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Summary
The mammalian tongue is believed to fall into a class of
compression and expansion from which 3-D strain maps
organs known as muscular hydrostats, organs for which
may be derived. Such functional data demonstrate that
muscle contraction both generates and provides the skeletal
during physiological movements, such as protrusion,
support for motion. We propose that the myoarchitecture
bending and swallowing, hydrostatic deformation occurs
of the tongue, consisting of intricate arrays of muscular
via synergistic contractions of orthogonally aligned
fibers, forms the structural basis for hydrostatic
intrinsic and extrinsic fibers. Lingual deformation can thus
deformation. Owing to the fact that maximal diffusion of
be represented in terms of models demonstrating that
the ubiquitous water molecule occurs orthogonal to the
synergistic contraction of fibers at orthogonal or nearshort axis of most fiber-type cells, diffusion-weighted
orthogonal directions to each other is a necessary condition
magnetic resonance imaging (MRI) measurements can be
for volume-conserving deformation. Evidence is provided
used to derive information regarding 3-D fiber orientation
in support of the supposition that hydrostatic deformation
in situ. Image data obtained in this manner suggest that the
is based on the contraction of orthogonally aligned
tongue consists of a complex juxtaposition of muscle fibers
intramural fibers functioning as a mechanical continuum.
oriented in orthogonal arrays, which provide the basis for
multidirectional contraction and isovolemic deformation.
Key words: magnetic resonance imaging, myoarchitecture, tissue
From a mechanical perspective, the lingual tissue may be
considered as set of continuous coupled units of
mechanics.

Hydrostatic model of lingual deformation
The designation of a tissue as a muscular hydrostat indicates
that the tissue has the ability to both create and supply the
structural support for motion (Kier and Smith, 1985; Smith and
Kier, 1989; Nishikawa, 1999). Characteristically, such a tissue
capitalizes on its high water content, and hence
incompressibility, to modify its form without a change of
volume. It is the underlying hypothesis of this review that the
mammalian tongue should appropriately be classified as a
muscular hydrostat, and that its hydrostatic properties are
attributable to the presence of muscle fibers and fiber arrays
orthogonally aligned with each other.
A constant morphological feature of all muscular hydrostats
in nature is the presence of muscle fiber populations aligned
both perpendicular (transverse, vertical, circumferential or
radial directions) and parallel (longitudinal direction) to the
organ’s long axis. For example, muscular hydrostats that
principally perform bending motions, such as the snake, which
flicks its chemoreceptor-laden organ to sense its prey, tend to
have longitudinal fibers further away from the longitudinal axis
and produce a greater moment about the bending axis. If the
principal function of the longitudinal fibers is to produce

retraction, as is the case for certain reptiles, such as the monitor
lizard Varanus exanthematicus and garter snake Thamnophis,
and mammals, such as the pangolin (scaly anteater) Manis, these
muscles are generally located along the central axis of the organ.
For those muscular hydrostats with muscular elements oriented
helically about the organ’s long axis, such as the elephant trunk,
the fibers characteristically produce both positive and negative
torsion and are positioned to maximize the torsional moment
during grasping. The mammalian tongue exhibits an enormous
degree of mechanical versatility. The scaly anteater (Manis) has
the distinction of being the tongue length champion, at least
relative to its body size. Its tongue characteristically extends
back, posterior to the sternum, to an attachment on a specialized
xiphoid cartilage. The tongue’s caudal cross-section is
composed of longitudinal fibers surrounded by circular fibers
(perpendicular to the long axis). The xiphoid plate is analogous
to the hyoid bone in other mammals as it is an attachment for
the genioglossus and geniohyoid (protractor muscles), and
sternohyoid (retractor muscle), and is used by the Manis for
scraping termites off the sticky body of the tongue so that they
may be placed in the esophagus. The extrinsic sternohyoid
attaches to both the xiphoid process and caudally all the way to
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the right iliac fossa of the pelvis. The overall tongue length for
the Manis is typically around 70·cm, which is rather long for an
animal whose body length is only 120–140·cm. The
performance of the human tongue during swallowing is also an
important example of hydrostatic deformation (Miller, 1982).
During the swallow, a synchronized series of deformations
results in the transport of ingested food from the mouth to the
esophagus. Immediately following ingestion, the food is
physically modified through a set of actions, termed
mastication, which produces a shaped bolus of semi-solid or
fluid consistency (Thexton, 1992; Palmer et al., 1992; Hiiemae
and Palmer, 1999). This process incorporates tethered motions
of the tongue, hyoid bone and jaw in species-specific patterns
(Smith, 1986; Thexton and McGarrick, 1988; Thexton and
McGarrick, 1994; Herrell et al., 1996; Thexton and Hiiemae,
1997). Once the bolus has been configured, oral stage
swallowing ensues, which includes the creation and
optimization of the accommodating cavity by patterned
deformation, followed by retrograde propulsion (Gilbert et al.,
1998a) (Fig.·1). On delivery of the bolus to the pharynx, the
pharynx displaces in a superior direction, producing a cylinderlike flow chamber (Flaherty et al., 1995). Propagating
pharyngeal contractions then combine with anterior pharyngeal
displacement to produce an orderly flow of the bolus from the
pharynx, past the occluded airway and into the esophagus
(Maddock and Gilbert, 1993; Paydarfar et al., 1995; Kahrilas et
al., 1992).
The mammalian tongue is unique inasmuch as its
myoarchitecture is organized into both intrinsic and extrinsic
fiber populations, which function synergistically. In general, the
contractions produced by the intrinsic elements are augmented
and modified by extrinsic muscular elements that tether the
tongue to the surrounding skeletal structure. Historically, it was
thought that extrinsic muscles alter tongue position, while
intrinsic muscles alter tongue shape – a misconception that has,
to some extent, persisted to the present day. A more likely
scenario may be that the extrinsic and intrinsic muscles work in
concert to produce changes in both tongue position and shape,
thus maintaining the hydrostatic condition. For example, the
extrinsic genioglossus merges with fibers of the intrinsic
verticalis muscle, contributing to anterior protrusion and bolus
accommodation in swallowing. During the bolus propulsion
stage of swallowing, the extrinsic styloglossus muscle pulls the

posterior tongue retrograde – aiding hydrostatic expansion by
the intrinsic transversus muscle and propelling the swallowed
bolus into the pharynx. It has been theorized that muscular
hydrostats optimize speed and flexibility during deformation by
such synergistic muscular activity, while sacrificing force
production. By comparison, force production may be
maximized in non-hydrostatic systems by large moment arms
juxtaposed about a joint supported by a bony skeleton. The
African pig-nosed frog Hemisus marmoratum has the
remarkable ability to elongate its tongue by as much as 100%
as well as to bend through an angle exceeding 180°. In the life
of H. marmoratum, this ability is important for achieving the
requisite degree of lingual motor control to capture its prey. It
is notable that this species lacks pure intrinsic muscles and thus
elongation can only occur by the action of extrinsic muscles,
whose fiber angles within the tongue are oriented perpendicular
to the long axis of the tongue. In fact, elongation is
accomplished by the coordinated activity of two compartments
of the genioglossus muscle, one in which the muscle fibers are
arranged parallel to the long axis, termed the genioglossus
longitudinalis, and one in which the fibers are arranged
dorsoventrally within the tongue, termed the genioglossus
dorsoventralis. Nishikawa and colleagues (Nishikawa et al.,
1999) proposed that the simultaneous actions of these
orthogonally oriented (but extrinsically attached) muscle
systems within the body of the tongue of H. marmoratum allow
its dramatic capacity for elongation and bending.
We contend that the ability of the mammalian tongue to carry
out its large array of physiological motions is based on its
muscular anatomy, which is composed of complex fiber arrays
aligned at various angles orthogonal to the direction of
deformation. We propose that these fiber alignments comprise
the structural underpinnings for hydrostatic deformation and are
thus fundamental to the generation of lingual force.
Lingual myoarchitecture and hydrostatic deformation
The tongue is a large muscular organ that fills the majority
of the oral cavity in most mammals, except for some of the
Odontoceti (toothed whales), Rodentia and Ornithorhyncus
(duck-billed platypus). The tongue’s phylogenetic origins date
back to prehistoric fish, where it first appears as a rudimentary
organ. By its morphology, the tongue may be considered as an
appendage of the hyoid part of the branchial skeleton and thus

Fig.·1. Patterns of lingual deformation during swallowing. The swallow is portrayed is a sequence of mid-sagittal images of lingual deformation
acquired at 10·Hz using magnetic resonance imaging (MRI, TurboFlash). Shown is a series of images depicting the early accommodation, late
accommodation and propulsion phases of the swallow. During early accommodation, an accommodating concavity is created in which the bolus
(depicted as a black signal void in the current image sequence) is situated in the anterior oral cavity. With conversion to late accommodation, the
concavity is deepened and transferred posteriorly. During the propulsive phase of the swallow, the bolus is propelled retrograde from the oral
cavity to the pharynx. Arrow indicates location of the fluid bolus.
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Fig.·2. Tongue anatomy: classical definitions.
(A) Shown here are the intrinsic muscles – that
is, the longitudinalis (superior and inferior),
transversus and verticalis muscles – in a coronal
cross-section of the mammalian tongue. By
definition, the intrinsic muscles have no bony
attachments, being wholly contained within the
tongue. (B) As conventionally defined, the
extrinsic muscles insert into the tongue from a
superior direction (palatoglossus), posterosuperior direction (styloglossus), posteroinferior direction (hyoglossus) and anteroinferior
direction
(genioglossus).
The
genioglossus is a large muscle comprising the
bulk of the posterior tongue, which originates at
the mental spine of the mandible and enters the tongue from below. As noted in the text, while the extrinsic muscles are distinct in their anatomy
and physiology at the points of bony attachment, they merge with the intrinsic fibers at the point of insertion into the tongue proper.

can be viewed as a variation on the anatomy of the floor of the
mouth. In fact, the simplest form of the vertebrate tongue, seen
in some birds and snakes, consists of an extension of the
entoglossal process, considered to be a part of the hyoid process.
The cartilaginous tongue so configured may be moved simply
by moving the hyoid bone. Muscles such as the sternoglossus
connect the sternum to the tongue, with some fibers having
connections to the hyoid bone. The human tongue does not have
a sternoglossus muscle, but retains a connection to the hyoid
bone through the hyoglossus muscle, which is connected to the
sternum through the sternohyoid muscle. Thus, the human
tongue is still influenced by hyoid motion, yet its complex
musculature and fine neurological control grants this organ
substantial mechanical independence. During the course of
human development, the size of the human tongue reflects its
physiological function. At birth and during early maturation, the
tongue is disproportionately large relative to its surrounding
structures. In a newborn infant, the tongue fills the oral cavity,
presumably related to the increased need for the tongue during
suckling. With development of the infant, the size of the oral
cavity increases faster than the size of the tongue, resulting in
the appearance of a ‘masticatory space’ superior to the tongue.
With this development, the tongue no longer maintains resting
contact with the hard palate, although contact with the soft
palate is maintained, allowing separation of the mouth from the
pharynx.
The musculature of the tongue is classically divided into two
types of muscle, intrinsic and extrinsic (Fig.·2). Intrinsic
muscles are myofiber populations wholly contained within the
body of the tongue, unconnected to any external bony
attachments. In contrast, extrinsic muscles have one bony
attachment outside the tongue proper. The intrinsic muscles
include the superior and inferior longitudinalis, the transversus
and the verticalis muscles. The transversus, verticalis and
longitudinalis muscles also extend to the posterior tongue,
where they are merged with the extrinsic muscles. These
muscles enter the tongue proper from a superior direction
(palatoglossus), postero-superior direction (styloglossus),
postero-inferior direction (hyoglossus) and antero-inferior
direction (genioglossus). The genioglossus comprises the bulk
of the posterior tongue and enters the tongue in a fan-like
projection, originating at the mental spine of the mandible. The

tongue rests on a muscular floor composed of the geniohyoid
muscle, which runs in the mid-sagittal plane from the mental
spine of the mandible to the body of the hyoid bone, and the
mylohyoid, which runs from the mylohyoid line of the mandible
to the raphe and body of the hyoid bone. It should, however, be
recognized that the distinction between intrinsic and extrinsic
musculature tends to break down at the point of extrinsic muscle
insertion into the tongue body. As a result, we contend that it is
more appropriate to consider the tongue not as a set of discretely
parcellated muscles but rather as a continuous array of fibers
with varying orientations and mechanical properties.
It is generally believed that the direction of skeletal muscle
contraction is dictated by the principal orientation of its fibers.
While the determination of a muscle’s principal fiber direction
is straightforward in tissues where the fibers are aligned along
a single spatial axis, for example, the muscles of the extremities,
the process is considerably more complicated in tissues where
fibers are aligned along multiple axes, for example, the tongue,
heart and GI tract. The fact that the tongue comprises an
extensive array of interdigitating fibers contributes to the
organ’s almost limitless number of possible deformations.
Deriving accurate information regarding lingual muscle fiber
orientation has classically relied on meticulous dissection and
multislice reconstruction, an approach that is both laborious and
ill-posed in the case of the tongue. The difficulty stems from the
inability of histology, an inherently 2-D technique, to resolve
through plane fiber angle and thus allow 3-D reconstruction
(McLean and Prothero, 1987; McLean and Prothero, 1992).
With these caveats in mind, previous investigations have been
instrumental in providing information regarding lingual
configuration changes during motion, and from these models the
details of fiber relationships, distribution of fiber types and
innervation have been inferred (DePaul and Abbs, 1996; Mu
and Sanders, 1999; Takemoto, 2001). A particularly compelling
aspect to the study of lingual anatomy is the fact that the
extrinsic muscles appear to merge seamlessly with the intrinsic
musculature, thus confounding the definition of distinct muscles
within the body of the tongue. For example, as the genioglossus
muscle fans superiorly into the tongue’s intrinsic core, its fibers
merge with verticalis muscle fibers, sometimes extending all the
way to the superior longitudinalis. Continuum modeling, which
recognizes the musculature as a continuous array of elements,
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Fig.·3. Generation of the diffusion tensor. The physical basis for
diffusion-weighted imaging is that a magnetic gradient is first dephased
and then rephased, and the resulting loss of signal coherence (yielding
signal attenuation) represents diffusive motion in the direction of the
applied gradient. The set of spatially arrayed diffusion coefficients may
be viewed as a second-order tensor, so constituting a method for
visualizing 3-D diffusivity in space. The 3-D diffusion tensor may be
computed for each voxel and visualized as individual octahedra (A)
whose axes are scaled by the size of the eigenvalues and oriented along
the corresponding eigenvectors. The principal eigenvector, V1,
corresponds to the direction of greatest diffusion, and is equivalent to
the principal fiber direction. Octahedra may then be color coded based
on the principal eigenvector {x,·y,·z} mapped to the red–green–blue
color space: {|V1x|} (B).

may thus be a more valid way to conceive the tongue’s
myoarchitecture. Both intrinsic and extrinsic lingual fibers may
be arrayed within the tissue to generate a large variety of shapes
by virtue of the tissue’s hydrostatic properties. The structural
components of each element may further be considered as a
hierarchical organization of individual myofibers and collagendelimited fiber bundles, allowing the tissue to be defined
simultaneously at macroscopic (discrete regions within a tissue)
and microscopic (individual myofibers and fiber bundles)
resolutions. Diversity of physiological function may be derived
from the anatomical relationships between fibers and fiber
bundles, as well as regional differences of innervation,
excitation–contraction coupling and muscle fiber type.
An alternative method for imaging lingual myoarchitecture
employs non-invasive diffusion-based magnetic resonance
imaging (MRI) (Stejskal, 1965). Owing to the fact that maximal
diffusion of the ubiquitous water molecule is aligned with fiber
direction, diffusion measurements can be used to derive
information regarding 3-D fiber orientation in situ (Basser et al.,
1994; Gmitro and Alexander, 1993; Hajnal et al., 1991; Moseley
et al., 1991; Wu et al., 1993). Diffusion is a physical property
representing the random translational motion of water
molecules and is modified principally by the location of
diffusional barriers. In muscular tissue, diffusion is greatest
along the direction of individual or populations of fibers due to
their elongated and cylindrically symmetrical geometry. Signal
attenuation receives contributions from both intracellular and
extracellular fluid; however, the explicit shape of muscle cells
insures that both components induce maximal attenuation along
the long axis of the myofiber. As a result of these considerations,
diffusion measurements can be used to derive information
regarding 3-D fiber orientation in situ. This general approach
allows us to resolve the relatively complex fiber orientation of

tissues at multiple spatial scales. The use of diffusion tensor
fields allows for the derivation of a single principal fiber
direction for each imaging unit (generally in the scale of mm3),
or voxel, thus allowing us to generate a virtual anatomical
display of the whole bovine tongue (Gilbert et al., 1998b;
Wedeen et al., 2001).
In order to recover diffusion data from MRI, transverse
magnetization is first dephased and then rephased under the
influence of a spatially dependent magnetic field gradient. This
‘echo’ completely rephases the original magnetization, except
for any diffusive motion that occurs along the direction of the
applied gradient. Molecular diffusion is thus reflected by a loss
of signal coherence and incomplete refocusing, yielding net
attenuation of the MRI signal. From the extent of signal
attenuation, a diffusion coefficient may then be calculated. The
derivation of a set of diffusion coefficients (controlled by
spatially variant applied magnetic gradients) results in a unique
array of 3-D data for each voxel. Quantitatively, this
symmetrical second-order tensor can be conceived as a function
of signal attenuation by Eqn·1:
⎛S ⎞
ln ⎜ b⎟ = –
⎝ S0⎠

3

3

⌺⌺ b D
ij

ij

,

(1)

i=1 j=1

where Sb is the signal-attenuated image, S0 is the unattenuated
image, bij is the ij component of the b-matrix, and Dij is the ij
component of the diffusion tensor (Basser, 1994). The b-matrix
is related to the direction-dependent diffusion sensitization and
is expressed as b·=·兰kTkdt, where the reciprocal space vector,
k, can be expressed as a function of the proton gyromagnetic
ratio and the 3-D diffusion sensitization gradient vector. In order
to efficiently span 3-D space with the diffusion sensitization
gradients, seven images are acquired; six with gradient vectors
towards the unopposed edge centers of a theoretical cube, and
one unattenuated image. This yields a system of linear
equations, which can be solved for the diffusion tensor, D, in
the x–y–z coordinate system. This tensor may then be
transformed by solving Dv·=·v in order to derive the diffusion
tensor in the eigen coordinate system. The complete 3-D
diffusion tensor may be computed for each image voxel and
visualized as individual octahedra, whose axes are scaled by the
size of the eigenvalues and oriented along the corresponding
eigenvectors. Within the eigen coordinate system, the principal
eigenvector, v1, corresponds to the direction of greatest
diffusion, or principal fiber direction, and was the major axis of
the octahedron. The eigenvalues and eigenvectors for each
diffusion tensor represent the magnitude and direction of
maximal proton diffusivity, respectively (Fig.·3). Diffusion
tensor anisotropy may also be depicted in terms of the
oblateness of the diffusion tensor, and hence the homogeneity
of fiber orientation within a voxel. By this method,
homogeneous tissue where most of the myofibers are oriented
along the same axis will have a high anisotropy index and
heterogeneous tissue with different myofiber orientations (e.g.
multiple intertwined or overlaid fiber populations) will have a
low anisotropy index.
A rendering of lingual fiber myoarchitecture (Wedeen et al.,
2001) is depicted in Fig.·4 for a mid-sagittal slice of the bovine
tongue. In this image, the fiber populations are represented by
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Fig.·4. 3-D multislice diffusion tensor MRI representation of the bovine tongue. Coronal slices comprising the bovine tongue obtained by diffusion
tensor imaging are shown, with muscle components identified. At each voxel, an octahedron is placed whose shape approximates the local diffusion
tensor. The fiber orientation corresponds to the octahedron’s long axis and its color to the 3-D orientation. The color code is shown in the color
sphere (inset). The sheath consisting of superior and inferior longitudinal muscles is blue, corresponding to its longitudinal fiber orientation, and
the tongue core is red and green, corresponding, respectively, to horizontal and vertical fiber orientations, whereas the extrinsic genioglossus and
hyoglossus muscles are oblique, and thus coded blue–green. (Reproduced with permission from Wedeen et al., 2001.)

color-coded octahedra. These results demonstrate that fibers
which are aligned parallel to the mid-sagittal imaging plane
originate in the postero-inferior region of the tongue, and radiate
in the anterior and superior direction, ultimately merging with
vertically oriented fibers towards the periphery of the tongue.
Through-plane fibers, on the other hand, are located
predominantly in the anterior and superior regions of the tongue.
Fibers localized to the postero-inferior tongue display a highly
uniform and parallel organization, whereas fibers localized to
the antero-superior tongue show progressively less uniformity
of fiber orientation. Owing to the distinction in the anterior
tongue between the orthogonal core fibers and the longitudinal
sheath fibers, this tissue region may be further analyzed by
graphically depicting its 2-D architecture (Fig.·5). In this data
rendering, v1,v2 constitutes the face of a flattened cylinder,
representing maximal angular dispersion of fiber angles. These
data depict a striking contrast between the core fibers, consisting
of the vertical and transverse fibers, and sheath fibers formed
by the longitudinalis muscles. The fiber planes of the tongue
sheath are concentric with the surface of the tongue and locally
parallel to the adjacent surface of the tissue. This approach
resolves the constituent muscles of the tongue based on the
principal directions of its fibers and the angular dispersion of
these fibers within the imaged element. By this formulation, the
principal fiber orientation at each location in the image
corresponds to the leading eigenvector of the diffusion tensor,

whereas the second eigenvector identifies the orientation of
maximum fiber angle dispersion in each voxel. These results are
consistent with the hydrostat model in that they explicitly
portray crossing vertical and horizontal fibers in the lingual
core, which may cause, by simultaneous contraction (with
conservation of volume), the tongue to protrude in the
anterior–posterior axis, orthogonal to the plane of these fibers.
The tongue core and sheath comprise a functionally opposed
pair, in which protrusion produced by bidirectional contraction
of the core muscles is opposed by the retraction produced by
unidirectional contraction of the longitudinal sheath muscles.
The fact that diffusion tensor imaging yields only one
principal fiber direction per voxel, however, limits its ability to
discern fiber direction where fibers cross at the scale of the
individual voxel, as is typical for the tongue. Diffusion spectrum
imaging (DSI) (Wedeen et al., 2000; Lin et al., 2003; Tuch et
al., 2003) is a method for determining the alignment of
geometrically heterogeneous muscle fiber populations, for
which the complete 3-D spin displacement function may be
determined within a single voxel as small as 500·m3. DSI
involves the acquisition of numerous diffusion-weighted
magnetic resonance images per spatial unit, each with a different
diffusion-weighting gradient value and angularity. This
extension of the prior diffusion-weighted techniques thus allows
the quantification of fiber direction in the case of the complex
myoarchitectural patterns (Gilbert et al., 2006). DSI yields an

THE JOURNAL OF EXPERIMENTAL BIOLOGY

4074

R. J. Gilbert and others

Fig.·5. Representation of planar diffusion for the bovine tongue
(coronal imaging slice). The orientation of the diffusion tensor’s
greatest two eigenvectors, the plane of maximum intra-voxel fiber
angle dispersion, is represented by the end-planes of graphic cylinders
derived from a coronal slice of the lingual core. Contrast was seen
between the tongue core, where the planes of fiber angle dispersion
were transverse to the antero-posterior axis of the tongue, and the
tongue sheath, where these planes were approximately parallel to the
nearby tongue surface. (Reproduced with permission from Wedeen et
al., 2001.)

ensemble probability density function (PDF) for the set of
molecular displacements occurring as a function of molecular
motion; in effect, the average probability of a spin undergoing
a given displacement over a given diffusion time. By measuring
the microscopically resolved 3-D diffusion functions, DSI
depicts complex fiber relationships as the multimodal behavior
of the PDF within a macroscopically resolved voxel of tissue.
In DSI, diffusion-weighted images are acquired for a sphere of
q vectors with indexed values in a Cartesian grid in q space, in
order to produce a 3-D probability distribution. The relationship
between the diffusion attenuation and a diffusion-weighting
gradient g of duration ␦ is depicted by Eqn·2:
M(q,⌬)·=·M(0,⌬)兰Ps(R兩⌬)exp(iq·.·R)dR·,

(2)

where q is equal to ␥g␦, ␥ is the proton gyromagnetic ratio for
a water molecule, M is the signal intensity, ⌬ is the diffusion
time, R is the diffusion distance and Ps is the average PDF. In
DSI, diffusion-weighted images are acquired for a sphere of q
vectors with indexed values in a Cartesian grid in q space, in
order to produce a 3-D probability distribution. The spacing
between q vectors defines the field of view and the maximum
q vector defines the resolution of the PDF. In order to make
visualization more clear, the 3-D diffusion function may be
reduced by integrating Ps weighted radially by the magnitude

Fig.·6. Physical basis for diffusion spectrum imaging (DSI). DSI is a
high resolution diffusion-weighted imaging technique which
determines the complete spin displacement function by acquiring a
large number of images with varying diffusion weighting and
angularity. This results in the generation of a probability density
function (PDF) for the entire set of possible molecular displacements,
and thus depicts the set of principal fiber orientations based on the
properties of the diffusion maxima. (A) Two sets of model fibers drawn
with arbitrary angular separation. (B) In order to simplify the
visualization of 3-D diffusion, the PDF is converted to an orientational
diffusion function (ODF), which provides a probability distribution for
diffusion for a set of angular directions, weighted by the magnitude of
the diffusion.

of R. This new data set is termed the orientational distribution
function (ODF) and provides a probability distribution for
diffusion for a set of angular directions, weighted by the
magnitude of the diffusion (Fig.·6).
Fig.·7 demonstrates variations in the patterns exhibited by
crossing fibers in the anterior core of the tongue in three
adjacent axial imaging slices (A–C). Fig.·9D of Gilbert et al.
(Gilbert et al., 2006) depicts a single voxel at high magnification
showing the convergence of three fiber populations, oriented
principally in the vertical, transverse and longitudinal
directions. Fig.·9E of the same study depicts a single population
of fibers, aligned at an angle between the longitudinal and the
vertical. Fig.·9F of the study demonstrates two crossing fiber
populations, oriented orthogonal to each other in the vertical and
transverse directions. The use of DSI distinguishes between
regions consisting of crossing and non-crossing fiber
populations, and explicitly allows angular quantification of
crossing fiber populations. Based on the above formulations, it
may be readily considered that the extent to which such crossing
fibers are present in a given region impacts upon its ability to
undergo hydrostatic deformation. These data specifically
demonstrate that the tongue tissue may be delineated into
regions defined by the degree to which fibers are
homogeneously aligned, i.e. without significant crossing fiber
populations at the voxel resolution, or heterogeneously aligned,
i.e. exhibiting two to three crossing fiber populations. It is
further shown that regions exhibiting extensive crossing merge
in an almost seamless manner with regions exhibiting
homogeneity of fiber alignment, thus reaffirming the concept
that the lingual musculature, and perhaps numerous other
muscle systems, are best conceived as mechanical continua
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Fig.·7. Diffusion spectrum imaging slices obtained from the bovine tongue (axial orientation). Shown are adjacent axial slices of the bovine tongue
(A–C, anterior to posterior) obtained by DSI and depicted as a set of 3-D ODFs. Principal fiber directions are color coded (see inset in A), with
green indicating the tissue’s longitudinal axis, red the vertical axis and blue the transverse axis. (D–F) Selected regions of a single voxel at increased
magnification to illustrate ODF detail. (D) Single voxel image showing three distinct crossing fiber populations. (E) Single voxel image showing
a single population of fibers, oriented diagonally inward towards the tip of the tongue, exhibiting longitudinal (green) and vertical (red) alignment.
(F) Single voxel image showing two crossing fiber populations, orthogonal to each other. (Reproduced with permission from Gilbert et al., 2006.)

rather than the simple juxtaposition of discrete muscle
populations. Given the voxel-scale complexity of the tongue,
and the continuous nature of the contractions underlying its
deformations, quantifications of the angular relationships
involving orthogonally aligned fibers should have value in the
derivation of structure–function relationships.
From the above, it may be surmised that lingual
myoarchitecture arises from the juxtaposition of muscle fiber
arrays obliquely oriented to each other. According to the
hydrostat hypothesis, the existence of crossing fibers allows for
the possibility of synchronized multidirectional contraction and
isovolemic deformation. Similarly oriented fibers may act en
masse as a contractile unit or promote specific patterns of
regional contraction. For example, during human swallowing,
the serial alternation of transversus and verticalis bundles allows
the bolus-accommodating depression in the tongue to translate
posteriorly, therefore bringing food deeper into the oropharynx
prior to retrograde propulsion. Both fiber populations are
necessary, as verticalis muscle contraction allows for a
depression to be formed, while transversus muscle contraction
creates expansion towards the hard palate. The presence of
structural complexity, where fibers are aligned simultaneously

along multiple spatial axes, thus serves as an anatomical
prerequisite for hydrostatic deformation.
Mechanical evidence supporting hydrostatic lingual
deformation
Designating a tissue as a muscular hydrostat implies that the
tissue, by its highly aqueous nature, has the ability to deform
isovolemically. In order to achieve this function, the tissue must
possess muscle fibers that are arrayed across a large spectrum
of angles and exhibit the capacity for multidirectional
contraction. Hydrostatic deformation has been inferred based on
tissue anatomy (Uyeno and Kier, 2005; Marshall et al., 2005),
gross motor behavior (Nishikawa, 1999; McClung and
Goldberg, 2000) and electromyographic recordings (Bailey and
Fregosi, 2001). We propose that lingual hydrostatic deformation
is best considered mechanically if the tissue is portrayed as a
set of coupled units of compression and expansion. The
technique of tagged magnetization MRI provides a basis to
demonstrate the internal deformation patterns of the human
tongue. This method applies a grid-like array of crossing bands
of saturated magnetization and from the deformation of these
bands during tissue motion generates spatially resolved 3-D
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Fig.·8. Tagged magnetization to assess local tissue deformation.
Saturated longitudinal magnetization is applied in two orthogonal
directions, which from the sagittal planar perspective (shown here)
appears as a rectilinear grid of dark bands amidst the relative brightness
of the rest of the MR image. Strain is determined in image postprocessing by measuring the amount of deformation undergone by
these bands of magnetization during the course of tissue motion.

strain maps (Fig.·8). Since the relative brightness of a pixel (in
a proton density-weighted image) is due principally to the
amount of longitudinal magnetization just prior to the imaging
pulse sequence, tissue affected by the tagging pulses appears
dark in contrast to the surrounding tissue. Deformation is

quantified in image post-processing with non-linear Green’s
strain tensor. In order to resolve the idealized material
continuum of the tongue, discrete triangular deforming elements
are defined by digitizing nodes at tag line intersections (Fig.·9).
Each triangular element is thus composed of two independently
deforming line elements: one along the x-axis and the other
along the y-axis in the rest configuration. The length of each
line segment is defined at rest by the tag spacing. Axial strains
are calculated based on the lengths of the deformed line
elements, while shear strain may be calculated based on line
element lengths, as well as the relative angle between adjacent
line elements. Although this tagging technique is inherently
2-D, out-of-plane axial strain may be calculated by knowing
the 2-D strain condition, assuming that tongue muscle is
incompressible and that out-of-plane shear strains are
negligible. Since shear strains are assumed to be nil, each finite
triangular element in the tagging grid has an associated nonlinear symmetric strain tensor. The resulting strain map
constitutes a pseudosurface whose height at a given spatial
location is defined by the amount of strain at that location, as
determined by its proximity to a finite element centroid. The
entire strain tensor may then be represented by a set of
octahedra, with each octahedron centered on a tagging
element’s centroid and the major and minor axes oriented
according to the directions of the eigenvectors and scaled to
directional axial stretch.
Employing this approach, Napadow et al. (Napadow et al.,
1999a) demonstrated that anterior tongue protrusion results

Fig.·9. Visualization of strain derived from tagged magnetization. (A) To obtain local strain from tagged magnetization images, triangular elements
are defined by digitizing nodes at tag line intersections. (B) Strain is represented as a pseudosurface whose height denotes the amount of strain
for each element of the mesh. (C) The surface is smoothed by the application of a bicubic spline algorithm. (D) The surface is rotated and viewed
from above, where the pseudosurface becomes a color-coded strain map.
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Fig.·10. Tagged magnetization depicting 3-D strain associated with anterior protrusion of the human tongue. (A) A grid of supersaturated MRI
tags was applied to the resting tongue in the mid-sagittal imaging plane, and principal strain depicted for the x, y and z components of the strain
tensor in terms of a color-coded pseudosurface smoothed by bicubic splines. A bidirectional contraction in the y- and z-directions resulted in tissue
protrusion in the x-direction. (B) Model of bidrectional contraction leading to hydrostatic elongation. Contraction of muscle fibers orthogonally
aligned to each other results in hydrostatic elongation in the remaining direction (dashed lines), without a change in tissue volume. (Reproduced
with permission from Napadow et al., 1999a.)

from simultaneous bi-directional contraction of the transversely
and vertically oriented muscles of the lingual core, resulting in
anterior extension due to tissue incompressibility (Fig.·10). A
model may thus be generated whereby bi-directional contraction
of orthogonal fibers in the intrinsic core of the tongue causes an
expansion along the tongue’s long axis due to the relative
incompressibility of the tissue. Contraction in the tongue core
occurred in the superior–inferior and medial–lateral directions,
as inferred from the region’s fiber orientation. For this simple
prototypical motion, negative strain presented in these
directions may be considered synonymous with muscle
contraction because overlapping extrinsic muscle attachments
lateral or superior to the regions in question were non-existent.
Such attachments could conceivably introduce compressive
strain to uncontracted muscle tissue by deforming adjacent
muscle fibers in the organ. Bending of the tongue, either upward
or laterally, is caused by regional bidirectional contraction of
the core fibers as above, combined with unilateral contraction
of the longitudinal sheath (Fig.·11). Contraction of the
longitudinal muscle fibers on the side of the tongue closest to
the center of curvature may be demonstrated by the existence
of negative strain values at the inside edge. These results thus
support the prediction made by Smith and Kier (Smith and Kier,
1989) that unilateral contraction of the peripherally located and
longitudinally oriented sheath is a mechanism for bending in a
muscular hydrostat. These data additionally demonstrate a
synergistic mechanism for tissue bending through graded core
fiber contraction as a function of radial distance from the center
of curvature. The graded pattern of contractility may exist as a
summed response of medial–lateral and superior–inferior fibers,
resulting in a commensurate expansion in the antero-posterior
direction that increases with distance from the center of
curvature and supplementing the contraction of the longitudinal

sheath in the production of bending. Similar to tongue
protrusion, the region of positive superior–inferior strain seen
in the sagittal bending image results from the tongue body being
stretched superiorly to the hard palate.
The same MRI methods may be used to ascertain the
intramural dynamics of the lingual musculature during the phases
of human swallowing, including early accommodation (bolus
held in the anterior oral cavity), late accommodation (bolus
transferred to the posterior oral cavity) and propulsion (bolus
propelled retrograde to pharynx; Fig.·12) (Napadow et al.,
1999b). Early accommodation is associated with the containment
of the bolus in a grooved depression in the middle portion of the
tongue’s dorsal surface. This grooved depression results from a
synergistic contraction of the anterior genioglossus in concert
with the hyoglossus, verticalis (intrinsic) and transversus
(intrinsic) muscles. Verticalis contraction results from a region of
negative y-direction strain in the anterior tongue. Transversus
contraction may be inferred on the basis of subtle z-direction
negative strain. There is, however, strong evidence of negative ydirection strain directly below the bolus, producing a depression
of the containing groove. This contraction could be the result of
active genioglossus contraction or a passive effect secondary to
contraction of the hyoglossus inserting into the mid-portion of the
tongue body, laterally and from below. The strain map
demonstrates that the contractile eigenvectors (visualized as the
short axes of octahedra – the direction of greatest contractile strain
when z-direction strain is positive) are oriented postero-inferiorly.
Since the mid-sagittal slice is directly medial to the lateral
insertions of the hyoglossus, this strain pattern is consistent with
either genioglossus or hyoglossus contraction. These contractions
are associated with x- and z-direction expansion, elongating the
grooved depression and improving bolus containment. During
late accommodation, the bolus is s shifted towards the posterior
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Fig.·11. Mid-sagittal strain imaging during sagittal bending. (A)
Employing the approach shown in Fig.·7, the x, y and z normal strain
components of the strain tensor are shown. Observe that x-direction
and z-direction strain increased and decreased radially from the center
of curvature, respectively. (B) Model of hydrostatic lingual tissue
bending. The hydrostatic model indicates that tongue bending results
from two synergistic mechanisms, unilateral longitudinal sheath
contraction and graded intrinsic core fiber contraction which increases
with distance from the inside edge. Unilateral sheath contraction results
in surface shortening only, without bending, whereas simultaneous
sheath and graded core contraction, which maintains x-sectional area
by increasing resistance to shear, results in bending. (Reproduced with
permission from Napadow et al., 1999a.)

dorsal surface of the tongue, in effect ‘priming the lingual pump’
before propulsion. The most prominent finding during this phase
is an increase in negative y-direction strain (i.e. inferior-directed
contraction) in the posterior tongue containing the bolus. This
contraction is responsible both for the creation of the posterior
depression and for the extension of the bolus depression in the xand z-directions.
Bolus propulsion reflects the net retrograde motion of the
tongue, expelling the cradled bolus from the oral cavity. The
most prominent effect is on the posterior tongue, with
significant expansion of the tissue in the x- and y-directions and
concomitant z-direction contraction. The styloglossus, which
inserts into the posterior tongue body on its lateral aspects and
is directed postero-superiorly towards its attachment point on
the styloid process, most likely produces this universally
observed strain pattern by passively dragging the tissue in the
tongue’s mid-sagittal slice. This mechanism is supplemented by
contraction of intrinsic transversus muscle fibers, which are also
located in the posterior tongue. This contraction would cause
tissue expansion in the x- and y-directions due to the
incompressibility of the tongue tissue. Sole contraction of the
styloglossus (in a postero-superior direction) could not produce
expansive strain above its insertion point, in the mid-portion of
the tongue’s lateral surfaces, since the tongue is constrained
from below. Thus, styloglossus contraction would stretch the
tongue tissue located between its insertion point and the
tongue’s inferior attachment. Because postero-superior
expansion in the posterior tongue exists all the way to the dorsal
surface, a synergistic mechanism must be at work. This effect
could only come from contraction of the z-directed transversus
muscle in this portion of the tongue.
The demonstration of the local mechanical events associated

with human tongue deformation during protrusion, bending and
the phases of swallowing supports the hydrostat hypothesis in
that isovolemic deformation is fostered through synergistic
contractions involving orthogonally aligned fiber populations.
The presence of mechanical cooperativity involving the intrinsic
and extrinsic muscle groups during biologically significant
motions thus provides a mechanism for isovolemic deformation.
Integration of lingual structure and mechanical function
If lingual deformation occurs by hydrostatic means,
functional models may represent tissue deformation as a set of
local isovolemic changes. Muscle incompressibility implies that
shortening in one or several directions due to contraction should
be compensated for by elongation in other directions. Several
investigators have developed models intended to translate
existing anatomical knowledge into finite element
representations for which local deformations approximate actual
lingual deformations occurring during normal speech and
swallowing (Kakita et al., 1985; Wilhelms-Tricarico, 1995;
Sanguineti et al., 1997). These efforts substantially support the
role of a complex myoarchitecture in contributing to the
nominal deformations of the tongue tissue, yet do not fully
address the concept of how such structures contribute to
hydrostatic deformation. Within the broader biological context,
various approaches have been employed in considering
hydrostatic motion, although these models are limited by the
fact that they describe only a limited range of dynamic behavior
(Skierczynski, 1996; Kristan et al., 2000; Wilson et al., 1991)
or physiological motion (Van Leeuwen and Kier, 1997), do not
account for external forces such as gravity or water drag
(Wadepuhl and Beyn, 1989; Alscher and Beyn, 1998) and do
not include a fundamental constant volume constraint (Jordan,
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Fig.·12. Lingual strain during human swallowing. Direction-dependent strain fields were acquired for the mid-sagittal slice of the tongue during
the phases of the swallow, including early accommodation (top row), late accommodation (middle row) and propulsion (bottom row). During
early accommodation, bolus containment is associated with negative y-direction strain, consistent with a synergistic contraction of the anterior
genioglossus and hyoglossus, with concomitant x- and z-direction expansion. During late accommodation, the combination of y-direction
contraction in the posterior tongue and expansion in the anterior tongue results in shifting of the bolus to the posterior dorsal surface of the tongue,
consistent principally with contraction of the posterior genioglossus and concomitant x- and z-direction expansion. During propulsion, x- and ydirection expansion in the posterior tongue was consistent with contraction of the laterally inserted styloglossus (with associated passive drag) and
z-direction contraction of the posteriorly located transversus fibers. (Reproduced with permission from Napadow et al., 1999b.)

1996). On the other hand, Yekutieli and colleagues (Yekutieli
et al., 2005) have described a dynamic control model of the
octopus arm, similar to the tongue in that it may be modeled as
a complex structure with longitudinal and transverse muscles
and has the capacity for a virtually limitless array of motions.
This model emphasizes the production of gross motion through
internal stiffening, a phenomenon induced by the contractions
of muscles orientated orthogonally to each other. However, the
application of this analysis to the tongue would require an
expansion of the spatial dimensions to 3-D, accounting for the
application of force by the deformable tongue on the non-

deformable hard palate and the interaction of tethered (extrinsic)
and untethered (intrinsic) fibers.
One of the most significant insights derived from these
modeling studies is the paramount role muscular synergy plays
in generating lingual deformation. For example, during anterior
protrusion the transversus, verticalis and even the extrinsic
genioglossus muscles play active contractile roles. In the light
of our modeling results (Napadow et al., 2002), we hypothesize
that the superior longitudinalis muscle also acts in concert with
the above muscle groups to straighten the tongue from its resting
bent configuration. Though subtle, this action is nevertheless
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functionally important, and illustrates the physiological reliance
of synergistic muscular synchrony in the regulation of tissue
deformation. This phenomenon further supports the concept of
the tongue as a muscular hydrostat. Another example of the
synergistic interplay of the tongue’s muscular elements is the
retrograde thrusting of the posterior tongue during the bolus
propulsion stage of the swallow. This maneuver is important in
clearing the bolus from the oral cavity into the oropharynx. As
in other biomechanical manipulator systems in nature,
synergistic muscular contractions augment physiological
motion and add support and rigidity to the system. From a
teleological perspective, muscular synergy may also represent a
necessary adaptation for life-sustaining functions, such as
feeding, control of the respiratory tract and communication. It
may be shown that synergistic contractions of orthogonally
aligned fibers contributes to volume-conserving tissue
deformation and therefore meets one of the criteria for a
muscular hydrostat. All such hydrostats possess fibers parallel
and perpendicular to the organ’s long axis, but differ regarding
the relative position and geometry of the perpendicular fibers.
While it has been considered that the conventional concept of a
hydrostat as an untethered actuator may not apply to the tongue,
it may be noted that the presence of extrinsic influences does
not necessarily negate the concept of hydrostatic deformation.
Conceivably, extrinsically attached muscles may impose more
gross deformations, as needed during propulsion, whereas the
role of the intrinsic muscles may be to apply the ‘fine tuning’
needed to achieve the myriad of lingual positions, shapes and
degrees of force. Synergistic contractions of extrinsic and

Fig.·13. Role of muscular synergy in the generation of lingual
deformation. Conceptual drawing depicting the way in which
synergistic contractions involving the intrinsic and extrinsic
muscles may contribute to prototypical deformations, namely
anterior protrusion, bolus accommodation during swallowing
and bolus propulsion during swallowing. In each instance,
muscle action is viewed from the sagittal, anterior coronal and
posterior coronal perspectives. In the case of anterior
protrusion, a principal role is played by the simultaneous
contractions of the transversus and verticalis muscles, with a
secondary role played by the genioglossus (at least in the
human). In the case of bolus accommodation during
swallowing, a principal role is played by the midline
genioglossus fibers, with a secondary role played by the
longitudinalis, verticalis and tranversus fibers, which serve to
stiffen, broaden and bend the accommodating concavity. In
the case of bolus propulsion, a synergistic role is played by
the genioglossus, hyoglossus and styloglossus merging with
the inferior longitudinalis, as well as the stiffening effect of
bidirectional contraction of the core lingual fibers.

intrinsic muscles of the tongue, anatomically indistinct at the
point of their insertion in the body of the tongue, may thus
contribute to local hydrostatic effects in the human tongue.
Just how might such synergism work to create functional
deformations in the tongue? While this question cannot be
precisely answered with current tools, we present in Fig.·13 a
series of conceptual drawings indicating which muscles might
contribute to the formation of several prototypical shapes;
namely, anterior-directed protrusion, bolus accommodation
during swallowing and retrograde bolus propulsion during
swallowing. In each case, the deformations are depicted from
the sagittal, anterior coronal and posterior coronal perspectives.
In each instance, the specific deformation is described from the
perspective of contributions of intrinsic and extrinsic fiber
populations, and is viewed in the context of its hydrostatic
properties. The fact that the tissue embodies fibers with
extensive and complex crossing patterns emphasizes the fact
that the tissue is capable of compression or expansion in one or
many directions based on the specific fiber populations that are
active. Anterior protrusion appears to result principally from the
synchronous contraction of the tranversus and verticalis fibers.
The role of the genioglossus in this rather simple deformation
is controversial, but in general it appears to be less important in
humans as compared to other mammalian species for which
forceful extension and manipulation of the tongue is critical for
obtaining food. The process of bolus accommodation is
important for all mammalian species for forming the ingested
morsel of food into a bolus, which then may be propelled
retrograde in the course of swallowing. The exact method by
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which bolus accommodation is accomplished thus defines the
physical limits of oral ingestion and embodies important
species-specific functionality. In this regard, note the prominent
role believed to be exerted by graded contraction of the midline
genioglossus fibers in humans, while also acknowledging the
contribution of intrinsic fibers towards stiffening and
broadening the bolus accommodating concavity. Lastly, let us
consider the complex set of events contributing to the rapid and
forceful reconfiguration of the tongue as it facilitates bolus
movement from the oral cavity to the pharynx. Given the diverse
forms and sizes taken by the bolus, it is reasonable to postulate
the involvement of multiple synergisms at varying orientations
to each other. It might reasonably be predicted that retrograde
lingual propulsion involves the coordinated actions of the
genioglossus, hyoglossus and styloglossus merging with the
inferior longitudinalis, as well as the stiffening effect of
bidirectional contraction of the core lingual fibers. The precise
delineation of which muscles contribute to specific functional
deformations of the tongue and to what degree they are active
in modulating adaptive lingual mechanics will require
considerable further research.
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