited a combination of compressive and orthogonally
commensurate expansive events distributed throughout the
tissue. At the point of gating pulse elicitation, there were four
prominent strain rates observed. /) Compressive strain (max-
imum measured compression was 0.33 s~!) was aligned ob-
liquely between the anterior-inferior and the posterior-superior
regions of the tongue, with commensurate expansion in the
same orientation limited to the posterior-superior region of
tissue. These strain rate vectors were coincidental with the
alignment of the anterior and posterior distributions of the
genioglossus muscle. 2) Compressive strain (maximum mea-
sured compression was 0.40 s~!) was aligned obliquely be-
tween the anterior-superior to the posterior-inferior regions
(exactly orthogonal to the above noted compressive strains),
with commensurate expansion in the posterior superior region
of the lingual tissue. 3) Vertically aligned compressive strain
(maximum measured compression was 0.45 s~!) was located
in the approximate distribution of the palatoglossus and or-
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Fig. 7. Strain rate patterns exhibited by the
tongue during bolus propulsion (sagittal). Strain
rate tensors were derived in a sagittal image slice
using PC MRI for a set of voxels comprising the
tongue during the propulsive phase of swallow-
ing of a 2.5-ml water bolus. Each image was
compiled by averaging two slices, comprising 10
sets of strain rate data each, acquired from 80
swallows total. Principal strain rates within each
voxel are shown graphically as rhombi with a
long axis parallel to the principal strain vector
and length proportional to the magnitude of the
strain rate. For each voxel, 2 orthogonally
aligned rhombi may be represented for the pri-
mary and secondary strain rate. Shown in this
figure is a sequence of 4 images obtained from a
single subject at 0 (A4), 200 (B), 400 (C), and 600
ms (D) from the application of the gating pulse.

The strain rate icon displayed for scale at bottom

left of each image represents 0.33 s !.

thogonal to the surface of the bolus, combined with expansive
strain (maximum measured expansion was 0.45 s ') tangent to
the bolus. These latter effects are likely to represent commen-
surate expansion orthogonal to the palatoglossus and passive
effects of the bolus itself. The net effect of these events is the
containment and positioning of the bolus in the posterior oral
cavity. 4) Compressive strain (maximum measured compres-
sion was 0.36 s~ !) was in the posterior-inferior region of the
tissue directed obliquely to the styloid process, which is likely
to represent passive compression due to contraction of the
contractions of the laterally inserted styloglossus. At 200 ms,
there were considerably more modest amounts of compressive
(maximum measured compression was 0.41 s~ !) strain aligned
obliquely between the anterior-superior and the posterior-infe-
rior regions of the tissue, with commensurate orthogonal ex-
pansion (maximum measured expansion was 0.30 s~ ) in the
posterior region, along with vertically and obliquely aligned
compressive strain (maximum measured compression was
0.29 s~ ') in the posterior-superior tissue. At 400 ms, there was
prominent compressive strain (maximum measured compres-
sion was 0.63 s~ !) occurring in the middle and posterior tissue
regions and aligned obliquely between the anterior-inferior and
the posterior-superior regions of the tongue (consistent with
contraction of the genioglossus and styloglossus) with com-
mensurate orthogonal expansion (maximum measured expan-
sion was 0.38 s~!) and vertically aligned expansion (maximum
measured expansion was 0.48 s~ !). At 600 ms, there was
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Fig. 8. Combined lingual mechanical data (sagittal). The mean expansion
(blue) and compression (red) for 3 subjects, comprising 30 acquisitions total,
in the x and y directions (sagittal orientation) in four different regions of the
tongue were graphed separately, as displayed in the reference image. The
regions consisted of the /) superior-posterior, 2) superior-middle, 3) superior-
anterior, and 4) inferior-middle and were empirically selected based on
patterns of strain rate observed. Comparisons were made of the mean = SD of
strain rate amplitude between regions at a single time point which was 0, 200,
400, and 600 ms following application of the lingual trigger pulse (displayed
as 1) and between different time point for a single region (displayed as *).

expansive strain aligned in three identifiable orientations (max-
imum measured expansion was 0.38 s~!): obliquely between
the anterior-inferior and the posterior-superior regions, ob-
liquely between the anterior-superior and posterior-inferior
regions, and vertically in the mid and posterior regions of the
tissue.

To resolve the mechanical events associated with transverse
directed strain, we acquired two coronal images (anterior and
posterior tongue) at 0 and 400 ms following the gating pulse
(Fig. 9). The exact location of the slice in each instance is
shown in the magnitude images (insef). In general, the strain
events showed sagittal symmetry and a predominance of strain
(compressive and expansive) in the posterior tongue at the 400-ms
time point. At this time point, in the anterior tongue image, the
following was observed: /) prominent mid-line compressive
strain (maximum strain rate 0.29 s~ ') in the inferior portion of the
tissue along with commensurate expansion in the superior
portion of the tissue, and 2) oblique and transverse compres-
sion (maximum strain rate 0.39 s !) consistent with bi-direc-
tional contraction of the core intrinsic muscles and commen-
surate orthogonal tissue expansion. At this same time point, in
the posterior tongue, the following was observed: /) obliquely
aligned compressive strain in the lateral and inferior portion of
the tissue (maximum strain rate 0.23 s~ '), consistent with
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contraction of the hyoglossus, and 2) oblique, vertical, and
transversely aligned compression in the middle and superior
portions of the tissue (maximum strain rate 0.24 s~ !) with
orthogonal expansion, consistent with contraction of the trans-
versus and verticalis fibers.

DISCUSSION

The tongue is a structurally complex muscular organ that is
responsible for the manipulation and transport of food in the
oral cavity during swallowing. Through a series of precisely
timed shape changes, the tongue first configures and then
propels the ingested bolus of food from the oral cavity to the
pharynx. Conceiving the basis for lingual deformation during
swallowing requires an understanding of how the organ moves
in relation to extrinsic structures, such as the jaw and hyoid
bone, as well as the underlying relationship between intramural
structure and function. To conceptualize the vast array of
mechanical operations associated with lingual deformation, we
have considered the tongue as a muscular hydrostat, a muscular
structure defined by its ability both to create motion (via tissue
displacement) and provide the skeletal support for that motion
(via elongation and stiffening) (27, 28). The mammalian
tongue is a particularly interesting form of hydrostat since its
deformations are predicated on the contractions of both intrin-
sic and extrinsic muscle fibers merged structurally and func-
tionally within the body of the tongue. The designation of the
tongue as a muscular hydrostat infers several important prop-
erties, namely the coexistence of orthogonally aligned muscle
fiber populations, which contract synergistically to generate
physiological motion and the conceptualization of the tissue as
an array of contiguous elements producing varying degrees of
compressive or expansive strain.

We have previously studied lingual mechanics during pro-
totypical deformations, i.e., protrusion and bending, and during
swallowing with tagged magnetization MRI (17, 18). This
method quantifies local strain by tracking the deformation of a
2D grid of saturated magnetic bands superimposed on the MR
image. By this approach, we assayed the lingual musculature
during each of the cardinal phases of the swallow, namely early
accommodation (bolus held in the anterior oral cavity), late
accommodation (bolus transferred to the posterior oral cavity),
and propulsion (bolus propelled retrograde from the oral cavity
to the pharynx). These experiments, combined with the results
of our previous work (6, 15), allowed us to consider several
postulates regarding lingual deformation during the swallow:
1) the containment of the bolus during early accommodation
results from a synergistic contraction of the anterior genioglos-
sus, combined with the contractions of the hyoglossus, verti-
calis, and transversus muscles; 2) the posterior shifting of the
bolus during late accommodation results from an increase in
inferior directed strain located in the posterior tongue and is
related principally to contractions of the hyoglossus and ge-
nioglossus muscles; and 3) the prototypical deformation of the
tongue occurring during propulsion results from the effects of
posterior directed contraction of the styloglossus and possibly
bidirectional contraction of the transversus and verticalis mus-
cles (30). It should be noted that contraction of the styloglossus
alone could not generate expansive strain above its insertion
point in the mid-portion of the tongue’s lateral surfaces since
the tongue is constrained from below.
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400 ms

0ms

These results illustrate an important limitation in the use of
tagged magnetization in the study of lingual mechanics,
namely the inability to resolve spatially complex and dynamic
3D strain fields. To address this issue, we modified a technique
previously applied to the study of cardiac mechanics, gated PC
MRI (3, 4, 12, 37), to characterize lingual mechanical function.
From a practical perspective, velocity encoding is applied in
four directions and strain rate derived from the difference in
velocity between adjacent voxels for each gradient direction.
This latter requirement, in combination with the relatively low
MR signal intensity resulting from velocity encoding, provides
the rationale for image gating to achieve temporal reconstruc-
tion. In contrast to prior approaches for temporal reconstruc-
tion of the swallow employing superficial EMG recordings
(23), we employed in this study a novel method to gate MR
acquisition based on the signal resulting from peak lingual tip
pressure applied to the hard palate through an intra-oral pres-
sure-sensing bulb during early propulsion. We demonstrated in
preliminary studies that the interval between the achievement
of threshold lingual pressure and the initiation of the propulsive
deformation is quite short (<0.1 s) and highly reproducible.
This form of MR gating provides both timed MR acquisitions
as well as a method for accurate retrospective sequencing of
the images acquired. It should be acknowledged however, that
lingual pressure-gated swallows may differ from physiological
swallows due to the presence of the bulb in the anterior oral
cavity and the effects of the bulb on preswallow lingual
mechanics. These effects include a small, but significant, effect
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Fig. 9. Strain rate patterns exhibited by the
tongue during bolus propulsion (coronal).
Strain rate tensors from a single subject were
derived by PC MRI during a 2.5-ml water
bolus swallow and displayed at 0 and 400 ms
in 2 coronal image slices from the anterior
and posterior tongue. Each image was com-
piled by averaging two slices, comprising 10
sets of strain rate data each, acquired from 80
swallows total. Top: midsagittal image slice.
Middle: anterior coronal slice. Bottom: pos-
terior coronal slice. The slice location for
each strain tensor images is shown at left.
These results demonstrate that the early pos-
terior directed compressive strains (0—200
ms) are followed at 400 ms by compressive
strains directed along the direction of the
tranversus and the vertically aligned genio-
glossus and verticalis fibers. The latter me-
chanical events possess close temporal cor-
relation with the major component of retro-
grade expansion characteristic of the
propulsive phase. The strain rate icon dis-

played for scale in the bottom left of each

image represents 0.33 s~ !,

on lingual shape and superior hyoid displacement, which may
itself be accentuated by the fact that subjects were required to
maintain a supine position in the MRI scanner apparatus.
Although important, these effects were largely mitigated by the
facts that the pressure exerted by the bulb on the surface of the
tongue was negligible, as indicated by the relatively small
amount of air displaced from the bulb relative to the air within
the tubing, and the space occupied by the bulb was largely
eliminated by the pressure applied by the tongue to the hard
palate through the intra-oral bulb. Lastly, our previous studies
have demonstrated the capacity of subjects to swallow repeat-
edly in this position. Thus, although effects of bulb presence
and subject position on swallow mechanics are unavoidable,
these effects should be relatively small during the active phases
of deformation.

Through the application of gated PC MRI, we studied the
mechanisms involved in the genesis of rapid lingual reconfigu-
ration during propulsion. Our current results demonstrate that
the propulsive phase of swallowing is associated with a tightly
organized series of compressive and expansive events occur-
ring within a period of ~600 ms. In the initial portion of the
propulsive phase (images obtained at the time of gating pulse
application and 200 ms from the gating pulse), we observed the
following events: /) obliquely aligned compressive and expan-
sive strain in the approximate fan-like distribution of the
genioglossus, 2) vertically aligned compressive strain consis-
tent with passive compression secondary to palatoglossus con-
traction and active compression secondary to verticalis con-
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tractions combined with orthogonal expansion, 3) compressive
strain aligned obliquely between the anterior-superior to the
posterior-inferior regions with commensurate expansion in the
posterior superior region, effects possibly related to passive
compression due to laterally inserted contraction of the hyo-
glossus, and 4) compressive strain aligned obliquely and di-
rected to the styloid process. The latter may reflect passive
compression due to the laterally inserted fibers of the stylo-
glossus or active compression secondary to more medially
inserted fibers. The combined effect of these mechanical events
is the effective reconfiguration of the tongue before posterior
displacement. Lingual deformation during the latter portion of
the propulsive phase (images obtained at 400 and 600 ms from
the gating pulse) appeared to involve prominent compressive
strain occurring in the mid and posterior region of the tissue
obliquely aligned between the anterior-inferior and posterior-
superior regions of the tissue, suggestive as well of the distri-
bution of the genioglossus with commensurate orthogonal
expansion, along with bidirectional contraction in the approx-
imate distribution of the intrinsic core fibers and expansion in
the anterior-posterior orientation. Interestingly, this expansive
phase coincided precisely with the delivery of the flattening of
bolus-containing concavity and the apparent delivery of the
bolus to the pharynx. Despite some intersubject variation in the
precise timing of compressive and expansive strain rates, these
general patterns were exhibited by all subjects, thus substanti-
ating the postulate that the cardinal lingual motions are a due
to mechanical interactions of the intrinsic and extrinsic mus-
cles.

This approach constitutes a significant advance over previ-
ous techniques since it provides a method to assay simulta-
neously the rates of compression and expansion during phys-
iological motion. This technique may potentially be combined
with measures of underlying lingual myoarchitecture, thus
constituting a method by which the rate and direction of fiber
shortening can be determined. We previously considered the
proposition that propulsive lingual deformation is associated
with a combination of internal stiffening and hydrostatic elon-
gation resulting from the bidirectional contraction of the trans-
versus and verticalis muscles combined with retracting force
applied by the laterally inserted styloglossus (17). We have
now extended this conceptualization of tongue deformation to
include a more complex sequence of material strains (compres-
sion and expansion) involving the various segments of the
genioglossus muscle, tight integration of extrinsic and intrinsic
strain behavior, and passive elements of compressive and
expansive strain related to contractions not included in the
particular imaging slice, i.e., styloglossus and hyoglossus, and
secondary mechanical events imposed by the tongue’s inher-
ently isovolemic conditions. It should be recognized that the
exact timing of the events described may vary somewhat with
prior descriptions of lingual deformation due to the presence of
the bulb in the oral cavity and changes in lingual shape and
mechanics before the initiation of the observed sequence.

The extension of PC MRI, previously applied to determine
cardiac strain, to imaging the mechanical function of the
tongue during swallowing contained several technical chal-
lenges, owing to the fact that the tongue is both structurally and
mechanically more complex than the heart. By establishing a
method of MRI gating associated with threshold lingual pres-
sure applied to the hard palate during late accommodation and
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by adopting a velocity encoding for the highly variable strain
rates exhibited by the tongue with minimal artifact attributable
to the air-tissue interface in the oral cavity, we were able to
achieve reliable strain rates involving the tongue during swal-
lowing. However, several limitations of this approach should
be acknowledged. Although generally consistent mechanical
patterns were exhibited, some of the events shown were quite
variable. By our analysis of this variability, it may be that
precise time where certain mechanical events occurred varied
subtly but significantly between subjects, an issue that could
become even more important in the case of pathological tongue
motion. We anticipate accordingly that future studies may thus
require considerably greater temporal resolution. A second
limitation was the need to resolve transverse planar strain
separate from anterior-posterior planar strain. Although the
high degree of mechanical symmetry and coherent strain rate
patterns exhibited by the tongue indicate that we are accurately
measuring strain rate in the tongue, there are theoretical limi-
tations for resolving complex intravoxel strain patterns that
would be helped through the use of techniques capable of
acquiring 3D strain rate directly. We should also acknowledge
that, since our current approach is directed to resolving internal
tissue strains, it does not have sufficient resolution to accu-
rately determine surface deformation or possess appropriate
contrast to visualize bolus displacement (1, 2, 23, 38). Thus the
relationship between internal strain and physiological bolus
manipulation cannot be measured directly with the current
techniques.

We conclude that gated PC MRI can be adapted with
appropriate gating to assay the tongue’s internal strain events
associated with bolus propulsion. Our results demonstrate that
bolus propulsion may be attributed to a synergistic sequence of
compressive and expansive mechanical events involving both
the intrinsic and extrinsic muscles, whose net effect is the
orderly delivery of the ingested bolus from the oral cavity to
the pharynx.
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