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Classical models have traditionally focused on the left posterior inferior frontal gyrus (Broca’s area) as a key region for motor
planning of speech production. However, converging evidence suggests that it is not critical for either speech motor planning
or execution. Alternative cortical areas supporting high-level speech motor planning have yet to be defined. In this review,
we focus on the precentral gyrus, whose role in speech production is often thought to be limited to lower-level articulatory
muscle control. In particular, we highlight neurosurgical investigations that have shed light on a cortical region anatomically
located near the midpoint of the precentral gyrus, hence called the middle precentral gyrus (midPrCG). The midPrCG is func-
tionally located between dorsal hand and ventral orofacial cortical representations and exhibits unique sensorimotor and mul-
tisensory functions relevant for speech processing. This includes motor control of the larynx, auditory processing, as well as
a role in reading and writing. Furthermore, direct electrical stimulation of midPrCG can evoke complex movements, such as
vocalization, and selective injury can cause deficits in verbal fluency, such as pure apraxia of speech. Based on these findings,
we propose that midPrCG is essential to phonological-motoric aspects of speech production, especially syllabic-level speech
sequencing, a role traditionally ascribed to Broca’s area. The midPrCG is a cortical brain area that should be included in con-
temporary models of speech production with a unique role in speech motor planning and execution.

Introduction
Speech production requires motor planning and control of vocal
tract muscles to speak fluently. The generation of a proper
sequence of motor commands before articulation poses a unique
neurocomputational challenge for the human brain given how
quickly and precisely vocal tract movements must be made.

The classic language model posits that a single frontal region,
Broca’s area in the left posterior inferior frontal gyrus (IFG), is
responsible for speech motor planning (Broca, 1861; Geschwind,
1970). Broca’s area is thought to transform phonological repre-
sentations (the auditory speech sounds that comprise utterances)
into sequences of motor commands able to be executed by the
motor cortex in the ventral precentral gyrus (vPrCG), which
projects to vocal tract muscles (Geschwind, 1970) (Fig. 1A).

The role of Broca’s area, however, is highly controversial.
Accumulating evidence strongly challenges its involvement in
articulatory control, as patients with focal stroke or surgical

resection to Broca’s area in the left IFG regularly fail to exhibit
Broca’s aphasia (Mohr et al., 1978; Benzagmout et al., 2007;
Rolston et al., 2015; Gajardo-Vidal et al., 2021; Mandonnet and
Duffau, 2021; Andrews et al., 2022; Wilson et al., 2022). In neu-
rosurgical clinical settings, this debate has direct implications for
patient care and decision-making. For example, a brain tumor
that is newly discovered in the anatomic boundaries of Broca’s
area is often presumed to be inoperable. This influences the deci-
sion on whether to biopsy alone or resect the tumor, which will
significantly affect long-term prognosis and quality of life for the
patient (Chang et al., 2011).

This paper is not meant to be a general review of speech
production research, but rather to describe the specific per-
spectives and experiences gained through neurosurgery
in “eloquent” brain regions. Neurosurgery offers a unique
opportunity to directly observe language operations in the
human brain from multiple angles. First, careful behavioral
study of patients before and after surgery can reveal new
associations between lesions and speech symptoms. Data
from surgical patients can complement data from stroke or
neurodegenerative patients because surgical lesions and
resection can occur in virtually any cortical region unlike
vascular-defined patterns in stroke or degenerative atrophy
patterns which can be confounding. Second, direct access to
the cortex facilitates higher spatial and temporal resolution
investigations from neural recording techniques, such as
electrocorticography (ECoG) and single-neuron recordings.
Third, access to the cortex during brain mapping procedures
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Figure 1. A, Classical view of speech production in the brain, which is the foundation for many contemporary models. Arrows indicate left hemisphere information transfer from Wernicke’s
area (posterior temporoparietal) to Broca’s area (left posterior IFG) to the vPrCG for motor execution. B, Proposed model with an emerging role for the midPrCG in speech production. We pro-
pose that the midPrCG receives inputs from Wernicke’s region (posterior temporoparietal, solid arrow) and communicates with other key frontal regions (dashed arrows) during speech produc-
tion. C, Left, The anatomic location of the midPrCG and neighboring functional regions. Right, Examples of speech involvements seen in the region. Colored points in the zoom-in view on the
right indicate observed functions, via ECoG or stimulation. The location of the points is approximate and does not reflect precise localization. Text labels and dotted outlines indicate the relative
location of vocal tract motor representations (dLMC: dorsal laryngeal motor cortex; vLMC: ventral laryngeal motor cortex). D, Illustration of proposed midPrCG functions, occurring both before
and during speech production: namely, speech motor planning of phonological sequences and laryngeal control. Projections from the midPrCG are sent to the nucleus ambiguous in the brain-
stem where motor neurons send innervations to the larynx. Dotted black line indicates the onset of production. Red line with fading color indicates time span of the midPrCG’s role in speech
motor planning, which starts before the speech onset and may continue throughout production. Red line with arrow indicates proposed communications between midPrCG and posterior tem-
poroparietal regions to support speech motor planning. E, Neural processes that give rise to speech output. Speech motor planning specifically refers to transforming generated phonological
sequences (e.g., syllable sequences) into aspects of a motor representation to properly shape the vocal tract through execution of direct motor control.
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also allows for direct electrocortical stimulation which can
evoke transient speech behavioral movements or deficits
from precise locations.

In this review, we focus on how these neurosurgical techni-
ques have provided new insights into the mechanisms of speech
production. We draw on historical and contemporary advance-
ments to propose that a novel region on the precentral gyrus,
which we refer to as the middle precentral gyrus (midPrCG), is a
critical, yet often-overlooked node in the speech production net-
work (Fig. 1B). The midPrCG includes both primary motor cor-
tex and premotor cortex and has important functions for speech
production, including motor planning and execution. We begin
by defining the key anatomic landmarks of the region. Next, we
review the numerous, but disparate speech-related findings
implicated to this region and propose a potential shared role in
internal generative speech production, which supports speech
motor planning. Finally, we speculate how the midPrCG fits into
the broader language network and enumerate key future direc-
tions in better understanding its role.

General functional and anatomic characteristics
Human sensorimotor cortex is composed of the precentral and
postcentral gyri. The precentral gyrus can be further subdivided
into premotor and primary motor cortex. In speech production
models, the precentral gyrus’ role is often primarily limited to
execution of motor plans for control of the vocal tract muscles
(Hickok, 2012; Guenther, 2016). The postcentral gyrus is concep-
tualized as the primary region responsible for somatosensory
input and feedback. Abundant evidence, across comparative
domains of neurophysiology, has challenged these assump-
tions. Premotor cortex has been found to show activations
that are correlated with higher-order characteristics of a motor
task, such as planning and sensory monitoring (Pearce and
Moran, 2012; Fang et al., 2019; Fornia et al., 2020; Takei et al.,
2021), in addition to having direct projections to the vocal tract
muscles (Cerkevich et al., 2022). Primary motor cortex has a
capacity to encode functional task states and integrate sensory
inputs into motor plans, functions beyond direct activation of
musculature (Salinas and Romo, 1998; Pruszynski et al., 2011;
Fuertinger et al., 2015; Griffin et al., 2015; McCrimmon et al.,
2018). Thus, there is strong evidence that the precentral gyrus
need not be limited to execution of muscle motor commands
and instead may also play a role in generating the proper motor
plans.

The midPrCG, as presently defined, encompasses both tradi-
tionally defined primary motor cortex (Brodmann area 4) and pre-
motor cortex (Brodmann area 6) (Brodmann, 1909, 1910). It is
bound caudally by the central sulcus and rostrally by the precentral
sulcus (Fig. 1C). We refer to it as “middle” because it is anatomically
positioned posterior to the middle frontal gyrus, and anatomically
near the midpoint of the lateral precentral gyrus. We also use “mid-
dle” to make distinction from “dorsal” and “ventral” precentral
cortical regions which have distinct functions. Functionally, the
midPrCG is bound by a hand motor representation dorsally (“hand
knob”), and a motor representation of oral and facial muscles ven-
trally. The frontal eye fields are located rostrally, in addition to lan-
guage-related areas in the posterior middle frontal gyrus (to be
discussed below). Of note, we have observed that separation of the
midPrCG from the hand motor area is often marked by an ana-
tomic landmark of a small transverse sulcus that extends from the
precentral sulcus and traverses across the precentral gyrus.

Many studies have implicated midPrCG across a variety of
language or speech tasks. We will begin by discussing the most

direct motor role observed in the midPrCG, control of the
larynx.

Motor control of the larynx
The larynx is an essential vocal tract structure for generating
voiced speech sounds and modulating pitch in speech for into-
nation. Early electrical stimulation studies found orofacial
motor representations on the vPrCG with a single cortical
representation per body part organized in a somatotopic body
map layout (Leyton and Sherrington, 1917; Penfield and
Boldrey, 1937). That is, adjacent cortical areas generally repre-
sent adjacent body locations. In one of the earliest such studies
in humans, neurosurgeon Harvey Cushing described a laryn-
geal representation in the ventral most portion of the precen-
tral gyrus, directly adjacent to the Sylvian fissure (Cushing,
1909; Pendleton et al., 2012). Later, in his original descriptions
of the motor cortex, Penfield was noncommittal about a laryn-
geal localization possibly because the movements of the larynx
were not readily visible during his intraoperative explorations
with awake patients. Penfield did, however, describe two speech-
related phenomena, speech arrest and vocalization, during elec-
trical cortical stimulation (Penfield and Rasmussen, 1949).
Speech arrest and vocalization were reportedly observed at mul-
tiple locations and partially overlapped with induced orofacial
movements from the precentral and postcentral gyrus. The topic
was revisited in humans over 50years later with the use of func-
tional magnetic resonance imaging (fMRI). Studies in rhesus mon-
keys and humans, with fMRI, provided conflicting accounts of
cortical localization of the larynx (Jürgens, 1974; Simonyan and
Jürgens, 2003; Terumitsu et al., 2006; Brown et al., 2008;
Grabski et al., 2012).

In Bouchard et al. (2013), we studied the dynamic cortical
representations of speech syllables and related the underlying
millimeter and millisecond resolution of ECoG neurophysiol-
ogy with articulator representations. Functional representa-
tions for the lips, jaw, tongue, and larynx could be identified.
However, a result that we did not anticipate was the observa-
tion of two laryngeal representations in the precentral gyrus.
One was observed in the ventral most aspect near the subcen-
tral gyrus, a U-shaped gyrus where the central sulcus termi-
nates. The other was found to be more dorsal, between the
hand and lip functional representations. This was unexpected
because it did not fit the known somatotopic layout of the
body parts, that progresses from the front of the face/mouth
toward the throat as you move from dorsal to ventral. We
called the more dorsal area “dorsal laryngeal motor cortex”
(dLMC) and the more ventral area “ventral LMC” (vLMC).
The dLMC was the dorsal-most vocal tract speech articulator
representation found and falls within the region we now
define as the midPrCG. Notably, the functional localization of
the dLMC and vLMC has been confirmed by a recent fMRI
study that used novel analysis techniques to account for indi-
vidual variation and breathing that may have complicated ear-
lier imaging attempts (Eichert et al., 2020).

To better understand and confirm this localization, we per-
formed a set of ECoG experiments where it was found that
dLMC activity was strongly correlated with pitch control during
the prosodic intonation of speech (Dichter et al., 2018). Pitch is
modulated by tensing and relaxing the vocal folds through con-
traction of the cricothyroid and thyroarytenoid muscles in the
larynx, respectively. Of note, dLMC activity was correlated with
pitch during both speaking and singing with bilateral representa-
tions. dLMC auditory responses, tuned to vocal pitch changes,
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were also observed when microphone recordings of the partici-
pant’s spoken utterances were played back through audio speak-
ers. Voicing, which is created by a different laryngeal movement
of adduction of the vocal folds, was found to be localized to both
dLMC and vLMC.

The existence of auditory pitch responses in the dLMC could
suggest that the observed cortical responses were primarily from
feedback, and not actual motor efferent signals to the larynx. We
therefore applied electrocortical stimulation to both the dLMC
and vLMC and documented evoked contractions of laryngeal
musculature, as measured by electromyography during asleep
brain mapping surgeries (Dichter et al., 2018). Additionally, dur-
ing awake surgery brain mapping, we discovered that electrical
stimulation of the dLMC selectively evoked involuntary vocaliza-
tion. This observation contrasts with Penfield’s description that
vocalization could be elicited throughout the precentral gyrus.
Vocalization is a more complex movement that requires the
coordination between laryngeal movement and respiration
(Jürgens, 2009). This suggests that dLMC may involve more
than direct laryngeal motor control. The region has premotor
and primary motor populations that may be capable of coordi-
nating and integrating across multiple muscle groups to generate
sound. No clear evidence for stimulation-evoked somatosensory
perception or proprioception of laryngeal movements has been
described for the postcentral gyrus.

A common brain stimulation effect observed during lan-
guage mapping is speech arrest, usually performed as a patient
is counting numbers or naming pictures. Speech arrest sites
are often interpreted as the functional equivalent of Broca’s
area (Quiñones-Hinojosa et al., 2003) or language altogether.
Some have speculated that the speech arrest phenomenon is
responsible for speech planning or the “final motor output”
(Tate et al., 2014) before command signals are sent to the
articulators. While this interpretation is very common, direct
evidence is lacking and several reports have challenged this
view. First, Penfield described speech arrest primarily localized
to the precentral gyrus (throughout midPrCG and vPrCG) and
occasionally from the pars opercularis (Penfield and Rasmussen,
1949). He observed these sites bilaterally while also describing
how the right precentral gyrus could be removed without major
effects on speech. Recent studies have corroborated some of his
early findings, with possible speech arrest cluster centroids in the
vPrCG and midPrCG, rather than Broca’s area (Tate et al., 2014;
Wu et al., 2015; Lu et al., 2021). Speech arrest is found in either
the ventral or middle region, but rarely both dorsal and ventral
location in the same individual, so there is considerable variabili-
ty from person to person. Second, speech arrest can be observed
in other areas, such as the supplementary motor area (SMA),
where resections may lead to transient but not longstanding diffi-
culties with speech (Lu et al., 2021; Zhou et al., 2021; Pinson et
al., 2022). Third, at a behavioral level, speech arrest is complete
cessation of speech, whereas one would expect additional effects,
such as distortions or sequencing errors, if the cortical sites were
critical for speech planning. Fourth, recent stimulation studies
have suggested an alternative interpretation for speech arrest,
namely, that stimulation is activating a general inhibitory process
to suppress speech output, rather than disrupting motor plan-
ning itself.

A recent case series from our group documented how stimu-
lation at speech arrest sites can also arrest nonspeech behaviors,
such as music production (Leonard et al., 2019b) and manual
gestures (Breshears et al., 2019). That is, we proposed a new
interpretation that speech arrest responses are part of a broader

stopping circuit, which involves other brain areas, such as the
pre-SMA and the basal ganglia (Breshears et al., 2019; Leonard et
al., 2019b). Our proposal of a stopping mechanism has important
clinical implications. Speech arrest sites are often considered the
gold standard method of localizing speech motor control and are
intentionally preserved, even if doing so is suboptimal for surgi-
cal treatment. The consequences of removing speech arrest sites
have never been shown, but there is a possibility it could be toler-
ated if its function is part of a distributed inhibitory circuit and
not a critical speech planning area. Certainly, patients typically
recover speech functions after SMA resection. These inhibitory
effects may be an important part of premotor functionality
(Filevich et al., 2012); as such, the concentration of speech arrest
sites to the precentral gyrus further supports a role beyond lower
level articulatory muscle control.

Auditory representations
Decades worth of research has demonstrated that the supe-
rior temporal gyrus (STG) is critical for our comprehension
of speech sounds and encodes auditory features during per-
ception (Mesgarani et al., 2014; Yi et al., 2019; Bhaya-
Grossman and Chang, 2022). Surprisingly, the precentral
gyrus is also activated by simple speech perception tasks
across many imaging studies (Price et al., 1996; Wilson et al.,
2004). Early fMRI studies suggested that the precentral gyrus
was somatotopically activated by speech sounds that differ-
entially involved key speech articulators, such as the lips and
tongue (i.e., a labial sound activated the lip motor represen-
tation) (Pulvermüller et al., 2006). At the time, this result was
interpreted as evidence for the “motor theory” hypothesis of speech
comprehension, which argued that speech sounds are mapped to
corresponding articulatory motor representations during percep-
tion (Liberman et al., 1967; Liberman and Mattingly, 1985;
Pulvermüller et al., 2006; Pulvermüller and Fadiga, 2010).

However, it remained unclear whether the representations
reflected auditory or articulatory information. We recorded
ECoG responses from the sensorimotor cortex while participants
listened to consonant-vowel syllables (Cheung et al., 2016). As a
control, we also recorded ECoG while participants spoke aloud
the same syllables.

Our results showed two pieces of evidence that are distinct
from what “motor theory” would predict. First, listening responses
mainly occurred in a dorsal and a ventral region along the precen-
tral gyrus, rather than covering the entire region where articulators
are represented. This dorsal region overlaps with the midPrCG,
where high magnitude responses to speech sounds are observed.
Second, listening responses to speech sounds do not directly
map to their corresponding place of articulation; that is, a
bilabial sound such as /b/ does not map to lip motor regions,
and an alveolar tongue sound such as /d/ does not activate
tongue motor representations.

Rather, auditory responses in the midPrCG displayed a
similar pattern of tuning to auditory responses in the STG
(Mesgarani et al., 2014; Cheung et al., 2016), following the
manner of articulation which is driven by the acoustic dis-
tinctions of speech sounds. Both the STG and midPrCG were
found to encode acoustic-phonetic features of the speech
sounds (e.g., being selective to voicing and distinguishing fri-
cative vs plosive consonants). Indeed, this paper demon-
strated that auditory spectrotemporal receptive fields could
be derived from the motor cortex. This provides strong evidence
that, during listening, midPrCG represents auditory rather than
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motor information. It further suggests the possibility that a pho-
nological (speech sound) representation exists in the midPrCG.

Subsequent fMRI studies confirmed these results and showed
detailed spectrotemporal tuning in the region and robust func-
tional connectivity to the STG (Venezia et al., 2019, 2021). Our
work also separately demonstrated that the midPrCG tracks
other features about the perceived sound, such as changes in
pitch (Dichter et al., 2018). Additional literature has corrobo-
rated this finding by showing that the region tracks perceived
pitch and loudness (envelope) (Ding et al., 2016; Keitel et al.,
2018; Berezutskaya et al., 2020). In a study where participants
were played a time-lagged version of their speech while they con-
tinued to produce a given word or phrase, the midPrCG
increased activity, suggesting a potential role in auditory-motor
integration (Ozker et al., 2022).

Despite the existence of auditory representations in the
midPrCG, lesions in the precentral gyrus do not reliably lead to
speech perception or comprehension deficits. We proposed that,
instead, auditory representations in this region may support
speech production (Cheung et al., 2016). Instead of evoking
articulatory representations to facilitate speech perception (as
motor theory suggests), the direct integration of acoustic
phonological and motor articulatory processing may be im-
portant for production (Fig. 1D). There is extensive evidence
that these representations may aid in speech perception
under noisy or acoustically degraded conditions (Callan et
al., 2004; Du et al., 2014). One interpretation is that precen-
tral activations may be particularly important for perceptu-
ally challenging situations where internally generated motor
representations of speech may help with sound discrimina-
tion (Leonard et al., 2016).

A region that similarly may integrate sensory (visual and au-
ditory) and motor responses has been identified in macaques
with similar anatomical landmarks to the midPrCG (Graziano
and Gandhi, 2000; Cooke and Graziano, 2004). It is located
ventral to the spur of the arcuate sulcus, a potential analog of the
transverse sulcus in humans, and dorsal to primary orofacial
motor representations. When this region is stimulated, ma-
caques perform complex, coordinated muscle movements
that resemble self-defense maneuvers. Presumably, such
functionality in the precentral gyrus is important for the
generation of ethologically relevant behaviors and serves
species-specific functions. In humans, the unique sensori-
motor and multisensory properties of the midPrCG may
have evolved to support speech production. Stimulation in
the human midPrCG does not cause limb movements, but
instead evokes vocalization, a coordinated gesture impor-
tant for speech production. Multisensory and multimodal
representations, in non-human primates, have been argued
to reflect a capacity for motor planning by forming appro-
priate motor commands according to relevant sensory infor-
mation (Andersen et al. 1997; Andersen and Buneo 2002).
Multimodal representations also allow motor commands to
be generated from multiple input modalities and be coordi-
nated for multiple motor output modalities, creating a flexi-
ble interface for planning movements. In human speech,
representations of this nature could serve to bridge phono-
logical auditory targets (through externally presented stim-
uli, such as listening or reading, or self-generated targets)
with sequences of motor commands for production (such as
overtly produced speech or written text). In the next section,
we further discuss multisensory and multimodal phonologi-
cal representations in the midPrCG.

Additional phonological representations
The midPrCG is also involved in silent reading and phono-
logical working memory. During silent reading, a transfor-
mation from graphemes (letters) to speech sound representations,
such as phonemes, is theorized to occur (Taylor et al., 2013;
Carreiras et al., 2014). Traditionally, research on grapheme to
phoneme transformation has focused on lateral temporoparie-
tal regions (Geschwind, 1970; Booth et al., 2002; Binder et al.,
2005). However, there is growing evidence that the precentral
gyrus, including the midPrCG, may play a role in this process
(Dehaene et al., 2001; Yen et al., 2019; Kaestner et al., 2021,
2022). ECoG has demonstrated that responses in the midPrCG
are strongest when reading real words rather than nonsensical
strings of letters or characters (Kaestner et al., 2021). Additionally,
the midPrCG overlaps with a region referred to as Exner’s area, of-
ten implicated in studies of reading and writing (Matsuo et al.,
2003; Roux et al., 2009). Although there is debate on the relevance
of Exner’s area in modern models of language or specifically read-
ing (Roux et al., 2010), many lesion studies have associated areas
near the proposed midPrCG region with deficits in reading and
writing tasks (Rapcsak et al., 1988; Cloutman et al., 2009; Roux et
al., 2009; Ishihara et al., 2010). Focal seizures that are triggered by
reading (reflex epilepsy) have seizure onset zones in middle
regions of the precentral gyrus (Salek-Haddadi et al., 2009; De
Beeck et al., 2011; Safi et al., 2016).

In addition to reading, the midPrCG is activated by another
internal, nondirect motor representation of speech, phonological
working memory. Phonological working memory is the capacity
for temporarily maintaining and manipulating speech sounds for
short-term retrieval. Recent neuroimaging work has shown that
the midPrCG is reliably recruited during phonological working
memory and that this recruitment does not depend on whether
participants overtly spoke the words (Scott and Perrachione,
2019). Interestingly, phonological working memory has been
conceptualized as relying on a periodic “refreshing” of the repre-
sentations through silent rehearsal (Baddeley and Hitch, 1974;
Baddeley, 1986, 2003), suggesting the involvement of brain areas
responsible for speech motor planning, although it is not clear
the representation is articulatory in nature.

ECoG has allowed us to precisely describe the language net-
work supporting word repetition. Many sites on the precentral
gyrus, including midPrCG, show significant responses to listen-
ing and repeating, as well as during a silent delay period during
which the word is maintained and potentially planned before
production (Leonard et al., 2019a). Our results are confirmed
by other ECoG studies showing robust pre-speech activa-
tions in areas overlapping the midPrCG (Forseth et al., 2021;
Woolnough et al., 2022). The nature of these representations
should be explored in future studies. Interestingly, integrity
of midPrCG gray matter is also related to phonological abil-
ities (i.e., ability to manipulate phonemes as in phoneme dele-
tion, blending, and replacement) in individuals with primary
progressive aphasia (Henry et al., 2016).

Together, these results demonstrate that the midPrCG
exhibits extensive multimodal functions. A potential linking
hypothesis is that the midPrCG processes internal generative
phonological representations of speech. This capacity may be
used during speech production to interface with phonological
information to plan motor sequences. Indeed, across other
domains of neuroscience, premotor populations are known to
be active during planning of an upcoming action (Nakayama
et al., 2008; Pearce and Moran, 2012; Li et al., 2016; Xu et al.,
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2022). Internal generative phonological processing may also
assist during language comprehension, either to speech and
reading stimuli, especially when the sensory stimuli are not
clear.

Speech motor planning
Many have hypothesized that speech production requires
moving from a phonological representation of an utterance
to sequences of articulatory motor commands (Levelt and
Wheeldon, 1994; Cholin et al., 2011; Guenther, 2016). Per
this view, after the appropriate conceptual item has been
retrieved from the lexicon, the proper low-level phonological
units (i.e., syllables or phonemes) that compromise the audi-
tory concept must be selected and sequenced into the correct
order. This phonological representation is then transformed
into a motor code corresponding to the proper sequence of
motor commands to be executed by shaping the vocal tract
for articulation (Van Der Merwe, 2021). This stage, the con-
version from a phonological to a motor representation, is
what we here refer to as “speech motor planning” (Fig. 1E).

Support for speech motor planning as its own stage of
speech production is evidenced by the existence of apraxia of
speech (AOS), an acquired motor speech disorder character-
ized by difficulty initiating speech, slow rate, articulatory
groping, and trouble making transitions between syllables,
among other characteristics (Basilakos et al., 2015; Duffy,
2019; Code, 2021). AOS is distinct from aphasia, as word
finding, syntactic construction, and comprehension can be
unimpaired, and distinct from dysarthria, as articulatory mus-
cle strength can be entirely preserved despite the inability to
produce fluent speech. AOS often occurs with lesions to the
language dominant left hemisphere (Berthier, 2005). AOS,
aphasia, and/or dysarthria often co-occur (Haley et al., 2012;
Clark et al., 2014; Graff-Radford et al., 2014; Code, 2021),
making their unique neural substrates difficult to study in the
context of defined stroke or neurodegeneration patterns.
However, two recent large voxel-based lesion symptom mapping
studies in a stroke population revealed strong associations
between AOS and damage to the precentral gyrus, extending
into the midPrCG (Basilakos et al., 2015; Itabashi et al., 2016).
These results are in line with other stroke lesion overlay and case
studies (Fox et al., 2001; Terao et al., 2007; Graff-Radford et al.,
2014; Moser et al., 2016). Neurodegeneration studies have also
shown that midPrCG neural volume loss is associated with a pri-
mary progressive form of AOS (Josephs et al., 2013; Duffy et al.,
2021).

Neurosurgical resection offers insights into language disor-
ders that are not bound by the spatial patterns of stroke or neu-
rodegeneration. Indeed, a rare case of pure AOS was observed
recently by our group following resection of the midPrCG and
posterior middle frontal gyrus (pMFG). In Chang et al. (2020), a
right-handed man experienced lasting pure AOS after resection
of the left pMFG and midPrCG (Chang et al., 2020). A battery of
speech and language assessments were administered, revealing
severely nonfluent speech despite near-normal performance on
language tasks along with normal articulatory strength. This
AOS was not present after an initial resection to a smaller, more
anterior portion of this region (centered in pMFG), but emerged
only following extension of the resection into more medial and
posterior regions, including the midPrCG.

Other findings from resective neurosurgery further support
the notion that the midPrCG is critical in speech motor plan-
ning. Transient fluency deficits, in part characterized by speech

motor deficits, following resective neurosurgery were localized to
middle regions of the precentral gyrus using voxel-based lesion
symptom mapping (Wilson et al., 2015). Finally, the somewhat
mysterious acquired foreign accent syndrome, a motor speech
disorder that results in speakers being perceived as having a for-
eign accent (Jonkers et al., 2017), has also been associated with
lesions near this region of the precentral gyrus (Takayama et al.,
1993; Tokida et al., 2017; Higashiyama et al., 2021).

Relationship between speech motor planning and other
speech functions in the midPrCG
With premotor, motor, and sensory functions identified in
the midPrCG, a natural question is whether they are sup-
ported by the same neural populations. One hypothesis is
that different functions reside in different spatial locations
within the midPrCG, in line with subregions defined by
cytoarchitecture. The midPrCG is anatomically diverse,
overlapping both cytoarchitecture-defined premotor cortex
(BA6) and primary motor cortex (BA4). Neural populations
that are on the rostral aspect of the midPrCG in BA6 may
differentially support higher-level functions, such as speech
motor planning and phonological processing. In contrast,
neural populations closer to the central sulcus in BA4,
known to play a direct role in muscular control, could be
more singularly involved in laryngeal motor control. Further
probing the spatial organization or overlap of functionality in
the midPrCG should be the topic of future studies in neuro-
surgical patients and may reveal anatomic delineations to the
region we defined as the midPrCG.

A compelling alternative, based on evidence from studies of
laryngeal control, is that neural populations tuned to each func-
tion may be distributed throughout the region. Premotor areas
may have both direct projections to innervating laryngeal nerves
as evidenced in nonhuman primates (Cerkevich et al., 2022), and
a role in higher-level speech motor planning. Additionally, while
primary motor cortex may be enriched in projections to inner-
vating nerves, there is evidence to suggest higher-order encod-
ings related to task goals and feedback (Pruszynski et al., 2011;
Fuertinger et al., 2015; McCrimmon et al., 2018). A distributed
organization throughout the region is also supported by stimula-
tion studies. Stimulation at sites throughout the midPreCG can
evoke vocalization, a function that requires both coordination of
the larynx and control of respiratory exhalation (Breshears et al.,
2015; Dichter et al., 2018). Computations to support laryngeal
control and speech motor planning may be performed at the
microcircuit level, and only revealed by single-unit neuronal
recordings in humans.

Because of our specific interest in speech motor control for
language production and the clinical context where our data
originate, the majority of the work described herein refers to the
midPrCG in the left hemisphere, the dominant hemisphere for
language in the vast majority of individuals (Springer et al., 1999;
Wilson et al., 2018). However, it is worth noting that functions,
such as laryngeal motor control, auditory processing, and read-
ing, engage both the left and right midPrCG. The lateralization
of functions in the midPrCG, specifically speech motor planning,
should be the focus of future task-based experiments.

Comparison with other key frontal language regions
What additional regions may communicate with the midPrCG
to coordinate speech production? A first candidate region is
Broca’s area in the left posterior IFG, classically proposed to
be involved in speech production. Several ECoG studies have

Silva et al. · Neurosurgical Functional Dissection of Middle Precentral Gyrus J. Neurosci., November 9, 2022 • 42(45):8416–8426 • 8421



suggested that Broca’s area is involved in speech preparation,
reporting neural activity primarily before the start of speech
production (Flinker et al., 2015; Conner et al., 2019; Wang et
al., 2021; Castellucci et al., 2022). Despite this, multiple lines
of evidence have strongly challenged whether Broca’s area
plays a critical role in speech motor planning. Such evidence
dates as early as Penfield’s seminal studies, showing that resec-
tion of Broca’s area was associated with only transient apha-
sias (Penfield and Roberts, 1959; Mohr et al., 1978). Similarly,
recent resection studies have shown minimal appreciable
effects on fluent speech articulation with resections to Broca’s
area (Rolston et al., 2015; Wilson et al., 2015; Korkar et al.,
2021); rather, such effects have been seen with resection of the
precentral gyrus (Wilson et al., 2015; Chang et al., 2020;
Andrews et al., 2022). Direct electrocortical stimulation to
Broca’s area can cause deficits in naming (anomia) (Penfield
and Roberts, 1959; Chang et al., 2017; Herbet et al., 2018; Lu
et al., 2021), and the region has been implicated in syntactic
processing (Chang et al., 2018; Matchin and Hickok, 2020).
Given this, Broca’s area may have a higher-order language
role for sentence-level production, but neurosurgical evidence
suggests that it is not essential for speech motor planning spe-
cifically or the production of fluently articulated speech.

Another frontal region is the pMFG, which is directly adja-
cent to the midPrCG. In a study of over 440 young adults, the
Human Connectome Project identified key language regions,
through a combination of fMRI activations to a story listening
task, functional connectivity, and myelin architecture (Glasser et
al., 2016). Interestingly, the project identified area 55b, strongly
overlapping with the midPrCG and pMFG, as one key language
region (Fig. 1C, mapped onto the cvs avg35 pial surface in
MNI152 template space). Evidence for the pMFG’s importance
in language is corroborated by transient speech hesitancy and
dysfluency following surgical resection (Morshed et al., 2021).
However, transient effects were shown to fully resolve in all
patients after 90 days. In addition to Broca’s area in the left
posterior IFG, pMFG activations peaked while planning, but
not during or close to articulating, responses in conversational
speech (Castellucci et al., 2022). Thus, while growing evidence
suggests a role of the pMFG in language, it is unlikely that the
pMFG alone is responsible for speech motor planning or artic-
ulatory coordination.

To what extent are the midPrCG and vPrCG functionally
separable? A potential difference between the vPrCG and
midPrCG is the level of interface with phonological represen-
tations. Internal phonological representations, such as read-
ing, phonological working memory, and auditory responses,
appear more concentrated to the midPrCG (Cheung et al.,
2016; Scott and Perrachione, 2019; Kaestner et al., 2021,
2022). Indeed, Human Connectome Project area 55b, overlap-
ping the midPrCG, was partially defined by its very strong
responses to story listening, and has strong functional connec-
tivity with known language areas (posterior STG and IFG)
(Glasser et al., 2016). Additionally, this area is regularly impli-
cated in fMRI studies attempting to map aspects of the lan-
guage network (Yen et al., 2019; Lipkin et al., 2022). Area
55b need not be its own distinct region as the isolating task
was story listening, a nonspecific language localizer. Instead,
this provides further evidence for a region largely within the
midPrCG that is capable of holding phonological representa-
tions and communicating with higher-order language regions.
Notably, the project did not find a corresponding region on
the vPrCG.

A midPrCG phonological-motor interface is also supported
by the lesion literature. Lesions to the midPrCG more com-
monly result in pure AOS, a speech motor planning disorder,
whereas lesions to the vPrCG more often result in dysarthria
or Broca’s aphasia (Duffau et al., 2008; Basilakos et al., 2015;
Duffy, 2019; Andrews et al., 2022). Neural populations pri-
marily in the posterior bank of the vPrCG (along the central
sulcus) and ventral postcentral gyrus encode articulatory kine-
matic trajectories, coordinated movements across muscle
groups that lead to specialized configurations of the vocal tract
during speech production (Chartier et al., 2018). These repre-
sentations include supralaryngeal articulators as well as the
vLMC. The premotor functions are less defined currently.

How does the midPrCG implement speech motor planning?
For any region with a key role within a network, one would expect
strong connectivity to the rest of the network. Correspondingly,
we expect the midPrCG to have connectivity to other regions
implicated in speech. Indeed, there is strong evidence of functional
connectivity between the midPrCG, IFG, and posterior tem-
poroparietal regions, including the posterior STG, a region
known to be important for speech production (Fuertinger
et al., 2015; Glasser et al., 2016; Genon et al., 2017, 2018;
Baboyan et al., 2021). The midPrCG is also a termination
point for key white matter tracts in the speech network, in
particular, the superior longitudinal fasciculus (SLF) and
arcuate fasciculus (Fernández-Miranda et al., 2015). The
SLF connects posterior temporoparietal areas to prefrontal
and precentral areas (Bernal and Altman, 2010). Of its
major branches, SLF II and SLF III were shown to connect
the supramarginal gyrus and angular gyrus to the premotor
and prefrontal regions, including areas within the midPrCG
(Makris et al., 2005; Martino et al., 2013; Chang et al., 2015;
Nakajima et al., 2020). Stimulation of the SLF underlying
the supramarginal gyrus caused impairment of phonologi-
cal processing (Maldonado et al., 2011). These connections
establish that the midPrCG is structurally linked to the rest
of the core language network.

As a framework, we conceptualize speech planning to
involve two broad steps in generative speech production: the
phonological sequencing of speech units and the execution
and coordination of these phonological sequences (Fig. 1E).
There is a strong body of evidence to suggest that posterior
temporoparietal regions, including the angular gyrus and pos-
terior STG, are important for phonological sequence genera-
tion in speech production (Binder, 2015, 2017). Lesions or
stimulation to these regions often induce paraphasias, involv-
ing phoneme substitutions or rearrangements within an utter-
ance (Wernicke, 1874; Quigg and Fountain, 1999; Rohrer et
al., 2010; Roux et al., 2012; Leyton et al., 2014; Leonard et al.,
2019a; Wilson et al., 2022). In such cases, motor implementa-
tion appears conserved with no AOS or dysarthria.

In contrast, lesions to the midPrCG seem to have a greater
impact on motor production, primarily resulting in the distor-
tions and syllable segregations characteristic of AOS along with
mild impacts on writing. A distinctive feature of AOS is the
increased difficulty in producing complex sequences of sounds
(i.e., repeating multisyllabic words, including consonant clusters
such as “catastrophe”) (Haley and Overton, 2001; Duffy et al.,
2021). The midPrCG may play a critical role in the process of
coordinating complex phonological sequences into motor plans,
such that, when it is lesioned, the result is AOS. Indeed, an fMRI
study implicated several areas that may be involved in syllable

8422 • J. Neurosci., November 9, 2022 • 42(45):8416–8426 Silva et al. · Neurosurgical Functional Dissection of Middle Precentral Gyrus



sequencing, which included the midPrCG among other regions
(Bohland and Guenther, 2006), although the nature of the repre-
sentation remains unclear. Interestingly, prior work has also
made associations between this midPrCG region and reading
and writing (Rapcsak et al., 1988; Roux et al., 2009; Kaestner et
al., 2021, 2022). Under this paradigm, the midPrCGmay be mul-
timodal in terms of motor output, given that lesions can lead to
deficits in both spoken (orofacial motor) and written (hand
motor) production. A linking hypothesis is that the midPrCG is
recruited to bridge generated phonological sequences from pos-
terior temporoparietal regions into the motor domain. This hy-
pothesis is supported by the strong functional and structural
connectivity between the midPrCG and these posterior temporo-
parietal regions (Fernández-Miranda et al., 2015; Glasser et al.,
2016; Genon et al., 2017, 2018; Baboyan et al., 2021). Such com-
munication, however, is a hypothesis and must be tested by
future studies that probe the production process with high tem-
poral resolution.

Clinical implications
The described research has strong implications for better treating
and preventing language-related disorders. A key aspect of many
neurosurgical procedures is mapping language functions to areas
on the cortex to prevent postoperative complications (Sagar et
al., 2019). Better understanding the role of the midPrCG may
improve outcomes in language following resective neurosurgery,
as it provides a greater understanding of which regions may be
causally relevant for speech.

Conclusion
In this review, we have provided strong evidence for the inclu-
sion of the midPrCG as a novel and specific node in models of
speech production. We argue that the region has multiple critical
roles, including direct laryngeal motor control and higher-level
speech motor planning. Future studies should directly test this
functionality with an emphasis on better characterizing the na-
ture of speech motor representations in the region. This review
highlights the need to look beyond the classical language network
to fully describe the richness of human speech.
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