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Abstract
The study of spatial maps of the ventral sensory-motor cortex (vSMC) dates back to the earliest
cortical stimulation studies. This review surveys a number of recent and historical reports of the
features and function of spatial maps within vSMC towards the human behavior of speaking.
Representations of the vocal tract, like other body parts, are arranged in a somatotopic fashion
within ventral SMC. This region has unique features and connectivity that may give insight into its
specialized function in speech production. New methods allow us to probe further into the
functional role of this organization by studying the spatial dynamics of vSMC during natural
speaking in humans.

Introduction
Speaking is a unique and defining human behavior. It is carried out by precise, controlled
movements of different parts of the vocal tract, known as articulators, which are closely
coordinated with the larynx and respiration. Speech articulation is often described as the
most complex motor behavior because over 100 muscles are involved, and the movements
occur on an extremely rapid time scale. Despite its complexity, nearly all of us learn to
master this skill to speak fluently and effortlessly [1].

A key brain area in the neural control of articulation is the ventral portion of the sensory-
motor cortex (vSMC). Injuries to this area produce motor deficits in articulation, called
dysarthria [2]. In comparison to the dorsal sensorimotor cortical regions involved in arm
reaching and hand function, the neurobiology of vSMC is relatively understudied. The
vSMC features some important anatomic and functional differences from dorsal sensory-
motor cortex, while sharing others. For example, in contrast to the dorsal areas, vSMC
projects via the corticobulbar tract to the oro-facial motor nuclei, and ultimately to the
articulatory muscles. vSMC has connections with higher-order cortical areas such as the
anterior cingulate and supplementary motor area, basal ganglia, and cerebellum.

In classic studies, the vSMC has been described by its somatotopic organization of face and
oro-pharynx representations. These areas are involved in controlling such non-speech
movements as facial expressions, tongue movements, and swallowing. However, over the
past decade we have begun to learn more about how this same cortical area mediates a
totally different functional purpose in the production of vocal speech.
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The goal of this review is to address the functional organization of the vSMC in the context
of speaking, broadly focused on three central topics: 1) somatotopy of speech articulator
representations, 2) potential neuroanatomical specializations for speech in humans, and 3)
organization of distributed spatial patterns of cortical activity during speech.

The somatotopy of speech articulators in vSMC
Electrical stimulation studies provided the earliest description of the human vSMC
somatotopy from Penfield and Foerster [3]. The popular conception of vSMC organization
features a highly stereotyped, discretely ordered progression of representations for the lips,
jaw, tongue, and pharynx/larynx, respectively, along the dorsal-to-ventral orientation of the
central sulcus (Fig 1a) [4–8]. However, the full details of their qualitative descriptions
actually portray a more complex picture of organization. Cortical regions representing
separate, but neighboring, parts occupied overlapping regions of cortex such that a given
point on vSMC may fall within the region for several, neighboring body parts. Generally,
there was a strong bias for motor responses on the precentral gyrus and somatosensory
responses on the postcentral, but this boundary is not absolute: motor and sensory responses
have been described on both sulci [4,9].

Some examples of motor responses evoked by cortical stimulation are contralateral pulling
of the mouth, twitching of the lips, simple opening or closing of the mouth, or swallowing.
Sensory responses were usually reported as tingling in a given body part, sometimes with
extreme precision, for example, the contralateral right tip upper tooth. Responses rarely if
ever corresponded to proprioceptive sensation or the perception of movement [4].

Utilizing the increased spatial resolution of intracortical microstimulation in nonhuman
primates, which applies a small amount of current at varying depths in the cortex, the
localization of individual muscles rather than body parts was possible. This technique
confirmed the somatotopic organization, but revealed that individual muscles did not appear
to have a somatotopic organization, and there were multiple loci that evoked movement
from the same muscle [10–13]. More recent ICMS studies in nonhuman primates (NHPs)
have shown that stimulating motor regions for a relatively long time scale (500ms) results in
complex movements of muscle groups [14–16] (e.g. rhythmic jaw movements), as opposed
to the simple twitches resulting from shorter stimulation. Nonetheless, it is important to note
that linguistically meaningful sounds such as simple syllables or words have never been
evoked during stimulation [2,4].

With the advent of functional imaging such as PET and fMRI it became possible to
noninvasively study humans during vocalization, with enough spatial resolution to
investigate somatotopic maps. These studies have generally recapitulated the stimulation
findings about the cortical representation of the lips, jaw and tongue [17–21].

While there is agreement about the general somatopic layout of the lips, jaw and tongue in
vSMC, there have been inconsistencies in the localization of the larynx representation. Some
studies have placed it at the most ventral position of vSMC, which is similar to the
conclusions of many studies in both humans and primates [22–24]. Others have noted a
laryngeal motor area just dorsal of the lip representation [20,21,25]. This more dorsal
location has not been described in NHPs, but it is located near sites that vocalization has
been elicited in humans [2,4]. While the existence of somatotopy in vSMC is fairly clear, its
consequences for control of speech production are not clear.

Recently, electrocorticography was used to investigate the functional organization of ventral
sensorimotor cortex during a task in which patients produced a large number of consonant-
vowel syllables [26]. Electrocorticography (ECoG) in humans can be carried out in specific

Conant et al. Page 2

Curr Opin Neurobiol. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



clinical conditions and involves the surgical implantation of an array of electrodes directly
on the cortical surface, and thereby providing high spatial and temporal resolution. Unlike
the unnatural and simple movements of single articulators evoked by electrical stimulation,
the production of meaningful speech sounds requires the precisely coordinated control of
multiple articulators. The authors leveraged the variability in articulatory patterns associated
with this large corpus of speech sounds to quantitatively assign a dominant articulator (lips,
jaw, tongue, or larynx) representation to the cortical activity recorded at each electrode.
Because of the superior temporal resolution, cortical activity could be parsed out at the level
of phonemes.

In this fashion, the cortical organization of all articulators could be derived without the need
to isolate the movement of articulators using non-speech tasks or a limited set of carefully
chosen speech sounds with constrained production. Although articulator representations
were partially overlapping in both space and time, a dorsal-to-ventral organization of
articulator representations was found (Fig 1b). This organization featured two separate
representations of the larynx, with one site located ventral to the tongue, and the other dorsal
to the lips. The dorsal representation is approximately the same as those seen in fMRI
[20,25], but the ventral representation is similar to sites for throat seen in human stimulation
studies [2,4]. The presence of this more dorsal site which was found over the precentral
gyrus, has not been described in NHP, and raises an interesting question about differences
between humans and NHPs that may have a role in the production of speech. Evidence using
transcranial magnetic stimulation in humans suggests a potential differentiation between
localized representations of different laryngeal muscles, with the cricothryroid muscle
dorsally and the vocalis ventrally. Evoked movements of the vocalis in the ventral region
have been confirmed using direct cortical stimulation as well [27,28].

Specializations within human vSMC for speech
NHPs have largely homologous orofacial anatomical structures and do vocalize, but do not
have the capacity to produce the same repertoire of speech sounds as humans. The
functional and anatomical differences between humans and NHPs with respect to speech
may inform what features of oro-facial sensorimotor cortex are integral to speech
production. One such difference has been evoked vocalization observed in human cortical
stimulation studies. This was typically described as a prolonged phonation, sounding like
‘ahhh…’, which continues throughout the duration of the stimulation [2]. Within vSMC,
these sites are clustered along the central sulcus just dorsal to the representation of the lips
on the precentral gyrus [2,4]. In NHP studies, a region in the ventral-most premotor cortex
has been identified that, when stimulated, produces vocal fold movement. However,
vocalization has never been produced from cortical stimulation of this or any other
sensorimotor area in NHP [29–31].

Anatomically, two descending pathways exist in primates: a direct, bi-lateral projection
between motor cortex and the oro-facial motor nuclei in the pontine and medullar level of
the brain stem, and another indirect projection to the oro-facial motor nuclei via interneurons
within the reticular formation. This indirect pathway interfaces with other descending
cortical areas involved in vocal production at the reticular formation, such as the anterior
cingulate cortex [32,33,10]. Although the direct path is found only in primates, humans have
an additional direct connection from larynx motor cortex to the nucleus ambiguus, which
innervates the laryngeal muscles [34,35,33]. Given the short synaptic distance between
vSMC and the muscles of the speech articulators, activity in vSMC is likely closely tied to
the generation of movement of the speech articulators. Furthermore, the additional
descending pathway from ventral laryngeal motor cortex found only in humans may be a
neuroanatomical specialization for speech.
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In humans, patients with lesions of unilateral oro-facial sensory-motor cortex suffer
temporary dysarthria, or “thickness of speech”, but this improves with time until there is no
noticeable deficit [2]. This is often also associated with deficits in nonspeech function as
well, such as contralateral weakness of facial or tongue protrusion. However, bilateral loss
of vSMC results in complete loss of voluntary control of the speech articulators [36–38,33].
Together, lesion studies in humans suggest that vSMC is necessary for speech, and that there
is some degree of redundant bilateral control [16,39].

Lesion studies from non-human primates (NHP) suggest a specific role for ventral motor
cortex in producing learned vocalizations. In NHPs, oro-facial motor cortex can be removed
without affecting unlearned species-specific vocalizations [40,41]. However, if the animal is
trained to do a task that involves precise volitional oro-facial control (e.g. produce constant
force with the tongue), deactivation of sensorimotor cortex results in pronounced deficits
[42,41]. This implies that oro-facial motor cortex is specifically recruited in the control of
learned, volitional oro-facial tasks, and not more innate vocal behaviors [41,33]. This
discrimination between innate and learned vocal behaviors is thought to arise at the level of
the direct vs. indirect pathway; the direct is necessary for volitional articulator control while
the indirect is necessary for innate orofacial behaviors [33,25].

A great deal of the evidence above points towards a special role of the larynx representation
within vSMC for speech. More so than any other part of vSMC, the larynx seems to carry
inconsistencies between humans and NHP that are relevant to speech. It has been proposed
that the functional and anatomical differences in laryngeal motor representation may
underlie the some differences in capacity for speaking [33,25,26]. It appears to represent an
important exception to the general principles of somatotopic organization of the
sensorimotor cortex and warrants further investigation.

What is the functional organization of speech sounds?
The somatotopic maps up to this point describe the representation of individual articulators
on the cortical surface. However, the generation of speech sounds is not accomplished
through the simple movement of a single articulator, but rather the precise coordination of
multiple articulators. Therefore, in order to understand the functional organization of speech
in vSMC it is necessary to move away from static descriptions of somatotopy and instead
analyze the population-derived spatial patterns of cortical activity during unconstrained
production of a variety of speech sounds. Bouchard et al used principal component analysis
to transform the population neural activity into a ‘cortical state-space’ that best describes the
cortical patterns associated with the produced syllables. Capitalizing upon the high temporal
resolution of ECoG, it was possible to temporally disambiguate the cortical activity
associated with consonants and vowels (Fig 2).

An examination of the organization of both consonants and vowels in this cortical state-
space revealed that different phonemes were clustered according to the major oral
articulators engaged during production (i.e. the dorsal tongue, coronal tongue, and lips).
Furthermore, a detailed analysis of phoneme representations revealed a rich, hierarchical
organization of ‘phonetic features’, which also emphasized the major oral articulators, but
additionally demonstrated that the place of constriction with-in a given articulator was the
secondary organizing principle, followed by the degree of constriction. Therefore, the spatial
patterns of cortical activity across multiple speech articulators were used to understand the
organization of phoneme representations across the vSMC network. This organization likely
reflects the coordinative patterns across articulatory motions during speech. The somatotopic
and phonemic feature maps during speech production are both important principles of
vSMC mesoscale spatial organization. Deriving the mathematical mapping from
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somatotopic organization to phonemic feature organization in this way is critical to
understanding the role of somatotopy in speech production.

Conclusions
Previous research has described the basic organization of maps within human sensorimotor
cortex, but we are only beginning to understand the functional significance of vSMC
somatotopy in speech. Many of the same questions that were investigated decades ago are
still relevant to the study of speech production today. What is the relevance of somatotopy to
models of speech motor control? Where does the precise coordination of articulators
originate? How does vSMC functionally relate to other speech areas? To what degree is the
vSMC activity for a phoneme categorical and to what degree does it depend on surrounding
phonemes? New tools that afford increased spatial and temporal precision to record brain
activity, combined with more detailed monitoring of speech articulators, will allow us to
more fully address these questions in the near future.
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Highlights

- Somatotopy of speech articulators is localized to ventral sensory-motor
cortex.

- vSMC may have certain functional and anatomical specializations for speech.

- Dynamics of vSMC are organized by phonetic features.
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Figure 1. Somatotopic organization of vSMC
A) Spatial organization of the lips, jaw, tongue in the ‘homunculus’ as described by classic
early stimulation studies. Adapted from Penfield 1959. B) Functional organization of the
vSMC derived using electrocorticographic recordings during speech. The overall ordering of
representations of the vocal tract is the same as previously described by Penfield, except that
two laryngeal areas were identified in the dorsal- and ventral-most aspects of the vSMC. The
layout of speech articulators was more fractured and overlapping than previous depictions
(Bouchard et al., 2013).
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Figure 2. vSMC electrode dynamics
Each axis corresponds to high gamma activity from a given electrode representing selected
speech articulators (e.g. lips, dorsal tongue, coronal tongue). These plots help visualize the
trajectory of the ‘cortical state’ across time during the production of a speech sound. Speech
sounds that each have a different primary articulator (e.g. labial, coronal tongue, and dorsal
tongue, in /ba/, /da/, and /ga/, respectively) (A) show divergent trajectories across the
timecourse of the production, while speech sounds that have the same primary articulator
(e.g. the coronal tongue in /na/, /la/, /ta/)(B) have very similar trajectories.
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