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The English idiom “on the tip of my tongue” commonly acknowledges that something is known, but it cannot be
immediately brought to mind. This phrase accurately describes sensorimotor functions of the tongue, which are
fundamental for many tongue-related behaviors (e.g., speech), but often neglected by scientific research. Here,
we review a wide range of studies conducted on non-primates, non-human and human primates with the aim of
providing a comprehensive description of the cortical representation of the tongue’s somatosensory inputs and
motor outputs across different phylogenetic domains. First, we summarize how the properties of passive non-
noxious mechanical stimuli are encoded in the putative somatosensory tongue area, which has a conserved
location in the ventral portion of the somatosensory cortex across mammals. Second, we review how complex
self-generated actions involving the tongue are represented in more anterior regions of the putative somato-
motor tongue area. Finally, we describe multisensory response properties of the primate and non-primate
tongue area by also defining how the cytoarchitecture of this area is affected by experience and deafferentation.

1. Introduction

As other senses, touch connects our sensory experience with external
physical reality. Through touch, humans and other mammals develop
awareness of the barrier between the external world and our body
(Guéguen, 2002) and are informed when the mechanical, chemical, or
thermal features of the external world represent a significant threat for
our survival (Owens and Lumpkin, 2014). We can perceive touch on
various skin surfaces (e.g., face: Won et al., 2017; forearm, thigh and
shin: Ackerley et al., 2014) and non-skin regions (e.g., cornea: Beider-
man et al., 2015, Zalevsky and Belkin, 2013; teeth: Bono and Haggard,
2019). The primate hand (and mammalian forepaw) has been of
particular interest for somatosensation research as perhaps the best
example of a glabrous (not hairy) body region with exquisite and highly
localized tactile sensitivity (Ackerley et al., 2014; Weinstein, 1968). The
hand (or the paw in other mammals) has also received peculiar attention
in motor research due to the fine motor repertoire of fingers and ease of
study (Ngeo et al., 2014). However, the hand is not unique: rather it
shares many sensory attributes with another versatile and highly
evolutionarily-adapted effector, namely the tongue.

First, primates’ hands and tongues are both crucial for most everyday
behaviors, and indispensable for survival. Human and non-human pri-
mates use primarily their hands (Lemelin and Diogo, 2016; Lemelin and
Schmitt, 2016; Vereecke and Wunderlich, 2016) and tongue to explore
the external environment (especially at the very early stages of infancy
(Adolph and Franchak, 2017; Fessler and Abrams, 2004; Rochat, 1989);
both are also used to perform complex object manipulations (Hayashi,
2015).

Second, the hand and tongue are the only motor effectors used as
articulators by humans (Sandler, 2009; Woll, 2014). The brain areas
involved in the motor control of the hand and tongue are not only
cortical neighbors (Kuehn et al., 2017), but also strongly interconnected
(Gentilucci et al., 2001), appearing to share some neural resources for
motor planning such as the direction of motor actions executed with the
hand and the tongue (Vainio et al., 2018). Third, both the palmar re-
gions of the hand (especially the fingertips) and the mucosa of the
tongue are characterized by a high density of peripheral receptors sen-
sitive to touch when compared to other body regions (Abraira and Ginty,
2013).

Fourth, both the fingertips and lingual surfaces are innervated by
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similar mechanoreceptors which permit detection of multiple genres of
tactile events (Roudaut et al., 2012). In the hand, different afferents
respond to specific types of skin deformation, which in turn helps to
shape tactile percepts (Saal and Bensmaia, 2014). For example, Meiss-
ner’s and Pacinian corpuscles detect texture and different frequencies of
vibrotactile stimulation (Johnson et al., 2000), whereas Merkel
cell-neurite complexes support shape discrimination and sensing of
sustained pressure (Johnson et al., 2000). Similar classes of mechano-
sensitive cells and neurons (e.g., Merkel complexes, various encapsu-
lated corpuscles, and free nerve endings) have been observed in the oral
mucosa, the tissue that encloses the muscular structure of the tongue
(humans: Hashimoto, 1972; non-human primates: Halata and Baumann,
1999; non-primates: Watanabe, 2004, Tachibana et al., 1997).

Finally, as one would expect given their dense sensory innervation,
the hand and tongue are both characterized by their tactile spatial res-
olution and high sensitivity to diverse types of touch. Due to the tongue’s
unique anatomy (see below), most somatosensory studies of the tongue
have used methods specifically designed to test tactile sensitivity within
the oral cavity and have not been optimized for other body parts (e.g.,
fungiform papillae count or nerve microstimulation: Bangcuyo and Si-
mons, 2017; Linne and Simons, 2017; Lukasewycz and Mennella, 2012;
Petrosino and Fucci, 1984; Trulsson and Essick, 2010). However, a few
studies have measured tactile sensitivity on both tongue and finger with
standardized stimulation methods to directly compare the two effectors,
testing both normative (Miles et al., 2018) and clinical populations
(Jacobs et al., 2002; Cordeiro et al., 1997). The results of these few
studies suggest that the tongue has finer sensitivity to pressure and
texture capacities compared to the fingertip (Miles et al., 2018).

Despite the many parallels between hand and tongue somatosensa-
tion and functional relevance in the motor system, there has been vastly
more research and synthesis of findings regarding the hand’s sensory
properties (Abraira and Ginty, 2013; Greenspan and LaMotte, 1993;
Vallbo and Johansson, 1976) and primate cortical somatosensory rep-
resentation (for reviews see: Woolsey et al., 1942; Kaas, 1983; Blake
et al., 2002; Lipton et al., 2010; Cartmill et al., 2012; Borich et al., 2015;
Tame et al., 2016; Omrani et al., 2017).

Here, we will fill this gap, focusing on the primate tongue sensori-
motor capacities. We first review basic anatomical principles of the
lingual muscles, their innervation, and the behavioral relevance of the
tongue’s sensorimotor capacities for primates. We then provide an
overview of the neural targets of the tongue’s peripheral sensorimotor
neurons in the few species of non-primate mammals for which infor-
mation is available, along with non-human and human primates. We
focus particularly on the cortical organization of the sensorimotor
tongue areas, and also discuss plastic experience-dependent modula-
tions and response properties of the cortical sensorimotor tongue rep-
resentation across mammals with particular emphasis on non-human
and human primates.

1.1. Why is the tongue an outlier in the sensorimotor system? A brief
anatomical survey

Compared with other mobile appendages (like the limbs), the tongue
exists in a rather unusual sensory environment, in that it resides most of
the time within the body, namely in the mouth and upper throat
(intraoral cavity). As shown in Fig. 1, the intraoral cavity is traditionally
divided into three smaller cavities: the vestibule, the oropharynx, and the
oral cavity proper (Becker, 2000; Laine and Smoker, 1995; Roy and
Varshney, 2013; Yousem and Chalian, 1998). The vestibule is the most
external portion of the oral cavity and sits between the facial (out--
facing) surface of the teeth, and the internal surface of the cheeks and
lips. The most internal portion of the intraoral cavity, the oropharynx,
lies between the soft palate and the vocal folds of the larynx, and adjoins
the oral cavity proper with the larynx. The oral cavity proper is located
within the boundaries of the lingual (tongue-facing) surface of the teeth,
the hard palate, the inner gums, and the sublingual space.
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Fig. 1. Gross anatomy of the human intraoral cavity. Both intraoral organs and
cavities are labelled for descriptive clarity. Drawing adapted from (Gray, 1878).

Compared to most bodily cavities, the mouth is unusual in the
richness of its peripheral receptors and its mixed somatosensory prop-
erties, some comparable to the skin, and others typical of the visceral
body (Haggard and de Boer, 2014). Within the oral cavity proper,
multiple tissue types (skin, muscle, teeth) are in close proximity, and
interact constantly. Although a lingual structure is present in all verte-
brates (Iwasaki, 2002), primates - and humans in particular - have a
unique tongue shape, size, and muscular architecture compared to other
mammals (Abd-El-Malek, 1939; Miyawaki, 1974). The tongue is divided
in three regions (tip, body, and base) based on its muscle structure (see
section 1.3.) and pattern of sensorimotor innervation (section 1.4.). The
tongue is particularly large relative to the intraoral cavity: when the
mouth is closed, the tongue occupies almost 90% of its total volume
(Ding et al., 2018).

The tongue as effector is also an outlier given its extreme reliance on
somatosensation. Unlike most of the other densely innervated structures
of the human body (e.g., fingertips), one’s own tongue cannot be seen
(except in a mirror). This makes the tongue a consciously-controlled,
non-visceral body regions where touch and proprioception (Adatia
and Gehring, 1971; Grover and Craske, 1991) provide almost all sensory
information. In addition, whereas similarly manipulable appendages
like hands, paws, or forelimbs are primarily engaged in exploration and
manipulation of objects, the tongue can perform not only these tasks, but
also is involved in highly diverse behaviors, ranging from gulping down
a beer on a hot day to declaiming a Shakespearean monologue. The
tongue is a particularly interesting case of a complex effector that holds
down its evolutionarily ancient "day job’ in performing quasi-vegetative
functions (for instance its involvement in reflexive swallowing) while
simultaneously being able to perform movements requiring the highest
degree of cognitive and motoric planning and skill.

1.2. The unique histological composition of the tongue

As part of the oral cavity, the tongue has some histological features
typical of the internal milieu. It is enclosed by a thin and moist mem-
brane — the oral mucosa (mostly lining mucosa, Ciano and Beatty, 2015;
Collins and Dawes, 1987; Squier and Kremer, 2001). Although the oral
mucosa has a similar histological composition as the skin (Presland and
Dale, 2000) it is also specialized for its particular environment, in that it
is fully glabrous (Yousef et al., 2019), composed by a thicker layer of
squamous (scaly) epithelial cells than the skin (Barrett et al., 2005) and
also heals more quickly than skin (Turabelidze et al., 2014; Whitby and
Ferguson, 1991). The absence of hair and its robust and easily repairable
epithelium make the oral mucosa especially pliable (Gartner, 1994),
suitable for manipulation of different food types (Squier and Kremer,
2001) and protected against invading pathogens (Hovav, 2014).

Lining mucosa covers most of the lingual surface and is important
functionally, as it allows the tongue to be flexible, elastic and easily
deformable. The major exception to this rule is the top or dorsum of the
tongue, which is covered by a layer of specialized mucosa, one specif-
ically resistant to loading forces exerted during mastication (Squier
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et al., 1976). The stratified squamous epithelium of the dorsum of the
tongue is normally organized in tiny raised protrusions (papillae, Squier,
2011), some bearing taste buds (Bragulla and Homberger, 2009) -
another highly specialized sensory feature of the tongue.

1.3. Lingual myoarchitecture

Understanding the complex muscular structure of the tongue - its
myoarchitecture - is essential for understanding how the tongue can
perform such a wide range of movements (see section 1.6). In contrast
with symmetrically paired and independently moveable body parts like
the limbs and eyes, the tongue is a single organ symmetrically spanning
the body midline, albeit one containing many constituent muscles
(Sanders and Mu, 2013). Although other highly manipulable effectors
like the hand or forepaw tend to be contralaterally represented cortically
and subcortically, it is still unclear whether each side of the tongue has a
bilateral or more strongly lateralized cortical representation. This is true
even for non-speech related movements (Forrester and Rodriguez, 2015;
Wildgruber et al., 1996) or gustatory functions (Stevenson et al., 2013) -
a topic we return to below.

Returning to myoarchitecture, the tongue is predominantly a com-
plex of striated muscle, one enclosed by a layer of oral mucosa and
connective tissue. Tongue muscles are grossly divided into intrinsic and
extrinsic muscle groups, each related to a set of movements or functions
(Brand and Isselhard, 2014). The extrinsic lingual muscles (genio-
glossus, hyoglossus, styloglossus and palatoglossus, as shown in Fig. 2)
extend to the tongue from neighboring attachments on the mandible, the
hyoid bone, and the temporal bone.

These extrinsic lingual muscles serve to translate the tongue in space
within the mouth. The styloglossus and the palatoglossus muscles are an
antagonistic muscle pair that share a similar pattern of innervation
(Ziermann et al., 2018) and embryonic origin (Cobourne et al., 2019),
but move the tongue in opposing directions. While the genioglossus
allows tongue protrusion, the styloglossus pulls the tongue backward
(Clemente, 2007; Glass et al., 2020). Likewise the palatoglossus and the
hyoglossus, each move the tongue elevate the posterior portion of the
tongue (Campos et al., 2012)lower/retract the tongue, respectively(Fl
Omda and Winters, 2021). Altogether, extrinsic muscles play a crucial
role in both mastication (Naganuma et al., 2001; Napadow et al., 1999)
and speech production (Kuehn and Azzam, 1978).

By contrast, intrinsic lingual muscles (superior longitudinal, vertical,
transversal and inferior longitudinal) lack a bony attachment, comprise
the main body of the tongue, and play a role in determining its shape and
spatial orientation (Blount and Lachman, 1953; Sinclair,1972; Standring
2005). Intrinsic muscle fibers (Stal et al., 2003) are oriented either along
the longitudinal ’back-to-front’ lingual axis (the superior and inferior
longitudinal muscles) or across the longitudinal axis (the vertical and
transverse muscles). Contraction of longitudinal muscle fibers permits
tongue shortening and retraction, whereas contraction of the transversal

Superior longitudinal
Vertical
Transversal

Palatoglossus
Styloglossus

Inferior longitudinal

sajosnw djsuuu|

Hyoglossus

Extrinsic muscles

Median septum
Genioglossus P

Fig. 2. Muscular composition of the human tongue. The four extrinsic lingual
muscles are labelled on the left. The four intrinsic lingual muscles are labelled
on the right. (Shafik Abd-El-Malek, 1955; Touré and Vacher, 2006).

Image adapted from Drake et al., 2005).
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and vertical fibers permits tongue elongation, flattening and widening
(Stone, 1990). Curiously, the orientation of fibers changes across tongue
subregions, with most fibers being oriented along the longitudinal axis
in posterior and inferior regions of the tongue, and more fibers across the
longitudinal axis predominating in the anterior and superior regions
(Gilbert et al., 1998).

Finally, multiple fibrous connective structures (lingual septa;
Abd-El-Malek, 1939) provide attachment for multiple intrinsic lingual
muscles. Among the lingual septa, the median septum divides the tongue
in two symmetrical halves and provides attachment for both transversal
and longitudinal superior muscles.

1.4. Sensory-motor innervation of tongue muscles

The richness of the tongue’s peripheral receptors is one of its
distinctive features. Afferents in different tongue regions (surface and
tongue muscles) have very specific sensory properties (Trulsson and
Essick, 1997). The tongue surface (like the dorsum or its lateral surface)
is innervated by mechanoreceptive afferents that are typically rapidly
adapting, have very small receptive fields,' and respond to extremely
low mechanical forces (<2mN). In contrast, sensory receptors in tongue
muscles are mostly slowly adapting, have broader receptive fields and
respond to higher mechanical forces (>4mN, see Fig. 3, and Tiirker
et al., 2006). Relevant to the question of tongue sensorimotor laterali-
zation (discussed in depth in sections 2 & 3), some receptive fields have
been shown to be extend up to 1-2 mm across the tongue midline
(Trulsson and Essick, 1997).

Finally, peripheral mechanoreceptors are unevenly distributed along
the body of the tongue, with higher density of peripheral receptors in
anterior and mesial (middle) tongue regions than posterior and lateral
regions (Trulsson and Essick, 1997). This peculiar distribution of re-
ceptors has been described as an oral analogue of the retinal fovea
(Haggard and de Boer, 2014). As shown in Fig. 4, multiple cranial nerves
carry somatosensory afferents to their cortical targets, and motor ef-
ferents to their lingual muscles.

@ SAl
@SAll AAN

100
Deep Imps/s

1s

Fig. 3. Receptive field and response characteristics of mechanoreceptive
afferent fibers of the cranial nerve V, innervating the anterior two thirds of the
tongue and the deep tongue in humans. On the left of the panel, we show lo-
cations and relative sizes of the receptive field of the three different types of
superficial afferents (Fast adapting type I (FA I), slowly adapting type I (SA I),
and slowly adapting type II (SA II). Receptive fields marked with a cross indi-
cate fields located on the ventral side of the tongue. All other fields were located
on the dorsal side. On the right of the panel we show examples of recordings
from four different types of afferents; FA I, SA I, SA II, and Deep tongue.
Figure adapted from (Tiirker et al., 2006).

1 A receptive field is the area - typically contiguous - of a sensory surface that
will drive responses in a receptor or connected sensory neuron.
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A

Somatosensory innervation

® Cranial nerve V (anterior two thirds)
@ Cranial nerve IX (posterior one third)
@ Cranial nerve X (root)

@ Cranial nerve XII (deep sensations)

Palatoglossus

Styloglossus

" Motor innervation
Genioglossus

@ Cranial nerve XII
@ Cranial nerve X (palatoglossus)

Hyoglossus

Fig. 4. (A) Blood supply and somatosensory and motor innervation of tongue muscles in humans. The four lingual extrinsic muscles (Palatoglossus, Styloglossus,
Genioglossus and Hyoglossus) are labelled on the left of the panel. (B) Nerve map of the whole tongue in humans showing the innervation pattern of the mandibular
branch of the trigeminal nerve (cranial nerve V), the vagus (cranial nerve X) and the hypoglossal nerve (cranial nerve XII). Readers interested in a more in-depth
discussion should consult Mu & Sanders (2010), Sawczuk & Mosier (2001), and Zur et al., (2004).

(a) Figure adapted from Paulsen and Waschke (2018). (b) Figure adapted from Mu and Sanders (2010).

Somatosensory innervation of the anterior two-thirds of the tongue is
supplied by the mandibular branch of the trigeminal nerve (cranial
nerve (CN) V), while the posterior third is innervated by the glosso-
pharyngeal nerve (CN IX). The posterior tongue root is innervated by the
vagus nerve (CN X), while deep sensations in the tongue muscle are
transmitted by the hypoglossal nerve (CN XII).

Motor innervation of the tongue is supplied by the hypoglossal nerve
(CN XII), with the exception of one extrinsic muscle, the platoglossus,
which is innervated by the vagus nerve (CN X). There are a number of
sensorimotor reflexes involving tongue sensation and movement - like
the pharyngeal or "gag’ reflex - that range from simple to quite complex
(see Miller, 2002 for an overview). As with other reflexes, sensory inputs
are processed in a local circuit arc, and are not centrally mediated
(Miller, 2002; Walker, 1990).

Afferent neurons that transmit sensory information towards the
central nervous system and efferent neurons that carry motor commands
to the peripheral nervous system have cell bodies located in distinct
cranial nerve nuclei within the brainstem. (Maezawa, 2017; see Fig. 5

Y I Afferent Pathways
@ Cranial nerve V (anterior 2/3 tongue)
Cerebrum @ Cranial nerve IX (posterior 173 tongue)
@ Cranial nerve X (tongue root)
@ Cranial nerve Xl (deep tongue)
Pons
Medulla

Fig. 5. Afferent pathways of different tongue afferents in the human tongue.
Fibers of the mandibular branch of the trigeminal nerve reach their sensory
nucleus in the brainstem (1) through the trigeminal ganglion. Electrical signals
are then sent to their cortical targets (within the ventral portion of the primary
somatosensory cortex) both ipsilaterally and contralaterally to the stimulation
site. Electrical signals transmitted by cranial nerves IX, X and XII reach their
cortical target contralateral to the stimulation site through the medulla. The
second order neurons of fibers of cranial nerve IX are located within the nucleus
of tractus solitarius (3), the nucleus ambiguous (4) and the inferior solitary
nucleus (5). The second order neurons of fibers of cranial nerve X are located
within the dorsal nucleus of vagus (2), the nucleus of tractus solitarius (3) and
the nucleus ambiguous (4). The second order neurons of fibers of cranial nerve
XII are located within the hypoglossal nucleus (6).

below). These pathways project either contralaterally or bilaterally ac-
cording to the cranial nerve nuclei that are involved. Based on the
pattern innervation pattern, four regions of the tongue can be defined:
the anterior two-thirds of the tongue (cranial nerve V), the posterior
third (cranial nerve IX), the posterior tongue root (cranial nerve X) and
the deep tongue (cranial nerve XII). As depicted in Fig. 5, these regions
differ in their afferent pathways and cortical targets. Tactile events
perceived on the anterior two-thirds of the tongue are transmitted to
their cortical targets (bilateral areas 3a, 3b, 1 and 2 of the ventral pri-
mary somatosensory cortex, Geyer et al., 1999) through the trigeminal
ganglion, the brainstem and the thalamus (for a review see Shibukawa,
2009). By contrast, stimuli perceived in posterior tongue regions, in the
tongue root and deeply within the lingual structure are sent to their
cortical targets only contralateral to the stimulation site, through the
medulla (see Fig. 5 for further details on second order neurons of cranial
nerves IX, X and XII) and the thalamus. Different patterns of innervation
between different tongue regions are linked to differences in perception
with the tongue, with recent evidence supporting poorer tactile sensi-
tivity on the back of the tongue compared to the tip of the lingual
structure (Pamir et al., 2020). (Although this review mainly focuses on
the cortical representation of the tongue, please view box 1 for a short
overview on tongue representations in subcortical and cerebellar
structures).

Our understanding of the peripheral sensory innervation of the
tongue is quite extensive, and nerve maps of the whole tongue have
recently been drawn for humans (see Fig. 4.B., Mu and Sanders, 2010b).
Nonetheless, this knowledge is still incomplete - unsurprisingly given
that the application of staining techniques to investigate the innervation
of human tongue musculature has been only explored over the last
decade (Mu and Sanders, 2010a). Despite the dominant role of the
tongue in perhaps the defining human behavior - speech - and its un-
usually sophisticated repertoire of movements, relatively little is known
about the architecture of cortical targets that receive input from pe-
ripheral sensorimotor afferents innervating the tongue (Mu and Sanders,
2010a).

1.5. BOX 1 Tongue representations in cerebello-thalamic-cortical circuits

Tongue muscles are widely represented outside cortex as indeed the
somatotopic maps observed in motor and somatosensory cortices are
replicated throughout many of the brain areas that compose sensori-
motor networks (Belyk et al., 2021). At early stages of processing within
the brainstem, sensory signals arising from the tongue have been shown
to be processed within a specialized circuit, independently from other
facial structures like the jaw, cheeks, and airways (Moore et al., 2014).
Early evidence in humans (Corfield et al., 1999) have used functional
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magnetic resonance imaging (fMRI) to show that tongue contractions
are linked with significantly enhanced activation within the thalamus,
the supplementary motor cortex (SMA) and the cerebellum. Non-human
primate data have confirmed that tongue muscles are represented across
multiple cortical sites, spreading over various regions of the frontal lobe,
including SMA, pre-SMA (Morecraft et al., 2001, 2007), rostral, medial
and caudal regions of the cingulate cortex (Amiez and Petrides, 2014;
Morecraft et al., 2001, 2007; Procyk et al., 2016).

Cerebellar nuclei of both non-human primates (Bowman and Aldes,
1980) and humans (Boillat et al., 2020) have also been associated with
different tongue movement patterns. For example, studies conducted
with rhesus macaques (Macaca mulatta; Bowman and Aldes, 1980)
showed that electrical stimulation of the dentate nucleus evoked both
lateralized contractions and tongue protrusions, whereas stimulation of
the fastigial nucleus mostly elicited tongue protrusions. 7 T fMRI results
in humans (Boillat et al., 2020) extended these results by showing that
the tongue has multiple representations within the cerebellum, across
multiple lobules. This is consistent with the existence of multiple
somatotopic maps within the cerebellum (Boillat et al., 2020; Buckner
et al., 2011; Grodd et al., 2001; Manni and Petrosini, 2004; Mottolese
etal., 2013; Rijntjes et al., 1999; Rosina and Provini, 1983; Schlerf et al.,
2010). Overall, multiple representations of tongue sensation and
movement across various cortical and cerebellar sites have been impli-
cated in primate learning, and monitoring and performing fine and
complex motor actions with their tongue.

1.6. Tactile capacities of the human tongue

The tongue’s sensitivity to tactile stimuli has often been studied
either in relation to the digestion of liquids and food (Frank et al., 1992)
or to other intraoral touches (e.g., the tongue touching other intraoral
tissues like teeth or palate). In particular, tactile capacities of tongue and
palate have often been investigated together for their joint impact in
processing texture attributes of liquid and solid substances (Engelen
etal., 2002; Kokini et al., 1977; Lauga et al., 2016; Thomazo et al., 2019;
for a review also see Liu et al., 2017).

However, the tongue alone plays an essential role in tactile percep-
tion as touching pieces of food with the tongue may be essential for
evaluating whether their size, texture and temperature are suitable for
swallowing and digesting. Tongue mechanoreceptors detect the texture
and viscosity - roughly the stickiness - of food (Araujo and Rolls, 2004), a
property that changes with the tongue’s temperature: with a slight in-
crease of 1-3 °C compared to baseline tongue temperature, viscosity
sensitivity is enhanced (Lv et al., 2020). The temperature of the tongue
surface often varies, especially during eating (e.g., when drinking a glass
of cold water or eating a bowl of hot soup). As viscosity normally de-
creases with increased temperatures, enhanced viscosity perception at
higher temperatures is crucial to allow constant viscosity perception
capacities at different tongue temperatures.

Tongue somatosensation combined with movement also allows the
organism to estimate more global properties, such the size of an object in
the mouth (Dellow et al., 1970; Engelen et al., 2002) along with features
that allow for its identification and/or disambiguation from other ob-
jects (Anstis, 1964; Anstis and Loizos, 1967; La Pointe et al., 1973). For
example, we could imagine having a raisin placed on the dorsum of our
tongue. By exploring the raisin with our tongue we can not only tell its
size, but also its overall shape, wrinkliness, hardness, texture, and taste
(cf. raisin meditation task: Nelson, 2017; Warren et al., 2017).

In tandem with other intraoral surfaces (Bono and Haggard, 2019),
tactile perception with the tongue can be influenced by contextual in-
formation and real-world knowledge. For instance, we can estimate the
size of objects impacting the tongue via a combination of tactile sensa-
tions arising from the tongue muscles along with ’top-down’ predictions
about the current position and state of our tongue in our mouth. How-
ever, such predictive cognitive model can lead to perceptual bias (Wei
and Stocker, 2017). It is currently not clear how perceptual biases affect
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tongue-mediated size estimation: different studies have shown that size
estimation of objects inserted in the mouth can lead to both over-
estimation (Bittern and Orchardson, 2000; Dellow et al., 1970; Melvin
and Orchardson, 2001) and underestimation biases (Crutchfield et al.,
2016; Topolinski and Tiirk Pereira, 2012). More recent evidence sug-
gests that size estimation perceptual biases with the tongue (both
overestimation and underestimation) depend on a series of Bayesian
predictions (Crutchfield et al., 2018). The time spent orally exploring an
object (Tomita et al., 2017) or the subjective hunger level of participants
(Crutchfield et al., 2018) change the priors in these predictions. Being
hungry may lead us to underestimate the size of food inserted in the
mouth. Conversely, the more time spent touching food with the tongue
(e.g., chewy and fibrous foods such as meat or thick bread), the more
likely we are to overestimate the food size.

The tongue’s tactile capacity allows humans not only to perceive
object size but also to identify more complex features like stereognosis -
the ability to perceive 3D shapes in space - and roughness. Stereognosis
is vital for survival, for instance to chew and swallow without choking
(Boliek et al., 2007; Jacobs et al., 1998), and is an ability that often
diminishes with increasing age, even in individuals without eating and
swallowing disorders (Kawagishi et al., 2009). Roughness perception is
crucial to identify and orient different materials that contact intraoral
surfaces and, during mastication, may require different chewing pat-
terns (Howes et al., 2014). Fine roughness variations can be perceived
with the tongue, with particles as small as 0.50 um being perceived as
rough (Jones et al., 2004; Linne and Simons, 2017). Finally, the tongue’s
tactile capacities allow humans to discriminate not only the properties of
external objects but also changes in their internal state (e.g., tempera-
ture variations). Temperature perception with the tongue is highly
precise, with warm being perceived with little or no heat variations, and
cold with at least 5 °C temperature variations (Green, 1986).

1.7. Tongue motor kinematics

The extrinsic and intrinsic lingual muscles (see section 1.3) can
operate independently, or in combination to produce fine tongue
movements at a wide range of speeds (Kuberski and Gafos, 2019). The
aim of this section is to provide a broad review of some of the kinematics
of the principle movements of the tongue. These kinematics have been
mostly investigated in the literature as a means of studying cortical
representations of tongue movements in human and non-human primate
studies.” Tongue movements studied in primates range from
non-lateralised protrusion (see Fig. 6. A) to more complex, lateralised
kinematics (see Fig. 6. B and 6. C).

Lateralised tongue protrusions are common especially when eating.
Indeed, every time we try to displace a piece of food out of our teeth on
either side of the mouth, we perform a lateralised tongue protrusion.
Both lateralised and non-lateralised tongue protrusions contact other
intraoral structures (e.g., the dentition, gingivae, hard palate, velum,
and pharynx) and facilitate moulding of the food particles into a bolus in
preparation for swallowing (Matsuo and Palmer, 2009). Tongue pro-
trusions also underlie haptic explorations of the mouth, as well as
human-specific communicative acts such as speaking, singing, and
whistling (Belyk et al., 2019; Belyk and Brown, 2017).

Well-executed and successful tongue movements are contingent
upon proprioceptive and sensory surface feedback. This is true not only
for highly concerved movements such as chewing and swallowing, but
also for human-specific ones. Correctly pronouncing a word or

2 For more exhaustive reviews of specific subfields, the reader may wish to
consult other reviews, such as Hiiemae and Palmer (2003) for tongue move-
ments in feeding and speech, Maezawa (2017) for sensorimotor integration, or
computational modelling papers investigating how muscle forces are coordi-
nated to generate movement in musculoskeletal systems (Wilhelms-Tricarico,
1995; Gérard et al., 2006; Stavness et al., 2012).
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Non-lateralised protrusion

Horizontal lateralised protrusion
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Vertical lateralised protrusion

Fig. 6. Repertoire of fine complex tongue kinematics most frequently used in non-human and human studies primate studies: non-lateralised (A) and lateralised

horizontal (B) and vertical (C) tongue protrusion.

accurately whistling a tune relies heavily on perceptual feedback from
the tongue and surrounding oral tissue. For instance, the production of
alveolar consonant sounds (e.g., the sounds /t/ and /d/) requires the tip
of the tongue to stroke the alveolar ridge, which is a small protuberance
of the gum, located just behind the central maxillary incisors. The
perception of a contact force exerted on the alveolar ridge by the tongue
triggers the tongue to exert a continuous tissue compression on the
alveolar ridge. This generates a complete closure of the vocal tract,
crucial for building up sufficient intraoral air pressure for accurate
production of the consonant. Similar somato-motor interactions are
required for other consonants (Lofqvist and Gracco (2002). As a final
intuitive example, anyone who has had a local oral anaesthetic during a
visit to the dentist will likely have experienced some difficulties in
pronouncing words - for a more formal investigation of this effect, see
Niemi et al. (2006), for a more domain-general approach see Grigoriadis
et al. (2017) and for a description of body image distortions after oral
anesthesia see Tiirker et al., (2005). To sum up, tongue movements are
not only caracterised by fine kinematics and precisely controlled speed,
but they are also highly relevant for most everyday behaviors essential
for survival.

2. Cortical bases of the sensory-motor processing in non-human
mammals

In this section we review a selection of studies investigating the
neural bases of somatosensory and motor control of the tongue non-
human primates and the broader mammalian clade where information
is available. The review takes a particular focus on cortex where
acomprehensive view of tongue somatosensory and motor cortical rep-
resentations across different phylogentic domains is tractable.

2.1. Neural substrates of tongue somato-motor processing in non-primate
mammals

The rat has been the subject of most electrophysiological studies
investigating the cortical bases of tongue sensation and movement in
non-primate mammals (Cullins et al., 2019; Guggenmos et al., 2009;
Yamamoto et al., 1981, 1988); other early investigations were carried
out in rabbits (Woosley and Wang, 1945; Gould, 1986), dogs (Bromiley
et al., 1956) and raccoons (Welker and Seidenstein, 1959). Data across
these species suggest that a tongue representation in the rostral portion
of the ventral primary somatosensory cortex is broadly conserved across
these species.

In the first intraoral stimulation electrophysiological experiment in
rodent somatosensory cortex, Yamamoto et al. (1981) mechanically or
thermally stimulated the tongue tip of Wistar rats (Rattus norvegicus)
while recording the response of individual neurons of the rat somato-
sensory brain region (whose map was firstly reported by Welker, 1971).
Yamamoto et al. (1981) found that the cortical targets of afferents

responding to touch on the tongue have locations that do not overlap
with regions previously shown to respond to taste (Yamamoto et al.,
1980). Rather, tongue tactile and taste sensations was represented along
a gradient within the ventral portion of the rodent somatosensory and
gustatory areas (Yamamoto et al., 1980), with touch-responsive neurons
located dorsally, thermal-responsive neurons centrally, and
taste-responsive neurons more ventrally. Yamamoto et al. (1988)
demonstrated that motor engagement might modulate this pattern;
here, the authors recorded neurons in rats that were either induced to
lick or exposed to passive repetitive touch. Some ventral mechano-
sensitive units were responsive only to passive tongue stimulation irre-
spective of motion direction, but more anterior neurons were responsive
to both licking and food chewing.

Training of a new licking skill (e.g., licking with a constant and
specific pressure) lowered the threshold for elicitation of motor re-
sponses but does not cause plastic changes in the architecture of the
cortical tongue representation (Guggenmos et al., 2009). Similar find-
ings were observed even when rats were trained to learn a new motor
skill involving the tongue, like performing complex motor kinematics
with the tongue to enable water release (Cullins et al., 2019). Clemens
et al. (2018) described the response properties of the rat oral somato-
sensory cortex to passive mechanical stimuli (air puffs) of varying
temperature, gustatory stimuli, and single-cell electrical stimulation.
Their results suggest sensorimotor integration of stimuli within the oral
somatosensory cortex, as the initiation of orofacial movements resem-
bling feeding-related behavior (e.g., licking) was shown to be elicited by
microstimulation of the oral somatosensory cortex. Although thermal
stimuli were shown to be strongly represented (with larger responses to
cold), taste-related information was encoded with no clear spatial tuning
of responses to different gustatory stimuli (e.g., bitter, sweet and
neutral).

In summary, the topography, the multisensory response properties,
and the degree of plasticity of the non-primate sensorimotor tongue area
in cortex have been at least preliminarily, if not conclusively, explored.
Conversely, to our knowledge, none of the non-primate studies have
directly investigated the degree of lateralization of tongue representa-
tion in somatosensory areas. The question of lateralization is one of both
theoretical and clinical interest. The tongue is unusual in that it is a
finely controlled appendage but is singular rather than duplicate and
midline rather than lateralized, which is a notable contrast compared to
the digits and limbs. This arrangements requires a high degree of co-
ordination between muscles on both sides of the tongue. Clinically,
dysphagia - often associated with tongue control (see below) - does not
seem to be related to damage to one hemisphere or another (Daniels
et al., 2017; Falsetti et al., 2009; Hamdy et al., 1999; Paciaroni et al.,
2004). However, to our knowledge none of the behavioral paradigms
used in non-primate mammal have addressed the separate or coordi-
nated control and sensation of the two sides of the tongue.
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2.2. Tongue representations in primate somatosensory cortex

Non-human primate research can provide a closer approximation to
the neural architecture of the human primary somatosensory cortex due
to the greater similarity in the tongue’s form and function (Gilles-
pie-Lynch et al., 2014) as well as the phylogenetical proximity (Bruce
and Ayala, 1979; Siepel, 2009).

Gross brain anatomy is largely conserved across species (Brodmann,
1909; Passingham, 2009). The neurophenotypic similarity among pri-
mates is supported by gross genotypic similarity Genomic studies show
that humans share between 92% (New World and Old World monkeys;
Mattison and Vaughan, 2017, also see Fig. 7) and 96% (Chimpanzee,
Pan troglodytes; Varki and Altheide, 2005) of genetic homology with
non-human primates. Interestingly, one of the key genetic differences
between human and non-primate mammals has been identified in genes
that affect vocal learning and orofacial motor control (Condro and
White, 2014).

The most informative studies have used invasive methods to study
the brains of primates in greater detail than would otherwise be possible
(for a review of the most relevant studies see: Kaas et al., 2006; Toda and
Kudo, 2015). These studies are best interpreted in light of the phylo-
genetic relationships of their model species which have spanned New
World monkeys, Old World monkeys and prosimian galagos (see Fig. 7).

In primate brains including humans, primary somatosensory area
(S1) is organized in four cytoarchitectonic areas (Brodmann areas 3a,
3b, 1, and 2, see Fig. 8).° Areas 3b and 1 are primarily tuned to the
perception of cutaneous inputs (Kaas, 1983), whereas areas 3a and 2
mainly receive thalamic inputs originating from receptors located on
muscles (Krubitzer et al., 2004; Pons et al., 1985). Areas 3a and 3b are
often called “S1 proper”, and receive an abundance of inputs from the
ventroposterior nucleus of the thalamus. Area 3b lies on the rostral bank
of the post-central gyrus and chiefly represents the contralateral body
surface in a mediolaterally elongated band of cortex. Along this
mediolateral axis, all the bodily structures are represented in a roughly
somatotopic manner with the face and the intraoral regions being rep-
resented in its most ventral portion (about one third of the S1, Iyengar
et al., 2007).

Recording the activity of individual cortical neurons has been crucial
for charting sensorimotor processing of the tongue (Martin and Sessle,
1993) as well as for delineating the receptive fields of single neurons
(Toda and Taoka, 2002, 2004). However, an approach that is unique to
non-human primate research is the application of electrophysiological
mapping in combination with histological tracing (Jain et al., 1995).
This technique consists of the subdermal injection of retrograde
trans-synaptic tracers, which are transported from the receptor endings
of sensory neurons in the periphery to cortical targets in the central
nervous system. After electrical stimulation mapping of cortex, monkeys
are sacrificed, and their brains are dissected and evaluated for tracer
presence and spread. The pairing of electrical stimulation and histo-
logical tracing studies in the same animal provides a highly detailed,
bidirectional, and robust mapping between the sensory periphery and
cortex. Due to the strong phenotypic and genetic similarities between
humans and non-human primates (as discussed above), electrophysio-
logical mapping combined with histological tracing provides valuable
insights into the cortical organization of both non-human and human
primates.

3 M1 and S1 as functional and cytoarchitectonic definitions are often
confounded with the anatomical landmarks of the pre- and post-central gyri.
The primary motor or primary sensory cortex (Brodmann'’s area 4, or areas 3a/
3b), are instead lie within the central sulcus, where they are inaccessible to
traditional ECoG surface electrode grids.
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2.3. Multiple tongue-responsive fields in primary somatosensory cortex of
non-human primates

The conceptualization of primate somatosensory cortex as a medial-
to-lateral, “tail to tongue” somatotopic map is not a new one (Woolsey
et al., 1942). Tongue-responsive neurons were found in early recording
studies in both Old World monkeys (Macaques, Macaca mulatta;
Marshall et al., 1937) and New World monkeys (Spider monkeys, Ateles
Ater; Pubols and Pubols, 1971), with single units located in the ventral
portion of S1 responding to light mechanical stimulation of the contra-
lateral side of the tongue.

However, the idea that a given body part like the tongue has a single
representation in S1 was challenged quite early. In particular, different
receptor types that respond to different touch submodalities (e.g.,
texture, strain or vibration) on a given body part (e.g., the tip of the
tongue) have cortical targets which are unevenly distributed in separate
architectonic fields across S1 (Powell and Mountcastle, 1959). Multiunit
microelectrode recordings from the ventral portion of somato-motor
cortices of Old World monkeys (macaques, Macaca mulatta, Dreyer
et al., 1975 and Macaca fascicularis, Nelson et al., 1980) and New World
monkeys (owl monkeys, Aotus trivirgatus, Merzenich et al., 1978; squirrel
monkeys, Saimiri sciureus, Cusick et al., 1986; white-fronted capuchin
monkey, Cebus albifrons, Felleman et al., 1983) suggested that the
intraoral cavity and tongue (as well as other body parts; Kaas et al.,
1979) are represented several times in a mosaic of spatially and
cytoarchitectonically distinct areas. Furthermore, different cortical
representations of the tongue appear to vary as a function of the tactile
submodality that they represent, along with the size of their peripheral
receptive fields (Dreyer et al., 1975).

For example, the ventral portion of area 3b and the anterior aspect of
ventral area 1 receive inputs generated by the light mechanical stimu-
lation of superficial skin and mucosal sites (e.g., the tongue dorsum or
the lip, Merzenich et al., 1978). Although preliminary mapping studies
with New World monkeys show inconsistencies in the representation of
some face parts across areas 3b and 1, with light mechanical cutaneous
stimulation being processed only in area 3b (Sur et al., 1982), later in-
vestigations conducted on New World monkeys support a double rep-
resentation of light mechanical stimulation of the tongue surface across
both areas 1 and 3b. Similar findings were also observed in Old World
monkeys (Nelson et al., 1980). Although the two tongue representations
in areas 3b and 1 have a very similar organization and are approximate
mirror images of each other (Felleman et al., 1983), they differ in their
relative size, with the representation of face and intraoral structures
being 35-40% larger in area 3b than in Area 1 (Merzenich et al., 1978),
thus suggesting that the level of cortical magnification for the tongue is
quite high within area 3b, but less so in area 1.

The ventral portion of areas 2 and 3a and the posterior aspect of
ventral area 1 respond to lateral tongue stretch and sustained tongue
pressure (Dreyer et al., 1975). Since area 2 has been shown to contain
systematic representations of deep body structures (like joints or mus-
cles, Merzenich et al., 1978), anatomic fields within area 2 may contain
a representation of stimuli generated in the deep lingual musculature,
conveyed to the cortex by CN XII (see section 1.4).

2.4. Functional organization of tongue-responsive fields in primary
somatosensory cortex of non-human primates

The functional organization of primary somatosensory (particularly
area 3b, Krubitzer and Kaas, 1990) and visual cortices (areas 17 (V1) and
18 (V2), see Boynton and Hegdé, 2004; Casagrande and Kaas, 1994;
Froudarakis et al., 2019 for reviews) is often examined in tandem with
architectonic mapping of the post-central gyrus as the cytoarchitectonic
borders and internal structure can be unambiguously identified using a
combination of staining for myelin, cytochrome oxidase, and other
cellular or molecular markers. An understanding of the cellular
composition of these areas also supports our understanding of how they
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Prosimians Galagidae Greater galago Northern greater galago
(Prosimii) (Galagidae) (Otolemur) (Otolemur garnetti)
Homo | | Humans
Great apes (Homo) (Homo sapiens)
Hominid: - -
(Hominidze) Chimpanzee | | Western chimpanzee
(Pan) (Pan Satyrus)
Mammals Primates
(Mammalia) (Primates) -
Anthropoids O viorid Macagque Rhesus macaque
(Simiiformes) (Conathondas (Macaca) (Macaca mulatta)
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P (Aotidae) (Aotus Trivirgatus)
Orde ord

Fig. 7. Phylogenetic tree showing inter-species relations within the order of primates. The species shown in the right panel have been recruited as experimental
sample in the studies reviewed in the current paper. Scientific names of class, order, infraorders, families, genera and species are shown between brackets.

A

Fig. 8. (A) Lateral view of primate’s brain (macaque). The coloured area roughly corresponds to the location of the ventral portion of the primary somatosensory
cortex (S1), which responds to the stimulation of orofacial structures. The dashed line corresponds to the section shown in B. (B) Cytoarchitectonic divisions of the
posterior bank of the central gyrus (Brodmann areas 3a,3b,1,2). Dotted lines indicate the boundaries of cytoarchitectonic areas. CS=central sulcus, LS=lateral sulcus.

function.

Barrels (Catania and Kaas, 1995) or ovals, (Jain et al., 2001) have
been defined as anatomically distinct subunits within area 3b. Ovals are
separated by distinct myelin septa, and have been shown to indepen-
dently respond to light mechanical touches delivered to discrete pe-
ripheral sites (like the palm and different digits, Jain et al., 1998).
Neurons within the same oval often have similar receptive fields prop-
erties, (e.g., they respond to touches delivered on the same peripheral
bodily region, like the contralateral tongue).

Early comparative studies (Green and Walker, 1938; Walker and
Green, 1938) examined the functional relevance of receptive fields using
unilateral surgical ablation of the S1 and M1 tongue areas in Old World
monkeys (Macaques, Macaca mulatta; Baboons, Papio papio; Mangabey,
Cercocebus aethiops), Great Apes (Chimpanzees, Pan Satyrus) and New
World Monkeys (Spider monkey, Ateles Ater). These studies showed re-
sidual ipsilateral neural responses for lateralized mechanical stimuli
delivered on the tongue (Walker and Green, 1938). Similarly, feeble
self-generated lateralized retractions of the tongue could still be per-
formed after cortical ablation of the contralateral tongue area in the
primary somato-motor cortex (Green and Walker, 1938). These findings
suggest that somato-motor tongue representations receive direct so-
matosensory input or direct motor output, both contralaterally and
ipsilaterally.

Tongue-responsive neurons with ipsilateral peripheral receptive
fields have been reported in microelectrode recording studies with both
New World (owl monkeys, Aotus trivirgatus, Cusick et al., 1989; squirrel
monkeys, Saimiri sciureus, Manger et al., 1995) and Old World Monkeys
(crab-eating macaque, Macaca fascicularis, Jones et al., 1986). A later
study of owl (Aotus Trivirgatus) and squirrel monkeys (Saimiri sciureus,

Jain et al., 2001) used a composite of electrophysiological mapping and
histological tracing methods to record area 3b neural responses to gentle
tapping that was applied on several facial and intraoral regions (see
Fig. 9A). Several discrete myelin-dense ovals corresponded to ipsilateral
and contralateral representations of the teeth and tongue, with a com-
plex and interdigitated topography. In particular, the inferior part of
area 3b contained an ipsilateral sensory representation ventrally, and a
contralateral sensory representation more dorsally. Both the contralat-
eral and ipsilateral zones contained separate representations for the
teeth and tongue. This configuration has been observed by more recent
studies conducted with New World monkeys (owl monkeys, Aotus triv-
irgatus; squirrel monkeys, Saimiri sciureus; marmoset, Callithrix Jachus,
Iyengar et al., 2007), prosimian primates (e.g., northern greater galago,
Otolemur Garnetti, Sur et al., 1980; Kaas et al., 2006, see Fig. 9B) and Old
World monkeys (see Fig. 9C), including various macaque species
(Macaca radiata and Macaca mulatta, Cerkevich et al., 2013, 2014;
Macaca nemestrina, Manger et al., 1996; Macaca fuscata and Macaca
fascicularis, Ogawa et al., 1989; Macaca fuscata, Toda and Taoka, 2002).
As shown in Fig. 9, there are slight differences in the neural archi-
tecture of the portion of S1 that responds to mechanical stimuli within
the intraoral cavity in Old World and New World monkeys (Cerkevich
et al., 2014; Qi and Kaas, 2004). In Old World macaques, the arrange-
ment of the myelin-dense ovals representing contralateral and ipsilateral
intraoral structures (dentition and tongue) is oriented mediolaterally.
Contralateral representations of the teeth and tongue lay in the
posterior bank of the central sulcus within area 3b, while ipsilateral
representations are found more anterolaterally, lateral to the tip of the
central sulcus on the exposed surface of the cerebral cortex within the
anterior portion of area 3b. This interdigitated topography is observed in
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Fig. 9. Contralateral and ipsilateral neural representation of oral structures (teeth and tongue) in New World monkeys (Owl monkeys, Aotus trivirgatus, A), Pro-
simian galago (Otolemur Garnetti, B) and Old World monkeys (Macaque, Macaca mulatta, C). (D) Degree of gyrification of cerebral structures across human and non-
human primates (brain images were provided by the Comparative Mammalian Brain Collection at the University of Wisconsin-Madison and Michigan State Uni-

versity).

Images were adapted from Kaas A and B) et al. (2006) and a composite of maps was adapted in C from Rushmore et al. (2019) and Manger et al. (1996).

both New World monkeys and galagos; by contrast, in macaques a
mirror image arrangement across the central sulcus has been observed
(Manger et al., 1996;see Fig. 9C).

Combined multiunit microelectrode recording and histological
tracer injections have also been used to characterize cortico-cortical
projections between area 3b and other cortical sites within and
beyond S1 in New World (owl, squirrel, and marmoset, [yengar et al.,
2007) and Old World (macaque, Cerkevich et al., 2014) monkeys. The
tongue area within area 3b projects to areas 3a, 1, and 2, as well as to the
secondary somatosensory area (S2), the gustatory cortex (which lies on
the anterior insula, at the base of the central sulcus; Ogawa, 1994),
primary motor, and premotor areas (Cerkevich et al., 2014; Iyengar
et al., 2007). These cortico-cortical projections linking various tongue
representations across different primary sensory areas might exert a
crucial role in allowing populations of neurons with multisensory
response properties to communicate across different cortical sites. In
other words, in parallel with non-primate findings (see section 2.1),
cortico-cortical connections may promote the interaction of M1 (pri-
mary motor cortex) and S1 neurons responding to motor actions
executed with the tongue (e.g., tongue protrusion, see section 2.5).

In sum, although the structural organization (Nieuwenhuys, 1994)
and the relative size and degree of gyrification of the cerebral structure
varies across families of primates (Hofman, 2014 see Fig. 9D), mapping
studies with different primate species suggest that multiple

submodality-specific tongue representations across different cytoarchi-
tectonic areas have consistent properties across non-human primate
families (Krubitzer, 1995; also see Table 2).

2.5. Somato-motor response properties of tongue-responsive
somatosensory neurons in non-human primates

Integrating information across sensory modalities supports a richer
perception of the sensory environment within the internal milieu of the
mouth. Multisensory integration is crucial for perception (Briscoe, 2016;
Stein and Meredith, 1993). The accuracy of perception in a given sen-
sory modality and the control of perceptually guided actions are often
enhanced when multisensory signals are available (for reviews, see
Stein, 2012 and Stokes et al., 2015). Multisensory information - for
instance simultaneous input from vision and proprioception - permits
more accurate guidance and coordination of motor actions (Goodale,
2014). However, the intraoral cavity is an unusual case, in that actions
performed with the tongue, such as moving food within the mouth
during mastication, receive little sensory support from vision as the
tongue itself is not typically visible. Rather, gustatory (Todrank and
Bartoshuk, 1991), olfactory (Duffy, 2007), auditory (Schneider and
Mooney, 2018) and tactile/proprioceptive inputs (Danilov et al., 2007;
Jansson, 1983; Lamm et al., 2005; Lozano et al., 2009; Pamir et al.,
2020; Vuillerme et al., 2008) guide the execution of most intraoral daily
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activities. Tactile perception is particularly important: for instance, the
perception of tactile features of food particles on the tip of the tongue is
essential for eliciting the complex series of movements involved in
swallowing.

Somatosensory cortical organization seems to reflect such a need for
multimodal integration. The ventral portion of primate S1 is tuned not
only to somatosensory inputs arising from different regions of the tongue
musculature and surface, but it also receives connections from the
ventral portion of the primary motor cortex (Toda and Kudo, 2015). The
integration of touch with the proprioceptive cues generated by move-
ment is demonstrated by several studies that have investigated how
neural responses in S1 are modulated when animals produce
self-generated movements of the tongue (Lin et al., 1994a, 1994b; Lin
and Sessle, 1994). Lin et al. (1994a) found that the firing rate of the
majority of neurons within the orofacial portion of the non-human pri-
mate S1 to contralateral passive mechanical touch can be modulated by
execution of self-generated actions like tongue protrusion and biting.
However, the rate at which somatosensory neuron firing rates adapted
(either slowly or rapidly adapting) to tongue motor actions did not
predict how their firing rate was modulated (e.g., phasic, tonic or
decreased) during the execution of motor tasks. These findings suggest
that although somato-motor tongue neurons in S1 play a role in motor
control guidance, the way in which neurons respond to tactile stimula-
tions received on the tongue in resting conditions cannot predict their
activity pattern during tongue movements. In other words, although S1
has been shown to encode both motor and sensory actions, it responds
differently to tactile stimuli and motor actions.

Lin et al. (1994b) further observed that neurons within ventral S1
have directional sensitivity, such that their firing rate varies as a func-
tion of the direction of tongue protrusion. Although S1 and M1 both
encode the direction of tongue movements, the directional-dependence
of firing rates in S1 is stronger (Arce et al., 2013). In line with previous
data (Lin et al., 1994a) and with findings on other motor effectors (e.g.,
the arm; (Arce et al., 2013; Georgopoulos et al., 1986; Hatsopoulos et al.,
2004; Quian Quiroga et al., 2006; Shenoy et al., 2003), the laterality of
the receptive fields of somato-motor tongue-responding neurons within
S1 after passive mechanical stimulation did not predict their directional
sensitivity during the execution of motor actions. In other words, a
neuron preferentially responding to mechanical touches delivered on
the left side of the tongue did not necessarily alter its firing rate during
lateralized tongue protrusions to the left of the mouth despite producing
similar tactile stimulation on the surface of the tongue.

Altogether, these data show substantial interplay between tongue
motor actions and the activity of S1 tongue-responsive neurons.
Intriguingly, the pattern of somato-motor neural responses during pas-
sive tactile stimulation does not correlate with their response before or
during the execution of lingual tasks. We suggest that tongue-responsive
neurons within S1 may have two general processing modes. One mode
might encode the sensory properties of tactile events, whereas the other
processing mode might provide subsidiary guidance to tongue fine
motor control.

Given the presumptive involvement of somato-motor S1 tongue-
responsive neurons during tongue motor tasks, another crucial ques-
tion resides in understanding how perceptual inputs originating in S1
are then transferred to motor cortices to guide and integrate motor
execution. A network of bilateral cortico-cortical connections between
and within somatosensory and motor cortical areas (Hatanaka et al.,
2005; Huang et al., 1989a; Huang et al., 1989b) may transmit hybrid
somato-motor inputs generated in somatosensory areas to motor and
premotor areas, which similar to the control of other effectors (Chen,
2004; Tame et al., 2015). This somato-motor connectivity in S1 may
play a crucial role in guiding and refining the execution of intraoral
movements. Similarly, tongue movements generate tactile and propri-
oceptive information that may then be transmitted between cerebral
hemispheres through bilateral cortico-cortical connections via the
corpus callosum. Given that the electrical stimulation of the tongue
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somatosensory area alone can elicit tongue movement (Huang et al.,
1989a; Hatanaka et al., 2005; Arce et al., 2013), we suggest that tactile
capacities of the tongue and its neural representation in S1 would then
represent a potential lingual sensory-motor jumpstarter (or a facilitator)
which can be then used to guide and enrich the experience of
self-generated tongue motor functions.

2.6. Plasticity of the somato-motor tongue representation in non-human
primates

Non-human primates heavily rely on their mouth to carry out a wide
range of daily functions, ranging from foraging (Manrique and Call,
2011) to tool use (Hayashi, 2015; Sirianni et al., 2018; Simpson et al.,
2019; Manrique and Call, 2011) and vocalizations (Koda et al., 2018).
Given this range of behaviors, learning a new motor skill involving the
tongue is not uncommon in the non-human primate experience. For
instance, an orangutan manipulating a newly acquired stick with his
mouth and tongue must learn how much force to exert with each tongue
muscle in order to hold the stick steady (Fox et al., 1999; O’Malley and
McGrew, 2000). Such motor learning involving novel objects has been
used as a test for plasticity in the motor system, albeit typically using
digital or manual manipulation.

For instance, several studies on New World Monkeys (Owl monkeys,
Aotus trivirgatus, Jenkins et al., 1990; Recanzone et al., 1992; Wang
et al., 1995; Squirrel monkeys, Saimiri boliviensis Peruviensis, Nudo et al.,
1996) show that learning a new skill involving digits (e.g., vibration
discrimination or pattern detection) elicits plastic functional reorgani-
zation of the hand representation in both M1 (Nudo et al., 1996) and S1
(Jenkins et al., 1990). With such learning, S1 neurons have shown
modified temporal response properties (Recanzone et al., 1992) and
altered neuronal response specificity after training (Wang et al., 1995).

A number of studies have shown that the somatosensory tongue
representation is dynamic, and adapts to short- and long-term changes in
either movement or in the internal milieu. In line with a number of
studies on rats (see Section 2.1), several studies on Old World monkeys
(Macaques, Macaca mulatta) have shown that learning a new orolingual
motor task like tongue protrusion affects somato-motor neuronal
response as well as neuronal temporal dynamics (Arce-McShane et al.,
2014, 2016; Sessle et al., 2005, 2007).

Preliminary studies (Sessle et al., 2007, 2005) showed that over a
short time scale, a newly-trained tongue protrusion task led to an
increased proportion of responsive neurons within ventral S1 and M1.
The increased proportion of S1 and M1 task-modulated neurons was
maintained over time, and was still present two weeks after the cessation
of training. These changes at the cortical level are associated with
greater success in learning the novel behavior (Arce-McShane et al.,
2014). Orolingual training also reduced the across-trial firing rate
variability, and both S1 and M1 neurons conveyed more information
about tongue protrusive force after training (Arce-McShane et al., 2014).
Finally, learning new motor skills involving the tongue also modified the
temporal dynamics of both S1 and M1 neurons, with patterns of syn-
chronized spiking and local field potentials - which have shown to be
implicated in neural communication and neuroplasticity (Singer and
Gray, 1995; Thorn and Graybiel, 2014) - emerging across somato-motor
areas a few days after lingual motor training (Arce-McShane et al.,
2016). The available data show that the somato-motor representation of
the tongue is experience-dependent and plastically reorganized to sup-
port the behavioral flexibility of primates.

2.7. Neural representation of self-generated tongue actions in non-
primates and non-human primate motor cortex

Although the motor and premotor cortex have been the primary
focus of interest of many primate and non-primate studies conducted
during the last 150 years, the kind of information potentially encoded by
these cortical areas has only started to be clarified during the last two
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decades (Graziano, 2016). In particular, the motor cortex of both
non-human primates (Graziano et al., 2002) and non-primates (e.g. mice
and rats, Ebbesen et al., 2018) is characterized by a very rough, mosaic
somatotopical arrangement with different cortical sites tuned to specific
behavioral categories (e.g., grasping). Complex self-generated actions that
involve several effectors including the tongue - such as grasping food
with an hand and bringing that to the mouth for mastication - are rep-
resented in ventral portions of the motor cortex in non-primates
(Yamamoto et al., 1988), Old world monkeys (Macaques, Macaca nem-
estrina, Ferrari et al., 2003; Gallese et al., 1996; Gentilucci et al., 1988;
Maranesi et al., 2012; Rizzolatti et al., 1988; for a review also see Ferrari
et al., 2017), New World monkeys (squirrel monkeys, Saimiri sciureus
and owl monkeys, Aotus trivirgatus, Gharbawie et al., 2011) and pro-
simians (Northern greater galago, Otolemur Garnetti, Stepniewska et al.,
2009).

Although these studies demonstrate how feeding-related actions or
hand-to-mouth movements are represented in motor cortices of both
primates and non-primates, they do not directly investigate how the
tongue itself is represented. The actions used in previous paradigms (e.
g., hand to mouth movement or licking) often involve other body parts,
such as the hand or other intraoral surfaces. As a consequence, knowl-
edge about the representation of motor actions involving only the
tongue in non-human primates is still coarse and would benefit from
new paradigms in which animals are trained to perform self-generated
actions involving only the lingual musculature.

3. Neural bases of tongue sensory-motor processing in human
normative and clinical populations

The human tongue is a complex muscular structure that is jointly
controlled by voluntary motor processes (i.e., speech production) and
automatic or unconscious motor processes (i.e., reflexive swallowing,
vegetative respiration). However, otherwise automatic movements can
also be subject to voluntary control (i.e., volitional swallowing, speech
breathing, breath holding: Martin-Harris, 2006; Matsuo and Palmer,
2009). Accordingly, the following sections review neuroscientific
research on the neural pathways serving the tongue as an organ of
sensation, as well as voluntary and automatic movement (also see
Table 2).

3.1. Cortical representation of human tongue somatosensation

The cortical representation of the tongue has been studied using
various neuroimaging tool like MRI. However, the anatomical position
of the tongue within the oral cavity, and the space constraints around
the head that are inherent in MRI (through both the bore diameter and
RF coil dimensions) impose practical obstacles to delivering mechanical
stimulation to the tongue. All intraoral tissues (tongue included) are
covered with an extra layer of biofilm which is composed of saliva
(Watanabe and Dawes, 1990), bacteria (Gizani et al., 2009) and various
additional proteins (Pramanik et al., 2010). The thickness of this layer is
not constant over time but varies as a function of the salivation secretion
rate (Naumova et al., 2013), at a rate modulated by external factors, as
any dental patient can attest. The average thickness of the salivary film
varies from 0.07 mm before swallowing to 0.10 mm during the peak of
the swallowing process (Collins and Dawes, 1987). The intrinsic vis-
cosity of the oral biofilm makes the point of application of stimuli less
precise - particularly if electrical stimulation were used - thus increasing
the apparent variation between individuals if stimulated at difference
phases of salivary secretion. More prosaically, the experience of having
one’s tongue stimulated while lying down and staying as still as possible
during scanning can be quite a challenge even to the experienced MRI
participant. It is perhaps not surprising that many more studies have
investigated somatosensation in the much more accessible hands, feet,
and limbs. Although studies using various non-invasive (e.g., fMRI, PET
and MEG) and invasive (e.g., ECoG) methods have attempted to
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overcome the technical and practical difficulties of stimulating the
human tongue in neuroimaging contexts, only relatively coarse and
preliminary evidence is available regarding the organization of cortical
sites responding to mechanical, non-noxious stimuli applied on the
tongue in humans.

Using functional magnetic resonance imaging (fMRI), specific sub-
regions within S1 have been shown to respond selectively to mechanical
stimulation delivered manually (at the frequency of ~1 Hz) on three
different intraoral surfaces: the right lower lip, the right maxillary
incisor, and the right anterior portion of the tongue (Miyamoto et al.,
2006). Activation in response to contact with all three surfaces was
observed only contralaterally to the side of stimulation and appeared to
follow the somatotopic arrangement expected from other primates.
Within ventral S1, an orderly somatotopic map was maintained
following a dorsal to ventral axis representing the lips, teeth, and
tongue, respectively (3 Hz, Sakai et al., 1995).

Roughly similar findings were observed also in different positron
emission tomography (PET) studies delivering either manual strokes
(Pardo et al., 1997) or vibrotactile stimulations (Boling et al., 2002) to
both sides of the tongue. In addition to cortical responses contralateral
to the stimulation (ventral portion of areas 3/4, at approximately 28 mm
above the intercommissural plane, Pardo et al., 1997), ipsilateral foci at
the central sulcus were also evident only in the left but not in the right
hemisphere. Although the authors speculated that the atypical pattern of
regional cerebral blood flow responses to tactile stimulation of the
tongue may arise from the role of human tongue in speech production,
bilateral responses have been reported in a later PET study (Boling et al.,
2002) and we note that the absence of activation in one hemisphere is
weak grounds on which to conclude a functional difference between
hemispheres. Similar findings were also observed in a fMRI study
applying a soft cotton pad soaked in saline to either side of the tongue
(Mascioli et al., 2015).

The cortical representation of the tongue may be lateralized, and this
lateralization may vary across subdivisions of the tongue surface and be
modulated by experience. For example, unconscious preferences in the
sidedness of masticatory movements — called chewing-side preference
(Diernberger et al., 2008; Pond et al., 1986) and equivalent to sidedness
effects observed for the hand (Jung et al., 2003, 2008)- have been shown
to have an influence on the pattern of cortical activation. Passive stim-
ulation to the tongue on the preferred chewing side of the mouth acti-
vates S1 more strongly than the non-preferred chewing side (Minato
et al., 2009). However, the right hemisphere may be overall more
dominant for processing passive touch to the tongue, as right hemi-
sphere fMRI activation is observed more robustly during stimulation to
either side of the tongue (Sakamoto et al., 2010). This right-hemisphere
activation bias may be particularly present for the postero-lateral tongue
surface (although see Sakamoto et al., 2008; Minato et al., 2009; Pardo
et al., 1997 for evidence not supporting this activation bias). More
generally, differences in cortical activation for subsections of the tongue
might be related to the pattern of cranial nerve afferents innervating the
anterior and posterior portions of the tongue (Kandel et al., 1991; also
see section 1.4 for further details). Somewhat surprisingly, and in
contrast with other body parts (e.g., leg; Dietrich et al., 2017) the pattern
of organization of S1 responding to the tongue preserves the basic
dermatomal structure of the spinal cord (Kirshblum et al., 2011).

Finer timing information regarding tongue-related somatosensory
responses has been shown with magnetoencephalography (MEG) using
Somatosensory Evoked Fields (SEFs) in response to tongue stimulation.
In these studies, stimulation was always non-noxious and ranged from
mild electrical stimulation (Karhu et al., 1991; Maezawa et al., 2008;
Nakahara et al.,, 2004; Sakamoto et al., 2008) to the application of
passive mechanical stimuli, typically in the form of strokes delivered
manually with a stick (Disbrow et al., 2003; Nakamura et al., 1998;
Tamura et al., 2008; Yamashita et al., 1999). Early components of
lingual SEFs were observed bilaterally either at 14 ms (Tamura et al.,
2008) or at 19ms after stimulation (Sakamoto et al., 2008).
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Middle-latency components were also identified bilaterally, with a peak
latency ranging from 25 ms to 80 ms across different studies (Disbrow
et al., 2003; Karhu et al., 1991; Maezawa et al., 2008; Nakahara et al.,
2004; Nakamura et al., 1998; Yamashita et al., 1999). Although all
studies reported initial and middle-latency components as originating
from bilateral S1 though some caution is merited given the challenge of
MEG source localization, some evidence supports contralateral domi-
nance (Tamura et al., 2008).

Electrocorticography (ECoG) and stereotactic EEG (sEEG) are inva-
sive electrophysiological methods that measure the electrical activity of
exposed brain regions by placing electrodes directly on the cerebral
cortex, or implanting contacts within cortex. Used exclusively in clinical
populations (especially epileptic patients) to localize and then surgically
remove the precise origin of seizures (Engel, 1996), these techniques
also bridge human results with invasive intracranial non-human studies.
Much of our knowledge about human primary sensorimotor cortex is
due to exceptional early studies led by Krause (1911), Foerster (1936)
and Penfield and collaborators (Penfield and Boldrey, 1937; Penfield
and Rasmussen, 1950; Penfield et al., 1954; Penfield, 1958) which
extensively used invasive cortical electrical stimulation for surgical
treatment of epilepsy. Using this technique, they located the cortical
representation of intraoral cutaneous stimuli in a ventral portion of S1 in
humans, which if stimulated elicited sensations of intraoral touch.

ECoG and sEEG have been used to investigate and further refine the
neural representation of the tongue in humans - clinically vital given the
cortical tongue area must be spared during cortical resection to avoid
postoperative dysphasia (Rasmussen, 1975). Breshears et al. (2015)
summarize results from several ECoG studies, suggesting that the human
tongue area occupies a fairly wide portion of ventral somatosensory
cortex, extending superiorly up to 5 cm above the Sylvian fissure, and
posteriorly along the suprasylvian bank of the central and parietal
operculum (defined as the cortex laterally adjacent to the insula and
often referred to as S2, Maliia et al., 2018). The tongue representation
extends over most of the postcentral sulcus (3 cm posterior to the central
sulcus; Urasaki et al., 1994), with area 1 having the largest relative
cortical area devoted to the tongue (~2.5 cm, Roux et al., 2018).

ECoG studies have also shown that different tongue regions are finely
somatotopically represented, with the tip of the tongue being repre-
sented dorsally relative to the back of the tongue (see Fig. 10, Picard and
Olivier, 1983; Boling et al., 2002; Roux et al., 2018).

Most ECoG studies report that the number of cortical sites repre-
senting different tongue regions is unevenly distributed, with the ma-
jority of ’tongue sites’ showing preferential activity for the tip of the
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tongue (Buren, 1983; Picard and Olivier, 1983; Tanriverdi et al., 2009).
However this view is challenged by more recent studies (e.g., Roux et al.,
2018) that aimed at mapping the human somatosensory cortex in a large
number of subjects. They reported that within the S1 tongue area most
electrode contacts responded preferentially to the tongue body (or
middle tongue, see section 1.1, Roux et al., 2018). Although the tongue
representation within the ventral portion of the postcentral gyrus shows
a clear superior-to-inferior pattern, ECoG studies do not report any
tongue somatotopy along the rostral-to-caudal axis of S1 tongue repre-
sentations (Roux et al., 2018).

In addition to a tongue-responding area, the somatotopical
arrangement of human S1 includes a representation of different
intraoral regions interacting with the tongue during speech (e.g., soft
palate: Carey et al., 2017). These multiple representations mostly
overlap with those of other lower face regions (e.g., lips and cheeks:
Sereno and Huang, 2006) and have high potential relevance to speech
production. Alveolar (e.g., /t/), retroflex (e.g., /t/), palatal (e.g., /c/)
and velar (e.g., /k/) consonants are differentiated by the interplay of
different tongue regions (tip: alveolar and retroflex; body: palatal; base:
velar) and other intraoral structures, such as the alveolar ridge (Bou-
chard et al., 2013; Carey et al., 2017). Tongue sensations processed in
different cortical sites specifically responding to a portion of the tongue
(e.g., the tip of the tongue) could be independently transferred - via
putative cortico-cortical connections (Battaglia-Mayer and Caminiti,
2019) - to M1 areas representing specific effectors involved in the
production of complex vocalized sounds. This putative cortical
arrangement could then enhance the fine intraoral sensorimotor control
necessary for human speech production (Behroozmand et al., 2015).

Studies using ECoG electrodes for direct electrical stimulation (Picard
and Olivier, 1983; Tanriverdi et al., 2009), suggest that the tongue has a
predominantly contralateral S1 representation. Picard and Olivier
(1983) stimulated multiple tongue sites, with patients reporting 87%
contralateral somatosensory responses, with only few units showing
either a ipsilateral (6%) or bilateral responses (7%, Picard and Olivier,
1983). However, neurons responding to the ipsi- or bilateral tongue are
not reported in subsequent studies (Tanriverdi et al., 2009). More recent
studies addressed this point by showing that electrical stimulations of
the tongue area within S1 elicits responses (e.g., tingling sensations)
predominantly on the contralateral side of the tongue (Roux et al.,
2018).

Despite these advances in our understanding permitted by non-
invasive neuroimaging and ECoG/SEEG, our knowledge of human
tongue somatosensory representation is still quite coarse. Although all
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E Back of the tongue

Fig. 10. Somatotopic arrangement of tongue sensory responses in the ventral portion of the postcentral gyrus.

Adapted from Picard and Olivier, 1983 and Roux et al., 2018).
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studies reported here support a contralateral representation of somato-
sensory inputs, ipsilateral processing of somatosensory stimuli is only
observed inconsistently. This configuration is also observed in studies
with either higher spatial resolution (e.g., fMRI studies) or temporal
resolution (e.g., MEG studies), thus suggesting that this result is not the
result of methodological limitations. Finally, preliminary evidence from
intracranial recording studies (Picard and Olivier, 1983; Tanriverdi
et al., 2009; Roux, 2018) suggest that the sensory-motor representation
of tongue in humans may be quite finely somatotopically organized.
Rather, in parallel with the fingers (Mattos et al., 2015), the observed
results could depend on the fact that contralateral and ipsilateral re-
sponses are motor-task-specific. These studies pave the way for asking
more detailed questions about cortical tongue somatosensory repre-
sentation - for instance the segregation/integration of more complex
tongue somatosensory features or whether different tongue regions (or
afferent input transduced by different cranial nerves) are somatotopi-
cally organized in the ventral portion of the tongue cortical area in
humans.

3.2. Cortical representation of voluntary tongue movements

An advantage that human studies have over non-human studies
(both primates and non-primates, see section 2.7) is that human par-
ticipants can easily be instructed to perform actions solely involving the
tongue, whereas non-human animals require extensive behavioral
training; it is also difficult to train isolated movements. In line with non-
human findings in primates, complex actions that require the coordi-
nation of hand and mouth (such as self-feeding or perioral exploration)
have integrated representations in the ventral portion of the precentral
gyrus (Desmurget et al., 2014). However, the specificity in the actions
performed by humans allows us to draw more accurate conclusions on
how solely tongue-related actions might be represented in precentral
cortical areas.

Functional Magnetic Resonance Imaging (fMRI) studies investigating
the neural representation of the oral cavity have given particular
attention to the motor representation of the tongue (Corfield et al., 1999;
Lotze et al., 2000; Riecker et al., 2000; Stippich et al., 2002; Fesl et al.,
2003; Shinagawa et al., 2003; Xiao et al., 2017) often in relation to the
adjacent representation of the lips (Gerardin et al., 2003; Hanakawa
et al., 2005, 2017). The response properties of the ventral portion of M1
have been investigated by using a heterogeneous set of methods and
experimental paradigms (see Table 1 for a visual summary of the re-
sults). The question of laterality has been of particular interest in human
studies: experiments show consistent bilateral activation in response to
non-lateralized tongue protrusions (Corfield and colleagues (1999);
Hesselmann et al., 2004; Meier et al., 2008), with few exceptions(Vin-
cent et al., 2006; Grabski et al., 201 2).4

Although lateralized tongue movements are commonly used in
clinical practice as a training technique to improve oral and pharingeal

4 Tongue movement is a particular challenge for neuroimaging, for various
reasons. First, the kinds of isolated and repetitive movement that are most
felicitous for well-powered fMRI experiments are physically demanding for
participants when lying still; they are also essentially impossible to monitor
simultaneously, although real-time MRI of the vocal tract (Carey et al., 2017)
can be used to estimate participants’ movements in a different imaging run.
Second, tongue and mouth movement change the electromagnetic field around
the head, both from electrical muscle activity (relevant for EEG/MEG) as well as
from stimulus-time-locked changes in the local magnetic field that can extend
into brain regions, and can affect MRI image reconstruction algorithms,
particularly when acceleration methods are used. Head motion and distortions
resulting from increased swallowing may have an additional impact. These
problems can be at least partially mitigated by careful experimental timing,
experienced participants, and well-trained movements, as well as interleaving
tongue movements between imaging volumes (e.g., sparse scanning, (Gaab
et al., 2003; Hall et al., 1999; Amaro et al., 2002)).
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swallowing in dysphagic patients (Milazzo et al., 2019), they have also
been used to investigate the topography of the tongue representation
M1. In neurologically healthy humans, these movements evoke bilateral
activation along the ventral precentral gyri (Ogura et al., 2012; Riecker
et. al, 2000, Fesl et al., 2003).

Using focal transcranial magnetic stimulation (TMS) on the tongue
motor area (mainly sending signals through the hypoglossal nerve (see
section 1.4)), motor evoked potentials (MEP) of lingual muscles have
also been bilaterally elicited (Rodel et al., 2003). Despite the overall
bilateral pattern of cortical activation, higher mean amplitudes were
observed contralateral to the stimulation side. MEG-based Movement
Related Cortical Fields (MRCFs) - typically used to examine sensori-
motor processing in the upper and lower limbs (Hari et al., 1983)- have
also been used to probe the organization of the neural motor represen-
tation of the oral cavity (Cheyne et al., 1991). Cheyne et al. (1991)
observed that MRCFs were observed over the left hemisphere after
execution of repetitive horizontal self-paced, non-lateralized tongue
protrusions, with the source of the magnetic field being estimated to be
originating from the ventral portion of the left motor area.

Again using MRCFs, Nakasato et al., (2001) showed a similar pattern
of results when limiting the degree of motion of participants’ tongue and
controlling the execution timing of the motor task. Later experiments
(Maezawa et al., 2017) identified bilateral MRCFs originating from the
ventral portion of the motor area, both before and after voluntary
self-paced tongue movement using a trigger signal based on tongue
electromyogram (EMG) data.

A further line of research directly targeted the question of neural
lateralization of intraoral surface representation. Preliminary insights
were first provided by a single case study (Chen et al., 1999), who
showed that TMS to either hemisphere elicited motor responses on a
given side of the tongue, thus suggesting a bilateral representation of
either side of the lingual muscle. The study was later replicated in a
larger sample (Svensson et al., 2003). While a later study (Maezawa
et al., 2014) still supports a bilateral representation of the tongue within
the ventral portion of M1, it also suggests a contralateral hemispheric
dominance in tongue motor control, with the oscillatory activity within
M1 as measured by EEG showing greater coherence with the muscle
asctivity in the contralateral tongue as measured by electromyography
(EMQG).

Although the lion’s share of evidence currently available seem to
support a bilateral tongue action representation in humans, further
research is needed to consolidate the current knowledge regarding the
neural representation of non-verbal voluntary tongue movements in
humans. Bilateral representation of actions in the motor cortex is not an
isolated case for the the tongue, but it has also been observed for several
other body parts (i.e, limb: Heming et al., (2019); hand (Horenstein
et al., 2008). However, it is unlikely that human M1 supports indepen-
dent ipsilateral and contralateral control of tongue movements as it does
for the hand (Downey et al., 2020).

Finally, as with the tongue representation within S1, ECoG has also
shed more light on the spatial representation of the tongue in S1
(Uematsu et al., 1992; Urasaki et al., 1994; Roux et al., 2020).
Tongue-responsive M1 is dorsal to the representation of the larynx and
inferior to that of the lips (Breshears et al., 2015); it occupies a cortical
area as large as that of the hand (Roux et al., 2020). It extends widely in
the ventro-rostral portion of M1, up to 5 cm superior to the Sylvian
Fissure and 4.5 anterior to the central sulcus (Urasaki et al., 1994).

ECoG studies have shown that the bilateral motor responses (like
tongue contraction; Roux et al., 2020) can be observed on the tongue not
only when stimulating the gyrus immediately anterior to the central
sulcus (areas 4 and 6), but also when stimulating either the tongue--
responsive S1 (see section 3.1, Tanriverdi et al., 2009) or more rostral
sites (Uematsu et al., 1992), thus suggesting preliminary grounds for a
parallel with non-human primate studies, with the tongue S1 being
conceived as a facilitator that guides and enriches the experience of
self-generated tongue motor functions (see section 2.4).
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Table 1
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Topography of the human tongue motor area across different studies. Relevant details of the experimental paradigm, method and results are reported in different
columns of the table. IM=Imaging method, SP=stimulation pattern, TPA=tongue protrusion approach, M1=Activation site in the ventral portion of M1, HNL=
horizontal non-lateralized tongue protrusion, HL= horizontal lateralized tongue protrusion, VNL=vertical non-lateralized tongue protrusion, VL=vertical lateralized
tongue protrusion, B=bilateral activation of motor areas, L=predominant activation of the left hemisphere, R= predominant activation of the right hemisphere).

Authors Year N M SP TPA M1 Additional observations
Corfield et al. 1999 8 fMRI  Self-paced (~1-Hz) HNL B Participants rested their tongue against the hard palate and upper front incisors during control
condition.
Riecker et al. 2000 30 fMRI  Self-paced HL B 3 test conditions (HL, production of lexical and non-lexical syllables). Lexical syllables elicited
only left responses.
Stippich et al. 2002 14 fMRI  Acoustically triggered VNL B Participants performed real movements and imagined movements. Bilateral activations were
(3 Hz) observed for both.
Shinagawa 2003 15 fMRI  Visually cued HL B Stronger activations on M1 contralateral to the preferred chewing side, in line with S1 studies
et al (see section 3.1, Minato et al., 2009)
Fesl et al. 2003 24 fMRI  Self-paced (~1-Hz) HL B Inter-subject variability prevented an accurate definition of the anatomic configuration of
primary motor tongue area.
Hesselman 2004 6 fMRI  Self-paced HNL B The execution of lip pursing lay superior to the response elicited by the tongue motor task.
etal
Vincent et al. 2006 6 fMRI  Self-paced VL R Idiosyncratic variations in the activation location within the right M1 were observed across
participants
Meier et al. 2008 5 fMRI  Visually cued HNL B The motor tasks that participants performed in this experiment involved the whole body.
Grabski et al. 2012 11 fMRI  Visually cued HNL B/ No significant difference in the cortical activation was observed between jaw lowering and lips
L pursing.
Xiao et al. 2017 20 fMRI  Visually cued (1 Hz) VNL B Orofacial movements topographically represented in M1 (from superior to inferior: lip pursing,

VNL and grinning)

3.3. Cortical representation of tongue automatic motor processing

The human tongue contributes to complex movements such as
swallowing that can be controlled either by reflexive or voluntary pro-
cesses (Hamdy et al., 1999; Martin and Sessle, 1993; Martin-Harris,
2006; Matsuo and Palmer, 2009; Shafik Abd-El-Malek, 1955).° Swal-
lowing involve highly complex motor sequences which not only require
the fine coordination of multiple effectors such as the lingual, pharyn-
geal, laryngeal and esophageal muscles (Jean, 1984; Le Révérend et al.,
2014), but also dynamic and immediate adjustment of these effectors to
avoid choking, or biting the tongue or cheeks. Accordingly, from the
neural control of swallowing (Hamdy et al., 1999; also see Martin and
Sessle, 1993 for a review on the topic) necessarily involve contributions
not only from tongue movement but also the broader orofacial muscu-
lature. This interplay is made clear through one of the most clinically
relevant sequelae of cerebral stroke, namely dysphagia, or difficulties in
swallowing. Dysphagia has been reported to relate to patients’ abilities
to exert tongue pressure (Konaka et al., 2010; Lee et al., 2016); tongue
pressure training is potentially a promising therapy for dysphagia (IMoon
et al., 2018).

3.4. Plasticity of tongue-related action representation in humans

The neural representation of the tongue has typically been described
as being ventral to the classically defined hand area (Penfield and Bol-
drey, 1937). As such, the tongue representation is a good candidate for
exploring the potential organizational differences arising in individuals
affected by the congenital absence of a hand (Funk et al., 2008). Using
fMRI, Funk and colleagues observed that patients had larger tongue
related activations in S1/M1 contralateral to the congenitally absent
hand relative to the other hemisphere, and relative to healthy controls.
In line with other findings showing that the mere spatial layout of the
cortical representation of different body parts may not exclusively

5 A potential source of uncertainty in these studies comes from the use of
water injections to induce volitional swallowing behavior (Dziewas et al., 2003;
Hamdy et al., 1999; Satow et al., 2004), which blur the distinction between
volitional and automatic swallowing. Experimental paradigms examining nat-
ural, uncued swallowing events (Martin et al., 2001) may represent a more
promising alternative. The acquisition of dynamic images from the oropha-
ryngeal muscles could then be used as an alternative to traditional cued fMRI
paradigms to determine the onset of natural swallowing events.
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dictate remapping in the sensorimotor systems (Hahamy and Makin,
2019), these findings demonstrate some degree of plasticity in cortical
motor representations, and potentially suggest that neurons that would
normally be fated to become cortico-spinal efferents for the hand may
instead develop into cortico-bulbar efferents for the tongue in the
absence of their usual peripheral targets.

In parallel with animal studies conducted on rats (see section 2.1,
Guggenmos et al., 2009), the plasticity of the cortical representation of
motor actions carried out with the tongue has also been investigated in
humans (Svensson et al., 2003). Training tongue movements increases
the excitability and size of the portion of ventral somato-motor cortices
that can elicit tongue movements if probed with transcranial magnetic
stimulation (McMillan et al., 1998a; McMillan et al., 1998b; Wilson
et al., 1993). Although training-dependent modulation can persist over
time in non-human primates (see section 2.6), these changes are not
preserved after 2-weeks of extinction in humans (Svensson et al., 2003).

Finally, brain-computer interface (BCI) systems capable of decoding
the neural activity directly from the cortical surface (Rao, 2013) have
recently been adopted as a method to study tongue movements and its
cortical representation. For example, BCI has been used to detect and
classify tongue movements from single trial EEG (Kaeseler et al., 2020;
Kaeseler et al., 2022). BCI systems have also been used to show that
tongue-protrusion-dependent activity in the putative tongue motor area
changes as a function of training for both performed and imagined
tongue motor actions (Blakely et al., 2014). However, although accuracy
in motor imagery performance improved with time, the increase in ac-
curacy was not correlated with modulation of M1 high-gamma activity,
thus suggesting that the effects of motor imagery training with the
tongue are not necessarily translated into changes in the M1 cortical
activity. Notably, a similar approach has been later used to decode inner
speech (Martin et al., 2018; Moses et al., 2019).

In sum, as is the case with non-primates (see section 2.1) and non-
human primates (see section 2.6), systematic changes in the neuronal
activity of the tongue motor representation within somato-motor areas
can directly reflect how the brain learns and adapts itself to feedback
received from the external environment.

3.5. Encoding properties and multisensory properties of sensory-motor
tongue-responding neurons in humans

Recording brain activity using intracranial electrodes has been
crucial for understanding the types of stimuli to which the tongue
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representation is tuned. In line with non-human primates (see section
2.5, Lin et al., 1994a, 1994b), ventral somato-motor cortices respond not
only to motor actions but their high-gamma activity is also modulated as
a function of the kinematics (position, speed, velocity and acceleration)
of fine tongue motor control (Conant et al., 2018).

Studies using ECoG have also refined the current knowledge on the
type of information encoded by the motor tongue area in humans, thus
showing that not only does the ventral portion of M1 responds to specific
verbal (e.g., the production of alveolar consonts, Bouchard et al., 2013)
and non-verbal actions (e.g., licking the lips with the tongue tip, Kern
et al., 2019), but it also represents imagined self-generated actions (e.g.
non-lateralized tongue protrusion, Miller et al., 2010).

Classic non-invasive neuroimaging studies first highlighted that the
human tongue area is bilaterally activated (Cogan et al., 2014) not only
during the articulation of speech sounds but also during passive listening
(Edwards et al., 2010; Pulvermiiller et al., 2006; Wilson et al., 2004).
Similar results have been observed with single pulses of TMS being
applied to the left tongue region within M1 (D’Ausilio et al., 2014;
Fadiga et al., 2002; Sato et al., 2010). Exposure to bitonal sounds that
require mild-to-strong tongue movements is linked with -early
(100-200 ms after the onset of the presented sound; Sato et al., 2010)
enhanced excitability of the tongue area in M1 (Fadiga et al., 2002),
while evoking a pattern of tongue motor synergies similar to those
occurring during active speech production (D’ Ausilio et al., 2014).

An ECoG study (Cheung et al., 2016) expanded these results showing
that the ventral portion of the motor cortex (which includes the pre-
sumptive tongue motor area) responds to acoustic sensory properties of
speech, with individual cortical sites tuned for specific spectro-temporal
acoustic properties. These results show that the tongue motor area in
humans is not only active during performed or imagined actions
involving the tongue, but it exerts a role in encoding primary sensory
information related to the acoustic features of the sounds that humans
can produce. Finally, more recent TMS evidence (Vicario et al., 2022)
show that pictures of disgusting foods, facial expressions of distaste and
even vignettes of highly disapproved-of moral violations may reduce the
excitability of the tongue region within M1, by suppressing the ampli-
tude of MEPs generated from the tongue.

In conclusion, available data show that the sensory-motor repre-
sentation of the tongue encodes perceptual and motor features of
intraoral actions for both verbal and non-verbal gestures, and its orga-
nization is plastically shaped by experience and deafferentation.

3.6. Does cortical organization of the tongue area differ between human
and non-human primates?

While non-human primate S1 maintains separate representations of
the contralateral and ipsilateral tongue, evidence thus far suggests that
humans appear to have a single field that is either bilateral or con-
tralaterally dominant. This seemingly reduced level of specialization in
humans is surprising in light of findings that larger absolute brain size is
correlated with greater neural specialization across species (Striedter,
2005). As the number of neurons in the brain increases, the metabolic
cost of maintaining the same proportion of interareal connectedness
increases exponentially, leading to strong selective pressures for further
local specialization (Deacon, 1990; Ringo, 1991). We speculate that this
difference between human and non-human primates could be due to the
change of the functional role of the tongue in humans. Monkeys rely
more heavily than adult humans on orofacial somatosensory experi-
ences, since they use the mouth for a wide variety of species-specific
behaviors, such as examining the external environment (Parks and
Novak, 1993) and tool use (Hayashi, 2015; Sirianni et al., 2018). The use
of the mouth to examine and explore external objects is common during
both human (Rochat, 1989; Ruff et al., 1992; Belsky and Most, 1981;
Fenson et al., 1976) and non-human primate infancy (Simpson et al.,
2019). Although non-human primates conserve the use of mouth - and
tongue - for environment exploration and tool use in non-feeding-related
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actions throughout development (O’Malley and McGrew, 2000), this
behavior loses most of its functional relevance in human adults. The
reduced reliance on such oral behaviors in human adults might underlie
the rather coarse-grained intraoral cortical representation we observed
in humans. Future mapping studies investigating how the sensory-motor
tongue cortical representation changes through human development
could pave the way to a new and promising line of research. In partic-
ular, results could shed renewed light on how the neural architecture of
the human sensory-motor tongue representation is affected by the
changing functional role of the tongue that characterizes human
development.

Furthermore, the fine motor control of orofacial structures is one of
several traits that makes humans capable of producing speech (Hauser
et al., 2002; Jarvis, 2019; Belyk and Brown, 2017). Much of the
encoding of human speech sounds is determined by precise, rapid, and
bilateral movements of the tongue. Humans are likely to use tactile cues
to guide tongue placement (see section 1.5). We hypothesize that since
these movements are strictly bilateral, speech motor control may benefit
from the integration of feedback from the two sides of the tongue.
Combined with the loss of the functional relevance of tool manipulation
with the tongue in adult humans, the emergence and use of speech
(which entails the use of complex and yet quite limited, repetitive and
poorly lateralized repertoire of tongue movements) may help to drive
bilateral integration of tactile tongue cues. Separate somatosensory
representations of the left and right tongue within S1 might then either
be masked through learning-induced representational plasticity, or
potentially elided over evolution.

We hasten to note that all of these speculations rely on very incom-
plete data. As an example, we know almost nothing about the tongue or
larger intraoral representation in other great ape species, or in more
vocal non-human primates; it is also entirely possible that the few spe-
cies of non-human primate that have been extensively studied using
electrophysiology are not representative of the larger primate family.
Moreover, we cannot exclude that the lack of evidence in support of
distinct functional and cyto/myeloarchitectonic ovals within human S1 -
each independently representing the ipsi- and contralateral tongue - is
not due to lack of resolution or sensitivity in in-vivo neuroimaging
methods, or even to the influence of cortical folding patterns and gyr-
ification on cyto/myeloarchitecture and connections (Chavoshnejad
et al., 2021; Van Essen, 1997).

4. Summary

Most of the main properties of the tongue cortical representation (e.
g., anatomical localization and lateralization) are broadly conserved
across different orders (primates and non-primates) and between
different families of primates (human and non-human primates, see
Table 2). However, crucial differences are observed across phylogenetic
domains in the cortical representation of both non-noxious mechanical
stimuli and motor actions, in the degree of neuroplasticity and in the
encoding properties of somatosensory neurons.

First, non-human primates have discrete fields separately repre-
senting ipsi- and contralateral passive stimuli whereas the cortical
arrangement in humans is cranial-nerve-dependent (see section 3.1,
cranial nerve V, anterior tongue and nerve IX, posterior tongue).
Notwithstanding the caveats outlined above, separate ipsi- and contra-
lateral representations of the tongue may have merged during phylo-
genesis in tandem with the reduced role of the human tongue in
lateralized exploration of the external environment and enhanced
recruitment of the tongue in fine bilateral motor actions (e.g., speech
production), which selectively recruit either the tip or the base of the
lingual muscle.

Second, although primary motor cortices have been shown to exert a
role in encoding complex kinematics of motor actions involving the
tongue, further research using paradigms that isolate tongue motion
distinct from related orofacial muscles are needed to better understand
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Table 2

Summary of the defining cytoarchitectonic and encoding properties of the somato-motor tongue representation across different phylogenetic domains (non-primates,
non-human primates and human primates). Brain images (non-primates: brown rat (Rattus norvegicus); non-human primates: Rhesus Monkey (Macaca mulatta);
human primates: Human (Homo sapiens)) were provided by the Comparative Mammalian Brain Collection at the University of Wisconsin-Madison and Michigan State
University.

Tongue somato-motor representation

Non-primates Non-human primates Human primates
Anatomical X X i i , X
localisation Ventral portion of somato-motor cortices Ventral portion of somato-motor cortices Ventral portion of somato-motor cortices
Degree of . - S . .
lateralisation N/A (see section 2.1) Bilateral, separate fields (ipsi- and contra-) Bilateral (?), unique field

Representation has a stimul pecifi Rep

Representation of

passive stimuli arrangement (touch, thermal and taste)

ion has a mouth-part-specific

arrangement (teeth and tongue) .

» Representation has a mouth-part-specific
arrangement (lips, teeth and tongue)
Tongue representation is tongue region

dependent (tip, body and base)

Anterior regions represent tongue specific

actions and kinematics of motion

re and corti \euronal

* Cytoarchi
excitability are plastically affected by both

Representation of Anterior regions represent feeding-related Anterior regions represent feeding-related, hand-
actions actions to-mouth movements and ingestive actions

» Training lowers threshold for the elicitation of » Training triggers enhanced
Degree of ) o
plasticity motor responses corticomotoneuronal excitability

» Cytoarchitecture NOT affected .

Somato-motor
response
properties

* Somatosensory neurons encode motor but

NOT taste related information

Up-to-date
topography

@ Action rep p

experience and deafferentation

Cytoarchitecture is plastically affected

» Plastic changes NOT preserved over time
= Somatosensory neurons encode tongue-

specific motor actions, kinematics and

Somatosensory neurons encode fine properties

acoustic features of tongue motor control

of motor actions (e.qg., directional sensitivity)

* Motor neurons responsive to performed and
imagined tongue motor actions

el

@ co

‘ Thermal representation () Gustatory cortex

(@) Anterior tongue

o
(2) Posterior tongue

the cortical representation of tongue motor actions in non-human pri-
mates and non-primates.

Third, the tongue somato-motor representation is highly plastic in
both primates and non-primates. Although accumulated experience in a
motor task involving the tongue enhances cortico-motoneuronal excit-
ability in both primates and non-primates (see section 2.1, 2.6 and 3.4),
training of known and new motor skills involving the tongue may play a
role in reorganizing the topography of the tongue somato-motor area in
both human and non-human primates. These plastic topographic re-
organizations are also observed after sensory deafferentation in humans.

Last, somatosensory neurons responding to the peripheral stimula-
tion of the tongue encode basic information about lingual motor control
in both primates and non-primates. Tongue-somatosensory responsive
regions appear to encode more complex information, like the direction
of tongue motion (human and non-human primates) and the acoustic
consequences of tongue related actions (humans).

Data Availability

No data was used for the research described in the article.
Acknowledgements

This work was supported by a grant from NIH (R01DC017734)

awarded to Fred Dick and a grant from EPSRC (EP/M026965/1) awar-
ded to Jeremy Skipper. The authors would like to thank Gillian

16

Forrester, Jeremy Skipper, Luigi Tame and Raffaele Tucciarelli for their
useful comments on previous versions of this manuscript.

References

Abd-El-Malek, S., 1939. Observations on the morphology of the human tongue. J. Anat.
73 (Pt 2).

Abd-El-Malek, S., 1955. The part played by the tongue in mastication and deglutition.
J. Anat. 89 (Pt 2).

Abraira, V.E., Ginty, D.D., 2013. The sensory neurons of touch. Neuron 79 (4). https://
doi.org/10.1016/j.neuron.2013.07.051.

Ackerley, R., Carlsson, 1., Wester, H., Olausson, H., Backlund Wasling, H., 2014. Touch
perceptions across skin sites: Differences between sensitivity, direction
discrimination and pleasantness. Front. Behav. Neurosci. 8. https://doi.org/
10.3389/fnbeh.2014.00054.

Adatia, A.K., Gehring, E.N., 1971. Proprioceptive innervation of the tongue. J. Anat. 110
(Pt 2), 215-220.

Adolph, K.E., Franchak, J.M., 2017. The development of motor behavior. Wiley
Interdiscip. Rev. Cogn. Sci. 8 (1-2) https://doi.org/10.1002/wes.1430.

Amaro, et al., 2002. Acoustic noise and functional magnetic resonance imaging: current
strategies and future prospects. J. Magn. Reson. Imaging 16, 497-510.

Amiez, C., Petrides, M., 2014. Neuroimaging evidence of the anatomo-functional
organization of the human cingulate motor areas. Cereb. Cortex (N. Y., N. Y.: 1991)
24 (3), 563-578. https://doi.org/10.1093/cercor/bhs329.

Anstis, S.M., 1964. Apparent size of holes felt with the tongue. Nature 203, 792-793.
https://doi.org/10.1038/203792a0.

Anstis, S.M., Loizos, C.M., 1967. Cross-modal judgments of small holes. Am. J. Psychol.
80 (1), 51-58.

Araujo, LE. de, Rolls, E.T., 2004. Representation in the human brain of food texture and
oral fat. J. Neurosci. 24 (12), 3086-3093. https://doi.org/10.1523/
JNEUROSCI.0130-04.2004.


http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref1
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref1
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref2
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref2
https://doi.org/10.1016/j.neuron.2013.07.051
https://doi.org/10.1016/j.neuron.2013.07.051
https://doi.org/10.3389/fnbeh.2014.00054
https://doi.org/10.3389/fnbeh.2014.00054
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref5
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref5
https://doi.org/10.1002/wcs.1430
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref7
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref7
https://doi.org/10.1093/cercor/bhs329
https://doi.org/10.1038/203792a0
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref10
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref10
https://doi.org/10.1523/JNEUROSCI.0130-04.2004
https://doi.org/10.1523/JNEUROSCI.0130-04.2004

D. Bono et al.

Arce, F.L, Lee, J.-C., Ross, C.F., Sessle, B.J., Hatsopoulos, N.G., 2013. Directional
information from neuronal ensembles in the primate orofacial sensorimotor cortex.
J. Neurophysiol. 110 (6), 1357-1369. https://doi.org/10.1152/jn.00144.2013.

Arce-McShane, F.I., Hatsopoulos, N.G., Lee, J.-C., Ross, C.F., Sessle, B.J., 2014.
Modulation dynamics in the orofacial sensorimotor cortex during motor skill
acquisition. J. Neurosci. 34 (17), 5985-5997. https://doi.org/10.1523/
JNEUROSCI.4367-13.2014.

Arce-McShane, F.I, Ross, C.F., Takahashi, K., Sessle, B.J., Hatsopoulos, N.G., 2016.
Primary motor and sensory cortical areas communicate via spatiotemporally
coordinated networks at multiple frequencies. Proc. Natl. Acad. Sci. 113 (18),
5083-5088. https://doi.org/10.1073/pnas.1600788113.

Bangcuyo, R.G., Simons, C.T., 2017. Lingual tactile sensitivity: effect of age group, sex,
and fungiform papillae density. Exp. Brain Res. 235 (9), 2679-2688. https://doi.org/
10.1007/500221-017-5003-7.

Barrett, A.W., Morgan, M., Nwaeze, G., Kramer, G., Berkovitz, B.K.B., 2005. The
differentiation profile of the epithelium of the human lip. Arch. Oral. Biol. 50 (4),
431-438. https://doi.org/10.1016/j.archoralbio.2004.09.012.

Battaglia-Mayer, A., Caminiti, R., 2019. Corticocortical systems underlying high-order
motor control. J. Neurosci. 39 (23), 4404-4421. https://doi.org/10.1523/
JNEUROSCI.2094-18.2019.

Becker, M., 2000. Oral cavity, oropharynx, and hypopharynx. Semin. Roentgenol. 35 (1),
21-30. https://doi.org/10.1016/S0037-198X(00)80029-2.

Behroozmand, R., Shebek, R., Hansen, D.R., Oya, H., Robin, D.A., Howard, M.A.,
Greenlee, J.D.W., 2015. Sensory-motor networks involved in speech production and
motor control: an fmri study. Neurolmage 109, 418-428. https://doi.org/10.1016/j.
neuroimage.2015.01.040.

Beiderman, Y., Belkin, M., Rotenstreich, Y., Zalevsky, Z., 2015. Experimental
quantification of the tactile spatial responsivity of human cornea. J. Med. Imaging 2
(1). https://doi.org/10.1117/1.JMI1.2.1.016002.

Belsky, J., Most, R.K., 1981. From exploration to play: a cross-sectional study of infant
free play behavior. Dev. Psychol. 17 (5), 630-639. https://doi.org/10.1037/0012-
1649.17.5.630.

Belyk, M., Brown, S., 2017. The origins of the vocal brain in humans. Neurosci. Biobehav.
Rev. 77, 177-193. https://doi.org/10.1016/j.neubiorev.2017.03.014.

Belyk, M., Schultz, B.G., Correia, J., Beal, D.S., Kotz, S.A., 2019. Whistling shares a
common tongue with speech: Bioacoustics from real-time MRI of the human vocal
tract. Proc. Biol. Sci. 286 (1911), 20191116. https://doi.org/10.1098/
rspb.2019.1116.

Belyk, M., Eichert, N., McGettigan, C., 2021. A dual larynx motor networks hypothesis.
Philos. Trans. R. Soc. B Biol. Sci. 376 (1840), 20200392. https://doi.org/10.1098/
rstb.2020.0392.

Bittern, R., Orchardson, R., 2000. The effect of stimulus form and dimensions on the oral
size illusion in humans. Arch. Oral. Biol. 45 (6), 453-459. https://doi.org/10.1016/
50003-9969(00)00016-9.

Blake, D.T., Byl, N.N., Merzenich, M.M., 2002. Representation of the hand in the cerebral
cortex. Behav. Brain Res. 135 (1), 179-184. https://doi.org/10.1016/50166-4328
(02)00163-8.

Blakely, T.M., Olson, J.D., Miller, K.J., Rao, R.P.N., Ojemann, J.G., 2014. Neural
correlates of learning in an electrocorticographic motor-imagery brain-computer
interface. Brain Comput. Interfaces 1 (3-4), 147-157. https://doi.org/10.1080/
2326263X.2014.954183.

Blount, RF, Lachman, 1953. The digestive system. Morris’ human anatomy, 11th.
McGraw-Hill, pp. 1326-1331.

Boillat, Y., Bazin, P.-L., van der Zwaag, W., 2020. Whole-body somatotopic maps in the
cerebellum revealed with 7T fMRI. NeuroIlmage 211, 116624. https://doi.org/
10.1016/j.neuroimage.2020.116624.

Boliek, C.A., Rieger, J.M., Li, S.Y.Y., Mohamed, Z., Kickham, J., Amundsen, K., 2007.
Establishing a reliable protocol to measure tongue sensation. J. Oral. Rehabil. 34 (6),
433-441. https://doi.org/10.1111/j.1365-2842.2007.01735.x.

Boling, W., Reutens, D.C., Olivier, A., 2002. Functional topography of the low postcentral
area. J. Neurosurg. 97 (2), 388-395. https://doi.org/10.3171/jns.2002.97.2.0388.

Bono, D., Haggard, P., 2019. Where is my mouth? Rapid experience-dependent plasticity
of perceived mouth position in humans. Eur. J. Neurosci. 50 (11), 3814-3830.
https://doi.org/10.1111/ejn.14508.

Borich, M.R., Brodie, S.M., Gray, W.A., Ionta, S., Boyd, L.A., 2015. Understanding the
role of the primary somatosensory cortex: Opportunities for rehabilitation.
Neuropsychol., 79(Pt B) 246-255. https://doi.org/10.1016/j.
neuropsychologia.2015.07.007.

Bouchard, K.E., Mesgarani, N., Johnson, K., Chang, E.F., 2013. Functional organization
of human sensorimotor cortex for speech articulation. Nature 495 (7441), 327-332.
https://doi.org/10.1038/nature11911.

Bowman, J.P., Aldes, L.D., 1980. Organization of the cerebellar tongue representation in
the monkey. Exp. Brain Res. 39 (3), 249-259. https://doi.org/10.1007/
BF00237114.

Boynton, G.M., Hegdé, J., 2004. Visual cortex: the continuing puzzle of area V2. Curr.
Biol. 14 (13), R523-R524. https://doi.org/10.1016/j.cub.2004.06.044.

Bragulla, H.H., Homberger, D.G., 2009. Structure and functions of keratin proteins in
simple, stratified, keratinized and cornified epithelia. J. Anat. 214 (4), 516-559.
https://doi.org/10.1111/j.1469-7580.2009.01066.x.

Brand, R.W., Isselhard, D.E., 2014. Anatomy of orofacial structures: A comprehensive
approach, seventh ed. Elsevier Mosby.

Breshears, J.D., Molinaro, A.M., Chang, E.F., 2015. A probabilistic map of the human
ventral sensorimotor cortex using electrical stimulation. J. Neurosurg. 123 (2),
340-349. https://doi.org/10.3171/2014.11.JNS14889.

Briscoe, R.E., 2016. Multisensory processing and perceptual consciousness: part I. Philos.
Compass 11 (2), 121-133. https://doi.org/10.1111/phc3.12227.

17

Neuroscience and Biobehavioral Reviews 139 (2022) 104730

Brodmann, K., 1909. Vergleichende lokalisationslehre der groBhirnrinde. Barth. (https
://www.livivo.de/doc/437605).

Bromiley, R.B., Pinto Hamuy, T., Woolsey, C.N., 1956. Somatic afferent areas I and II of
dog’s cerebral cortex. J. Neurophysiol. 19 (6), 485-499. https://doi.org/10.1152/
jn.1956.19.6.485.

Bruce, E.J., Ayala, F.J., 1979. Phylogenetic relationships between man and the apes:
electrophoretic evidence. Evolution 33 (4), 1040-1056. https://doi.org/10.2307/
2407465.

Buckner, R.L., Krienen, F.M., Castellanos, A., Diaz, J.C., Yeo, B.T.T., 2011. The
organization of the human cerebellum estimated by intrinsic functional connectivity.
J. Neurophysiol. 106 (5), 2322-2345. https://doi.org/10.1152/jn.00339.2011.

Buren, J.M.V., 1983. Sensory responses from stimulation of the inferior Rolandic and
Sylvian regions in man. J. Neurosurg. 59 (1), 119-130. https://doi.org/10.3171/
jns.1983.59.1.0119.

Campos, D., Ellwanger, J., Rosa, J.P., Santos, L.P., Silva, T.H., Piazza, J.L., Kraether
Neto, L., 2012. Palatoglossus muscle neuroanatomy—A review. J. Morphol. Sci. 29,
123-124.

Carey, D., Krishnan, S., Callaghan, M.F., Sereno, M., Dick, F., 2017. Functional and
quantitative mri mapping of somatomotor representations of human supralaryngeal
vocal tract. Cereb. Cortex 27 (1), 265-278. https://doi.org/10.1093/cercor/
bhw393.

Cartmill, E.A., Beilock, S., Goldin-Meadow, S., 2012. A word in the hand: action, gesture
and mental representation in humans and non-human primates. Philos. Trans. R.
Soc. B: Biol. Sci. 367 (1585), 129-143. https://doi.org/10.1098/rstb.2011.0162.

Casagrande, V.A., Kaas, J.H., 1994. The afferent, intrinsic, and efferent connections of
primary visual cortex in primates. In: Peters, A., Rockland, K.S. (Eds.), Primary
Visual Cortex in Primates. Springer, US, pp. 201-259. https://doi.org/10.1007/978-
1-4757-9628-5_5.

Catania, K.C., Kaas, J.H., 1995. Organization of the somatosensory cortex of the star-
nosed mole. J. Comp. Neurol. 351 (4), 549-567. https://doi.org/10.1002/
cne.903510406.

Cerkevich, C.M., Qi, H.-X., Kaas, J.H., 2013. Thalamic input to representations of the
teeth, tongue, and face in somatosensory area 3b of macaque monkeys. J. Comp.
Neurol. 521 (17), 3954-3971. https://doi.org/10.1002/cne.23386.

Cerkevich, C.M., Qi, H.-X., Kaas, J.H., 2014. Corticocortical projections to
representations of the teeth, tongue, and face in somatosensory area 3b of macaques.
J. Comp. Neurol. 522 (3), 546-572. https://doi.org/10.1002/cne.23426.

Chavoshnejad, P., Li, X., Zhang, S., Dai, W., Vasung, L., Liu, T., Zhang, T., Wang, X.,
Razavi, M.J., 2021. Role of axonal fibers in the cortical folding patterns: a tale of
variability and regularity. Brain Multiphysics 2, 100029. https://doi.org/10.1016/j.
brain.2021.100029.

Chen, C.H., Wu, T., Chu, N.S., 1999. Bilateral cortical representation of the intrinsic
lingual muscles. Neurology 52 (2), 411-413. https://doi.org/10.1212/wnl.52.2.411.

Chen, R., 2004. Interactions between inhibitory and excitatory circuits in the human
motor cortex. Exp. Brain Res. 154 (1), 1-10. https://doi.org/10.1007/500221-003-
1684-1.

Cheung, C., Hamilton, L.S., Johnson, K., Chang, E.F., 2016. The auditory representation
of speech sounds in human motor cortex. ELife 5. https://doi.org/10.7554/
eLife.12577.

Cheyne, D., Kristeva, R., Deecke, L., 1991. Homuncular organization of human motor
cortex as indicated by neuromagnetic recordings. Neurosci. Lett. 122 (1), 17-20.
https://doi.org/10.1016/0304-3940(91)90182-s.

Ciano, J., Beatty, B.L., 2015. Regional quantitative histological variations in human oral
mucosa. Anatomical Record 562-578. https://doi.org/10.1002/ar.23097.

Clemens, A.M., Fernandez Delgado, Y., Mehlman, M.L., Mishra, P., Brecht, M., 2018.
Multisensory and motor representations in rat oral somatosensory cortex. Sci. Rep. 8
(1), 1-9. https://doi.org/10.1038/541598-018-31710-0.

Clemente, C.D., 2007. Anatomy: A Regional Atlas of the Human Body. Lippincott
Williams & Wilkins.

Cobourne, M.T., Iseki, S., Birjandi, A.A., Adel Al-Lami, H., Thauvin-Robinet, C.,
Xavier, G.M., Liu, K.J., 2019. How to make a tongue: Cellular and molecular
regulation of muscle and connective tissue formation during mammalian tongue
development. Semin. Cell Dev. Biol. 91, 45-54. https://doi.org/10.1016/j.
semcdb.2018.04.016.

Cogan, G.B., Thesen, T., Carlson, C., Doyle, W., Devinsky, O., Pesaran, B., 2014.
Sensory-motor transformations for speech occur bilaterally. Nature 507 (7490),
94-98. https://doi.org/10.1038/nature12935.

Collins, L.M., Dawes, C., 1987. The surface area of the adult human mouth and thickness
of the salivary film covering the teeth and oral mucosa. J. Dent. Res. 66 (8),
1300-1302. https://doi.org/10.1177/00220345870660080201.

Conant, D.F., Bouchard, K.E., Leonard, M.K., Chang, E.F., 2018. Human sensorimotor
cortex control of directly measured vocal tract movements during vowel production.
J. Neurosci. 38 (12), 2955-2966. https://doi.org/10.1523/JNEUROSCI.2382-
17.2018.

Condro, M.C., White, S.A., 2014. Recent advances in the genetics of vocal learning.
Comp. Cogn. Behav. Rev. 9, 75-98. https://doi.org/10.3819/ccbr.2014.90003.
Cordeiro, P.G., Schwartz, M., Neves, R.I., Tuma, R., 1997. A comparison of donor and
recipient site sensation in free tissue reconstruction of the oral cavity. Ann. Plast.

Surg. 39 (5), 461-468.

Corfield, D.R., Murphy, K., Josephs, O., Fink, G.R., Frackowiak, R.S., Guz, A., Adams, L.,
Turner, R., 1999. Cortical and subcortical control of tongue movement in humans: a
functional neuroimaging study using fMRI. J. Appl. Physiol. 1468-1477. https://doi.
org/10.1152/jappl.1999.86.5.1468.

Crutchfield, P., Mahoney, C., Pazdernik, V., Rivera, C., 2016. Cross-modal influence on
oral size perception. Arch. Oral. Biol. 61, 89-97. https://doi.org/10.1016/j.
archoralbio.2015.10.024.


https://doi.org/10.1152/jn.00144.2013
https://doi.org/10.1523/JNEUROSCI.4367-13.2014
https://doi.org/10.1523/JNEUROSCI.4367-13.2014
https://doi.org/10.1073/pnas.1600788113
https://doi.org/10.1007/s00221-017-5003-7
https://doi.org/10.1007/s00221-017-5003-7
https://doi.org/10.1016/j.archoralbio.2004.09.012
https://doi.org/10.1523/JNEUROSCI.2094-18.2019
https://doi.org/10.1523/JNEUROSCI.2094-18.2019
https://doi.org/10.1016/S0037-198X(00)80029-2
https://doi.org/10.1016/j.neuroimage.2015.01.040
https://doi.org/10.1016/j.neuroimage.2015.01.040
https://doi.org/10.1117/1.JMI.2.1.016002
https://doi.org/10.1037/0012-1649.17.5.630
https://doi.org/10.1037/0012-1649.17.5.630
https://doi.org/10.1016/j.neubiorev.2017.03.014
https://doi.org/10.1098/rspb.2019.1116
https://doi.org/10.1098/rspb.2019.1116
https://doi.org/10.1098/rstb.2020.0392
https://doi.org/10.1098/rstb.2020.0392
https://doi.org/10.1016/s0003-9969(00)00016-9
https://doi.org/10.1016/s0003-9969(00)00016-9
https://doi.org/10.1016/S0166-4328(02)00163-8
https://doi.org/10.1016/S0166-4328(02)00163-8
https://doi.org/10.1080/2326263X.2014.954183
https://doi.org/10.1080/2326263X.2014.954183
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref28
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref28
https://doi.org/10.1016/j.neuroimage.2020.116624
https://doi.org/10.1016/j.neuroimage.2020.116624
https://doi.org/10.1111/j.1365-2842.2007.01735.x
https://doi.org/10.3171/jns.2002.97.2.0388
https://doi.org/10.1111/ejn.14508
https://doi.org/10.1016/j.neuropsychologia.2015.07.007
https://doi.org/10.1016/j.neuropsychologia.2015.07.007
https://doi.org/10.1038/nature11911
https://doi.org/10.1007/BF00237114
https://doi.org/10.1007/BF00237114
https://doi.org/10.1016/j.cub.2004.06.044
https://doi.org/10.1111/j.1469-7580.2009.01066.x
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref38
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref38
https://doi.org/10.3171/2014.11.JNS14889
https://doi.org/10.1111/phc3.12227
https://www.livivo.de/doc/437605
https://www.livivo.de/doc/437605
https://doi.org/10.1152/jn.1956.19.6.485
https://doi.org/10.1152/jn.1956.19.6.485
https://doi.org/10.2307/2407465
https://doi.org/10.2307/2407465
https://doi.org/10.1152/jn.00339.2011
https://doi.org/10.3171/jns.1983.59.1.0119
https://doi.org/10.3171/jns.1983.59.1.0119
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref46
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref46
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref46
https://doi.org/10.1093/cercor/bhw393
https://doi.org/10.1093/cercor/bhw393
https://doi.org/10.1098/rstb.2011.0162
https://doi.org/10.1007/978-1-4757-9628-5_5
https://doi.org/10.1007/978-1-4757-9628-5_5
https://doi.org/10.1002/cne.903510406
https://doi.org/10.1002/cne.903510406
https://doi.org/10.1002/cne.23386
https://doi.org/10.1002/cne.23426
https://doi.org/10.1016/j.brain.2021.100029
https://doi.org/10.1016/j.brain.2021.100029
https://doi.org/10.1212/wnl.52.2.411
https://doi.org/10.1007/s00221-003-1684-1
https://doi.org/10.1007/s00221-003-1684-1
https://doi.org/10.7554/eLife.12577
https://doi.org/10.7554/eLife.12577
https://doi.org/10.1016/0304-3940(91)90182-s
https://doi.org/10.1002/ar.23097
https://doi.org/10.1038/s41598-018-31710-0
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref60
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref60
https://doi.org/10.1016/j.semcdb.2018.04.016
https://doi.org/10.1016/j.semcdb.2018.04.016
https://doi.org/10.1038/nature12935
https://doi.org/10.1177/00220345870660080201
https://doi.org/10.1523/JNEUROSCI.2382-17.2018
https://doi.org/10.1523/JNEUROSCI.2382-17.2018
https://doi.org/10.3819/ccbr.2014.90003
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref66
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref66
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref66
https://doi.org/10.1152/jappl.1999.86.5.1468
https://doi.org/10.1152/jappl.1999.86.5.1468
https://doi.org/10.1016/j.archoralbio.2015.10.024
https://doi.org/10.1016/j.archoralbio.2015.10.024

D. Bono et al.

Crutchfield, P., Pazdernik, V., Hansen, G., Malone, J., Wagenknecht, M., 2018. Being
hungry affects oral size perception. I Percept. 9 (3) https://doi.org/10.1177/
2041669518777513.

Cullins, M.J., Wenninger, J.M., Cullen, J.S., Russell, J.A., Kleim, J.A., Connor, N.P., 2019.
Tongue force training induces plasticity of the lingual motor cortex in young adult
and aged rats. Front. Neurosci. 13. https://doi.org/10.3389/fnins.2019.01355.

Cusick, C.G., Wall, J.T., Kaas, J.H., 1986. Representations of the face, teeth and oral
cavity in areas 3b and 1 of somatosensory cortex in squirrel monkeys. Brain Res. 370
(2), 359-364. https://doi.org/10.1016/0006-8993(86)90494-4.

Cusick, C.G., Wall, J.T., Felleman, D.J., Kaas, J.H., 1989. Somatotopic organization of the
lateral sulcus of owl monkeys: Area 3b, S-II, and a ventral somatosensory area.

J. Comp. Neurol. 282 (2), 169-190. https://doi.org/10.1002/cne.902820203.

D’Ausilio, A., Maffongelli, L., Bartoli, E., Campanella, M., Ferrari, E., Berry, J., Fadiga, L.,
2014. Listening to speech recruits specific tongue motor synergies as revealed by
transcranial magnetic stimulation and tissue-Doppler ultrasound imaging. Philos.
Trans. R. Soc. B Biol. Sci. 369 (1644), 20130418. https://doi.org/10.1098/
rstb.2013.0418.

Daniels, S.K., Pathak, S., Mukhi, S.V., Stach, C.B., Morgan, R.O., Anderson, J.A., 2017.
The relationship between lesion localization and dysphagia in acute stroke.
Dysphagia 32 (6), 777-784. https://doi.org/10.1007/s00455-017-9824-0.

Danilov, Y.P., Tyler, M.E., Skinner, K.L., Hogle, R.A., Bach-y-Rita, P., 2007. Efficacy of
electrotactile vestibular substitution in patients with peripheral and central
vestibular loss. J. Vestib. Res. Equilib. Orientat. 17 (2-3), 119-130.

Deacon, T.W., 1990. Rethinking mammalian brain evolution. Integr. Comp. Biol. 30 (3),
629-705. https://doi.org/10.1093/icb/30.3.629.

Dellow, P.G., Lund, J.P., Babcock, K., van Rosendaal, G., 1970. The oral assessment of
object size. J. Speech Hear. Res. 13 (3), 526-536. https://doi.org/10.1044/
jshr.1303.526.

Desmurget, M., Richard, N., Harquel, S., Baraduc, P., Szathmari, A., Mottolese, C.,
Sirigu, A., 2014. Neural representations of ethologically relevant hand/mouth
synergies in the human precentral gyrus. Proc. Natl. Acad. Sci. 111 (15), 5718-5722.
https://doi.org/10.1073/pnas.1321909111.

Diernberger, S., Bernhardt, O., Schwahn, C., Kordass, B., 2008. Self-reported chewing
side preference and its associations with occlusal, temporomandibular and
prosthodontic factors: results from the population-based Study of Health in
Pomerania (SHIP-0). J. Oral. Rehabil. 35 (8), 613-620. https://doi.org/10.1111/
j.1365-2842.2007.01790.x.

Dietrich, C., Blume, K.R., Franz, M., Huonker, R., Carl, M., Preiler, S., Hofmann, G.O.,
Miltner, W.H.R., Weiss, T., 2017. Dermatomal organization of SI leg representation
in humans: revising the somatosensory homunculus. Cereb. Cortex 27 (9),
4564-4569. https://doi.org/10.1093/cercor/bhx007.

Ding, X., Suzuki, S., Shiga, M., Ohbayashi, N., Kurabayashi, T., Moriyama, K., 2018.
Evaluation of tongue volume and oral cavity capacity using cone-beam computed
tomography. Odontology 106 (3), 266-273. https://doi.org/10.1007/510266-017-
0335-0.

Disbrow, E.A., Hinkley, L.B.N., Roberts, T.P.L., 2003. Ipsilateral representation of oral
structures in human anterior parietal somatosensory cortex and integration of inputs
across the midline. J. Comp. Neurol. 467 (4), 487-495. https://doi.org/10.1002/
cne.10935.

Downey, J.E., Quick, K.M., Schwed, N., Weiss, J.M., Wittenberg, G.F., Boninger, M.L.,
Collinger, J.L., 2020. The motor cortex has independent representations for
ipsilateral and contralateral arm movements but correlated representations for
grasping. Cereb. Cortex 5400-5409. https://doi.org/10.1093/cercor/bhaal20.

Dreyer, D.A., Loe, P.R., Metz, C.B., Whitsel, B.L., 1975. Representation of head and face
in postcentral gyrus of the macaque. J. Neurophysiol. 38 (3), 714-733. https://doi.
org/10.1152/jn.1975.38.3.714.

Duffy, V.B., 2007. Variation in oral sensation: Implications for diet and health. Curr.
Opin. Gastroenterol. 23 (2), 171-177. https://doi.org/10.1097/
MOG.0b013e3280147d50.

Dziewas, R., Soros, P., Ishii, R., Chau, W., Henningsen, H., Ringelstein, E.B., Knecht, S.,
Pantev, C., 2003. Neuroimaging evidence for cortical involvement in the preparation
and in the act of swallowing. NeuroIlmage 20 (1), 135-144. https://doi.org/
10.1016/5s1053-8119(03)00285-4.

Ebbesen, C.L., Insanally, M.N., Kopec, C.D., Murakami, M., Saiki, A., Erlich, J.C., 2018.
More than Just a “Motor™: recent surprises from the frontal cortex. J. Neurosci. 38
(44), 9402-9413. https://doi.org/10.1523/JNEUROSCL.1671-18.2018.

Edwards, E., Nagarajan, S.S., Dalal, S.S., Canolty, R.T., Kirsch, H.E., Barbaro, N.M.,
Knight, R.T., 2010. Spatiotemporal imaging of cortical activation during verb
generation and picture naming. Neurolmage 50 (1), 291-301. https://doi.org/
10.1016/j.neuroimage.2009.12.035.

El Omda, S., Winters, R., 2021. Anatomy, Head and Neck, Hyoglossus Muscle. In
StatPearls. StatPearls Publishing. (http://www.ncbi.nlm.nih.gov/books/NBK
574565/).

Engel, J., 1996. Surgery for seizures. New Engl. J. Med. 334 (10), 647-653. https://doi.
org/10.1056/NEJM199603073341008.

Engelen, L., Prinz, J.F., Bosman, F., 2002. The influence of density and material on oral
perception of ball size with and without palatal coverage. Arch. Oral. Biol. 47 (3),
197-201. https://doi.org/10.1016/s0003-9969(01)00106-6.

Fadiga, L., Craighero, L., Buccino, G., Rizzolatti, G., 2002. Speech listening specifically
modulates the excitability of tongue muscles: a TMS study. Eur. J. Neurosci. 15 (2),
399-402. https://doi.org/10.1046/j.0953-816x.2001.01874.x.

Falsetti, P., Acciai, C., Palilla, R., Bosi, M., Carpinteri, F., Zingarelli, A., Pedace, C.,
Lenzi, L., 2009. Oropharyngeal dysphagia after stroke: Incidence, diagnosis, and
clinical predictors in patients admitted to a neurorehabilitation unit. J. Stroke
Cerebrovasc. Dis. Off. J. Natl. Stroke Assoc. 18 (5), 329-335. https://doi.org/
10.1016/j.jstrokecerebrovasdis.2009.01.009.

18

Neuroscience and Biobehavioral Reviews 139 (2022) 104730

Felleman, D.J., Nelson, R.J., Sur, M., Kaas, J.H., 1983. Representations of the body
surface in areas 3b and 1 of postcentral parietal cortex of cebus monkeys. Brain Res.
268 (1), 15-26. https://doi.org/10.1016/0006-8993(83)90386-4.

Fenson, L., Kagan, J., Kearsley, R.B., Zelazo, P.R., 1976. The developmental progression
of manipulative play in the first two years. Child Dev. 47 (1), 232-236. https://doi.
org/10.2307/1128304.

Ferrari, P.F., Gallese, V., Rizzolatti, G., Fogassi, L., 2003. Mirror neurons responding to
the observation of ingestive and communicative mouth actions in the monkey
ventral premotor cortex. Eur. J. Neurosci. 17 (8), 1703-1714. https://doi.org/
10.1046/j.1460-9568.2003.02601.x.

Ferrari, P.F., Gerbella, M., Coudé, G., Rozzi, S., 2017. Two different mirror neuron
networks: the sensorimotor (hand) and limbic (face) pathways. Neuroscience 358,
300-315. https://doi.org/10.1016/j.neuroscience.2017.06.052.

Fesl, G., Moriggl, B., Schmid, U.D., Naidich, T.P., Herholz, K., Yousry, T.A., 2003. Inferior
central sulcus: Variations of anatomy and function on the example of the motor
tongue area. Neurolmage 20 (1), 601-610.

Fessler, D.M.T., Abrams, E.T., 2004. Infant mouthing behavior: the immunocalibration
hypothesis. Med. Hypotheses 63 (6), 925-932. https://doi.org/10.1016/j.
mehy.2004.08.004.

Foerster, O., 1936. Motorische felder und bahnen; sensible cortical felder. Handb. Der
Neurol. 7, 1-448.

Forrester, G.S., Rodriguez, A., 2015. Slip of the tongue: Implications for evolution and
language development. Cognition 141, 103-111. https://doi.org/10.1016/j.
cognition.2015.04.012.

Fox, E.A., Sitompul, A.F., Van Schaik, C.P., 1999. Intelligent tool use in wild Sumatran
orangutans. The mentalities of gorillas and orangutans: Comparative perspectives.
Cambridge University Press, pp. 99-116. https://doi.org/10.1017/
CB09780511542305.005.

Frank, M.E., Hettinger, T.P., Mott, A.E., 1992. The sense of taste: neurobiology, aging,
and medication effects. Crit. Rev. Oral. Biol. Med. 3 (4), 371-393. https://doi.org/
10.1177/10454411920030040401.

Froudarakis, E., Fahey, P.G., Reimer, J., Smirnakis, S.M., Tehovnik, E.J., Tolias, A.S.,
2019. The visual cortex in context. Annu. Rev. Vis. Sci. 5 (1), 317-339. https://doi.
org/10.1146/annurev-vision-091517-034407.

Funk, M., Lutz, K., Hotz-Boendermaker, S., Roos, M., Summers, P., Brugger, P., Hepp-
Reymond, M.-C., Kollias, S.S., 2008. Sensorimotor tongue representation in
individuals with unilateral upper limb amelia. NeuroImage 43 (1), 121-127. https://
doi.org/10.1016/j.neuroimage.2008.06.011.

Gaab, N., Gaser, C., Zaehle, T., Jancke, L., Schlaug, G., 2003. Functional anatomy of pitch
memory—an fMRI study with sparse temporal sampling. NeuroImage 19 (4),
1417-1426. https://doi.org/10.1016/51053-8119(03)00224-6.

Gallese, V., Fadiga, L., Fogassi, L., Rizzolatti, G., 1996. Action recognition in the
premotor cortex. Brain A J. Neurol. 119 (Pt 2), 593-609. https://doi.org/10.1093/
brain/119.2.593.

Gartner, L.P., 1994. Oral anatomy and tissue types. Semin. Dermatol. 13 (2), 68-73.

Gentilucci, M., Fogassi, L., Luppino, G., Matelli, M., Camarda, R., Rizzolatti, G., 1988.
Functional organization of inferior area 6 in the macaque monkey. I. Somatotopy
and the control of proximal movements. Exp. Brain Res. 71 (3), 475-490. https://
doi.org/10.1007/BF00248741.

Gentilucci, M., Benuzzi, F., Gangitano, M., Grimaldi, S., 2001. Grasp with hand and
mouth: a kinematic study on healthy subjects. J. Neurophysiol. 86 (4), 1685-1699.
https://doi.org/10.1152/jn.2001.86.4.1685.

Georgopoulos, A.P., Schwartz, A.B., Kettner, R.E., 1986. Neuronal population coding of
movement direction. Science 233 (4771), 1416-1419. https://doi.org/10.1126/
science.3749885.

Gérard, J.-M., Perrier, P., Payan, Y., 2006. 3D biomechanical tongue modeling to study
speech production. In: H., J., Tabain, M. (Eds.), Speech Production: Models, Phonetic
Processes, and Techniques. Psychology Press, New York, pp. 85-102. (https://hal.
archives-ouvertes.fr/hal-00108521).

Gerardin, E., Lehéricy, S., Pochon, J.-B., Tézenas du Montcel, S., Mangin, J.-F.,
Poupon, F., Agid, Y., Le Bihan, D., Marsault, C., 2003. Foot, hand, face and eye
representation in the human striatum. Cereb. Cortex 13 (2), 162-169. https://doi.
org/10.1093/cercor/13.2.162.

Geyer, S., Schleicher, A., Zilles, K., 1999. Areas 3a, 3b, and 1 of Human primary
somatosensory cortex: 1. microstructural organization and interindividual
variability. NeuroImage 10 (1), 63-83. https://doi.org/10.1006/nimg.1999.0440.

Gharbawie, O.A., Stepniewska, 1., Kaas, J.H., 2011. Cortical connections of functional
zones in posterior parietal cortex and frontal cortex motor regions in new world
monkeys. Cereb. Cortex 21 (9), 1981-2002. https://doi.org/10.1093/cercor/
bhq260.

Gilbert, R.J., Reese, T.G., Daftary, S.J., Smith, R.N., Weisskoff, R.M., Wedeen, V.J., 1998.
Determination of lingual myoarchitecture in whole tissue by NMR imaging of
anisotropic water diffusion. Am. J. Physiol. 275 (2), G363-369. https://doi.org/
10.1152/ajpgi.1998.275.2.G363.

Gillespie-Lynch, K., Greenfield, P.M., Lyn, H., Savage-Rumbaugh, S., 2014. Gestural and
symbolic development among apes and humans: Support for a multimodal theory of
language evolution. Front. Psychol. 5, 1228. https://doi.org/10.3389/
fpsyg.2014.01228.

Gizani, S., Papaioannou, W., Haffajee, A.D., Kavvadia, K., Quirynen, M.,
Papagiannoulis, L., 2009. Distribution of selected cariogenic bacteria in five different
intra-oral habitats in young children. Int. J. Paediatr. Dent. 19 (3), 193-200. https://
doi.org/10.1111/j.1365-263X.2008.00956.x.

Glass, T.J., Kelm-Nelson, C.A., Szot, J.C., Lake, J.M., Connor, N.P., Ciucci, M.R., 2020.
Functional characterization of extrinsic tongue muscles in the Pink1-/- rat model of
Parkinson disease. PLOS ONE 15 (10), €0240366. https://doi.org/10.1371/journal.
pone.0240366.


https://doi.org/10.1177/2041669518777513
https://doi.org/10.1177/2041669518777513
https://doi.org/10.3389/fnins.2019.01355
https://doi.org/10.1016/0006-8993(86)90494-4
https://doi.org/10.1002/cne.902820203
https://doi.org/10.1098/rstb.2013.0418
https://doi.org/10.1098/rstb.2013.0418
https://doi.org/10.1007/s00455-017-9824-0
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref75
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref75
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref75
https://doi.org/10.1093/icb/30.3.629
https://doi.org/10.1044/jshr.1303.526
https://doi.org/10.1044/jshr.1303.526
https://doi.org/10.1073/pnas.1321909111
https://doi.org/10.1111/j.1365-2842.2007.01790.x
https://doi.org/10.1111/j.1365-2842.2007.01790.x
https://doi.org/10.1093/cercor/bhx007
https://doi.org/10.1007/s10266-017-0335-0
https://doi.org/10.1007/s10266-017-0335-0
https://doi.org/10.1002/cne.10935
https://doi.org/10.1002/cne.10935
https://doi.org/10.1093/cercor/bhaa120
https://doi.org/10.1152/jn.1975.38.3.714
https://doi.org/10.1152/jn.1975.38.3.714
https://doi.org/10.1097/MOG.0b013e3280147d50
https://doi.org/10.1097/MOG.0b013e3280147d50
https://doi.org/10.1016/s1053-8119(03)00285-4
https://doi.org/10.1016/s1053-8119(03)00285-4
https://doi.org/10.1523/JNEUROSCI.1671-18.2018
https://doi.org/10.1016/j.neuroimage.2009.12.035
https://doi.org/10.1016/j.neuroimage.2009.12.035
http://www.ncbi.nlm.nih.gov/books/NBK574565/
http://www.ncbi.nlm.nih.gov/books/NBK574565/
https://doi.org/10.1056/NEJM199603073341008
https://doi.org/10.1056/NEJM199603073341008
https://doi.org/10.1016/s0003-9969(01)00106-6
https://doi.org/10.1046/j.0953-816x.2001.01874.x
https://doi.org/10.1016/j.jstrokecerebrovasdis.2009.01.009
https://doi.org/10.1016/j.jstrokecerebrovasdis.2009.01.009
https://doi.org/10.1016/0006-8993(83)90386-4
https://doi.org/10.2307/1128304
https://doi.org/10.2307/1128304
https://doi.org/10.1046/j.1460-9568.2003.02601.x
https://doi.org/10.1046/j.1460-9568.2003.02601.x
https://doi.org/10.1016/j.neuroscience.2017.06.052
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref98
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref98
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref98
https://doi.org/10.1016/j.mehy.2004.08.004
https://doi.org/10.1016/j.mehy.2004.08.004
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref100
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref100
https://doi.org/10.1016/j.cognition.2015.04.012
https://doi.org/10.1016/j.cognition.2015.04.012
https://doi.org/10.1017/CBO9780511542305.005
https://doi.org/10.1017/CBO9780511542305.005
https://doi.org/10.1177/10454411920030040401
https://doi.org/10.1177/10454411920030040401
https://doi.org/10.1146/annurev-vision-091517-034407
https://doi.org/10.1146/annurev-vision-091517-034407
https://doi.org/10.1016/j.neuroimage.2008.06.011
https://doi.org/10.1016/j.neuroimage.2008.06.011
https://doi.org/10.1016/s1053-8119(03)00224-6
https://doi.org/10.1093/brain/119.2.593
https://doi.org/10.1093/brain/119.2.593
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref108
https://doi.org/10.1007/BF00248741
https://doi.org/10.1007/BF00248741
https://doi.org/10.1152/jn.2001.86.4.1685
https://doi.org/10.1126/science.3749885
https://doi.org/10.1126/science.3749885
https://hal.archives-ouvertes.fr/hal-00108521
https://hal.archives-ouvertes.fr/hal-00108521
https://doi.org/10.1093/cercor/13.2.162
https://doi.org/10.1093/cercor/13.2.162
https://doi.org/10.1006/nimg.1999.0440
https://doi.org/10.1093/cercor/bhq260
https://doi.org/10.1093/cercor/bhq260
https://doi.org/10.1152/ajpgi.1998.275.2.G363
https://doi.org/10.1152/ajpgi.1998.275.2.G363
https://doi.org/10.3389/fpsyg.2014.01228
https://doi.org/10.3389/fpsyg.2014.01228
https://doi.org/10.1111/j.1365-263X.2008.00956.x
https://doi.org/10.1111/j.1365-263X.2008.00956.x
https://doi.org/10.1371/journal.pone.0240366
https://doi.org/10.1371/journal.pone.0240366

D. Bono et al.

Goodale, M.A., 2014. How (and why) the visual control of action differs from visual
perception. Proc. R. Soc. B: Biol. Sci. 281 (1785) https://doi.org/10.1098/
rspb.2014.0337.

Gould, H.J., 1986. Body surface maps in the somatosensory cortex of rabbit. J. Comp.
Neurol. 243 (2), 207-233. https://doi.org/10.1002/cne.902430206.

Grabski, K., Lamalle, L., Sato, M., 2012. Somatosensory-motor adaptation of orofacial
actions in posterior parietal and ventral premotor cortices. PloS One 7 (11), e49117.
https://doi.org/10.1371/journal.pone.0049117.

Gray, H, 1878. Anatomy of the Human Body. Lea & Febiger.

Graziano, M.S.A., 2016. Ethological action maps: a paradigm shift for the motor cortex.
Trends Cogn. Sci. 20 (2), 121-132. https://doi.org/10.1016/j.tics.2015.10.008.

Graziano, M.S.A., Taylor, C.S.R., Moore, T., 2002. Complex movements evoked by
microstimulation of precentral cortex. Neuron 34 (5), 841-851. https://doi.org/
10.1016/50896-6273(02)00698-0.

Green, B.G., 1986. Oral perception of the temperature of liquids. Percept. Psychophys. 39
(1), 19-24. https://doi.org/10.3758/BF03207579.

Green, H.D., Walker, A.E., 1938. The effects of ablation of the cortical motor face area in
monkeys. J. Neurophysiol. 1 (3), 262-280. https://doi.org/10.1152/
jn.1938.1.3.262.

Greenspan, J.D., LaMotte, R.H., 1993. Cutaneous mechanoreceptors of the hand:
experimental studies and their implications for clinical testing of tactile sensation.
J. Hand Ther. 6 (2), 75-82. https://doi.org/10.1016/50894-1130(12)80287-0.

Grigoriadis, J., Kumar, A., Svensson, P., Svensson, K.G., Trulsson, M., 2017. Perturbed
oral motor control due to anesthesia during intraoral manipulation of food. Sci. Rep.
7 (1), 46691. https://doi.org/10.1038/srep46691.

Grodd, W., Hiilsmann, E., Lotze, M., Wildgruber, D., Erb, M., 2001. Sensorimotor
mapping of the human cerebellum: FMRI evidence of somatotopic organization.
Hum. Brain Mapp. 13 (2), 55-73. https://doi.org/10.1002/hbm.1025.

Grover, C., Craske, B., 1991. The effect of loading on position sense in the tongue.
Percept. Psychophys. 50 (1), 7-14. https://doi.org/10.3758/BF03212200.

Guéguen, N., 2002. Touch, awareness of touch, and compliance with a request. Percept.
Mot. Skills 95 (2), 355-360. https://doi.org/10.2466/pms.2002.95.2.355.

Guggenmos, D.J., Barbay, S., Bethel-Brown, C., Nudo, R.J., Stanford, J.A., 2009. Effects
of tongue force training on orolingual motor cortical representation. Behav. Brain
Res. 201 (1), 229-232. https://doi.org/10.1016/j.bbr.2009.02.020.

Haggard, P., de Boer, L., 2014. Oral somatosensory awareness. Neurosci. Biobehav. Rev.
47, 469-484. https://doi.org/10.1016/j.neubiorev.2014.09.015.

Hahamy, A., Makin, T.R., 2019. Remapping in cerebral and cerebellar cortices is not
restricted by somatotopy. J. Neurosci. 39 (47), 9328-9342. https://doi.org/
10.1523/JNEUROSCI.2599-18.2019.

Halata, Z., Baumann, K.I., 1999. Sensory nerve endings in the hard palate and papilla
incisiva of the rhesus monkey. Anat. Embryol. 199 (5), 427-437. https://doi.org/
10.1007/5004290050241.

Hall, D.A., Haggard, M.P., Akeroyd, M.A., Palmer, A.R., Summerfield, A.Q., Elliott, M.R.,
Gurney, E.M., Bowtell, R.W., 1999. “Sparse” temporal sampling in auditory fMRI.
Hum. Brain Mapp. 7 (3), 213-223. https://doi.org/10.1002/(sici)1097-0193(1999)
7:3<213::aid-hbm5>3.0.co;2-n.

Hamdy, S., Mikulis, D.J., Crawley, A., Xue, S., Lau, H., Henry, S., Diamant, N.E., 1999.
Cortical activation during human volitional swallowing: an event-related fMRI
study. Am. J. Physiol. 277 (1), G219-225. https://doi.org/10.1152/
ajpgi.1999.277.1.G219.

Hanakawa, T., Parikh, S., Bruno, M.K., Hallett, M., 2005. Finger and face representations
in the ipsilateral precentral motor areas in humans. J. Neurophysiol. 93 (5),
2950-2958. https://doi.org/10.1152/jn.00784.2004.

Hari, R., Kaukoranta, E., Reinikainen, K., Huopaniemie, T., Mauno, J., 1983.
Neuromagnetic localization of cortical activity evoked by painful dental stimulation
in man. Neurosci. Lett. 42 (1), 77-82. https://doi.org/10.1016/0304-3940(83)
90425-1.

Hashimoto, K., 1972. Fine structure of Merkel cell in human oral mucosa. J. Invest.
Dermatol. 58 (6), 381-387. https://doi.org/10.1111/1523-1747.ep12540607.

Hatanaka, N., Tokuno, H., Nambu, A., Inoue, T., Takada, M., 2005. Input-output
organization of jaw movement-related areas in monkey frontal cortex. J. Comp.
Neurol. 492 (4), 401-425. https://doi.org/10.1002/cne.20730.

Hatsopoulos, N., Joshi, J., O’Leary, J.G., 2004. Decoding continuous and discrete motor
behaviors using motor and premotor cortical ensembles. J. Neurophysiol. 92 (2),
1165-1174. https://doi.org/10.1152/jn.01245.2003.

Hauser, M.D., Chomsky, N., Fitch, W.T., 2002. The faculty of language: what is it, who
has it, and how did it evolve. Science 298 (5598), 1569-1579. https://doi.org/
10.1126/science.298.5598.1569.

Hayashi, M., 2015. Perspectives on object manipulation and action grammar for
percussive actions in primates. Philos. Trans. R. Soc. B: Biol. Sci. 370 (1682) https://
doi.org/10.1098/rstb.2014.0350.

Heming, E.A., Cross, K.P., Takei, T., Cook, D.J., Scott, S.H., 2019. Independent
representations of ipsilateral and contralateral limbs in primary motor cortex. ELife
8, €48190. https://doi.org/10.7554/eLife.48190.

Hesselmann, V., Sorger, B., Lasek, K., Guntinas-Lichius, O., Krug, B., Sturm, V.,
Goebel, R., Lackner, K., 2004. Discriminating the cortical representation sites of
tongue and lip movement by functional MRI. Brain Topogr. 16 (3), 159-167. https://
doi.org/10.1023/B:BRAT.0000019184.63249.e8.

Hiiemae, K.M., Palmer, J.B., 2003. Tongue movements in feeding and speech. Crit. Rev.
Oral. Biol. Med. Off. Publ. Am. Assoc. Oral. Biol. 14 (6), 413-429. https://doi.org/
10.1177/154411130301400604.

Hofman, M.A., 2014. Evolution of the human brain: when bigger is better. Front.
Neuroanat. 8. https://doi.org/10.3389/fnana.2014.00015.

Horenstein, C., Lowe, M.J., Koenig, K.A., Phillips, M.D., 2008. Comparison of unilateral
and bilateral complex finger tapping-related activation in premotor and primary

19

Neuroscience and Biobehavioral Reviews 139 (2022) 104730

motor cortex. Hum. Brain Mapp. 30 (4), 1397-1412. https://doi.org/10.1002/
hbm.20610.

Hovav, A.-H., 2014. Dendritic cells of the oral mucosa. Mucosal Immunol. 7 (1), 27-37.
https://doi.org/10.1038/mi.2013.42.

Howes, P.D., Wongsriruksa, S., Laughlin, Z., Witchel, H.J., Miodownik, M., 2014. The
Perception of Materials through Oral Sensation. PLOS ONE 9 (8), e105035. https://
doi.org/10.1371/journal.pone.0105035.

Huang, C.S., Hiraba, H., Murray, G.M., Sessle, B.J., 1989a. Topographical distribution
and functional properties of cortically induced rhythmical jaw movements in the
monkey (Macaca fascicularis). J. Neurophysiol. 61 (3), 635-650. https://doi.org/
10.1152/jn.1989.61.3.635.

Huang, C.S., Hiraba, H., Sessle, B.J., 1989b. Input-output relationships of the primary
face motor cortex in the monkey (Macaca fascicularis). J. Neurophysiol. 61 (2),
350-362. https://doi.org/10.1152/jn.1989.61.2.350.

Iwasaki, S., 2002. Evolution of the structure and function of the vertebrate tongue.

J. Anat. 201 (1), 1-13. https://doi.org/10.1046/j.1469-7580.2002.00073.x.
Iyengar, S., Qi, H.-X., Jain, N., Kaas, J.H., 2007. Cortical and thalamic connections of the
representations of the teeth and tongue in somatosensory cortex of new world

monkeys. J. Comp. Neurol. 501 (1), 95-120. https://doi.org/10.1002/cne.21232.

Jacobs, R., Bou Serhal, C., van Steenberghe, D., 1998. Oral stereognosis: a review of the
literature. Clin. Oral. Investig. 2 (1), 3-10. https://doi.org/10.1007/
s007840050035.

Jacobs, R., Wu, C.-H., Goossens, K., Loven, K.V., Hees, J.V., Steenberghe, D.V., 2002.
Oral mucosal versus cutaneous sensory testing: a review of the literature. J. Oral.
Rehabil. 29 (10), 923-950. https://doi.org/10.1046/j.1365-2842.2002.00960.x.

Jain, N., Florence, S.L., Kaas, J.H., 1995. Limits on plasticity in somatosensory cortex of
adult rats: hindlimb cortex is not reactivated after dorsal column section.

J. Neurophysiol. https://doi.org/10.1152/jn.1995.73.4.1537.

Jain, N., Catania, K.C., Kaas, J.H., 1998. A histologically visible representation of the
fingers and palm in primate area 3b and its immutability following long-term
deafferentations. Cereb. Cortex 8 (3), 227-236. https://doi.org/10.1093/cercor/
8.3.227.

Jain, N., Qi, H.-X., Catania, K.C., Kaas, J.H., 2001. Anatomic correlates of the face and
oral cavity representations in the somatosensory cortical area 3b of monkeys.

J. Comp. Neurol. 429 (3), 455-468. https://doi.org/10.1002/1096-9861(20010115)
429:3<455::AID-CNE7>3.0.CO;2-F.

Jansson, G., 1983. Tactile guidance of movement. Int. J. Neurosci. 19 (1-4), 37-46.
https://doi.org/10.3109/00207458309148644.

Jarvis, E.D., 2019. Evolution of vocal learning and spoken language. Science 366, 50-54.

Jean, A., 1984. Brainstem organization of the swallowing network. Brain Behav. Evol. 25
(2-3), 109-116. https://doi.org/10.1159/000118856.

Jenkins, W.M., Merzenich, M.M., Ochs, M.T., Allard, T., Guic-Robles, E., 1990.
Functional reorganization of primary somatosensory cortex in adult owl monkeys
after behaviorally controlled tactile stimulation. J. Neurophysiol. 63 (1), 82-104.
https://doi.org/10.1152/jn.1990.63.1.82.

Johnson, K.O., Yoshioka, T., Vega-Bermudez, F., 2000. Tactile functions of
mechanoreceptive afferents innervating the hand. J. Clin. Neurophysiol. Off. Publ.
Am. Electroencephalogr. Soc. 17 (6), 539-558. https://doi.org/10.1097/00004691-
200011000-00002.

Jones, C.S., Billington, R.W., Pearson, G.J., 2004. The in vivo perception of roughness of
restorations. Br. Dent. J. 196 (1), 42-45. https://doi.org/10.1038/sj.bdj.4810881.

Jones, E.G., Schwark, H.D., Callahan, P.A., 1986. Extent of the ipsilateral representation
in the ventral posterior medial nucleus of the monkey thalamus. Exp. Brain Res. 63
(2), 310-320. https://doi.org/10.1007/BF00236848.

Jung, P., Baumgartner, U., Bauermann, T., Magerl, W., Gawehn, J., Stoeter, P.,

Treede, R.-D., 2003. Asymmetry in the human primary somatosensory cortex and
handedness. Neurolmage 19 (3), 913-923. https://doi.org/10.1016/51053-8119
(03)00164-2.

Jung, P., Baumgirtner, U., Magerl, W., Treede, R.-D., 2008. Hemispheric asymmetry of
hand representation in human primary somatosensory cortex and handedness. Clin.
Neurophysiol. 119 (11), 2579-2586. https://doi.org/10.1016/j.clinph.2008.04.300.

Kaas, J.H., 1983. What, if anything, is SI? Organization of first somatosensory area of
cortex. Physiol. Rev. 63 (1), 206-231. https://doi.org/10.1152/
physrev.1983.63.1.206.

Kaas, J.H., Nelson, R.J., Sur, M., Lin, C.S., Merzenich, M.M., 1979. Multiple
representations of the body within the primary somatosensory cortex of primates.
Sci. (N. Y., N. Y. ) 204 (4392), 521-523. https://doi.org/10.1126/science.107591.

Kaas, J.H., Qi, H.-X., Iyengar, S., 2006. Cortical network for representing the teeth and
tongue in primates. Anat. Rec. Part A Discov. Mol. Cell. Evolut. Biol. 288A (2),
182-190. https://doi.org/10.1002/ar.a.20267.

Kaeseler, R.L., Johansson, T.W., Struijk, L.N.S.A., Jochumsen, M., 2022. Feature and
classification analysis for detection and classification of tongue movements from
single-trial pre-movement EEG. IEEE Trans. Neural Syst. Rehabil. Eng. A Publ. IEEE
Eng. Med. Biol. Soc. 30, 678-687. https://doi.org/10.1109/TNSRE.2022.3157959.

Kaeseler, R.L., Struijk, L.N. S.A., & Jochumsen, M. (2020). Detection and classification of
tongue movements from single-trial EEG. 376-379. https://doi.org/10.1109/
BIBE50027.2020.00068.

Kandel, 1991. Principles of Neural Science. Elsevier.

Karhu, J., Hari, R., Lu, S.T., Paetau, R., Rif, J., 1991. Cerebral magnetic fields to lingual
stimulation. Electroencephalogr. Clin. Neurophysiol. 80 (6), 459-468. https://doi.
org/10.1016/0168-5597(91)90127-j.

Kawagishi, S., Kou, F., Yoshino, K., Tanaka, T., Masumi, S., 2009. Decrease in
stereognostic ability of the tongue with age. J. Oral. Rehabil. 36 (12), 872-879.
https://doi.org/10.1111/j.1365-2842.2009.02005.x.

Kern, M., Bert, S., Glanz, O., Schulze-Bonhage, A., Ball, T., 2019. Human motor cortex
relies on sparse and action-specific activation during laughing, smiling and speech


https://doi.org/10.1098/rspb.2014.0337
https://doi.org/10.1098/rspb.2014.0337
https://doi.org/10.1002/cne.902430206
https://doi.org/10.1371/journal.pone.0049117
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref123
https://doi.org/10.1016/j.tics.2015.10.008
https://doi.org/10.1016/s0896-6273(02)00698-0
https://doi.org/10.1016/s0896-6273(02)00698-0
https://doi.org/10.3758/BF03207579
https://doi.org/10.1152/jn.1938.1.3.262
https://doi.org/10.1152/jn.1938.1.3.262
https://doi.org/10.1016/S0894-1130(12)80287-0
https://doi.org/10.1038/srep46691
https://doi.org/10.1002/hbm.1025
https://doi.org/10.3758/BF03212200
https://doi.org/10.2466/pms.2002.95.2.355
https://doi.org/10.1016/j.bbr.2009.02.020
https://doi.org/10.1016/j.neubiorev.2014.09.015
https://doi.org/10.1523/JNEUROSCI.2599-18.2019
https://doi.org/10.1523/JNEUROSCI.2599-18.2019
https://doi.org/10.1007/s004290050241
https://doi.org/10.1007/s004290050241
https://doi.org/10.1002/(sici)1097-0193(1999)7:3<213::aid-hbm5>3.0.co;2-n
https://doi.org/10.1002/(sici)1097-0193(1999)7:3<213::aid-hbm5>3.0.co;2-n
https://doi.org/10.1152/ajpgi.1999.277.1.G219
https://doi.org/10.1152/ajpgi.1999.277.1.G219
https://doi.org/10.1152/jn.00784.2004
https://doi.org/10.1016/0304-3940(83)90425-1
https://doi.org/10.1016/0304-3940(83)90425-1
https://doi.org/10.1111/1523-1747.ep12540607
https://doi.org/10.1002/cne.20730
https://doi.org/10.1152/jn.01245.2003
https://doi.org/10.1126/science.298.5598.1569
https://doi.org/10.1126/science.298.5598.1569
https://doi.org/10.1098/rstb.2014.0350
https://doi.org/10.1098/rstb.2014.0350
https://doi.org/10.7554/eLife.48190
https://doi.org/10.1023/B:BRAT.0000019184.63249.e8
https://doi.org/10.1023/B:BRAT.0000019184.63249.e8
https://doi.org/10.1177/154411130301400604
https://doi.org/10.1177/154411130301400604
https://doi.org/10.3389/fnana.2014.00015
https://doi.org/10.1002/hbm.20610
https://doi.org/10.1002/hbm.20610
https://doi.org/10.1038/mi.2013.42
https://doi.org/10.1371/journal.pone.0105035
https://doi.org/10.1371/journal.pone.0105035
https://doi.org/10.1152/jn.1989.61.3.635
https://doi.org/10.1152/jn.1989.61.3.635
https://doi.org/10.1152/jn.1989.61.2.350
https://doi.org/10.1046/j.1469-7580.2002.00073.x
https://doi.org/10.1002/cne.21232
https://doi.org/10.1007/s007840050035
https://doi.org/10.1007/s007840050035
https://doi.org/10.1046/j.1365-2842.2002.00960.x
https://doi.org/10.1152/jn.1995.73.4.1537
https://doi.org/10.1093/cercor/8.3.227
https://doi.org/10.1093/cercor/8.3.227
https://doi.org/10.1002/1096-9861(20010115)429:3<455::AID-CNE7>3.0.CO;2-F
https://doi.org/10.1002/1096-9861(20010115)429:3<455::AID-CNE7>3.0.CO;2-F
https://doi.org/10.3109/00207458309148644
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref163
https://doi.org/10.1159/000118856
https://doi.org/10.1152/jn.1990.63.1.82
https://doi.org/10.1097/00004691-200011000-00002
https://doi.org/10.1097/00004691-200011000-00002
https://doi.org/10.1038/sj.bdj.4810881
https://doi.org/10.1007/BF00236848
https://doi.org/10.1016/S1053-8119(03)00164-2
https://doi.org/10.1016/S1053-8119(03)00164-2
https://doi.org/10.1016/j.clinph.2008.04.300
https://doi.org/10.1152/physrev.1983.63.1.206
https://doi.org/10.1152/physrev.1983.63.1.206
https://doi.org/10.1126/science.107591
https://doi.org/10.1002/ar.a.20267
https://doi.org/10.1109/TNSRE.2022.3157959
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref175
https://doi.org/10.1016/0168-5597(91)90127-j
https://doi.org/10.1016/0168-5597(91)90127-j
https://doi.org/10.1111/j.1365-2842.2009.02005.x

D. Bono et al.

production. Commun. Biol. 2 (1), 1-14. https://doi.org/10.1038/542003-019-0360-
3.

Kirshblum, S.C., Burns, S.P., Biering-Sorensen, F., Donovan, W., Graves, D.E., Jha, A.,
Johansen, M., Jones, L., Krassioukov, A., Mulcahey, M., Schmidt-Read, M.,
Waring, W., 2011. International standards for neurological classification of spinal
cord injury (Revised 2011). J. Spinal Cord. Med. 34 (6), 535-546. https://doi.org/
10.1179/204577211X13207446293695.

Koda, H., Kunieda, T., Nishimura, T., 2018. From hand to mouth: monkeys require
greater effort in motor preparation for voluntary control of vocalization than for
manual actions. R. Soc. Open Sci. 5 (11), 180879 https://doi.org/10.1098/
150s.180879.

Kokini, J.L., Kadane, J.B., Cussler, E.L., 1977. Liquid texture perceived in the mouthl.
J. Texture Stud. 8 (2), 195-218. https://doi.org/10.1111/j.1745-4603.1977.
tb01175.x.

Konaka, K., Kondo, J., Hirota, N., Tamine, K., Hori, K., Ono, T., Maeda, Y., Sakoda, S.,
Naritomi, H., 2010. Relationship between tongue pressure and dysphagia in stroke
patients. Eur. Neurol. 64 (2), 101-107. https://doi.org/10.1159/000315140.

Krause, 1911. Chirurgie des Gehirns und Ruchenmarks, Vol. 2. Urban & Schwarzenberg.

Krubitzer, L., 1995. The organization of neocortex in mammals: are species differences
really so different. Trends Neurosci. 18 (9), 408-417. https://doi.org/10.1016/
0166-2236(95)93938-t.

Krubitzer, L., Huffman, K.J., Disbrow, E., Recanzone, G., 2004. Organization of area 3a in
macaque monkeys: contributions to the cortical phenotype. J. Comp. Neurol. 471
(1), 97-111. https://doi.org/10.1002/cne.20025.

Krubitzer, L.A., Kaas, J.H., 1990. The organization and connections of somatosensory
cortex in marmosets. J. Neurosci.: Off. J. Soc. Neurosci. 10 (3), 952-974.

Kuberski, S.R., Gafos, A.L, 2019. The speed-curvature power law in tongue movements of
repetitive speech. PLoS One 14 (3), €0213851. https://doi.org/10.1371/journal.
pone.0213851.

Kuehn, D.P., Azzam, N.A., 1978. Anatomical characteristics of palatoglossus and the
anterior faucial pillar. Cleft Palate J. 15 (4), 349-359.

Kuehn, E., Dinse, J., Jakobsen, E., Long, X., Schéfer, A., Bazin, P.-L., Villringer, A.,
Sereno, M.I., Margulies, D.S., 2017. Body topography parcellates human sensory and
motor cortex. Cereb. Cortex 27 (7), 3790-3805. https://doi.org/10.1093/cercor/
bhx026.

La Pointe, L.L., Williams, W.N., Hepler, E.L., 1973. Illusion in size perception of intra-
orally presented holes. Percept. Mot. Skills 36 (3), 1047-1050. https://doi.org/
10.2466/pms.1973.36.3¢.1047.

Laine, F.J., Smoker, W.R.K., 1995. Oral cavity: anatomy and pathology. Semin.
Ultrasound, CT MRI 16 (6), 527-545. https://doi.org/10.1016/50887-2171(06)
80024-7.

Lamm, N.C., De Felice, A., Cargan, A., 2005. Effect of tactile stimulation on lingual motor
function in pediatric lingual dysphagia. Dysphagia 20 (4), 311-324. https://doi.org/
10.1007/500455-005-0060-7.

Lauga, E., Pipe, C.J., Le Révérend, B., 2016. Sensing in the mouth: a model for filiform
papillae as strain amplifiers. Front. Phys., 4. https://www. Front. Org. /Artic. /.
https://doi.org/10.3389/fphy.2016.00035.

Le Révérend, B.J.D., Edelson, L.R., Loret, C., 2014. Anatomical, functional, physiological
and behavioural aspects of the development of mastication in early childhood. Br. J.
Nutr. 111 (3), 403-414. https://doi.org/10.1017/50007114513002699.

Lee, J.H., Kim, H.-S., Yun, D.H., Chon, J., Han, Y.J., Yoo, S.D., Kim, D.H., Lee, S.A.,
Joo, H.I, Park, J., Kim, J.C., Soh, Y., 2016. The relationship between tongue pressure
and oral dysphagia in stroke patients. Ann. Rehabil. Med. 40 (4), 620-628. https://
doi.org/10.5535/arm.2016.40.4.620.

Lemelin, P., Diogo, R., 2016. Anatomy, function, and evolution of the primate hand
musculature. In: Kivell, T.L., Lemelin, P., Richmond, B.G., Schmitt, D. (Eds.), The
Evolution of the Primate Hand: Anatomical, Developmental, Functional, and
Paleontological Evidence. Springer, pp. 155-193. https://doi.org/10.1007/978-1-
4939-3646-5_7.

Lemelin, P., Schmitt, D., 2016. On Primitiveness, prehensility, and opposability of the
primate hand: the contributions of frederic Wood Jones and John Russell napier. In:
Kivell, T.L., Lemelin, P., Richmond, B.G., Schmitt, D. (Eds.), The Evolution of the
Primate Hand: Anatomical, Developmental, Functional, and Paleontological
Evidence. Springer, pp. 5-13. https://doi.org/10.1007/978-1-4939-3646-5_2.

Lin, L.D., Sessle, B.J., 1994. Functional properties of single neurons in the primate face
primary somatosensory cortex. IIIl. Modulation of responses to peripheral stimuli
during trained orofacial motor behaviors. J. Neurophysiol. 71 (6), 2401-2413.
https://doi.org/10.1152/jn.1994.71.6.2401.

Lin, L.D., Murray, G.M., Sessle, B.J., 1994a. Functional properties of single neurons in the
primate face primary somatosensory cortex. I. Relations with trained orofacial motor
behaviors. J. Neurophysiol. 71 (6), 2377-2390. https://doi.org/10.1152/
jn.1994.71.6.2377.

Lin, L.D., Murray, G.M., Sessle, B.J., 1994b. Functional properties of single neurons in the
primate face primary somatosensory cortex. II. Relations with different directions of
trained tongue protrusion. J. Neurophysiol. 71 (6), 2391-2400. https://doi.org/
10.1152/jn.1994.71.6.2391.

Linne, B., Simons, C.T., 2017. Quantification of oral roughness perception and
comparison with mechanism of astringency perception. Chem. Senses 42 (7),
525-535. https://doi.org/10.1093/chemse/bjx029.

Lipton, M.L., Liszewski, M.C., O’Connell, M.N., Mills, A., Smiley, J.F., Branch, C.A,,
Isler, J.R., Schroeder, C.E., 2010. Interactions within the hand representation in
primary somatosensory cortex of primates. J. Neurosci. 30 (47), 15895-15903.
https://doi.org/10.1523/JNEUROSCI.4765-09.2010.

Liu, D., Deng, Y., Sha, L., Abul Hashem, Md, Gai, S., 2017. Impact of oral processing on
texture attributes and taste perception. J. Food Sci. Technol. 54 (8), 2585-2593.
https://doi.org/10.1007/513197-017-2661-1.

20

Neuroscience and Biobehavioral Reviews 139 (2022) 104730

Lofqvist, A., Gracco, V.L., 2002. Control of oral closure in lingual stop consonant
production. J. Acoust. Soc. Am. 111 (6), 2811-2827.

Lotze, M., Erb, M., Flor, H., Huelsmann, E., Godde, B., Grodd, W., 2000. FMRI evaluation
of somatotopic representation in human primary motor cortex. Neurolmage 11 (5),
473-481. https://doi.org/10.1006/nimg.2000.0556.

Lozano, C.A., Kaczmarek, K.A., Santello, M., 2009. Electrotactile stimulation on the
tongue: intensity perception, discrimination and cross-modality estimation.
Somatosens. Mot. Res. 26 (2), 50-63. https://doi.org/10.1080/
08990220903158797.

Lukasewycz, L.D., Mennella, J.A., 2012. Lingual tactile acuity and food texture
preferences among children and their mothers. Food Qual. Prefer. 26 (1), 58-66.
https://doi.org/10.1016/j.foodqual.2012.03.007.

Lv, C., Lou, L., Mosca, A.C., Wang, X., Yang, N., Chen, J., 2020. Effect of tongue
temperature on oral tactile sensitivity and viscosity discrimination. Food Hydrocoll.
102, 105578 https://doi.org/10.1016/j.foodhyd.2019.105578.

Maezawa, H., 2017. Cortical mechanisms of tongue sensorimotor functions in humans: a
review of the magnetoencephalography approach. Front. Hum. Neurosci. 11.
https://doi.org/10.3389/fnhum.2017.00134.

Maezawa, H., Yoshida, K., Nagamine, T., Matsubayashi, J., Enatsu, R., Bessho, K.,
Fukuyama, H., 2008. Somatosensory evoked magnetic fields following electric
tongue stimulation using pin electrodes. Neurosci. Res. 62 (2), 131-139. https://doi.
org/10.1016/j.neures.2008.07.004.

Maezawa, H., Mima, T., Yazawa, S., Matsuhashi, M., Shiraishi, H., Hirai, Y.,
Funahashi, M., 2014. Contralateral dominance of corticomuscular coherence for
both sides of the tongue during human tongue protrusion: an MEG study.
Neurolmage 101, 245-255. https://doi.org/10.1016/j.neuroimage.2014.07.018.

Maezawa, H., Oguma, H., Hirai, Y., Hisadome, K., Shiraishi, H., Funahashi, M., 2017.
Movement-related cortical magnetic fields associated with self-paced tongue
protrusion in humans. Neurosci. Res. 117, 22-27. https://doi.org/10.1016/j.
neures.2016.11.010.

Maliia, M.-D., Donos, C., Barborica, A., Popa, 1., Ciurea, J., Cinatti, S., Mindruta, L., 2018.
Functional mapping and effective connectivity of the human operculum. Cortex 109,
303-321. https://doi.org/10.1016/j.cortex.2018.08.024.

Manger, P.R., Woods, T.M., Jones, E.G., 1995. Representation of the face and intraoral
structures in area 3b of the squirrel monkey (Saimiri sciureus) somatosensory cortex,
with special reference to the ipsilateral representation. J. Comp. Neurol. 362 (4),
597-607. https://doi.org/10.1002/cne.903620412.

Manger, P.R., Woods, T.M., Jones, E.G., 1996. Representation of face and intra-oral
structures in area 3b of macaque monkey somatosensory cortex. J. Comp. Neurol.
371 (4), 513-521. https://doi.org/10.1002/(SICI)1096-9861(19960805)371:
4<513::AID-CNE2>3.0.C0O;2-7.

Manni, E., Petrosini, L., 2004. A century of cerebellar somatotopy: a debated
representation. Nat. Rev. Neurosci. 5 (3), 241-249. https://doi.org/10.1038/
nrnl347.

Manrique, H.M., Call, J., 2011. Spontaneous use of tools as straws in great apes. Anim.
Cogn. 14 (2), 213-226. https://doi.org/10.1007/s10071-010-0355-4.

Maranesi, M., Roda, F., Bonini, L., Rozzi, S., Ferrari, P.F., Fogassi, L., Coudé, G., 2012.
Anatomo-functional organization of the ventral primary motor and premotor cortex
in the macaque monkey. Eur. J. Neurosci. 36 (10), 3376-3387. https://doi.org/
10.1111/j.1460-9568.2012.08252.x.

Marshall, W.H., Woolsey, C.N., Bard, P., 1937. Cortical representation of tactile
sensibility as indicated by cortical potentials. Science 85 (2207), 388-390. https://
doi.org/10.1126/science.85.2207.388.

Martin, R.E., Sessle, B.J., 1993. The role of the cerebral cortex in swallowing. Dysphagia
8 (3), 195-202. https://doi.org/10.1007/bf01354538.

Martin, S., Iturrate, I., Millan, J., del, R., Knight, R.T., Pasley, B.N., 2018. Decoding inner
speech using electrocorticography: progress and challenges toward a speech
prosthesis. Front. Neurosci. 0. https://doi.org/10.3389/fnins.2018.00422.

Martin-Harris, B., 2006. Coordination of respiration and swallowing. GI Motil. Online.
https://doi.org/10.1038/gimo10.

Mascioli, G., Berlucchi, G., Pierpaoli, C., Salvolini, U., Barbaresi, P., Fabri, M.,
Polonara, G., 2015. Functional MRI cortical activations from unilateral tactile-taste
stimulations of the tongue. Physiol. Behav. 151, 221-229. https://doi.org/10.1016/
j.physbeh.2015.07.031.

Matsuo, K., Palmer, J.B., 2009. Coordination of mastication, swallowing and breathing.
Jpn. Dent. Sci. Rev. 45 (1), 31-40. https://doi.org/10.1016/].jdsr.2009.03.004.

Mattison, J.A., Vaughan, K.L., 2017. An overview of nonhuman primates in aging
research. Exp. Gerontol. 94, 41-45. https://doi.org/10.1016/j.exger.2016.12.005.

Mattos, D., Schoner, G., Zatsiorsky, V.M., Latash, M.L., 2015. Motor equivalence during
multi-finger accurate force production. Exp. Brain Res. 233 (2), 487-502. https://
doi.org/10.1007/s00221-014-4128-1.

McMillan, A.S., Watson, C., Walshaw, D., 1998a. Transcranial magnetic-stimulation
mapping of the cortical topography of the human masseter muscle. Arch. Oral. Biol.
43 (12), 925-931. https://doi.org/10.1016/50003-9969(98)00081-8.

McMillan, A.S., Watson, C., Walshaw, D., Taylor, J.P., 1998b. Improved reproducibility
of magnetic stimulation-evoked motor potentials in the human masseter by a new
method for locating stimulation sites on the scalp. Arch. Oral. Biol. 43 (8), 665-668.
https://doi.org/10.1016/50003-9969(98)00050-8.

Meier, J.D., Aflalo, T.N., Kastner, S., Graziano, M.S.A., 2008. Complex organization of
human primary motor cortex: a high-resolution fMRI study. J. Neurophysiol. 100
(4), 1800-1812. https://doi.org/10.1152/jn.90531.2008.

Melvin, B., Orchardson, R., 2001. Differences in the oral size illusions produced by cross-
modality matching of peg and hole stimuli by the tongue and fingers in humans.
Arch. Oral. Biol. 46 (3), 209-213. https://doi.org/10.1016/50003-9969(00)00118-
7.


https://doi.org/10.1038/s42003-019-0360-3
https://doi.org/10.1038/s42003-019-0360-3
https://doi.org/10.1179/204577211X13207446293695
https://doi.org/10.1179/204577211X13207446293695
https://doi.org/10.1098/rsos.180879
https://doi.org/10.1098/rsos.180879
https://doi.org/10.1111/j.1745-4603.1977.tb01175.x
https://doi.org/10.1111/j.1745-4603.1977.tb01175.x
https://doi.org/10.1159/000315140
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref183
https://doi.org/10.1016/0166-2236(95)93938-t
https://doi.org/10.1016/0166-2236(95)93938-t
https://doi.org/10.1002/cne.20025
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref186
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref186
https://doi.org/10.1371/journal.pone.0213851
https://doi.org/10.1371/journal.pone.0213851
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref188
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref188
https://doi.org/10.1093/cercor/bhx026
https://doi.org/10.1093/cercor/bhx026
https://doi.org/10.2466/pms.1973.36.3c.1047
https://doi.org/10.2466/pms.1973.36.3c.1047
https://doi.org/10.1016/S0887-2171(06)80024-7
https://doi.org/10.1016/S0887-2171(06)80024-7
https://doi.org/10.1007/s00455-005-0060-7
https://doi.org/10.1007/s00455-005-0060-7
https://doi.org/10.3389/fphy.2016.00035
https://doi.org/10.1017/S0007114513002699
https://doi.org/10.5535/arm.2016.40.4.620
https://doi.org/10.5535/arm.2016.40.4.620
https://doi.org/10.1007/978-1-4939-3646-5_7
https://doi.org/10.1007/978-1-4939-3646-5_7
https://doi.org/10.1007/978-1-4939-3646-5_2
https://doi.org/10.1152/jn.1994.71.6.2401
https://doi.org/10.1152/jn.1994.71.6.2377
https://doi.org/10.1152/jn.1994.71.6.2377
https://doi.org/10.1152/jn.1994.71.6.2391
https://doi.org/10.1152/jn.1994.71.6.2391
https://doi.org/10.1093/chemse/bjx029
https://doi.org/10.1523/JNEUROSCI.4765-09.2010
https://doi.org/10.1007/s13197-017-2661-1
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref204
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref204
https://doi.org/10.1006/nimg.2000.0556
https://doi.org/10.1080/08990220903158797
https://doi.org/10.1080/08990220903158797
https://doi.org/10.1016/j.foodqual.2012.03.007
https://doi.org/10.1016/j.foodhyd.2019.105578
https://doi.org/10.3389/fnhum.2017.00134
https://doi.org/10.1016/j.neures.2008.07.004
https://doi.org/10.1016/j.neures.2008.07.004
https://doi.org/10.1016/j.neuroimage.2014.07.018
https://doi.org/10.1016/j.neures.2016.11.010
https://doi.org/10.1016/j.neures.2016.11.010
https://doi.org/10.1016/j.cortex.2018.08.024
https://doi.org/10.1002/cne.903620412
https://doi.org/10.1002/(SICI)1096-9861(19960805)371:4<513::AID-CNE2>3.0.CO;2-7
https://doi.org/10.1002/(SICI)1096-9861(19960805)371:4<513::AID-CNE2>3.0.CO;2-7
https://doi.org/10.1038/nrn1347
https://doi.org/10.1038/nrn1347
https://doi.org/10.1007/s10071-010-0355-4
https://doi.org/10.1111/j.1460-9568.2012.08252.x
https://doi.org/10.1111/j.1460-9568.2012.08252.x
https://doi.org/10.1126/science.85.2207.388
https://doi.org/10.1126/science.85.2207.388
https://doi.org/10.1007/bf01354538
https://doi.org/10.3389/fnins.2018.00422
https://doi.org/10.1038/gimo10
https://doi.org/10.1016/j.physbeh.2015.07.031
https://doi.org/10.1016/j.physbeh.2015.07.031
https://doi.org/10.1016/j.jdsr.2009.03.004
https://doi.org/10.1016/j.exger.2016.12.005
https://doi.org/10.1007/s00221-014-4128-1
https://doi.org/10.1007/s00221-014-4128-1
https://doi.org/10.1016/s0003-9969(98)00081-8
https://doi.org/10.1016/s0003-9969(98)00050-8
https://doi.org/10.1152/jn.90531.2008
https://doi.org/10.1016/s0003-9969(00)00118-7
https://doi.org/10.1016/s0003-9969(00)00118-7

D. Bono et al.

Merzenich, M.M., Kaas, J.H., Sur, M., Lin, C.S., 1978. Double representation of the body
surface within cytoarchitectonic areas 3b and 1 in “SI” in the owl monkey (Aotus
trivirgatus). J. Comp. Neurol. 181 (1), 41-73. https://doi.org/10.1002/
cne.901810104.

Milazzo, M., Panepinto, A., Sabatini, A.M., Danti, S., 2019. Tongue rehabilitation device
for dysphagic patients. Sensors. https://doi.org/10.3390/519214657.

Miles, B.L., Van Simaeys, K., Whitecotton, M., Simons, C.T., 2018. Comparative tactile
sensitivity of the fingertip and apical tongue using complex and pure tactile tasks.
Physiol. Behav. 194, 515-521. https://doi.org/10.1016/j.physbeh.2018.07.002.

Miller, A.J., 2002. Oral and pharyngeal reflexes in the mammalian nervous system: their
diverse range in complexity and the pivotal role of the tongue. Crit. Rev. Oral. Biol.
Med. 13 (5), 409-425. https://doi.org/10.1177/154411130201300505.

Miller, K.J., Schalk, G., Fetz, E.E., den Nijs, M., Ojemann, J.G., Rao, R.P.N., 2010.
Cortical activity during motor execution, motor imagery, and imagery-based online
feedback. Proc. Natl. Acad. Sci. USA 107 (9), 4430-4435. https://doi.org/10.1073/
pnas.0913697107.

Minato, A., Ono, T., Miyamoto, J.J., Honda, E., Kurabayashi, T., Moriyama, K., 2009.
Preferred chewing side-dependent two-point discrimination and cortical activation
pattern of tactile tongue sensation. Behav. Brain Res. 203 (1), 118-126. https://doi.
0rg/10.1016/j.bbr.2009.04.028.

Miyamoto, J.J., Honda, M., Saito, D.N., Okada, T., Ono, T., Ohyama, K., Sadato, N.,
2006. The representation of the human oral area in the somatosensory cortex: a
functional MRI study. Cereb. Cortex 16 (5), 669-675. https://doi.org/10.1093/
cercor/bhj012.

MIYAWAKI, K., 1974. A study of the muscular of the human tongue. Ann. Bull. 8, 23-50.

Moon, J.-H., Hahm, S.-C., Won, Y.S., Cho, H.-Y., 2018. The effects of tongue pressure
strength and accuracy training on tongue pressure strength, swallowing function,
and quality of life in subacute stroke patients with dysphagia: a preliminary
randomized clinical trial. Int. J. Rehabil. Res. Int. Z. Fur Rehabil. Rev. Int. De. Rech.
De. Readapt. 41 (3), 204-210. https://doi.org/10.1097/MRR.00000000000002.82.

Moore, J.D., Kleinfeld, D., Wang, F., 2014. How the brainstem controls orofacial
behaviors comprised of rhythmic actions. Trends Neurosci. 37 (7), 370-380. https://
doi.org/10.1016/j.tins.2014.05.001.

Morecraft, R.J., Louie, J.L., Herrick, J.L., Stilwell-Morecraft, K.S., 2001. Cortical
innervation of the facial nucleus in the non-human primate: a new interpretation of
the effects of stroke and related subtotal brain trauma on the muscles of facial
expression. Brain: A J. Neurol. 124 (Pt 1), 176-208. https://doi.org/10.1093/brain/
124.1.176.

Morecraft, R.J., McNeal, D.W., Stilwell-Morecraft, K.S., Gedney, M., Ge, J., Schroeder, C.
M., van Hoesen, G.W., 2007. Amygdala interconnections with the cingulate motor
cortex in the rhesus monkey. J. Comp. Neurol. 500 (1), 134-165. https://doi.org/
10.1002/cne.21165.

Moses, D.A., Leonard, M.K., Makin, J.G., Chang, E.F., 2019. Real-time decoding of
question-and-answer speech dialogue using human cortical activity. Nat. Commun.
10 (1), 3096. https://doi.org/10.1038/5s41467-019-10994-4.

Mottolese, C., Richard, N., Harquel, S., Szathmari, A., Sirigu, A., Desmurget, M., 2013.
Mapping motor representations in the human cerebellum. Brain: A J. Neurol. 136 (Pt
1), 330-342. https://doi.org/10.1093/brain/aws186.

Mu, L., Sanders, 1., 2010a. Sihler’s whole mount nerve staining technique: a review.
Biotech. Histochem.: Off. Publ. Biol. Stain Comm. 85 (1), 19. https://doi.org/
10.1080/10520290903048384.

Mu, L., Sanders, 1., 2010b. Human tongue neuroanatomy: nerve supply and motor
endplates. Clin. Anat. 23 (7), 777-791. https://doi.org/10.1002/ca.21011.

Naganuma, K., Inoue, M., Yamamura, K., Hanada, K., Yamada, Y., 2001. Tongue and jaw
muscle activities during chewing and swallowing in freely behaving rabbits. Brain
Res. 915 (2), 185-194. https://doi.org/10.1016/s0006-8993(01)02848-7.

Nakahara, H., Nakasato, N., Kanno, A., Murayama, S., Hatanaka, K., Itoh, H.,
Yoshimoto, T., 2004. Somatosensory-evoked fields for gingiva, lip, and tongue.

J. Dent. Res. 83 (4), 307-311. https://doi.org/10.1177/154405910408300407.

Nakamura, A., Yamada, T., Goto, A., Kato, T., Ito, K., Abe, Y., Kachi, T., Kakigi, R., 1998.
Somatosensory homunculus as drawn by MEG. Neurolmage 7 (4 Pt 1), 377-386.
https://doi.org/10.1006/nimg.1998.0332.

Nakasato, N, et al., 2001. Movement-related magnetic fields to tongue protrusion.
Neuroimage 14 (4), 924-935.

Napadow, V.J., Chen, Q., Wedeen, V.J., Gilbert, R.J., 1999. Biomechanical basis for
lingual muscular deformation during swallowing. Am. J. Physiol. 277 (3),
G695-701. https://doi.org/10.1152/ajpgi.1999.277.3.G695.

Naumova, E.A., Dierkes, T., Sprang, J., Arnold, W.H., 2013. The oral mucosal surface and
blood vessels. Head. Face Med. 9, 8. https://doi.org/10.1186/1746-160X-9-8.
Nelson, J.B., 2017. Mindful eating: the art of presence while you eat. Diabetes Spectr. A

Publ. Am. Diabetes Assoc. 30 (3), 171-174. https://doi.org/10.2337/ds17-0015.

Nelson, R.J., Sur, M., Felleman, D.J., Kaas, J.H., 1980. Representations of the body
surface in postcentral parietal cortex of Macaca fascicularis. J. Comp. Neurol. 192
(4), 611-643. https://doi.org/10.1002/cne.901920402.

Ngeo, J.G., Tamei, T., Shibata, T., 2014. Continuous and simultaneous estimation of
finger kinematics using inputs from an EMG-to-muscle activation model.

J. Neuroeng. Rehabil. 11 (1), 1-14. https://doi.org/10.1186/1743-0003-11-122.

Niemi, M., Laaksonen, J.-P., Ojala, S., Aaltonen, O., Happonen, R.-P., 2006. Effects of
transitory lingual nerve impairment on speech: an acoustic study of sibilant sound
/s/. Int. J. Oral. Maxillofac. Surg. 35 (10), 920-923. https://doi.org/10.1016/j.
ijom.2006.06.002.

Nieuwenhuys, R., 1994. The neocortex. An overview of its evolutionary development,
structural organization and synaptology. Anat. Embryol. 190 (4), 307-337. https://
doi.org/10.1007/BF00187291.

Nudo, R.J., Milliken, G.W., Jenkins, W.M., Merzenich, M.M., 1996. Use-dependent
alterations of movement representations in primary motor cortex of adult squirrel

21

Neuroscience and Biobehavioral Reviews 139 (2022) 104730

monkeys. J. Neurosci. 16 (2), 785-807. https://doi.org/10.1523/JNEUROSCIL.16-02-
00785.1996.

O’Malley, R.C., McGrew, W.C., 2000. Oral tool use by captive orangutans (Pongo
pygmaeus). Folia Primatol. Int. J. Primatol. 71 (5), 334-341. https://doi.org/
10.1159/000021756.

Ogawa, H., 1994. Gustatory cortex of primates: anatomy and physiology. Neurosci. Res.
20 (1), 1-13. https://doi.org/10.1016/0168-0102(94)90017-5.

Ogawa, H., Ito, S., Nomura, T., 1989. Oral cavity representation at the frontal operculum
of macaque monkeys. Neurosci. Res. 6 (4), 283-298. https://doi.org/10.1016/0168-
0102(89)90021-7.

Ogura, E., Matsuyama, M., Goto, T.K., Nakamura, Y., Koyano, K., 2012. Brain activation
during oral exercises used for dysphagia rehabilitation in healthy human subjects: a
functional magnetic resonance imaging study. Dysphagia 27 (3), 353-360. https://
doi.org/10.1007/s00455-011-9374-9.

Omrani, M., Kaufman, M.T., Hatsopoulos, N.G., Cheney, P.D., 2017. Perspectives on
classical controversies about the motor cortex. J. Neurophysiol. 118 (3), 1828-1848.
https://doi.org/10.1152/jn.00795.2016.

Owens, D.M., Lumpkin, E.A., 2014. Diversification and specialization of touch receptors
in skin. Cold Spring Harb. Perspect. Med. 4 (6) https://doi.org/10.1101/cshperspect.
a013656.

Paciaroni, M., Mazzotta, G., Corea, F., Caso, V., Venti, M., Milia, P., Silvestrelli, G.,
Palmerini, F., Parnetti, L., Gallai, V., 2004. Dysphagia following Stroke. Eur. Neurol.
51 (3), 162-167. https://doi.org/10.1159/000077663.

Pamir, Z., Canoluk, M.U., Jung, J.-H., Peli, E., 2020. Poor resolution at the back of the
tongue is the bottleneck for spatial pattern recognition. Sci. Rep. 10. https://doi.org/
10.1038/541598-020-59102-3.

Pardo, J.V., Wood, T.D., Costello, P.A., Pardo, P.J., Lee, J.T., 1997. PET study of the
localization and laterality of lingual somatosensory processing in humans. Neurosci.
Lett. 234 (1), 23-26. https://doi.org/10.1016/50304-3940(97)00650-2.

Parks, K.A., Novak, M.A., 1993. Observations of increased activity and tool use in captive
rhesus monkeys exposed to troughs of water. Am. J. Primatol. 29 (1), 13-25. https://
doi.org/10.1002/ajp.1350290103.

Passingham, R., 2009. How good is the macaque monkey model of the human brain.
Curr. Opin. Neurobiol. 19 (1), 6-11. https://doi.org/10.1016/j.conb.2009.01.002.

Penfield, W., 1958. The excitable cortex in conscious man. C.C. Thomas. (http://books.
google.com/books?id=ews6AAAAMAAJ).

Penfield, W., Boldrey, E., 1937. Somatic motor and sensory representation in the cerebral
cortex of man as studied by electrical stimulation. Brain: A J. Neurol. 60, 389-443.
https://doi.org/10.1093/brain/60.4.389.

Penfield, W., Rasmussen, T., 1950. National Institute on Drug Abuse. The cerebral cortex
of man: A clinical study of localization of function. Macmillan.

Penfield, W., Jasper, H.H., Penfield, W., 1954. Epilepsy and the functional anatomy of
the human brain. Little, Brown.

Petrosino, L., Fucci, D., 1984. Vibrotactile instrumentation designed to generate pulses
for the study of temporal resolution of the lingual sensory modality. Rev. Sci.
Instrum. 55 (6), 985-987. https://doi.org/10.1063/1.1137837.

Picard, C., Olivier, A., 1983. Sensory cortical tongue representation in man. J. Neurosurg.
59 (5), 781-789. https://doi.org/10.3171/jns.1983.59.5.0781.

Pond, L.H., Barghi, N., Barnwell, G.M., 1986. Occlusion and chewing side preference.
J. Prosthet. Dent. 55 (4), 498-500. https://doi.org/10.1016/0022-3913(86)90186-
1.

Pons, T.P., Garraghty, P.E., Cusick, C.G., Kaas, J.H., 1985. The somatotopic organization
of area 2 in macaque monkeys. J. Comp. Neurol. 241 (4), 445-466. https://doi.org/
10.1002/cne.902410405.

Powell, T.P., Mountcastle, V.B., 1959. Some aspects of the functional organization of the
cortex of the postcentral gyrus of the monkey: a correlation of findings obtained in a
single unit analysis with cytoarchitecture. Bull. Johns. Hopkins Hosp. 105, 133-162.

Pramanik, R., Osailan, S.M., Challacombe, S.J., Urquhart, D., Proctor, G.B., 2010. Protein
and mucin retention on oral mucosal surfaces in dry mouth patients. Eur. J. Oral. Sci.
118 (3), 245-253. https://doi.org/10.1111/j.1600-0722.2010.00728.x.

Presland, R.B., Dale, B.A., 2000. Epithelial structural proteins of the skin and oral cavity:
function in health and disease. Crit. Rev. Oral. Biol. Med. Off. Publ. Am. Assoc. Oral.
Biol. 11 (4), 383-408.

Procyk, E., Wilson, C.R.E., Stoll, F.M., Faraut, M.C.M., Petrides, M., Amiez, C., 2016.
Midcingulate motor map and feedback detection: converging data from humans and
monkeys. Cerebral Cortex 467-476. https://doi.org/10.1093/cercor/bhu213.

Pubols, B.H., Pubols, L.M., 1971. Somatotopic organization of spider monkey somatic
sensory cerebral cortex. J. Comp. Neurol. 141 (1), 63-75. https://doi.org/10.1002/
cne.901410106.

Pulvermiiller, F., Huss, M., Kherif, F., del Prado Martin, F.M., Hauk, O., Shtyrov, Y.,
2006. Motor cortex maps articulatory features of speech sounds. PNAS Proc. Natl.
Acad. Sci. USA 103 (20), 7865-7870. https://doi.org/10.1073/pnas.0509989103.

Qi, H.-X., Kaas, J.H., 2004. Myelin stains reveal an anatomical framework for the
representation of the digits in somatosensory area 3b of macaque monkeys. J. Comp.
Neurol. 477 (2), 172-187. https://doi.org/10.1002/cne.20247.

Quian Quiroga, R., Snyder, L.H., Batista, A.P., Cui, H., Andersen, R.A., 2006. Movement
intention is better predicted than attention in the posterior parietal cortex.

J. Neurosci.: Off. J. Soc. Neurosci. 26 (13), 3615-3620. https://doi.org/10.1523/
JNEUROSCI.3468-05.2006.

Rao, R.P. (2013). Brain-Computer Interfacing: Introduction. https://doi.org/10.1017/
CB09781139032803.002.

Recanzone, G.H., Merzenich, M.M., Schreiner, C.E., 1992. Changes in the distributed
temporal response properties of SI cortical neurons reflect improvements in
performance on a temporally based tactile discrimination task. J. Neurophysiol. 67
(5), 1071-1091. https://doi.org/10.1152/jn.1992.67.5.1071.


https://doi.org/10.1002/cne.901810104
https://doi.org/10.1002/cne.901810104
https://doi.org/10.3390/s19214657
https://doi.org/10.1016/j.physbeh.2018.07.002
https://doi.org/10.1177/154411130201300505
https://doi.org/10.1073/pnas.0913697107
https://doi.org/10.1073/pnas.0913697107
https://doi.org/10.1016/j.bbr.2009.04.028
https://doi.org/10.1016/j.bbr.2009.04.028
https://doi.org/10.1093/cercor/bhj012
https://doi.org/10.1093/cercor/bhj012
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref238
https://doi.org/10.1097/MRR.0000000000000282
https://doi.org/10.1016/j.tins.2014.05.001
https://doi.org/10.1016/j.tins.2014.05.001
https://doi.org/10.1093/brain/124.1.176
https://doi.org/10.1093/brain/124.1.176
https://doi.org/10.1002/cne.21165
https://doi.org/10.1002/cne.21165
https://doi.org/10.1038/s41467-019-10994-4
https://doi.org/10.1093/brain/aws186
https://doi.org/10.1080/10520290903048384
https://doi.org/10.1080/10520290903048384
https://doi.org/10.1002/ca.21011
https://doi.org/10.1016/s0006-8993(01)02848-7
https://doi.org/10.1177/154405910408300407
https://doi.org/10.1006/nimg.1998.0332
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref250
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref250
https://doi.org/10.1152/ajpgi.1999.277.3.G695
https://doi.org/10.1186/1746-160X-9-8
https://doi.org/10.2337/ds17-0015
https://doi.org/10.1002/cne.901920402
https://doi.org/10.1186/1743-0003-11-122
https://doi.org/10.1016/j.ijom.2006.06.002
https://doi.org/10.1016/j.ijom.2006.06.002
https://doi.org/10.1007/BF00187291
https://doi.org/10.1007/BF00187291
https://doi.org/10.1523/JNEUROSCI.16-02-00785.1996
https://doi.org/10.1523/JNEUROSCI.16-02-00785.1996
https://doi.org/10.1159/000021756
https://doi.org/10.1159/000021756
https://doi.org/10.1016/0168-0102(94)90017-5
https://doi.org/10.1016/0168-0102(89)90021-7
https://doi.org/10.1016/0168-0102(89)90021-7
https://doi.org/10.1007/s00455-011-9374-9
https://doi.org/10.1007/s00455-011-9374-9
https://doi.org/10.1152/jn.00795.2016
https://doi.org/10.1101/cshperspect.a013656
https://doi.org/10.1101/cshperspect.a013656
https://doi.org/10.1159/000077663
https://doi.org/10.1038/s41598-020-59102-3
https://doi.org/10.1038/s41598-020-59102-3
https://doi.org/10.1016/s0304-3940(97)00650-2
https://doi.org/10.1002/ajp.1350290103
https://doi.org/10.1002/ajp.1350290103
https://doi.org/10.1016/j.conb.2009.01.002
http://books.google.com/books?id=ews6AAAAMAAJ
http://books.google.com/books?id=ews6AAAAMAAJ
https://doi.org/10.1093/brain/60.4.389
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref272
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref272
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref273
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref273
https://doi.org/10.1063/1.1137837
https://doi.org/10.3171/jns.1983.59.5.0781
https://doi.org/10.1016/0022-3913(86)90186-1
https://doi.org/10.1016/0022-3913(86)90186-1
https://doi.org/10.1002/cne.902410405
https://doi.org/10.1002/cne.902410405
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref278
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref278
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref278
https://doi.org/10.1111/j.1600-0722.2010.00728.x
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref280
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref280
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref280
https://doi.org/10.1093/cercor/bhu213
https://doi.org/10.1002/cne.901410106
https://doi.org/10.1002/cne.901410106
https://doi.org/10.1073/pnas.0509989103
https://doi.org/10.1002/cne.20247
https://doi.org/10.1523/JNEUROSCI.3468-05.2006
https://doi.org/10.1523/JNEUROSCI.3468-05.2006
https://doi.org/10.1152/jn.1992.67.5.1071

D. Bono et al.

Riecker, A., Ackermann, H., Wildgruber, D., Meyer, J., Dogil, G., Haider, H., Grodd, W.,
2000. Articulatory/phonetic sequencing at the level of the anterior perisylvian
cortex: a functional magnetic resonance imaging (fMRI) study. Brain Lang. 75 (2),
259-276. https://doi.org/10.1006/brln.2000.2356.

Rijntjes, M., Buechel, C., Kiebel, S., Weiller, C., 1999. Multiple somatotopic
representations in the human cerebellum. Neuroreport 10 (17), 3653-3658. https://
doi.org/10.1097,/00001756-199911260-00035.

Ringo, J.L., 1991. Neuronal interconnection as a function of brain size. Brain, Behav.
Evol. 38 (1), 1-6. https://doi.org/10.1159/000114375.

Rizzolatti, G., Camarda, R., Fogassi, L., Gentilucci, M., Luppino, G., Matelli, M., 1988.
Functional organization of inferior area 6 in the macaque monkey. II. Area F5 and
the control of distal movements. Exp. Brain Res. 71 (3), 491-507. https://doi.org/
10.1007/BF00248742.

Rochat, P., 1989. Object manipulation and exploration in 2- to 5-month-old infants. Dev.
Psychol. 25 (6), 871-884. https://doi.org/10.1037/0012-1649.25.6.871.

Rodel, R.M.W., Laskawi, R., Markus, H., 2003. Tongue representation in the lateral
cortical motor region of the human brain as assessed by transcranial magnetic
stimulation. Ann. Otol. Rhinol. Laryngol. 112 (1), 71-76. https://doi.org/10.1177/
000348940311200114.

Rosina, A., Provini, L., 1983. Somatotopy of climbing fiber branching to the cerebellar
cortex in cat. Brain Res. 289 (1), 45-63. https://doi.org/10.1016/0006-8993(83)
90005-7.

Roudaut, Y., Lonigro, A., Coste, B., Hao, J., Delmas, P., Crest, M., 2012. Touch sense.
Channels 6 (4), 234-245. https://doi.org/10.4161/chan.22213.

Rougx, F.-E., Djidjeli, 1., Durand, J.-B., 2018. Functional architecture of the somatosensory
homunculus detected by electrostimulation. J. Physiol. 596 (5), 941-956. https://
doi.org/10.1113/JP275243.

Roux, F.-E., Niare, M., Charni, S., Giussani, C., Durand, J.-B., 2020. Functional
architecture of the motor homunculus detected by electrostimulation. J. Physiol. 598
(23), 5487-5504. https://doi.org/10.1113/JP280156.

Roy, S., Varshney, S., 2013. Oral dermatological conditions: a clinical study. Indian J.
Otolaryngol. Head. Neck Surg. 65 (2), 97-101. https://doi.org/10.1007/5s12070-
011-0347-y.

Ruff, H.A., Saltarelli, L.M., Capozzoli, M., & Dubiner, K. (1992). The Differentiation of
Activity in Infants’ Exploration of Objects. https://doi.org/10.1037/0012-1649.28.5.
851.

Rushmore, RJ, et al., 2019. MRI-based Parcellation and Morphometry of the Individual
Rhesus Monkey Brain: a translational system referencing a standardized ontology.
bioRxiv 699-710.

Saal, H.P., Bensmaia, S.J., 2014. Touch is a team effort: interplay of submodalities in
cutaneous sensibility. Trends Neurosci. 37 (12), 689-697. https://doi.org/10.1016/
j-tins.2014.08.012.

Sakai, K., Watanabe, E., Onodera, Y., Itagaki, H., Yamamoto, E., Koizumi, H.,
Miyashita, Y., 1995. Functional mapping of the human somatosensory cortex with
echo-planar MRI. Magn. Reson. Med. 33 (5), 736-743. https://doi.org/10.1002/
mrm.1910330521.

Sakamoto, K., Nakata, H., Kakigi, R., 2008. Somatosensory-evoked magnetic fields
following stimulation of the tongue in humans. Clin. Neurophysiol. Off. J. Int. Fed.
Clin. Neurophysiol. 119 (7), 1664-1673. https://doi.org/10.1016/j.
clinph.2008.03.029.

Sakamoto, K., Nakata, H., Inui, K., Perrucci, M.G., Del Gratta, C., Kakigi, R., Romani, G.
L., 2010. A difference exists in somatosensory processing between the anterior and
posterior parts of the tongue. Neurosci. Res. 66 (2), 173-179. https://doi.org/
10.1016/j.neures.2009.10.013.

Sanders, 1., Mu, L., 2013. A three-dimensional atlas of human tongue muscles. Anat. Rec.
296 (7), 1102-1114. https://doi.org/10.1002/ar.22711.

Sandler, W., 2009. Symbiotic symbolization by hand and mouth in sign language.
Semiotica 2009 (174), 241-275. https://doi.org/10.1515/semi.2009.035.

Sato, M., Buccino, G., Gentilucci, M., Cattaneo, L., 2010. On the tip of the tongue:
modulation of the primary motor cortex during audiovisual speech perception.
Speech Commun. 52 (6), 533-541. https://doi.org/10.1016/j.specom.2009.12.004.

Satow, T., Ikeda, A., Yamamoto, J.-I., Begum, T., Thuy, D.H.D., Matsuhashi, M.,

Mima, T., Nagamine, T., Baba, K., Mihara, T., Inoue, Y., Miyamoto, S.,
Hashimoto, N., Shibasaki, H., 2004. Role of primary sensorimotor cortex and
supplementary motor area in volitional swallowing: a movement-related cortical
potential study. Am. J. Physiol. Gastrointest. Liver Physiol. 287 (2), G459-470.
https://doi.org/10.1152/ajpgi.00323.2003.

Schlerf, J.E., Verstynen, T.D., Ivry, R.B., Spencer, R.M.C., 2010. Evidence of a novel
somatopic map in the human neocerebellum during complex actions.

J. Neurophysiol. 103 (6), 3330-3336. https://doi.org/10.1152/jn.01117.2009.

Schneider, D.M., Mooney, R., 2018. How movement modulates hearing. Annu. Rev.
Neurosci. 41, 553-572. https://doi.org/10.1146/annurev-neuro-072116-031215.

Sereno, M.I,, Huang, R.-S., 2006. A human parietal face area contains aligned head-
centered visual and tactile maps. Nat. Neurosci. 9 (10), 1337-1343. https://doi.org/
10.1038/nn1777.

Sessle, B.J., Yao, D., Nishiura, H., Yoshino, K., Lee, J.-C., Martin, R.E., Murray, G.M.,
2005. Properties and plasticity of the primate somatosensory and motor cortex
related to orofacial sensorimotor function. Clin. Exp. Pharmacol. Physiol. 32 (1-2),
109-114. https://doi.org/10.1111/j.1440-1681.2005.04137.x.

Sessle, B.J., Adachi, K., Avivi-Arber, L., Lee, J., Nishiura, H., Yao, D., Yoshino, K., 2007.
Neuroplasticity of face primary motor cortex control of orofacial movements. Arch.
Oral. Biol. 52 (4), 334-337. https://doi.org/10.1016/j.archoralbio.2006.11.002.

Shenoy, K.V., Meeker, D., Cao, S., Kureshi, S.A., Pesaran, B., Buneo, C.A., Batista, A.P.,
Mitra, P.P., Burdick, J.W., Andersen, R.A., 2003. Neural prosthetic control signals
from plan activity. Neuroreport 14 (4), 591-596. https://doi.org/10.1097/
00001756-200303240-00013.

22

Neuroscience and Biobehavioral Reviews 139 (2022) 104730

Shibukawa, Y., 2009. Cortical mechanism of oral sensation in human. Int. J. Oral. -Med.
Sci. 8 (2), 65-73. https://doi.org/10.5466/ijoms.8.65.

Shinagawa, H., Ono, T., Ishiwata, Y., Honda, E., Sasaki, T., Taira, M., Iriki, A., Kuroda, T.,
2003. Hemispheric dominance of tongue control depends on the chewing-side
preference. J. Dent. Res. 82 (4), 278-283. https://doi.org/10.1177/
154405910308200407.

Siepel, A., 2009. Phylogenomics of primates and their ancestral populations. Genome
Res. 19 (11), 1929-1941. https://doi.org/10.1101/gr.084228.108.

Simpson, E.A., Sclafani, V., Paukner, A., Kaburu, S.S.K., Suomi, S.J., Ferrari, P.F., 2019.
Handling newborn monkeys alters later exploratory, cognitive, and social behaviors.
Dev. Cogn. Neurosci. 35, 12-19. https://doi.org/10.1016/j.dcn.2017.07.010.

Sinclair, DC, 1972. Muscles and fasciae. Cunningham’s textbook of anatomy. Oxford
University Press, London, pp. 286-299.

Singer, W., Gray, C.M., 1995. Visual feature integration and the temporal correlation
hypothesis. Annu. Rev. Neurosci. 18, 555-586. https://doi.org/10.1146/annurev.
ne.18.030195.003011.

Sirianni, G., Wittig, R.M., Gratton, P., Mundry, R., Schiiler, A., Boesch, C., 2018. Do
chimpanzees anticipate an object’s weight? A field experiment on the kinematics of
hammer-lifting movements in the nut-cracking Tai chimpanzees. Anim. Cogn. 21 (1),
109-118. https://doi.org/10.1007/5s10071-017-1144-0.

Squier, C., 2011. Human Oral Mucosa Development, Structure and Function. Wiley.

Squier, C.A., Kremer, M.J., 2001. Biology of oral mucosa and esophagus. J. Natl. Cancer
Inst. Monogr. 29, 7-15. https://doi.org/10.1093/0xfordjournals.jncimonographs.
a003443.

Squier, C.A., Johnson, N.W., Hopps, R.M., 1976. Human oral Mucosa: Development,
Structure and Function. Blackwell Scientific.

Stal, P., Marklund, S., Thornell, L.-E., De Paul, R., Eriksson, P.-O., 2003. Fibre
composition of human intrinsic tongue muscles. Cells, Tissues, Organs 173 (3),
147-161. https://doi.org/10.1159/000069470.

Standring, S, 2005. Gray’s Anatomy, 39th Edition: The Anatomical Basis of Clinical
Practice, 39th. Churchill Livingstone.

Stavness, I., Lloyd, J.E., Fels, S., 2012. Automatic prediction of tongue muscle activations
using a finite element model. J. Biomech. 45 (16), 2841-2848. https://doi.org/
10.1016/j.jbiomech.2012.08.031.

Stein, B.E., 2012. The New Handbook of Multisensory Processing. MIT Press.

Stein, B.E., Meredith, M.A., 1993. The merging of the senses. The MIT Press.

Stepniewska, I., Fang, P.-C.Y., Kaas, J.H., 2009. Organization of the posterior parietal
cortex in galagos: I. Functional zones identified by microstimulation. J. Comp.
Neurol. 517 (6), 765-782. https://doi.org/10.1002/cne.22181.

Stevenson, R.J., Miller, L.A., McGrillen, K., 2013. The lateralization of gustatory function
and the flow of information from tongue to cortex. Neuropsychologia 51 (8),
1408-1416. https://doi.org/10.1016/j.neuropsychologia.2013.04.010.

Stippich, C., Ochmann, H., Sartor, K., 2002. Somatotopic mapping of the human primary
sensorimotor cortex during motor imagery and motor execution by functional
magnetic resonance imaging. Neurosci. Lett. 331 (1), 50-54. https://doi.org/
10.1016/50304-3940(02)00826-1.

Stokes, D., Matthen, M., Biggs, S. (Eds.), 2015. Perception and Its Modalities (pp. xv,
494). Oxford University Press.

Stone, M., 1990. A three-dimensional model of tongue movement based on ultrasound
and x-ray microbeam data. J. Acoust. Soc. Am. 87 (5), 2207-2217. https://doi.org/
10.1121/1.399188.

Striedter, G.F., 2005. Principles of brain evolution (pp. xii, 436). Sinauer Associates.

Sur, M., Nelson, R.J., Kaas, J.H., 1980. Representation of the body surface in somatic
koniocortex in the prosimianGalago. J. Comp. Neurol. 189 (2), 381-402. https://doi.
org/10.1002/cne.901890211.

Sur, M., Nelson, R.J., Kaas, J.H., 1982. Representations of the body surface in cortical
areas 3b and 1 of squirrel monkeys: comparisons with other primates. J. Comp.
Neurol. 211 (2), 177-192. https://doi.org/10.1002/cne.902110207.

Svensson, P., Romaniello, A., Arendt-Nielsen, L., Sessle, B.J., 2003. Plasticity in
corticomotor control of the human tongue musculature induced by tongue-task
training. Exp. Brain Res. 152 (1), 42-51. https://doi.org/10.1007/500221-003-
1517-2.

Tachibana, T., Yamamoto, H., Takahashi, N., Kamegai, T., Shibanai, S., Iseki, H.,
Nawa, T., 1997. Polymorphism of Merkel cells in the rodent palatine mucosa:
Immunohistochemical and ultrastructural studies. Arch. Histol. Cytol. 60 (4),
379-389. https://doi.org/10.1679/aohc.60.379.

Tame, L., Pavani, F., Braun, C., Salemme, R., Farng, A., Reilly, K.T., 2015. Somatotopy
and temporal dynamics of sensorimotor interactions: evidence from double afferent
inhibition. Eur. J. Neurosci. 41 (11), 1459-1465. https://doi.org/10.1111/
€jn.12890.

Tame, L., Braun, C., Holmes, N.P., Farne, A., Pavani, F., 2016. Bilateral representations of
touch in the primary somatosensory cortex. Cogn. Neuropsychol. 33 (1-2), 48-66.
https://doi.org/10.1080/02643294.2016.1159547.

Tamura, Y., Shibukawa, Y., Shintani, M., Kaneko, Y., Ichinohe, T., 2008. Oral structure
representation in human somatosensory cortex. Neurolmage 43 (1), 128-135.
https://doi.org/10.1016/j.neuroimage.2008.06.040.

Tanriverdi, T., Al-Jehani, H., Poulin, N., Olivier, A., 2009. Functional results of electrical
cortical stimulation of the lower sensory strip. J. Clin. Neurosci. 16 (9), 1188-1194.
https://doi.org/10.1016/j.jocn.2008.11.010.

Thomazo, J.-B., Contreras Pastenes, J., Pipe, C.J., Le Révérend, B., Wandersman, E.,
Prevost, A.M., 2019. Probing in-mouth texture perception with a biomimetic tongue.
J. R. Soc. Interface 16 (159), 20190362. https://doi.org/10.1098/1sif.2019.0362.

Thorn, C.A., Graybiel, A.M., 2014. Differential entrainment and learning-related
dynamics of spike and local field potential activity in the sensorimotor and
associative striatum. J. Neurosci. 34 (8), 2845-2859. https://doi.org/10.1523/
JNEUROSCI.1782-13.2014.


https://doi.org/10.1006/brln.2000.2356
https://doi.org/10.1097/00001756-199911260-00035
https://doi.org/10.1097/00001756-199911260-00035
https://doi.org/10.1159/000114375
https://doi.org/10.1007/BF00248742
https://doi.org/10.1007/BF00248742
https://doi.org/10.1037/0012-1649.25.6.871
https://doi.org/10.1177/000348940311200114
https://doi.org/10.1177/000348940311200114
https://doi.org/10.1016/0006-8993(83)90005-7
https://doi.org/10.1016/0006-8993(83)90005-7
https://doi.org/10.4161/chan.22213
https://doi.org/10.1113/JP275243
https://doi.org/10.1113/JP275243
https://doi.org/10.1113/JP280156
https://doi.org/10.1007/s12070-011-0347-y
https://doi.org/10.1007/s12070-011-0347-y
https://doi.org/10.1037/0012-1649.28.5.851
https://doi.org/10.1037/0012-1649.28.5.851
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref298
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref298
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref298
https://doi.org/10.1016/j.tins.2014.08.012
https://doi.org/10.1016/j.tins.2014.08.012
https://doi.org/10.1002/mrm.1910330521
https://doi.org/10.1002/mrm.1910330521
https://doi.org/10.1016/j.clinph.2008.03.029
https://doi.org/10.1016/j.clinph.2008.03.029
https://doi.org/10.1016/j.neures.2009.10.013
https://doi.org/10.1016/j.neures.2009.10.013
https://doi.org/10.1002/ar.22711
https://doi.org/10.1515/semi.2009.035
https://doi.org/10.1016/j.specom.2009.12.004
https://doi.org/10.1152/ajpgi.00323.2003
https://doi.org/10.1152/jn.01117.2009
https://doi.org/10.1146/annurev-neuro-072116-031215
https://doi.org/10.1038/nn1777
https://doi.org/10.1038/nn1777
https://doi.org/10.1111/j.1440-1681.2005.04137.x
https://doi.org/10.1016/j.archoralbio.2006.11.002
https://doi.org/10.1097/00001756-200303240-00013
https://doi.org/10.1097/00001756-200303240-00013
https://doi.org/10.5466/ijoms.8.65
https://doi.org/10.1177/154405910308200407
https://doi.org/10.1177/154405910308200407
https://doi.org/10.1101/gr.084228.108
https://doi.org/10.1016/j.dcn.2017.07.010
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref317
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref317
https://doi.org/10.1146/annurev.ne.18.030195.003011
https://doi.org/10.1146/annurev.ne.18.030195.003011
https://doi.org/10.1007/s10071-017-1144-0
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref320
https://doi.org/10.1093/oxfordjournals.jncimonographs.a003443
https://doi.org/10.1093/oxfordjournals.jncimonographs.a003443
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref322
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref322
https://doi.org/10.1159/000069470
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref324
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref324
https://doi.org/10.1016/j.jbiomech.2012.08.031
https://doi.org/10.1016/j.jbiomech.2012.08.031
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref326
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref327
https://doi.org/10.1002/cne.22181
https://doi.org/10.1016/j.neuropsychologia.2013.04.010
https://doi.org/10.1016/s0304-3940(02)00826-1
https://doi.org/10.1016/s0304-3940(02)00826-1
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref331
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref331
https://doi.org/10.1121/1.399188
https://doi.org/10.1121/1.399188
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref333
https://doi.org/10.1002/cne.901890211
https://doi.org/10.1002/cne.901890211
https://doi.org/10.1002/cne.902110207
https://doi.org/10.1007/s00221-003-1517-2
https://doi.org/10.1007/s00221-003-1517-2
https://doi.org/10.1679/aohc.60.379
https://doi.org/10.1111/ejn.12890
https://doi.org/10.1111/ejn.12890
https://doi.org/10.1080/02643294.2016.1159547
https://doi.org/10.1016/j.neuroimage.2008.06.040
https://doi.org/10.1016/j.jocn.2008.11.010
https://doi.org/10.1098/rsif.2019.0362
https://doi.org/10.1523/JNEUROSCI.1782-13.2014
https://doi.org/10.1523/JNEUROSCI.1782-13.2014

D. Bono et al.

Toda, T., Kudo, T., 2015. The ventral primary somatosensory cortex of the primate brain:
innate neural interface for dexterous orofacial motor control. In: Sasaki, K.,
Suzuki, O., Takahashi, N. (Eds.), Interface Oral Health Science 2014. Springer,
Japan, pp. 281-291. https://doi.org/10.1007/978-4-431-55192-8_24.

Toda, T., Taoka, M., 2002. Hierarchical somesthetic processing of tongue inputs in the
postcentral somatosensory cortex of conscious macaque monkeys. Exp. Brain Res.
147 (2), 243-251. https://doi.org/10.1007/s00221-002-1239-x.

Toda, T., Taoka, M., 2004. Converging patterns of inputs from oral structures in the
postcentral somatosensory cortex of conscious macaque monkeys. Exp. Brain Res.
158 (1), 43-49. https://doi.org/10.1007/500221-004-1869-2.

Todrank, J., Bartoshuk, L.M., 1991. A taste illusion: taste sensation localized by touch.
Physiol. Behav. 50 (5), 1027-1031. https://doi.org/10.1016/0031-9384(91)90432-
N.

Tomita, K., Murakami, K., Takahashi, M., Ooka, T., Hironaka, S., 2017. Examination of
factors affecting the intraoral perception of object size: a preliminary study. J. Oral.
Rehabil. 44 (4), 237-243. https://doi.org/10.1111/joor.12490.

Topolinski, S., Tiirk Pereira, P., 2012. Mapping the tip of the tongue—deprivation,
sensory sensitisation, and oral haptics. Perception 41 (1), 71-92. https://doi.org/
10.1068/p6903.

Touré, G, Vacher, C, 2006. Anatomic study of tongue architecture based on fetal
histological sections. Surg Radiol Anat 28 (6), 547-552.

Trulsson, M., Essick, G.K., 1997. Low-threshold mechanoreceptive afferents in the
human lingual nerve. J. Neurophysiol. 77 (2), 737-748. https://doi.org/10.1152/
jn.1997.77.2.737.

Trulsson, M., Essick, G.K., 2010. Sensations evoked by microstimulation of single
mechanoreceptive afferents innervating the human face and mouth. J. Neurophysiol.
103 (4), 1741-1747. https://doi.org/10.1152/jn.01146.2009.

Turabelidze, A., Guo, S., Chung, A.Y., Chen, L., Dai, Y., Marucha, P.T., DiPietro, L.A.,
2014. Intrinsic differences between oral and skin keratinocytes. PLoS One 9 (9).
https://doi.org/10.1371/journal.pone.0101480.

Tiirker, K, et al., 2005. Perceptual distortion of face deletion by local anaesthesia of the
human lips and teeth. Exp Brain Res 165 (1), 37-43.

Tiirker, K.S., Johnsen, S.E., Sowman, P.F., Trulsson, M., 2006. A study on synaptic
coupling between single orofacial mechanoreceptors and human masseter muscle.
Exp. Brain Res. 170 (4), 488-500. https://doi.org/10.1007/500221-005-0231-7.

Uematsu, S., Lesser, R., Fisher, R.S., Gordon, B., Hara, K., Krauss, G.L., Vining, E.P.,
Webber, R.W., 1992. Motor and sensory cortex in humans: topography studied with
chronic subdural stimulation. Neurosurgery 31 (1), 59-71. https://doi.org/10.1227/
00006123-199207000-00009.

Urasaki, E., Uematsu, S., Gordon, B., Leser, R.P., 1994. Cortical tongue area studied by
chronically implanted subdural electrodes—with special reference to parietal motor
and frontal sensory responses. Brain: A J. Neurol. 117 (1), 117-132. https://doi.org/
10.1093/brain/117.1.117.

Vainio, L., Tiippana, K., Tiainen, M., Rantala, A., Vainio, M., 2018. Reaching and
grasping with the tongue: shared motor planning between hand actions and
articulatory gestures. Q. J. Exp. Psychol. 71 (10), 2129-2141. https://doi.org/
10.1177/1747021817738732.

Vallbo, A.B., Johansson, R. (1976). Skin mechanoreceptors in the human hand: neural
and psychophysical thresholds. In {C}Y. Zotterman {C}(Ed.), Sensory Functions of the
Skin in Primates (pp. 185-199). Pergamon. https://doi.org/10.1016/B978-0-08
-021208-1.50021-7.

Van Essen, D.C., 1997. A tension-based theory of morphogenesis and compact wiring in
the central nervous system. Nature 385 (6614), 313-318. https://doi.org/10.1038/
385313a0.

Varki, A., Altheide, T.K., 2005. Comparing the human and chimpanzee genomes:
Searching for needles in a haystack. Genome Res. 15 (12), 1746-1758. https://doi.
org/10.1101/gr.3737405.

Vereecke, E.E., Wunderlich, R.E., 2016. Experimental research on hand use and function
in primates. In: Kivell, T.L., Lemelin, P., Richmond, B.G., Schmitt, D. (Eds.), The
Evolution of the Primate Hand: Anatomical, Developmental, Functional, and
Paleontological Evidence. Springer, pp. 259-284. https://doi.org/10.1007/978-1-
4939-3646-5_10.

Vicario, C.M., Rafal, R.D., di Pellegrino, G., Lucifora, C., Salehinejad, M.A., Nitsche, M.
A., Avenanti, A., 2022. Indignation for moral violations suppresses the tongue motor
cortex: preliminary TMS evidence. Soc. Cogn. Affect. Neurosci. 17 (1), 151-159.
https://doi.org/10.1093/scan/nsaa036.

Vincent, D.J., Bloomer, C.J., Hinson, V.K., Bergmann, K.J., 2006. The range of motor
activation in the normal human cortex using bold fMRI. Brain Topogr. 18 (4),
273-280. https://doi.org/10.1007/510548-006-0005-y.

Vuillerme, N., Pinsault, N., Chenu, O., Demongeot, J., Payan, Y., Danilov, Y., 2008.
Sensory supplementation system based on electrotactile tongue biofeedback of head
position for balance control. Neurosci. Lett. 431 (3), 206-210. https://doi.org/
10.1016/j.neulet.2007.11.049.

Walker, A.E., Green, H.D., 1938. Electrical excitability of the motor face area: a
comparative study in primates. J. Neurophysiol. 1 (2), 152-165. https://doi.org/
10.1152/jn.1938.1.2.152.

Walker, W.B., 1990. The oral cavity and associated structures. In: Walker, H.K., Hall, W.
D., Hurst, J.W. (Eds.), Clinical Methods: The History, Physical, and Laboratory
Examinations, 3rd ed..,. Butterworths. (http://www.ncbi.nlm.nih.gov/books/
NBK234/).

23

Neuroscience and Biobehavioral Reviews 139 (2022) 104730

Wang, X., Merzenich, M.M., Sameshima, K., Jenkins, W.M., 1995. Remodelling of hand
representation in adult cortex determined by timing of tactile stimulation. Nature
378 (6552), 71-75. https://doi.org/10.1038/378071a0.

Warren, J.M., Smith, N., Ashwell, M., 2017. A structured literature review on the role of
mindfulness, mindful eating and intuitive eating in changing eating behaviours:
effectiveness and associated potential mechanisms. Nutr. Res. Rev. 30 (2), 272-283.
https://doi.org/10.1017/50954422417000154.

Watanabe, 1., 2004. Ultrastructures of mechanoreceptors in the oral mucosa. Anat. Sci.
Int. 79 (2), 55-61. https://doi.org/10.1111/j.1447-073x.2004.00067 .x.

Wei, X.-X., Stocker, A.A., 2017. Lawful relation between perceptual bias and
discriminability. Proc. Natl. Acad. Sci. 114 (38), 10244-10249. https://doi.org/
10.1073/pnas.1619153114.

Watanabe S., Dawes, W. S, D, 1990. Salivary flow rates and salivary film thickness in five-
year-old children. - PubMed—NCBI.

Weinstein, S. (1968). Intensive and extensive aspects of tactile sensitivity as a function of body
part, sex, and laterality. https://doi.org/null.

Welker, C., 1971. Microelectrode delineation of fine grain somatotopic organization of
(Sml) cerebral neocortex in albino rat. Brain Res. 26 (2), 259-275.

Welker, W.I., Seidenstein, S., 1959. Somatic sensory representation in the cerebral cortex
of the racoon (Procyon lotor). J. Comp. Neurol. 111 (3), 469-501. https://doi.org/
10.1002/cne.901110306.

Whitby, D.J., Ferguson, M.W., 1991. The extracellular matrix of lip wounds in fetal,
neonatal and adult mice. Development 112 (2), 651-668.

Wildgruber, D., Ackermann, H., Klose, U., Kardatzki, B., Grodd, W., 1996. Functional
lateralization of speech production at primary motor cortex: a fMRI study.
Neuroreport 7 (15-17), 2791-2795. https://doi.org/10.1097/00001756-
199611040-00077.

Wilhelms-Tricarico, R., 1995. Physiological modeling of speech production: methods for
modeling soft-tissue articulators. J. Acoust. Soc. Am. 97 (5), 3085-3098. https://doi.
org/10.1121/1.411871.

Wilson, S.A., Thickbroom, G.W., Mastaglia, F.L., 1993. Transcranial magnetic
stimulation mapping of the motor cortex in normal subjects. The representation of
two intrinsic hand muscles. J. Neurol. Sci. 118 (2), 134-144. https://doi.org/
10.1016/0022-510x(93)90102-5.

Wilson, S.M., Saygin, A.P., Sereno, M.L., Iacoboni, M., 2004. Listening to speech activates
motor areas involved in speech production. Nat. Neurosci. 7 (7), 701-702. https://
doi.org/10.1038/nn1263.

Woll, B., 2014. Moving from hand to mouth: echo phonology and the origins of language.
Front. Psychol. 5, 662. https://doi.org/10.3389/fpsyg.2014.00662.

Won, S.-Y., Kim, H.-K., Kim, M.-E., Kim, K.-S., Won, S.-Y., Kim, H.-K., Kim, M.-E., Kim, K.-
S., 2017. Two-point discrimination values vary depending on test site, sex and test
modality in the orofacial region: a preliminary study. J. Appl. Oral. Sci. 25 (4),
427-435. https://doi.org/10.1590/1678-7757-2016-0462.

Woolsey, C.N., Marshall, W.H., Bard, P., 1942. Representation of cutaneous tactile
sensibility in the cerebral cortex of the monkey as indicated by evoked potentials.
Johns. Hopkins Hosp. Bull. 70, 399-441.

Woolsey, CN, Wang, GH, 1945. Somatic sensory areas I and II of the cerebral cortex of
the rabbit. Fed Proc.

Xiao, F.-L., Gao, P.-Y., Qian, T.-Y., Sui, B.-B., Xue, J., Zhou, J., Lin, Y., 2017. Cortical
representation of facial and tongue movements: a task functional magnetic
resonance imaging study. Clin. Physiol. Funct. Imaging 37 (3), 341-345. https://doi.
org/10.1111/cpf.12304.

Yamamoto, T., Matsuo, R., Kawamura, Y., 1980. Localization of cortical gustatory area in
rats and its role in taste discrimination. J. Neurophysiol. 44 (3), 440-455. https://
doi.org/10.1152/jn.1980.44.3.440.

Yamamoto, T., Yuyama, N., Kawamura, Y., 1981. Cortical neurons responding to tactile,
thermal and taste stimulations of the rat’s tongue. Brain Res. 221 (1), 202-206.
https://doi.org/10.1016/0006-8993(81)91075-1.

Yamamoto, T., Matsuo, R., Kiyomitsu, Y., Kitamura, R., 1988. Sensory inputs from the
oral region to the cerebral cortex in behaving rats: an analysis of unit responses in
cortical somatosensory and taste areas during ingestive behavior. J. Neurophysiol.
60 (4), 1303-1321. https://doi.org/10.1152/jn.1988.60.4.1303.

Yamashita, H., Kumamoto, Y., Nakashima, T., Yamamoto, T., Inokuchi, A., Komiyama, S.
(1999). Magnetic sensory cortical responses evoked by tactile stimulations of the
human face, oral cavity and flap reconstructions of the tongue. European Archives of
Oto-Rhino-Laryngology: Official Journal of the European Federation of Oto-Rhino-
Laryngological Societies (EUFOS): Affiliated with the German Society for Oto-Rhino-
Laryngology - Head and Neck Surgery, 256 Suppl 1, S42-46. https://doi.org/
10.1007/pl00014152.

Yousef, H., Alhajj, M., Sharma, S. (2019). Anatomy, Skin (Integument), Epidermis. In
StatPearls. StatPearls Publishing. http://www.ncbi.nlm.nih.gov/books/
NBK470464/.

Yousem, D.M., Chalian, A.A., 1998. Oral cavity and pharynx. Radiol. Clin. North Am. 36
(5), 967-981.

Zalevsky, Z., Belkin, M., 2013. Seeing sense: tactile corneal stimulation turning touch
into vision. Expert Rev. Ophthalmol. 8 (6), 517-520. https://doi.org/10.1586/
17469899.2013.844068.

Ziermann, J.M., Diogo, R., Noden, D.M., 2018. Neural crest and the patterning of
vertebrate craniofacial muscles. Genesis, €23097. https://doi.org/10.1002/
dvg.23097.

Zur, et al., 2004. Distribution pattern of the human lingual nerve. Clin Anat 17 (2),
88-92.


https://doi.org/10.1007/978-4-431-55192-8_24
https://doi.org/10.1007/s00221-002-1239-x
https://doi.org/10.1007/s00221-004-1869-2
https://doi.org/10.1016/0031-9384(91)90432-N
https://doi.org/10.1016/0031-9384(91)90432-N
https://doi.org/10.1111/joor.12490
https://doi.org/10.1068/p6903
https://doi.org/10.1068/p6903
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref350
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref350
https://doi.org/10.1152/jn.1997.77.2.737
https://doi.org/10.1152/jn.1997.77.2.737
https://doi.org/10.1152/jn.01146.2009
https://doi.org/10.1371/journal.pone.0101480
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref354
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref354
https://doi.org/10.1007/s00221-005-0231-7
https://doi.org/10.1227/00006123-199207000-00009
https://doi.org/10.1227/00006123-199207000-00009
https://doi.org/10.1093/brain/117.1.117
https://doi.org/10.1093/brain/117.1.117
https://doi.org/10.1177/1747021817738732
https://doi.org/10.1177/1747021817738732
https://doi.org/10.1016/B978-0-08-021208-1.50021-7
https://doi.org/10.1016/B978-0-08-021208-1.50021-7
https://doi.org/10.1038/385313a0
https://doi.org/10.1038/385313a0
https://doi.org/10.1101/gr.3737405
https://doi.org/10.1101/gr.3737405
https://doi.org/10.1007/978-1-4939-3646-5_10
https://doi.org/10.1007/978-1-4939-3646-5_10
https://doi.org/10.1093/scan/nsaa036
https://doi.org/10.1007/s10548-006-0005-y
https://doi.org/10.1016/j.neulet.2007.11.049
https://doi.org/10.1016/j.neulet.2007.11.049
https://doi.org/10.1152/jn.1938.1.2.152
https://doi.org/10.1152/jn.1938.1.2.152
http://www.ncbi.nlm.nih.gov/books/NBK234/
http://www.ncbi.nlm.nih.gov/books/NBK234/
https://doi.org/10.1038/378071a0
https://doi.org/10.1017/S0954422417000154
https://doi.org/10.1111/j.1447-073x.2004.00067.x
https://doi.org/10.1073/pnas.1619153114
https://doi.org/10.1073/pnas.1619153114
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref371
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref371
https://doi.org/10.1002/cne.901110306
https://doi.org/10.1002/cne.901110306
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref373
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref373
https://doi.org/10.1097/00001756-199611040-00077
https://doi.org/10.1097/00001756-199611040-00077
https://doi.org/10.1121/1.411871
https://doi.org/10.1121/1.411871
https://doi.org/10.1016/0022-510x(93)90102-5
https://doi.org/10.1016/0022-510x(93)90102-5
https://doi.org/10.1038/nn1263
https://doi.org/10.1038/nn1263
https://doi.org/10.3389/fpsyg.2014.00662
https://doi.org/10.1590/1678-7757-2016-0462
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref380
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref380
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref380
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref381
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref381
https://doi.org/10.1111/cpf.12304
https://doi.org/10.1111/cpf.12304
https://doi.org/10.1152/jn.1980.44.3.440
https://doi.org/10.1152/jn.1980.44.3.440
https://doi.org/10.1016/0006-8993(81)91075-1
https://doi.org/10.1152/jn.1988.60.4.1303
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref386
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref386
https://doi.org/10.1586/17469899.2013.844068
https://doi.org/10.1586/17469899.2013.844068
https://doi.org/10.1002/dvg.23097
https://doi.org/10.1002/dvg.23097
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref389
http://refhub.elsevier.com/S0149-7634(22)00219-6/sbref389

	Beyond language: The unspoken sensory-motor representation of the tongue in non-primates, non-human and human primates
	1 Introduction
	1.1 Why is the tongue an outlier in the sensorimotor system? A brief anatomical survey
	1.2 The unique histological composition of the tongue
	1.3 Lingual myoarchitecture
	1.4 Sensory-motor innervation of tongue muscles
	1.5 BOX 1 Tongue representations in cerebello-thalamic-cortical circuits
	1.6 Tactile capacities of the human tongue
	1.7 Tongue motor kinematics

	2 Cortical bases of the sensory-motor processing in non-human mammals
	2.1 Neural substrates of tongue somato-motor processing in non-primate mammals
	2.2 Tongue representations in primate somatosensory cortex
	2.3 Multiple tongue-responsive fields in primary somatosensory cortex of non-human primates
	2.4 Functional organization of tongue-responsive fields in primary somatosensory cortex of non-human primates
	2.5 Somato-motor response properties of tongue-responsive somatosensory neurons in non-human primates
	2.6 Plasticity of the somato-motor tongue representation in non-human primates
	2.7 Neural representation of self-generated tongue actions in non-primates and non-human primate motor cortex

	3 Neural bases of tongue sensory-motor processing in human normative and clinical populations
	3.1 Cortical representation of human tongue somatosensation
	3.2 Cortical representation of voluntary tongue movements
	3.3 Cortical representation of tongue automatic motor processing
	3.4 Plasticity of tongue-related action representation in humans
	3.5 Encoding properties and multisensory properties of sensory-motor tongue-responding neurons in humans
	3.6 Does cortical organization of the tongue area differ between human and non-human primates?

	4 Summary
	Data Availability
	Acknowledgements
	References


