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Abstract

There is growing evidence that activation of the motor system during observation of actions, a
phenomenon first observed in non-human primates, underlies action understanding and even
communication. This review 1) examines the evidence on motor system activity as an underlying
neural correlate of action understanding, 2) reviews the theoretical and empirical work linking
action understanding and the development of communication, with a specific focus on the role that
gestures play as an intermediary, and 3) discusses the research on and existing opportunities for
understanding the link between the motor system and communication in both humans and non-
human primates, through the lens of action perception. Bringing together findings and perspectives
from developmental social cognition in both humans and non-human primates and applying recent
neuroscientific perspectives will help to elucidate the processes underlying the ability to
understand and communicate with others.
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Over the past few decades, a neural phenomenon, known as the mirror neuron system
(MNS), in which action and perception are integrally linked has been gaining traction as a
hypothesized neural correlate for action understanding. More recently, the MNS has also
been implicated in the phylogenetic and ontogenetic development of manual and oral
communication systems. In this paper, we examine whether the existing literature supports
these claims, and look specifically at a theory suggesting that gestures serve as an
intermediary developmental step between actions and language. There is a large and still
growing body of work utilizing observational and behavioral methods to support this theory.
However, as we will discuss, research directly examining the link between the motor system
and communication through the lens of action perception that utilize neurophysiological
measures in both humans and non-human primates is still limited.
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The mirror neuron system

In the 1990s, a group of specialized neurons were discovered in the brain of macaques that
were active both when the monkeys performed simple object-directed actions and when they
observed conspecifics or humans performing those same actions (di Pellegrino, Fadiga,
Fogassi, Gallese, & Rizzolatti, 1992). These neurons, which came to be known as mirror
neurons, were found via single-cell recording in the ventral premotor cortex and
subsequently in the inferior parietal lobe (Fogassi et al. 2005), providing evidence for a
shared neural circuitry in the sensorimotor brain regions for both execution and observation
of actions (Gallese, Fadiga, Fogassi, & Rizzolatti, 1996; Rizzolatti, Fadiga, Gallese, &
Fogassi, 1996; Rizzolatti, Fogassi, & Gallese, 2001). This resonant activation of the motor
system during action observation has been hypothesized as a neural correlate not only for
action recognition, but also for the understanding of the goals and intentions that drive
actions (Fogassi et al., 2005; Rizzolatti & Sinigaglia, 2010; Southgate, 2013; although see
Steinhorst & Funke, 2014).

Using a variety of neuroimaging techniques, including functional neuroimaging (fMRI: see
Caspers, Zilles, Laird, & Eickhoff, 2010 for a review), transcranial magnetic stimulation
(TMS: e.g., Cattaneo, Sandrini, & Schwarzbach, 2010; Stadler et al., 2012), EEG (see Fox et
al., 2016 for a review) and even single-cell recording, under rare occasions (e.g., Mukamel,
Ekstrom, Kaplan, lacoboni, & Fried, 2010), researchers have found evidence for a similar
action-perception matching mechanism in humans.

Although most of the information obtained on the mirror neuron system has been possible
through neuroimaging or TMS studies, one method of measuring activity of the MNS which
is of particular interest is the EEG mu rhythm because it has been utilized with humans
across the lifespan, starting from early infancy, and with non-human primates. The mu
rhythm, first documented by Berger in 1929 (Berger, 1929), reflects oscillatory activity
within the alpha band (~8-13 Hz in adults, ~6-9 Hz in infants) and exhibits changes in
amplitude reflecting activation of the sensorimotor system (Neuper & Pfurtscheller, 2001;
Pineda, 2005). Specifically, the amplitude of the signal decreases as compared to baseline
activity, with peak suppression over sensorimotor areas (Kuhlman, 1978). This suppression
of activity is likely due to an increase in desynchronized neuronal activity associated with
the processing of motoric information (Pfurtscheller & Lopes da Silva, 1999). Mu rhythm
desynchronization has been reported during both execution and observation of actions (see
Fox et al., 2016 for a review), and source localization analyses have suggested that the
source of the mu rhythm signal is indeed from within the inferior parietal lobe, dorsal
premotor cortex, and primary somatosensory cortex (Arnstein, Cui, Keysers, Maurits, &
Gazzola, 2011; Thorpe, Cannon, & Fox, 2016).

Importantly, as mentioned above, the EEG mu rhythm has proven to be a useful tool for
measuring sensorimotor activity across a wide range of ages. Methodologically, EEG is an
easier neuroimaging technique with infants as compared to other more invasive and taxing
methods, such as fMRI, because it allows assessing more movement-related brain activity
(such as gestures or facial expressions) of the participant and for the child and parent to
remain together during testing, among other reasons. Further, having a consistent measure of
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sensorimotor activity from infancy through adulthood is key to understanding the functional
significance throughout development. The mu rhythm in infants oscillates at a lower
frequency than in adults (~6 to 9 Hz), which is a typical trend in infant compared to adult
EEG (Marshall, Bar-Haim, & Fox, 2002). However, the regional specificity of the mu
rhythm in infants overlaps with that of adults (Marshall, Young, & Meltzoff, 2011; Thorpe et
al., 2016). The greatest desynchronization of the mu rhythm during execution of actions is
seen over central scalp locations, while during action observation the activity is a bit more
dispersed over frontal, central, and parietal scalp locations. Over the past decade or so there
has been an uptick in developmental research utilizing mu rhythm desynchronization (see
Cuevas, Cannon, Yoo, & Fox, 2014; Marshall & Meltzoff, 2011 for reviews). Work with
non-human primates has also provided evidence that the EEG mu rhythm is a valid measure
of the MNS across species (Bimbi et al., 2018; Coudé et al., 2014; Vanderwert et al., 2015).

Mirroring and action understanding

Interest in this pattern of resonant activity of the motor system during action observation is
in the functional significance of such activity. In particular, one critical question is what such
a mechanism might indicate in terms of our understanding of others’ actions (Rizzolatti &
Fabbri-Destro, 2008). There is a growing body of empirical evidence that activity of the
motor system is related to our understanding of others’ actions in both humans and non-
human primates. For example, blocking activation of the premotor cortex (via TMS) in
human adults during action observation disrupted the participants’ ability to discriminate
functional differences in observed hand motions (Cattaneo et al., 2010), and the ability to
infer or predict the outcome of a partially occluded action (Stadler et al., 2012). Also
utilizing TMS, Michael and colleagues (2014) found evidence for somatotopic specificity in
the link between the premotor cortex and action understanding, such that stimulation over
the hand and lip areas disrupted recognition of hand and mouth movements, respectively. A
meta-analysis of studies using lesion-symptom mapping found that damage to premotor,
parietal and temporal regions was consistently associated with deficits in action perception
and understanding (Urgesi. Candidi, & Avenanti, 2014). Systematic reviews of studies that
have compared object-directed versus non-object-directed actions using fMRI, have found a
more consistent pattern of activation during observation of actions that are object-directed
(Caspers et al., 2010; Morin & Grezes, 2008; Van Overwalle & Baetens, 2009). These
findings suggest that an individual’s motor system is recruited both in predicting the
outcomes of others’ actions and in interpreting the goals and intentions driving actions.

The use of the mu rhythm as measured via EEG has fostered an increase of attention and
research on the development of the link between mirroring and action understanding. The
youngest infants included in a published observation of mu rhythm desynchronization were
4-month-olds (Virji-Babul, Rose, Moiseeva, & Makan, 2012), and the findings from this
study suggest that the infant mu rhythm is initially sensitive to all coherent motion, not
necessarily human actions or actions with which they have experience. The infants ranged
from 4- to 11-months old and included only 14 total infants, thus results should be
interpreted cautiously. However, such a finding fits with behavioral data suggesting that
younger infants will attribute goals to both human and nonhuman agents (Luo &
Baillargeon, 2007), while older infants only do so for human and human-like agents
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(Johnson, 2003; Meltzoff, 1995), but not inanimate objects. Thus, interpreted in light of the
behavioral findings, this early pattern of non-discriminant mu rhythm desynchronization
might suggest that young infants are recruiting their motor system in trying to decipher the
meaning or purpose behind all motion as they learn to discriminate that which is similar to
their own developing motor repertoire and that which is not. A similar developmental
trajectory has been observed in studies of mu rhythm desynchronization in response to goal-
directed versus non-goal directed actions. 8- to 9-month-olds exhibit greater mu
desynchronization during observation of a goal-directed action as compared to during
observation of a non-goal directed action (Nystrom, Ljunghammar, Rosander, & von
Hofsten, 2011; Southgate, Johnson, Karoui, & Csibra, 2010), as do older children (Lepage &
Théoret, 2006) and adults (e.g., Muthukumaraswamy, Johnson, & McNair, 2004; Nystrém,
2008). However, six-month-olds do not exhibit such a difference (Nystrém, 2008). Thus,
sensorimotor activity seems to be correlated with infants” developing understanding of the
actions they observe.

In a series of studies with 9-month-olds, Southgate and colleagues found evidence that mu
rhythm desynchronization is a reflection of action and goal prediction (Southgate et al.,
2010; Southgate, Johnson, Osborne, & Csibra, 2009). Infants” mu rhythm desynchronization
was measured during both execution and observation of grasping actions (Southgate et al.,
2009). As expected, the researchers found overlap between the two conditions. What was of
most interest was the time-course of activation during the observation trials. Specifically,
they observed two periods of desynchronization: one that occurred during observation of the
reaching/grasping action, and one that occurred just prior to the start of the action. This first
period of suppression might suggest that the motor system was active even prior to an
observed action and that it is involved not only in prediction of goals, but also in prediction
of the actions performed to reach those goals. This predictive desynchronization was
compared across trials and the researchers found that it was only significant after the first
three trials, suggesting that once the infants learned that they could expect an action, the
motor system came on board to facilitate prediction of that action. In a second study, also
with 9-month-olds, infants were shown grasping actions either without an object or with the
end of the action being hidden behind an occluder (Southgate et al., 2010). The purpose of
these conditions was to compare motor system activity when a goal could (occluder
condition) or could not (no object condition) be inferred. Indeed, they found significant mu
rhythm desynchronization during action observation in the occluder condition, but not in the
no object condition, suggesting that motor system activity is involved in the inference of
goals.

More recently, researchers have begun to examine how individual differences in activation of
the motor system in infants during observation of actions might predict behavioral evidence
of their action understanding. For example, Filippi and colleagues (2016) found that the
strength of mu rhythm desynchronization during observation of grasping actions in 7-month-
olds was related to the infants’ propensity to imitate the goal of the observed actor by
subsequently selecting the same toy that the actor had grasped. A very recent, unpublished
infant study provides further evidence. Yoo, Thorpe, and Fox (2016) found that mu rhythm
desynchronization during observation of grasping actions predicted infants’ ability to learn a
novel means-end motor task (retrieving a toy with a cane) whereas it did not predict their
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learning in a visual pattern task, further suggesting the motor system activity is indeed
related to action processing and goal interpretation.

The link between mirroring activity and action understanding is not limited to humans.
Using single-cell recording in the ventral premotor cortex of monkeys, Coudé and
colleagues (2016) found evidence that activity of mirror neurons can be modulated by the
presence of a social or pedagogical cue, specifically the direction of eye gaze that
accompanies an action. There is also a subset of monkey mirror neurons that become active
during the final part of an observed action even when the end of the action is hidden (Umilta
et al., 2001). Thus, these mirror neurons in the monkey seem to be involved or recruited
when the monkey is inferring the goal or outcome of an action.

How does mirroring support understanding? There are a number of hypotheses for how such
a mechanism might work. Rizzolatti and colleagues have proposed, and we have reviewed
evidence above, that internal representation of perceived actions is supported through
activation of a one-to-one overlapping system with one’s own actions (Rizzolatti &
Craighero, 2004; Rizzolatti et al., 2001). More specifically, according to this direct-matching
hypothesis it is through a simulation process with resonant activation of the motor system in
which the visual description of an action is mapped on to the corresponding motor
representation. Such motor activation indicates that an observed action is described into a
motor format, which belongs to the observer’s motor repertoire. However, according to some
researchers, goal ascription is too complex for a simple mapping system such as motor
resonance (e.g., Hickok, 2009). Paulus (2012) has proposed applying the ideomotor theory
to explain how motor system activation can lead to action understanding. Based on this
account, repeated co-occurrence of an action and its effect creates a bidirectional link
between the activation of one’s motor system and a representation of the effect. When
subsequently observing another person perform the same or a similar action, one’s motor
program for that action is engaged which in turn activates the effect representation. The
effect representation then facilitates anticipatory behaviors relevant to that effect, for
example directing visual attention toward the target object of an action (2012). Thus,
according to this theory, resonant motor activity during observation of actions supports goal
interpretation through facilitating an expectation of the outcome. In an even more
conservative interpretation, Heyes (2010, 2013) has contended that such a matching system
is simply the result of associative learning. Specifically, that contingency and contiguity of
action-perception experiences create and shape the function of the motor system during
action observation. Alternative accounts (Ferrari, Tramacere, Simpson, & Iriki, 2013;
Murray et al. 2016) have emphasized the role of associative learning while also expanding
on it, showing, for example, that during development infants can build visuomotor
connections through contingencies. However, these cannot be done without strong
predispositions and neural prewiring, which prepare the infant brain to capitalize on
relatively few opportunities to create new associations in the course of everyday life. In
addition to this, lacoboni and Wilson (2006) propose that several systems are likely
interacting to support action understanding, a theory for which there is growing evidence
that will be discussed briefly later on. A key difference between these various theories seems
to be how encompassing one’s definition of action understanding may be, and many
researchers have specifically argued for the need to empirically tease apart ‘action
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understanding’ from other coincidental processes such as perception and mentalizing
(Gallese, Gernsbacher, Heyes, Hickok, & lacoboni, 2011). However, what these different
theories share is the notion that activity of the motor system is in some way, either directly
or more indirectly, related to our understanding of others’ actions.

Action understanding and communication

Research into what supports the ability to understand actions receives a great deal of
attention because action understanding is seen as a critical foundation for the development
of social cognitive advances such as Theory of Mind, empathy, cooperation, and other
important uniquely human cognitive skills, such as language. Critically, gestures have been
cited as an important intermediary in the link between action understanding and language
(Capirci, Contaldo, Caselli, & Volterra, 2005), such that infants are able to extend their
understanding of actions to communicative gestures, which in turn supports their
understanding of spoken language. Specifically, gestures support a transition from an earlier
ability for interpreting concrete actions with visible consequences, to the more difficult
process of interpreting spoken words which are completely abstract, often arbitrary, and
have no visible consequence in the physical world. As described by Woodward (2004), “In
the infant’s world, words are actions, and infants most likely draw on their understanding of
action in making sense of words from the very beginning (p. 150).” That is, action, gesture,
and language are proposed to be overlapping cognitive systems, and the ability to
communicate through language builds, both ontogenetically and phylogenetically, from the
ability to understand the intentions and goals driving one’s own and others’ actions
(Corballis, 2012).

Evolutionary arguments for how gestures may have served as a stepping stone between
action and language have been put forth by several researchers (Arbib, 2005, 2012;
Corballis, 2012; Hewes, 1973; Rizzolatti & Arbib, 1998; Fogassi and Ferrari 2007;
Tomasello, 2008), who all propose a similar phylogenetic trajectory such that: our
prehistoric (and prelingual) ancestors learned that they could direct others’ attention through
their physical movements (e.g., motioning toward a perceived object of threat), and in turn
that others could direct their attention similarly (Tomasello, 2008). These physical
movements gradually became more refined and specific and became used not only for
directing attention but also to convey specific information. These actions, or what we would
now refer to as communicative gestures, became the first medium for a human
communication system, what Arbib refers to as a “proto-sign” (Arbib, 2005). As the use of
gestures to communicate expanded and became ritualized, these gestures also became paired
with vocalizations which exponentiated the number and specificity of ideas one could
convey. Just as with gestures, vocalizations became increasingly fine-tuned and eventually
became representations and means for communication all on their own.

It should be noted that there are limitations to this theory of the evolution of language. The
transition from a manual to vocal communication system is a primary sticking point
(MacNeilage, 1998). Indeed, many argue for alternative theories of language evolution in
which gestures have little to no formative role (e.g., Aboitiz, Garcia, Bosman, & Brunetti,
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2006; Falk, 2004; Hillert, 2014). Alternatively, Kendon (2011, 2017) argues for the co-
evolution of speech and gestures.

A similar trajectory to that outlined above linking action understanding, gestures, and
language can also be observed ontogenetically. Through a process of sensorimotor
exploration, the infants’ intentional actions on the environment first become meaningful to
her as she uncovers a sense of her own agency (Foglia & Wilson, 2013; Piaget, 1952). Soon
after, infants are able to recognize others’ behavior as ‘commensurate’ with their own
actions, and this you-to-me matching allows the infant to use their own behavior and
experiences as a basis for interpreting the behavior of others (Meltzoff, 2007).
Understanding actions and responding accordingly relies on the infant’s ability to represent
her own as well as her partner’s goal-related intentional behavior (Tomasello, Carpenter,
Call, Behne, & Moll, 2005). When an infant is presented with an action, correct
interpretation is based on an understanding of that action in terms of the outcomes it is
designed to achieve (Tomasello, Kruger, & Ratner, 1993). Once an infant understands that
the people around her are acting with intention, just as she can and does, every action
becomes instilled with meaning and discovering that meaning becomes her task. This is
crucial in learning language because to learn the meaning of a communicative symbol (i.e., a
gesture or a word) one must understand the purpose for which it was used.

Using a range of behaviors to operationalize action understanding in infancy (including, but
not limited to, gaze-following, point-following, predictive eye movements, and imitation),
researchers have found repeated evidence that early action understanding predicts language
development. Gaze following measured at the end of the first year predicts both vocabulary
size and rate of growth in vocabulary over the first two years of life (Brooks & Meltzoff,
2008; Tenenbaum, Sobel, Sheinkopf, Malle, & Morgan, 2015). The ability to imitate the
goals of actions in the second year of life predicts language production skills at 3 years
(Charman et al., 2000) and can even predict whether an infant exhibits later language delays
(Zambrana, Ystrom, Schjglberg, & Pons, 2013). Engaging in joint attention, which involves
sharing attention with a partner to a third entity, such as when an infant is attending
simultaneously to both a parent and a toy (Seibert, Hogan, & Mundy, 1982; Tomasello &
Farrar, 1986), involves much of the behaviors used to measure infants’ action understanding
listed above and has been implicated as a manifestation of infants’ intention understanding
(Salo, Rowe, & Reeb-Sutherland, 2018). In line with this interpretation, there is a bounty of
evidence linking infants’ ability to initiate and respond to bids for joint attention with
concurrent and later language abilities (Bates, Benigni, Bretherton, Camaioni, & Volterra,
1979; Camaioni, Castelli, Longobardi, & Volterra, 1991; Desrochers, Morissette, & Ricard,
1995; Markus, Mundy, Morales, Delgado, & Yale, 2000; Morales et al., 2000; Morales,
Mundy, & Rojas, 1998; Mundy & Gomes, 1998).

As alluded to above, gestures are thought to serve as an important intermediary between
actions and language for infants (Capirci et al., 2005). According to this ‘gesture as
intermediary’ hypothesis, infants extend their understanding of actions to communicative
gestures, which in turn supports their understanding of spoken language. That is, the same
process for understanding the referential, intentional, and goal-directed nature of actions is
applied to understanding gestures and eventually to word learning (Woodward, 2004).
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Gestures are pivotal in this developmental trajectory because they support a transition from
the earlier ability for interpreting concrete object-directed actions, whose consequences are
often visible making inferences about the underlying intentions more accessible, to the more
difficult process of interpreting spoken words which are completely abstract, often arbitrary,
and have no visible consequence in the physical world. Gestures share important aspects
with both actions and words. Gestures are actions in that they involve movement of the body,
and there is evidence that producing both actions and gestures support learning (Kontra,
Goldin-Meadow, & Beilock, 2012; Wakefield. Novack, Congdon, Franconeri, & Goldin-
Meadow, 2018). Further, experience producing actions is linked with one’s understanding of
those same actions as goal-directed (Sommerville & Woodward, 2005), and similarly
experience producing gestures is linked with infants” understanding of gestures. As an
example, by 12 months, infants exhibit an understanding of the relational aspect of pointing
gestures (Woodward & Guajardo, 2002). That is, they understand that a point is associated
with a specific referent. It is during this time that infants also begin to produce their own
points (Carpenter et al., 1998), and critically, the ability to make the association between
point and referent depends on the infants’ own experience producing points. That is, infants
are more likely to understand pointing gestures as relational if they already produce object-
directed points (Brune & Woodward, 2007).

A critical aspect that gestures share with spoken words is that they are also representational.
This concept is nicely defined by Novack & Goldin-Meadow:

When we say that gestures are representational actions, we mean that they are
meaningful substitutions and analogical stand-ins for ideas, objects, actions,
relations, etc.

(2017, p. 1).

Just as with actions, we interpret gestures in terms of the goal or intention driving one to
produce them. However, the intended consequence of a gesture is to represent something
that both the producer and observer of the gesture will understand, that is the intention is
communicative. Thus, both gestures and words, or language more broadly, serve a
communicative function. Through the use of gestures the infant attains a manner in which to
communicate about objects in her world in a modality that is available to her, actions of the
hand, before she is able to express herself via speech (Capirci, Iverson, Pizzuto, & \olterra,
1996; Goldin-Meadow & Butcher, 2003; McNeill, Duncan, Cole, Gallagher, & Bertenthal,
2008; Volterra, Caselli, Capirci, & Pizzuto, 2005). Once an infant understands the goal-
directedness of actions, she can extend that property to more abstract gestures, and in turn to
words.

There is a large and growing body of evidence for this link between actions and gestures and
between gestures and language. Woodward and Guajardo (2002) found that infant’s
understand the object-directedness of concrete actions (i.e., reaching and grasping) a few
months earlier than gestures (i.e., pointing). A series of studies by Goldin-Meadow and
colleagues (Novack et al., 2015; Wakefield, Novack, & Goldin-Meadow, 2018) shows that,
while children understand that gestures convey information from an early age, the ability to
interpret and learn from gestures develops throughout childhood. Further, evidence for this
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link can be found in the work of Volterra and colleagues (see Volterra, Capirci, Caselli,
Rinaldi, & Sparaci, 2017 for a review). For example, in one study the researchers observed
the action, gesture, and language production of three infants from 10- to 23-months (Capirci
et al., 2005). The infants produced specific actions with objects (e.g., bringing an empty
spoon to their mouth or pushing a toy car) prior to their use of pantomimic gestures (e.g.,
bringing an empty hand to their mouth or making a pushing motion) or words (e.g., “eat” or
“vroom vroom”) to indicate those same objects or actions. Lastly, there are a number of
studies showing that gesture precedes and predicts language development (e.g., Kuhn,
Willoughby, Wilbourn, Vernon-Feagans, & Blair, 2014; Ozcaliskan & Goldin-Meadow,
2005; Rowe & Goldin-Meadow, 2009a; Rowe & Goldin-Meadow, 2009b; Rowe,
Ozcaliskan, & Goldin-Meadow, 2008; also see Goldin-Meadow & Alibali, 2013 for a
review). However, what is particularly needed in this area are thorough investigations of the
neural correlates for this developmental trajectory, specifically to determine if the motor
system is functionally involved in the transition from action to gesture and language.

Mirroring and communication

The mirror system hypothesis for the evolution of language, first proposed by Rizzolatti and
Arbib (1998) and since refined and expanded upon by Arbib (2005, 2012, 2015, 2017) and
others (Fogassi and Ferrari, 2007), posits that the MNS lays the foundation for this link
between actions, action understanding, gestures, and language. That is, insofar as the ability
to represent and interpret others’ actions supports the understanding of communicative
gestures and spoken language, the MNS may serve as one means for that representation — a
direct link between actor and observer or communicator and receiver (Rizzolatti & Arbib,
1998). Although the research is limited, there is evidence in adults for motor system activity
during observation of communicative gestures. In a behavioral study, Ping, Goldin-Meadow
& Beilock (2014) showed that busying one’s own motor system can impede understanding
of gestures. Using fMRI, Montgomery, Isenberg, & Haxby (2007) examined the potential
overlap between observation and execution of what they termed non-object directed
communicative gestures (e.g., fingers curled into the palm and thumb pointing up for
“thumbs up” or pointer finger meeting the thumb to create circle and other fingers extended
for “ok™), as compared to mimed non-communicative object-directed actions (e.g., striking a
match or flipping on a light switch; mimed because the objects were not actually present).
They found similar activation in the primary and premotor cortices, inferior parietal lobe,
and the superior temporal sulcus during both observation and execution across the two types
of actions/gestures. Schippers and colleagues (2009) had participants take part in a modified
game of charades while monitoring their mirror system activity using fMRI. They found
activation of the motor cortex during both production and “decoding” of the charades
actions. In a follow up analysis, the researchers found that the activation in the observer’s
brain even followed a similar temporal trajectory as that of the charade producer (Schippers,
Roebroeck, Renken, Nanetti, & Keysers, 2010).

A few studies utilizing the EEG mu rhythm desynchronization have also found evidence for
activation of the sensorimotor regions during observation of gestures (Avanzini et al., 2012,
Quandt, Marshall, Shipley, Beilock, & Goldin-Meadow, 2012; Streltsova, Berchio, Gallese,
& Umilta, 2010). For example, Stretslova and colleagues (2010) observed significant
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desynchronization when participants were watching meaningless hand movements (e.g.,
moving the thumb in and out of an open palm), communicative gestures (e.g., thumbs up),
and grasping that was either social (grasping a ball in someone’s hand) or non-social
(grasping a ball on a table).

The body of research examining a link between the motor system and processing of spoken
language is also limited and has mostly focused on processing of action related words or
phrases (see Fischer & Zwaan, 2008 for a review). Using behavioral measures of motor
activity (e.g., grip force and posture changes), listening to action-related verbs in sentences
induces motor activity (da Silva, Labrecque, Caromano, Higgins, & Frak, 2018; Shiller et
al., 2013), however this may be modulated by semantic context (Aravena et al., 2012).
Studies using fMRI, TMS, MEG, and the EEG mu rhythm have found activation of the
motor system when adults process (hear or read) verbs or phrases about actions (Di Cesare,
Errante, Marchi, & Cuccio, 2017; Egorova, Shtyrov, & Pulvermuller, 2016; Hauk,
Johnsurde, & Pulvermiller, 2004; Moreno et al., 2015; Moreno, de Vega, & Leon, 2013) or
while decoding degraded speech sounds (d’Ausilio et al. 2012).) Indeed, there is evidence
that the motor system is functionally linked to representing action related language
(VMukovic, Feurra, Shpektor, Myachykov, & Shtyrov, 2017), and some studies have also
found left-hemisphere specifiticy for the action-language link (e.g., Pulvermuller, Hauk,
Nikulin, & llmoniemi, 2005). Other TMS studies show motor areas are involved during the
hearing of speech sounds or phonemes with no clear meaning, thus suggesting a
phonological resonance within the motor cortex (d’Ausilio et al. 2009; Roy, Craighero,
Fabri-Destro, & Fadiga, 2008; Fadiga et al. 2002).

Taken as a whole, these findings are promising in terms of identifying a link between the
resonant motor system activity and language, but more research is clearly needed, and
furthermore what is severely lacking is a developmental perspective. One study conducted
with 14-month-olds reported EEG mu rhythm desynchronization in the infants during dyadic
interactions as compared to non-dyadic interactions (Reid, Striano, & lacoboni, 2011).
Antogini and Daum (2017) have found evidence for sensorimotor activity in toddlers while
listening to verbs and action phrases. However, the question remains unanswered whether
the activation of the motor system might play a formative or foundational role in the
development of communicative skills.

There is a body of work that has examined the connection between development of
children’s motor abilities such as sitting, crawling, and walking and communicative
development (see Iverson, 2010 for a review). While a comprehensive look at this topic is
beyond the scope of the current review, the connection to be made is this: in light of the
proposed link between the neural motor system and the development of communication and
language, it seems logical that behavioral advances in motor skill, also reflecting activation
of the neural motor system would in turn be supportive of or at least related to the
development of language. A common driving theory for the link between motor and
language development is that certain motoric achievements such as reaching/grasping,
sitting, crawling, and walking open up new opportunities for interacting with the
environment and increase language learning opportunities. While this is likely the case, we
would argue that there is also a deeper, systemic connection between these developmental
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processes and that they are, as we see evidence for here, neurally linked. Further insights
may be provided through investigations of the atypical motor and language development in
individuals with Autism Spectrum Disorder (ASD), and many researchers in this area have
begun to examine ASD as a unique test case for the action-perception integration and its
functional role in communication (see Moseley & Pulvermiiller, 2018 for a review).

In considering the link between the motor system and language, the fact that speech
production itself involves action of the mouth, tongue, and larynx should rightfully be
considered. Indeed, in adults, the same areas which are recruited in producing certain types
of sounds (sounds involving movement of the lips versus the tongue for example) also
become active when listening to those same sounds (Pulvermuller et al., 2006). Similarly,
studies measuring the motor evoked potential of the tongue and mouth muscles, found
differential motor activity depending on whether the participants listened to words that
recruited the tongue and mouth muscles to varying degrees (Fadiga et al., 2002; Watkins,
Strafella, & Paus, 2003). Interestingly, in the study by Fadiga and colleageus (2002), the
effect was greater for words than for non-words, which the authors suggest may be
indicative of inferring meaning or simply due to the familiarity of the words.

From mirror neurons in monkeys to human language: beyond the motor
cortex.

Thus far, we have reviewed evidence that the motor system — specifically, the mirroring
mechanism of the motor system — is recruited in the process of action understanding, that
action understanding supports language development, and that gestures may serve as a
stepping stone from understanding actions to communicating through spoken language. We
have also reviewed a body of literature suggesting that the mirroring mechanism is involved
in language and gesture processing in humans. But what, if any, is the role of mirroring in
monkeys’ communication? In the early studies on mirror neurons, it has been observed that
a relatively minor percentage of mouth mirror neurons respond to facial gestures, such as lip
smacking, a typical affiliative gesture of macaques (Ferrari, Gallese, Rizzolatti, & Fogassi,
2003). There is also evidence for mirroring activity in newborn monkeys when they observe
communicative facial gestures (Ferrari et al., 2012). And, as noted earlier, monkey mirror
neurons are modulated by eye gaze (Coudé et al., 2016), a key feature in communicative
contexts across species. In the last decade there have been a number of studies
demonstrating that macaques can learn to partially control vocalization, with a very limited
number of utterances (Coudé et al., 2011; Hage & Nieder, 2013). In addition, following such
training to vocalize, researchers found neurons activating specifically for vocalizations in the
ventral premotor cortex and ventrolateral prefrontal cortex, even though no mirror activity
was detected. According to Fogassi and Ferrari (2007), in the monkey ventral premotor
cortex and adjacent regions there are neurophysiological properties for the control of manual
and facial gestures, the control of the larynx, and the possibility to learn new sounds through
cortical control, which have been exploited in the course of primate evolution for the
emergence of complex forms of communications. However, monkeys do not use or learn a
formal language despite the fact that their vocal tract could potentially produce most of the
human sounds (Fitch, de Boer, Mathur, & Ghazanfar, 2016). If both human and non-human
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primates have a MNS that functions similarly and that seems to have a functional role in
language processing in humans, what accounts for this difference?

More recent research approaches the MINS as just that, a system or network that extends
beyond the motor cortex and involves interactions with other brain regions, particularly
those known to be involved in higher-order social cognitive processes. For example, Cavallo
and colleagues (2015) found significant connectivity between typical mirroring areas of the
brain (inferior frontal gyrus and premotor cortex) and the anterior rostralmedial prefrontal
cortex, an area involved in inferring mental states. A meta-analysis of fMRI studies found
evidence for activation of not only mirroring areas of the brain (anterior intraparietal sulcus
and the premotor cortex), but also mentalizing areas (temporo-parietal junction, medial
prefrontal cortex, and the precuneus) depending on the type of goal-related inferences being
made during observation of actions (Van Overwalle & Baetans, 2009). It has also been
suggested that the MINS is supplemented by advanced planning capacities, suggesting
connectivity with the prefrontal cortex (Bridgeman, 2005). Thus, one possible difference
between the human and monkey mirroring systems that may also result in the differences in
communicative skills is the connectivity between different neural systems.

Conclusions and Future Directions

In this review we examined the literature linking the motor system, and specifically the
mirroring mechanism, with action understanding and communicative skills in both humans
and non-human primates. However, there are still important questions left unanswered and
key areas left unexplored to determine the extent to which the mirroring mechanism does (or
did) indeed functionally support the development of language both ontogenetically and
phylogenetically. While there is evidence for motor activity during language processing, this
body of work is limited in two key ways. First, the language stimuli used is almost entirely
action-related. To understand the extent of this link between action and language, we must
understand whether and/or how the motor system is involved in processing a wider range of
linguistic stimuli. Second, there is a dearth of work with developmental populations looking
at motor system activity during language or gesture processing. While neuroimaging
methods are more difficult to use reliably with infants and children, the EEG mu rhythm
may prove particularly fruitful in addressing this gap. Research with infants and children can
also prove to be a useful comparison for findings with non-human primates, as has been
done in the large body of evolutionary anthropological work comparing human infants” and
non-human primates’ non-verbal communication (e.g., Tomasello, 2007).

In sum, bringing together findings and perspectives from developmental social cognition in
both humans and non-human primates and applying recent neuroscientific perspectives will
help to elucidate the processes underlying the ability to understand and communicate with
others and the functional role that the motor system may play. Taking a longitudinal,
developmental approach will help to unveil the role of the MNS as gesture and spoken
language skills emerge in infancy and toddlerhood. Comparing the functional networks
involving the MINS across human and non-human primates may provide insight into the
species-specific differences in how this system functions.
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